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GENERAL PREFACE

Ernst U. Schliinder

n The idea to create a Heat Exchanger Design Hand-
book originated at the seminar �Recent Developments in
Heat Exchangers,� organized by the International Centre
for Heat and Mass Transfer (ICHMT) in Trogir, Yugo-
slavia in 1972.

Even though much heat transfer data and correla-
tions were available, this information was scattered
throughout the open literature or buried in the files of
proprietary organizations. For manufacturers, vendors,
and users of heat transfer equipment it was becoming
more and more difficult not only to keep up with the
continually growing heat transfer information but also
to compare data and correlations from various sources.
In addition, these sources were often inconsistent, and
it was difficult for users to decide which data and corre-
lations would serve their own purposes best. Moreover,
over the years many heat transfer publications had
become more analytical and more academic, which
delayed their immediate application by practicing heat
transfer engineers.

Because of this situation, a group of heat transfer
specialists decided to collect heat transfer information
available in the existing open literature and also-as far
as possible-from proprietary sources in order to create
a heat transfer information base. Recommended correla-
tions based on selected experimental material would
then be provided for all heat exchanger design data.

Although there was great enthusiasm for this pro-
ject, not much progress was made until 1974, at the
Fifth International Heat Transfer Conference in Tokyo.
The idea was formulated then of publishing the informa-
tion base under the auspices of the ICHMT by Hemi-
sphere Publishing Corporation, the publisher of the

Centre. Eight representatives of universities, industry,
and proprietary organizations formed the Editorial
Board, which immediately started working on the scope
and organization of this Handbook. As a result of these
joint efforts the following five parts were planned:

Part 2 presents the theory of heat exchangers de-
fining and explaining all parameters and concepts
needed for thermal and hydraulic design and rating.

Part 2 contains recommended correlations for de-
sign and rating parameters based on evaluated available
information. As far as possible experimental data are
presented together with the recommended correlations
in order to reveal both the consistency of the data as
well as the reliability of the correlations.

Part 3 shows how to apply the material given in
Parts 1 and 2 when solving actual heat exchanger design
and rating problems. Because of the volume of material,
it would be impossible for this part to cover all known
kinds of heat exchangers. Nevertheless, most of the
commonly used types of equipment are discussed in
detail together with related installations such as cooling
towers and combustion chambers.

Part 4 is devoted to the mechanical design of heat
exchangers, which actually cannot be separated from
thermal and hydraulic design. A useful comparison of
some major national standards is included.

Part 5 contains physical property data that are
needed in design calculations in the other four parts.

For each of the five parts, a member of the Editorial
Board agreed to act as Lead Editor. Although each Lead
Editor accepted additional administrative responsibility
for his particular part, the whole Handbook has been a
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cooperative effort with each editor sharing the reviewing
and editorial work for all the material.

A large number of authors-well-known experts in
their fields-have contributed to this Handbook. Each
manuscript went through a review procedure and many
of them were discussed during the regular meetings of
the Editorial Board, which have been held every six
months since 1975.

Nevertheless, this Handbook must be considered as
a first step rather than as a final result. Though the con-
cept was clear, the realization has not been easy and
there is still room for improvement. Additionally, be-
cause new heat transfer data and correlations are pub-
lished each year, a permanent updating procedure has
been established to keep this Handbook current. This
supplementary material will be offered regularly to the

subscribers. To ensure that any future material (in-
cluding personal remarks and comments) can be added
easily, a loose-leaf ring binder format was chosen for
the Handbook.

The users of this Handbook are urged to communi-
cate with us about what is missing and to make sugges-
tions for improving the contents of the book and its
applicability. This kind of interaction and cooperation
between users and editors not only should improve the
quality of the Handbook but also should stimulate
further research work guided by the requirements of
heat exchanger design.

The Editorial Board wishes to thank the publisher as
well as the contributing authors for their most valuable
cooperation.



Preface

Geoffrey F. Hewitt

Almost all calculations of heat transfer require
knowledge of one or more physical property parameters
of the fluids and/or surfaces involved. It was this central
importance of physical property information that led
the Editors to decide to include a part of the Handbook
dealing with such properties.

The importance of physical property data in heat,
mass, and momentum transfer calculations makes it
desirable for the heat transfer engineer to understand the
fundamental physical nature of the parameters involved
and their relation to other parameters, such as pressure
and temperature. Thus, the first sections of Part 5 dis-
cuss the physical properties of various substances. This
starts with a discussion of the properties of pure liquids
and gases (Sec. 5.1). In many heat transfer applications,
the fluids consist of mixtures of components and the
next section (5.2) discusses the properties of such
mixtures, including their thermodynamic equilibrium
properties. In both Sets. 5.1 and 5.2, fluids were as-
sumed to be Newtonian in behavior whereas, in fact,
many practical fluids exhibit non-Newtonian characteris-
tics. In practice, it is not normally useful to list rheologi-
cal properties for non-Newtonian fluids since, from case
to case, these fluids vary greatly. Thus, the emphasis is
on measurement and (wherever possible) calculation of
the properties and this topic is dealt with in detail in
Sec. 5.3. The properties of solids are important in heat
transfer calculations, not only in conductive heat trans-
fer (where the thermal conductivity of the solid, its
specific heat, and its density are important) but also in
radiative heat transfer where surface emissivity is of
critical significance. Of course, there are many publica-
tions on the physics and the calculation and measure-

ment of physical properties, and Sets. 5.1-5.4 are not
intended in any way to replace these. Rather, an attempt
is made to introduce the various parameters in a manner
useful to the heat transfer engineer as a supplement to
the tabulated values and as an aid in the utilization of
the data in heat transfer calculations.

Perhaps the most widely used section of Part 5 will
be Sec. 5.5 which presents tabulated data of the various
physical properties. Here, the emphasis has been on the
preparation of tables that will be directly useful to the
heat transfer engineer. For instance, it is often assumed
in engineering calculations of multiphase heat transfer
that the system operates along the saturation line. Here,
the tables of saturated properties (Sec. 5.5.1) will be
particularly helpful in that they give all  the liquid and
gas properties needed for design together with the inter-
facial tension values. These tables have been developed
especially for this Handbook. Many other new tables of
data are also included.

As experience has shown, prediction and measure-
ment techniques for physical properties are continuously
improving. Thus, in common with other parts of the
Handbook, this part on physical properties will, it is
intended, evolve continuously with additional tabular
material being added and revisions made of the intro-
ductory sections. The Editors would certainly appreciate
(as was said in the General Preface) having advice from
readers and users on any improvements or additions
they would like to see in this material.

Finally, I would like to express my sincere thanks
to the authors of this part for their endeavors in pre-
paring the material and for their patience in making re-
visions to take account of the reviewers� comments.





NOMENCLATURE

n The most frequently used symbols for quantities
in heat and mass transfer are listed here according to
the following principles:

1. Capital Roman letters (not italic) denote ab-
solute quantities expressed in either SI basic units or
derived units, e.g., N = kg m/s�,  J = N m, W = J/s.

Exceptions: Time (t), variables, coordinates (x, y,
z, r), characteristic lengths in dimensionless numbers
(I,4 $1.

2. Lowercase Roman letters (not italic) denote the
corresponding specific quantities per unit mass, mole,
length, area, or volume (but not time). A dot over the
symbol denotes an absolute or specific quantity per
unit time.

Exception: Velocity (u, u, w).
A function will be indicated by +. . j.

Molar quantities are denoted by a tilde (-) over the
symbol.

Exceptions: Gas constant (E). Loschmidt number
(2) molecular weight (@, chemical potential (p).

3. Lowercase Greek letters are used for coefficients
and physical properties.

Exceptions: Overall heat transfer coefficient (u).
heat capacity (cP, c,).

Capital Greek letters refer to eddy (turbulent)
quantities; e.g., A denotes eddy thermal conductivity.

4. Dimensionless variables should be denoted by ;I
superscript + following the corresponding symbol. e.g..
y+ for a dimensionless coordinate.

5. Decimal fractions or multiples of the Sl unit\
may be denoted by the corresponding symbol preceding
the SI unit, e.g. MW = lo6 W.

0 1983 Hemisphere Publishing Corporation
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Basic Quantities

Quantity Symbol Unit

Heat rate

Heat quantity

Heat flux

Time

Frequency

Mass

Mass flow rate

Mass velocity (mass flow
per unit area)

Mass flux

Number of moles

Molar mass flow rate

Molar mass velocity

Molecular weight

Density

Concentration

Molar density

Molar concentration

Mass fraction

Mass loading

Molar mass fraction

Molar. mass loading

Volume

Volume flow rate

Velocity

Surface area

Cross-sectional area

Length or diameter

Coordinate

Void fraction

Fraction of volume flow
rate

Quality

Flow quality

Work

&
Q = Jddt

4=&A

c

f
M

n;r

ni =hi/s

ri?, = il,,/A

N

N

ri=&/s

Ii?

u, v, w

A

S

L,D,l,d,s

J/, cp, r,x,y, z

E

i

X

2

W

W

J

W/m*

S

l/S

kg

k/s

kg/m* s

kg/m* s

mol

mol/s

mol/m*  s

g/m01

kg/m3

kg/m3

mol/m3

mol/m3

&i/kg

kilkgi

IllOli/ItlOl

ITlOli/IIlOlj

m3

m3/s

4s

m*

m*

m
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Transport coefficients

Quantity Symbol Unit

Heat transfer coefficient

Mass transfer coefficient

Overall heat transfer coefficient

Drag coefficient

Friction factor

Emissivity

View factor

Thermal conductivity

Diffusivity

Kinematic viscosity

Dynamic (absolute) viscosity

Thermal diffusivity

Surface tension

Shear stress

Pressure

Pressure drop

o!

P

u

5

f

&

cpl2

h

6

V

77

K = h/pCp

0

7

P

W/m2 K

W/m K

m* /s

m2 /s

kg/m  s

m2 /s

N/m
Pa (N/m* )
Pa (N/m* )
Pa W/m* 1

Thermodynamic quantities

Quantity Symbol* unit

Enthalpy (specific)

Internal energy (specific)

Gibbs function free enthalpy (specific)

Free energy (specific)

Entropy (specific)

Chemical potential

Specific heat capacity

Temperature

Mean logarithmic temperature
difference

*For totals, letters are capitalized, H, II.

h

U

g = h - T s

f=u-Ts

S

P

cp9 cv

T

AT,,

J/kg
J/kg
J/kg
J/kg
J/k K
J/kg
J/b K
K, �C

K, �C
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Chemical reactions

Quantity Symbol Unit

Reaction enthalpy; phase-change enthalpy; Ah J/k
latent heat

Energy of activation AE J/kg
Equilibrium constant K Various

Rate constant k Various

Rate of reaction ; mol/m3  s

Activity coefficient 71
-

Fugacity coefficient 7,
-

Stoichiometric factors ‘i
-

Physical constants

Quantity Symbol Unit

Gas constant E 8.314 J/mol K

Loschmidt number c 6.0252 * 1O23

Avogadro number z 1 /mol

Stefan-Boltzmann constant C, 5.6697 * lo-* W/m2K4

Acceleration of gravity g m/s*

Standard acceleration g,, = 9.8 . . . m/s*
of gravity

Quantity

Wall

Bulk

Mean

Solid

Liquid

Gas

Inlet

Outlet

Symbol

W

b

m

S

!2

g

in

out

0 1983 Hemisphere Publishing Corporation
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Dimensionless numbers (most frequently used)

Name Symbol and definition

Archimedes number

Biot number

Effectiveness

Euler number

Fourier number

Froude number

Galileo number

Grashof number

Graetz number

Knudsen number

Ar = g13  Ap/v*  p = g$ pap/q*

Bi = ogl/X, or a$/&

E

Eu = Ap/@u*  12)

Fo = Kt/l*  = ht/pc,l*

Fr = u* /gl

Ga = 13g/u2 = 13gp2 /q*

Gr = g13 Ap/v*  p = g13 pAp/q*

Gz = ud*  /KI = ud2pcp/XI  = Re Pr d/l

Kn = lo/l, where lo is the molecular
mean free path

Lewis number

Mach number

Number of transfer units

Nusselt number

P&let number

Phase change number

Prandtl number

Rayleigh  number

Reynolds number

Schmidt number

Sherwood number

Stanton number

Strouhal number

Weber number

h = K/6 = h/PC,6

Ma = &o,nd

NTU

Nu = al/h

Pe = UI/K = ulpcp/X = Re Pr

Ph = cp AT/Ahgl

Pr = V/K = QC,/h

Ra=GrPr

Re = ul/v = ulp/q  = nil/q

SC = v/s = q/p&

Sh = fill6

St = a/pucp  = Nu/Re Pr

Sr = jlJu

We = u*pl/o

Dimensionless mass transfer numbers are distinguished from dimensionless heat transfer
numbers by a prime (�),  e.g., Bi� = @l/6. Exceptions: Nu� = p1/6 = Sh and Pr� = v/6
= q/p6  = SC

0 1983 Hemisphere Publishing Corporation
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INTERNATIONAL SYSTEM
OF UNITS (SI): RULES, PRACTICES,

AND CONVERSION CHARTS

J. Taborek

n HEDH is written in SI units because this system has
been officially adopted by all countries and is replacing
the older metric engineering system, the cgs system, as
well as the U.S. customary system. In this section we
shall review the basic rules for use of the SI. However,
recognizing the fact that many references are written in
other unit systems, comprehensive unit conversion charts
are included.

A. Basic SI units

SI is �absolute� in the sense that there are only seven
fundamental, precisely defined basic units from which
all others are derived. The following five units are
important to heat transfer and fluid flow.

length (meter, m): defined in terms of krypton-g6
wavelength

mass (kilogram, kg): the mass of an international
prototype, approximately equal to the weight of 1 liter
Ha 0 at 4°C

time (second, s): defined in terms of radiation
frequency of the cesium-133 atom

temperature (kelvin, K): defined in terms of the
triple point of water (ice point = 273.15 K)

amount of substance (mole, mol):  amount of
substance that contains as many elementary entities as
there are atoms in 0.012 kg of carbon-12. The elemen-
tary entities must be identified when the mole is used
(atoms, molecules, ions).

B. Derived SI units with special names

Because SI is defined by the basic units only, there is a
need for establishing definitions for the most frequently
used composite or derived units, mainly for the purpose
of simplifying unit notation. Thus, for example, newton,
N, replaces kg m/s�.

There are a number of derived units that have
special names, signifying their importance: newton,
joule, watt, Pascal, and many others. While the unit
symbols are capital letters (N, J, W, Pa), the spelled out
unit names begin with lowercase letters, that is, newton,
joule, watt, and Pascal.

The most frequently used derived SI units with
special names in the area of heat transfer and fluid flow
are shown in Table 1.

Table 1 Most frequently used derived SI units

Quantity Unit Symbol Dimension

Force newton N kg m/s�
Energy, work, joule J N m or kg m2  /s2

heat (also W s= J s/s
power X time)

Power watt W J/s = kg m2 /s�
Pressure Pascal Pa N/m2 = kg/m sz
Frequency hertz Hz IIS
Dynamic poise P 0.1 Pa s

viscosity centipoise CP mPas

0 1984 Hemisphere Publishing Corporationr 7KDiL A
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C. Prefixes and specification rules

The magnitude of the basic units may often not fit the
practice of specific applications without using a large
number of decimal digits or power of ten multipliers. SI
provides for this by assigning prefixes to the basic units,
as shown in Table 2.

Thus, for example, to express very high pressures
(stresses) in Pa, the megapascal, MPa,  is used instead of
lo6 Pa. The preferred graduation is in powers of 103, and
there are only a few exceptions to this rule, such as for
units that are deeply ingrained in common use, such as
centimeter. Some of these are discussed later.

(a) Punctuation and spelling rules

The following general rules should be carefully followed
to maintain SI consistency.

1. Prefwes are attached directly to the base unit
symbol or a derived unit symbol with a special name,
such as km for kilometer or MW for megawatt.

2. Prefixed units are spelled out in text as one
word, without hyphen, such as meganewton, not mega-
newton.

3. The multiplication of base units can be expressed
by leaving a space between the symbols, such as N s for
newton X second. However, for better clarity, a center
dot is often used, for example, N-s. This usage becomes
especially important when the symbol m is used, which
can stand for milli or for meter. Thus mN (millinewton)
is clearly distinguished from m-N (meter X newton).

4. A prefix applied to a base unit constitutes a new
unit. When a power is applied to such a unit, the
exponent operates on the prefKed unit as an entity, i.e.,
mm* = (mm)�.

5. The unit of length in SI is correctly spelled
�metre� (French spelling). This rule will be hard to
enforce in U.S. literature, however, and �meter� will
probably be more commonly used.

Table 2 SI prefixes

Factor Prefix Symbol Status

10�2
109
106
lo3
lo2
10
lo- �
10-Z
lo-�
lo-6
10-q
lo- �2

tera
giga
mega
kilo
hecto
deka
deci
centi
milli
micro
nano
pica

T
G
M
k
h
da
d
C

m
lJ
n
P

Preferred
Preferred
Preferred
Preferred
Accepted
Accepted
Accepted
Accepted
Preferred
Preferred
Preferred
Preferred

0 1984 Hemisphere f

6. Multiple prefmes are prohibited. This presents
some problems with the unit kilogram (kg), where the k
stands for the prefer kilo and is one of the very few
inconsistencies in SI (a carryover from the older cgs
system). Thus k (for kilo) cannot be used in connection
with kg, as this would result in the unacceptable term
kkg. Equally incorrect is the use of Mg (megagram), as
gram is not a basic SI unit. Thus, the unit used is lo3 kg
or the equivalent unit, metric ton (see below).

Similarly, mkg is not an acceptable way to express
10e3  kg, and the more common alternate unit of gram
(g) is used.

D. Alternate units and supplementary
comments

There are as many derived units as the technology
demands, as SI is particularly suitable for this purpose
by the clearly defined unit relations. The Nomenclature
of this handbook contains practically all such units used
in heat transfer and fluid flow, showing the appropriate
SI dimensions. Consequently, these are not repeated
here.

In some cases, strict SI rules are relaxed to respect
generally accepted and deeply established practices. The
following list presents most frequently used exceptions,
together with some additional comments to alternate
units, their definition, and their usage.

length: The unit centimeter (cm) is a very practical
measure for everyday usage (person�s height, 6 ft = 183
cm), and will probably remain in perpetual use.

mass: The unit of kilogram is often too small for
expressing quantities of mass experienced in many
engineering applications. One of the few weaknesses of
SI is the lack of a well-defined alternate unit of mass. As
explained above, the prefixed units (kkg, Mg) are not
acceptable. Instead, an alternate unit for large quantities
of mass is introduced, designated metric ton (symbol t),
t = 1 000 kg. While this unit has not yet been accepted as
a recognized SI unit, it is very much in common use.

In the U.S. customary lb,-based system, several
definitions of a unit of mass similar in magnitude to the
metric ton exist. In engineering practice, the following
two definitions of the lb,-based ton are most frequently
used:

�short ton,� which is equal to 2 000 lb,
(exact) and therefore approximately = 907.2 kg

�long ton,� which is equal to 2 240 lb,
(exact), and therefore approximately = 1 016 kg

It is important to be aware of these differences in the
inconsistently defined U.S. customary system.

For small quantities of mass, gram (g) is also often
used in place of 10e3  kg.

blishing Corporation
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time: The unit second (s) should be used whenever
possible, as the alternates of minutes, hours, and days
are nondecimal entities, and thus complicate the system.

However, to express large quantities of mass per
unit of time, the unit hour (h), 3 600 seconds, or the
unit day (d), 86 400 seconds, must be used sometimes.
The time unit minute (min), often used in the U.S.
customary system (gal/inin), has no real justification,
except that it is ingrained in some industrial practices.
Otherwise, the differential quantity of a minute, as
compared to a second, can be readily expressed by
pref=es in SI units, to obtain a number with reasonable
digits.

force: The newton is a very small unit of force,
approximately equal to the weight of water in a small
glass. Thus the more practical units of force are often
the kN or MN.

volume: The liter, defined as dm3, is a very popular
unit of volume for everyday use, such as for water and
gasoline. Liter (L) is accepted as a common alternate
unit.

amount of substance: The frequently used units of
the metric engineering system, gram-mol and kg-mol, are
designated in SI as follows: 1 gram-mol = 1 mol (SI),
and 1 kg-mol = 1 kmol (SI). Thus 1 mol = 6.023 X 1O23
molecules.

Table 3 Unit conversion

pressure: The basic unit of pressure, Pascal  (Pa =
N/m*), is a very small quantity, equal to the pressure
exerted by about O.l-mm layer of water over 1 m* Thus
in most engineering applications kPa or MPa is more
useful.

Many derived units of pressure are firmly estab-
lished in various branches of engineering and will
probably remain in use indefinitely. The most important
metric-based units are:

bar: has exact relationship to SI (=I00 kPa)
torr = 1 mmHg = 0.133 kPa: used for gas

pressure measurements
mm water = 9.8067 Pa: used for very small gas

pressure measurements
at (technical atmosphere) = kgr/cm3  = 98.066

kPa
atm (normal or barometric atmosphere) = 760

mmHg  = 101.3 kPa

temperature: In many engineering applications it is
more convenient to use degrees Celsius rather than the
absolute unit kelvin. The use of Celsius is permitted as
an alternate, with the relationship
T(�C)  = T(K) - 273.16 and AT(�C)  = AT(�K)

Physical quantity

Length

Given  in  - Multiplied by - Gives Approximate or useful
G i v e s  - Divided by +---- Given in relationship

ft 0.3048 m 3; ftr 1 m
in 25.4 (exact) m m 1 in = 25 mm
mil 0.0254 m m
yard 0.9144 m
mile (mi) 1 609.3 m 1 mi r 1.6 km
km 0.621388 mi

Area

Volume

Velocity

ft2
in�
acre

0.092903 m2 lOOft  =9m*
645.16 mm2 I in2 1650  mm*

4 047.0 m2

ft�
U.S. gal
U.S. gal
L (liter)
Brit. gal
U.S. gal
barrel (U.S. pet.)
barrel  (U.S. pet.)

0.028317
0.003785
3.785
0.2642
0.004546
0.13368
0.15898

42

m�
m3
liter (L)
U.S. gal
m3
ft3
m3
U.S. gal

35 fts 2.1 m3
260galrl m3
1 gal == 3% L
I L I 0.26 gal

ft/sn
m/s
ft/min
mi/h
km/h
knots

0.3048 4s
3.2808 ft/s
0.00508 m/s
1.6093 km/h
0.6214 mi/h
1.852 km/h

10 ft/s = 3 m/s

100 ft/min  r 0.5 m/s
30 mi/h  r 48 km/h
50 km/h = 31 mi/h

(See footnotes on page xxix. )
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Table 3 Unit conversion (Continued)

Physical quantity
G i v e n  i n  - Multiplied by - Gives Approximate or useful
Gives 4 Divided by +------ Given in relationship

Force

Volume flow rate

Mass velocity
(mass flux)

Energy (work)
(heat)

Power

Mass �bm 0.45359
kg 2.2046
metric ton 2 204.6
ton (2 000 lb,) 907.18

lb
h
�w
kgf
dyne

4.44822 N = kg m/s*
0.45359 kgf
2.2046 ‘bf
9.80665 N
0.00001 (exact) N

Amount of substance lb,-mol
g-m01
kg-mol
mol

453.6 kmol
1.000 mol
1.000 kmol

1 000 kmol

Mass flow rate lbm/h
kg/s
lb/s
lb,/min

0.000 1260 k/s
7 936.51 lb&

0.45 36 k/s
0.00756 k/s

U.S. gal/min
U.S. bbl/day
U.S. bbl/day
ft�/s
ft�  /min

6.309 x 1O-5
0.15899
1.84 x lo-6
0.02832
0.000472

lb,/h ft�
kg/s m*

Btub
Btu
Btu
kcal
ft lbf
Wh

1.356 x lo-�
131.5

1 055.056 J=Nm=Ws
0.2520 kcal

778.28 ft lbf
4 186.8 J

1.3558 J
3 600 J

Btu/h
W
kcal/h
ft lbf/s
hp (metric)
Btu/h
tons refrig.

0.2931 W = J/s
3.4118 Btu/h
1.163 W
1.3558 W

735.5 W
0.2520 kcal/h

3 516.9 W

Heat flux Btu/h ft*
W/m*
kcal/cm* s

3.1546 W/m*
0.317 Btu/h ft�

41.868 W/m*

Heat transfer coefficient Btu/h  ft* �F
W/m* K
kcal/cm* s �C

5.6784 W/m* K
0.1761 Btu/h ft* OF

41.868 W/m* K

Heat transfer resistance (Btu/h ft* �F)-  � 0.1761
(W/m* K)- I 5.6784

Pressure Ib$in*  (psi) 6.8948
kPa 0.1450
bar 100

(See footnotes on page xxix.)

lo* lb/h= .13 kg/s

1 lb, = .45 kg
1 kg = 2.2 lb,
metric ton = IO3  kg

lN~0.1  kgf
= 0.22 lbf

m3 /s
m*  /day
m*  /s
m3 /s
m* /s

kg/s m*
lb,/h ft*

lBtu==lOOOJ
1 kcal= 4 Btu

1 kcal=4 000 J

lo6 Btu/h = 300 kW

lOOOkW-3.5x  lo6
Btu/h

1 000 Btu/h ft* = 3.2
kW/m*

1 000 Btu/h  ft* �F  =
5 600 W/m* K

(W/m*  K)-�
(Btu/h ft* �F)-  �

kN/m*  = kPa
psi
kPa

0.001 (Btu/h ft* OF)-�  =
0.000 18 (W/m* K)-*

1 psi=7kPa
14.5 psi - 100 kPa
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Table 3 Unit conversion (Gmtinued)

Physical quantity
Given  in  - Multiplied by- Gives Approximate or useful
G i v e s  +---- Divided by - Given in relationship

Pressure (Continued) lbf/ft2 0.0479 kPa
mm Hg (ton) 0.1333 kPa
in Hg 3.3866 kPa
mmH,O 9.8067 Pa
inH,O 249.09 Pa
at U&m*  1 98.0665 kPa
atm (normal) 101.3?5 kPa

Mass flux lb,/ft�  s 4.8824 kg/m* s
lb,/ft= h 0.001356 kg/m* s

1000 kPa= 1 MPar
150 psi

1 inH,O=.25 kPa

atm = 760 mmHg

Physical and Transport Properties

Thermal conductivity

Density

Specific heat capacity

Enthalpy

Dynamic (absolute)
viscosity

Kinematic viscosity

Diffusivity

Thermal diffusivity

Surface tension

Btu/ft h �F 1.7308
W/m K 0.5778
kcal/m h �C 1.163

lb,/ft� 16.0185
kg/m� 0.06243
lb,/U.S. gal 119.7

Btu/lb,  �F
kcal/kg .�  C

4 186.8
4 186.8

Btu/lb, 2 326
kdkgm 4 186.8

W/m K
Btu/ft h �F
W/m K

kg/m�
lb,/ft�
kg/m3

J/kg K
J/k K

J / k
J / k

centipoise (cP) 0.001 kg/m s
poise (P) 0.1 Pa s
CP 1.000 mPa s
CP 1 000 PPa s
lb,/ft h 0.0004 134 Pa s
lb,/ft h 0.4134 CP
CP 2.4189 Ib,/ft h
lb,/ft s 1.4482 Pa s

stoke (St), cm* s 0.000 1 m* /s
centistoke (cSt) 10-e m2 /s
ft* Is 0.092903 m* /s

ft2 /s

m2 /h 0.0002778 m* /s
ft�/s 0.092903 mz/s
ft2 /h 25.81 x 1O-6 m2 /s

dyne/cm 0.00 1 N/m
dyne/cm 6.852 x lo-� lbf/ft
Ibf/ft 14.954 N/m

0.092903

steel = 50 W/m K
water (20°C) = 0.6 W/m K
air (STP) zz 24 mW/m  K

62.4 Ib,/ft�  = 1 000
kg/m3

1 Btu/lb,  �F  = 4.2
kJ/kg K

kg/m s = N s/m* = Pa s

water (lOO�C),  0.31 cP

air (1 OO�C),  0.021 cP

m2 /s

Temperature relations: �C  = $ [OF - 321 �C  = (OF + 40); - 40 AT(�C)  = -$ AT(�F) K = �C  + 273.15
�F  = ; (�C) + 32 �F  = (�C + 40); - 40 A7-(�F)  = $ AT(�C) R = �F  + 459.67

Miscellaneous: Acceleration of gravity (standard): g = 9.806 65 m/s2
Gas constant: R = 8 314.3 m N/K kmol
Stefan-Boltzmann constant: 5.669 7 X 1Om8 W/m*  K4

1.714 X 1O-9 Btu/ft*  h R4

%Even  though the abbreviations s and h were introduced only with the SI, they are used here throughout for consistency.
Note: the calorie and Btu are based on theInternational  Standard Table values. The thermochemical calorie equals 4.184 J (exact) and

is used in some older texts.
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LENGTH: meter, m; foot, ft

0 IO
5

m 1 2 3 4 6 7 8 9

IIll IIll III1 II,, III1 III1 11111111111111 IllI

f t 5 15 25
10 2 0 3 0

0

m X 3.2803 = ft

ft X 0.3048 = m

AREA: square meter, m2 ; square foot, ft2

0 10
5

m2 1 2 3 4 6 7 8 9

IllI ,111 ,111 #III ,111 ,111 I I I ,I
I111 III1 III1 III1 1111 Ill1 II

I " "  *

ft2 IO 20 30 4 0 60 70 8 0 9 0
5 0

0 100

m2 X 10.764 = ft2

ft2 X 0.0929 = m2

VOLUME: cubic meter, m3; cubic foot, ft3

0 I O
5

m3 1 2 3 4 6 7 8 9

,111 III1 1111 IIII III1 I,,, II,, ,111 III1 III1
I I III I III I I I  1 III1 I  I I I I I I I I

ft3 5 0
100

150 I 250 I 350
200 300

0

m3 X 35.314 = ft3
ft3 X 0 .083 = m3

MASS: kilogram, kg; pound-mass, lb,

0

kg 1 2 3 4 6 7 8 9
III1 III1 III1 Ill1 1111 III1 IIII 111111111 III1

lb,
1’1’ I ‘iw’~~l’l’l’l’  'I'1

5 15
0 IO 2 0

5
IO

kg X 2.205 = lb,
lb,,, X 0.454 = kg
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VOLUME FLOW RATE:
m3 gal(U.S.)
--; ~

min

0 0.1

m3 0.01 0.02 0.03 0.04-
S Ill1 I I

gal(U.S.)
I � � �  ��I

min 200 400 600 800 1 0 0 0 1 2 0 0 1 4 0 0
0

gal(U.S.)
$X 1.585(104)=---

min

d!$d X 6.31(10-�)  = $

f t
V E L O C I T Y :  5; ;

0 IO
5m 1 2 3 4 6 7 8 9

s I,, I,,, ,111 II,, 1111 1111 III1 IIll III1 III1
I I I I Ill1 I I I  I I I I , I I

f t
III1 I I  I I I

s 5 15 25IO 20 30
0

; x 3.28 = 3

4 x 0.305 = y

MASS VELOCITY: s ;
IO3 lb,,,

h ft2

0 100

kg 502 IO 2 0 30 4 0 60 70 80 9 0
s m

,,,I I111 III1 Ill1 III1 IIII Ill1 Ill1 IIII IIII.
III1 I  I I I I I I  I I

IO3
1111~ III1 I III1 1 I  I I I

l b , IO 20 30 40 60 70
h ft2 50

0

j$ x 0.737 = *

IO3 lb
hft�X 1.356=$
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MASS FLOW RATE: ?; 103;bm

0 100
kg
- IO

5 0
20 3 0 4 0 6 0 7 0s 6 0 9 0

IO3 lb,

I ,  le
'Ill

h 100 2000 300 4 0 0 500 600 700

1031b
---=x0 1 2 6 - b

h �-s

FORCE: newton, N = y; pound-force, Ibf

0 100
50

N IO 2 0 30 40 60 70 80 9 0

II,, II,, II11 III1 1111 III1 III1 III1 III1 III1
I I I I I I

lb 5
I � � � � ( � �

15
10 20

0

N X 0.225 = lb

Ibf X 4.448 = N

ENERGY (WORK): joule, J = N m; Btu

0 1 0 0 0
500

J 100 200 300 400 600 700 800 900
III1 III1 III1 I'll IIII Ill1 III' Ill1 IIII III1

Btu 0.1 l��l��l��~l��~��l��l��l��l~�  0.2 0.3 0.4 0.6 0.7 0.8 0.9
0 .5

0

J X 0.948(10-3) = Btu
Btu X 1055= J

POWER OR ENERGY FLOW RATE: kilowatt kw = !!!!-m 106, s � h

0

kW 100 200 300 400 500 600 700 800 900 1000
I,,, 1111 III1 III1 Ill1 1111 IllI 1111 1111 Ill1

1 O6 Btu
I � � I �

0.5 1.5 2.5
h 1.0

0
2.0 3.0

kW X 3.412(10-3) =T

IO6 Btu
-----X293=kW

h
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Btu
H E A T  T R A N S F E R  C O E F F I C I E N T :  -&; -

h ft2 OF

(X102 1 100
5 0

70 80 90

1 2 3 4 6 7 8 9 11 12 13 14
5 15

10

(X102)
Btu

-& x 0.176 = ~
hft2 OF

B t u
h ft2 OF

X 5.68 = --$

HEAT FLUX: 3; s

(X103)
0 100

- ,�2

50
10 20 30 4 0 60 70 80 90

II,, I,,, ,111 111, I,,, I,,, IIll IIll ,,,I I,,,
I I 1 I 1 I I I I

Btu
I 1 I I I I I II III I I I I I

h 2 4 6 8 12 14 16 18 2 2
2 4 2 6 28

10 20 3 0
0

(X103)

-$ X 0.316 = f$

$X3.16=$

!!hD E N S I T Y :  3; ft3

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

- 100 200 300 400 500 600 700 800

II 1111 I’ll II11 1111 ,111 III1
1111 II11 IIll Ill’ 1’11 IIII IIII

!!?&.Ift3 10 20 30 40 50

0 0.01 0.02 0.03 0.04 0.05

3 X 0.0624 = 3

3 X 16.02 = 3
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SPECIFIC HEAT CAPACITY: !+- *
Btu

kgK� Ib,

0
kJ 1 2 3 4 5

kg K 2 4 6 8 2 4 6 8

Btu
Ib, 0.1 0.2 0.3 0.4 0.6 0.7 0.8 0.9 1.10.5

0 1 .o

kJ Btu
- x  0 . 2 3 9  =Ib,
kg K

Btu
iqT

X 4.187 = kJ
kg K

W
T H E R M A L  C O N D U C T I V I T Y :  -.

Btu
mK� h

0.001 0.002 0.003
0

W 0.1 0.2 0.3
mK 2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8

I, I I I1 I II, I I I I III,,
I 1 IBtu 1 1 1 I '1 I 1 I I I I I

h 2 4 6 8 2 4 6 8
0.1 0.2

0
0.001 0.002

$ x 1.731 =f$

DYruAMic  (ABSOLUTE) VI S CO S I TY : 3; ti

cent ipoise cP = 10e3 Ns = mPa s
m2

CP IO 2 0 30 4 0 50 6 0 70 80 90 100 CP
I I I I I I I 1 I I 1

0
0.05

0.1

N si-7 0.01 0.02 0.03 0.04 0.06 0.07 0.08 0.09

IIll IIll III1 II11 1111 IIII IIII Ill1 ‘III III
III 1’11 “‘1 I’ll III’ III’ IIII III

Ibm
I I I 1 I 1 I I I I I I I I 1 I

h ft 20 40 60 80 120 140 160 180 220

0
100 200

CP X 2.42 = 2

hx 0413=cP
hft .
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ENTHALPY:
kJ. B t u
kg � Ib,

0 1000

kJ

ks

Btu

Ibm 100 200 300 4 0 0
0

;xo.430=~
m

F X 2.326 = t
m

PRESSURE CONVERSION CHART
(top line = 1 Pa on all charts)

Pascal

kg&rn2.
bar,
atm psi

in Hz0

(4%)

IO3 -$-I kPa -& 10e2 *�O-l $

t + -I- * IO

IO4

IO5

i k

10-l
1 .O psi

IO2

-m---m 1.0 10- - -

1 i

- - - m - e - - - m - - - -

IO3

IO6 10 IO2

+ IO3

torr,

mmHg kPa

t -I-

*NOTE: only bar is exact (1 bar = IO� Pa); however, atm and kg&n2

are within 2�% accuracy (see list below).

1 atm = 1.01325 X IO5 Pa
1 psi = 6.89476 X IO3 Pa

1 in Hz0 = 2.49082 X IO2 Pa
1 kg&m2 = 9.80665 X IO4 Pa

1 bar= IO� Pa
1 mmHg = 1.33322 X IO2 Pa

1 Pa = 9.86923 X I O � atm
1 Pa = 1.45038 X IO4 psi

1 Pa = 4.01474 X 10e3 in Hz0

1 Pa = 1.01972 X IO-� kgt/cm2
1 Pa = IO-� bar

1 Pa = 7.50064 X 10m3 mmHg

- - -  1  a t m

IO3

(= 1 MPa)
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TEMPERATURE COMPARISON

(NOT TO SCALE)

K OC OF

2 273 -- 2 000 3 632

I 773 -- 1500 2732

1 2 7 3 -- 1000 1832

811 -- 538 1000
773 -- 500 932

673 -- 400 752

573 -- 300 572

473 -- 200 392

373*15 -- loo 212t

255.5 -- (-17.7) 0

233 -- (-40) k-40)

173 --k-1001 k-148)

7 3 - - (-200) l-302)

0 -i--273.1  5) - (-459.67)

R

- 3192

- 2292 For

- 1460
comparison

- 1 3 9 2
only

- 1 2 1 2

- 1 0 3 2

- 852

- 671.67 -Steam point (exact)

- 537 Body temperature

- 528 Room temperature

- 459.67 - Ice point (exact) 1
- 460 Comparison

- 420 Equality point (�F  = �C)

- 312
Comparison

- 157
only

0 Absolute zero (exact)

T(OF) = (�C  + 40$ - 4 0 T(R)  = ;T(�F)  +  4 6 0
T(OC)  = (OF + 40)$ - 4 0 T(K)  = T(k) + 273.15

AT: �C=$(�F) OF = $(�C)
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5.1 PROPERTIES OF PURE FLUIDS 5.1.0-l

Introduction

M. Schunck

n The design of heat exchanging equipment is strongly
influenced by the physical properties of the fluids to be
heated or cooled, as far as they are important for
determining heat transfer rates, pressure drops, and
momentum. A great number of physical property data
for various fluids are listed in Sec. 5.5, but it sometimes
occurs that for a certain fluid no data are available or the
range of given data is not sufficient. In order to cover
these cases many methods for estimating properties of
gases aud liquids have been developed. Some of them are
simple and easy to employ, but-due to the real nature
of the phenomena, which is generally complicated-their
results are not too reliable. More elaborate methods can
give better results, but they are often restricted to

limited groups of compounds (mostly organic). Some of
these methods can be evaluated economically only with
the aid of a computer. Very good collections of
estimating methods have been published, especially Reid
et al. [l] or Hecht et al. [2].

In this chapter an attempt is made to give some of
the simpler rules and methods which may be sufficient
in many cases. At least, they may help to decide if more
elaborate methods or the services of a data center are
required where not only the available data but also the
most modern estimating methods are computerized. This
step is recommended in all cases where the exactness of
the data is essential.

References to Section 5.1.0 appear at the end of Section 5.1.X
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5.1 PROPERTIES OF PURE FLUIDS 5.1.1-1

5.4.4
Critical data

M. Schunck

A. Correspondence principle

Sometimes, the critical data of a fluid are of interest in
themselves. This is especially the case where processes
are carried out in the neighborhood of the critical state
which employ liquefaction or vaporization or where the
existence of two phases is required or prohibited.

On the other hand, knowledge of the critical data
may often be essential since by using critical tempera-
ture, critical pressure, and critical volume, correspon-
dences in the thermodynamic behavior of fluids can be
found. This leads to the widely employed principle of
correspondence which uses �reduced� state parameters,
i.e., dimensionless parameters of state obtained by
dividing the real parameters by the corresponding critical
parameters:

Tr = f pr = L v, = c

C PC VC

Ideally, it might be possible to link these reduced
parameters together by a universal equation of state,
valid for all fluids.

Numerous investigations, however, have shown that
this is only possible for relatively small groups of similar
fluids. Common equations of state even for �normal�
fluids can be established only by using additional
parameters. These, in many cases, are correlated again to
the critical data. Riedel [3a]  defines the critical param-
eter a, :

w

where prs and Tm represent pairs of reduced pressure
and reduced temperature values according to the satura-
tion curve. The parameter is used in correlations with its
value at the critical point, oc, only.

An equivalent of the critical parameter c+ is the
�acentric factor� o defined by F�itzer  [4] :

6-l = -(log PPS(O.7) + 1) (2)

where prs(o.7)  is the reduced pressure on the saturation
curve at a reduced temperature of T, = 0.7. Correspon-
dence relations using CQ or w are sometimes recom-
mended in the following paragraphs.

B. Critical temperature

Guldberg�s rule can give a rough estimate of critical
temperature:

TC Xl.5 Tb or T6e$
TC

(3)

where Tb is the boiling temperature at normal pressure.

tWithin a three-digit section the equation, figure, and table
numbers do not have the three-digit identifier; for cross-
references between sections, the appropriate three-digit number
will be &en.
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5.1.1-2 5.1 PROPERTIES OF PURE FLUIDS / 5.1.1 Critical Data

Table 1 Atomic and structural constants used in Lyder-
sen�s method for calculating critical data of organic
compoundsa*  b

Group AT AR Av

Basic value
-CH, and -CH, -
-CH, - member of ring
-CH
-CH member of ring
=CH and =CH,
=CH member of ring

C
C memberof  ring

==C a n d = C =
Same, member of ring
SC- ad zCH
- F
-Cl
-Br
-I
- o -
-O- member of ring
-OH alcohols
-OH phenols

c o
CO member of ring

-CHO
-coo-
-COOH

-m
NH
NH member of ring
N
N- member of ring

-CN
-SH and -S-
-S- member of ring
= s
=o
- N O ,

0.020
0.013
0.012
0.012
0.018
0.011
0.000

(-0.007)
0.000
0.011
0.005
0.018
0.017
0.010

(0.012)
0.021
(0.014)
0.082

(0.035)
0.040

(0.033)
0.048
0.047
0.085
0.031
0.031

(0.024)
0.014

(0.007)
(0.060)
0.015

(0.008)
0.003

(0.020)
(0.055)

- 0.040
0.225 0.055
0.183 0.044 5
0.209 0.051
0.191 0.046
0.197 0.045
0.153 0.037
0.209 0.041

(0.153) (0.031)
0.197 0.036
0.153 0.036
0.152 (0.036)
0.222 0.018
0.318 0.049
0.496 (0.070)

(0.824) (0.095)
0.159 0.020

(0.119) (0.008)
0.060 0.018

(-0.020) (0.003)
0.288 0.060

(0.199) (0.050)
0.328 0.073
0.467 0.080
0.397 0.080
0.097 0.028
0.137 (0.037)

(0.089) (0.027)
0.169 0.042

(0.129) (0.032)
(0.357) (0.080)
0.268 0.055

(0.238) (0.045)
(0.238) 0.047
(0.119) (0.011)
(0.417) (0.078)

iAccording to Lydersen [5].
Uncertain values in parentheses.

(Real values of Tb/Tc  vary from 0.55 to 0.72 with 0.364
for mercury.)

More reliable values for organic compounds are
obtained by Lydersen�s incremental method [ 51:

3 = 0.567 + Z AT + (;I: AT)~
TC

(4)

where Z AT is determined from atomic and structural
constants as listed in Table 1. (The deviation is *2%  on
average with a maximum of *7%.)

C. Critical pressure

No simple rule exists for calculating critical pressure
other than extrapolating the saturation curve (see Sec.

5.1.3B),  if the critical temperature is known. Lydersen�s
incremental method [5] gives

PC = (2 a,: 0.33)2 bar

where 1 bar = 10�  N/m2, and again E AP is composed
of atomic and structural constants as listed in Table 1.
(The deviation is ?2% on average with a maximum of

&20%.)

D. Critical volume

According to the rule of Cailletet and Mathias [6] [see
Sec. 5.1.2A and Fig, 5.1.2(l)]  , the mean value of liquid
and vapor density in the saturated state plotted against

Table 2 Numerical values of the functions #(Tr) and
$(T,)  for the calculation of the critical parameter a,
according to Rkdel [3a]

0.35 6.003 1.321
0.36 5.719 1.248
0.37 5.452 1.179
0.38 5.200 1.115
0.39 4.963 1.055

0.40 4.739 0.999
0.41 4.527 0.946
0.42 4.326 0.896
0.43 4.135 0.850
0.44 3.955 0.805
0.45 3.783 0.764
0.46 3.619 0.724
0.47 3.463 0.687
0.48 3.315 0.652
0.49 3.174 0.619

0.50 3.039 0.588
0.51 2.909 0.558
0.52 2.786 0.530
0.53 2.668 0.503
0.54 2.555 0.477
0.55 2.447 0.453
0.56 2.343 0.430
0.57 2.243 0.409
0.58 2.147 0.388
0.59 2.055 0.368

0.60 1.967 0.349
0.61 1.882 0.331
0.62 1.800 0.314
0.63 1.721 0.298
0.64 1.645 0.283
0.65 1.572 0.268
0.66 1.501 0.254
0.67 1.433 0.240
0.68 1.367 0.227
0.69 1.303 0.215

Tr 4J J,

0.70
0.71
0.72
0.73
0.74
0.75
0.76
0.77
0.78
0.79

0.80
0.81
0.82
0.83
0.84
0.85
0.86
0.87
0.88
0.89

0.90
0.91
0.92
0.93
0.94
0.95
0.96
0.97
0.98
0.99

1.242
1.182
1.125
1.069
1.015
0.962
0.911
0.862
0.814
0.767

0.722
0.677
0.635
0.593
0.552
0.512
0.473
0.435
0.398
0.361

0.325
0.290
0.256
0.222
0.189
0.157
0.124
0.093
0.061
0.03 1

0.203
0.192
0.181
0.171
0.161
0.152
0.143
0.134
0.126
0.118

0.110
0.103
0.096
0.089
0.082
0.076
0.070
0.064
0.058
0.053

0.047
0.042
0.037
0.032
0.027
0.023
0.018
0.013
0.009
0.004
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5.1 PROPERTIES OF PURE FLUIDS / 5.1.1 Critical Data

temperature is nearly a straight line that includes the
critical point. Thus, if some sets of saturated liquid and
vapor densities are known together with the critical
temperature, the critical specific volume can be esti-
mated.

For organic fluids, Lydersen�s incremental method
[S] gives

Fc = z: Av + 0.040 m3/kmol  or dm�/mol (6)

where 2 Av is composed of atomic and structural
constants as listed in Table 1. (The deviation is k3% on
average with a maximum of f lO%.)

E. Critical parameter a, and acentric factor o

If c+ cannot be evaluated according to its original
definition (see Sec. A), Riedel [3a] gives the equation

cr, = 1% WPrs) - Wrs)  + 7
Wrs) (7)

where prs  and T, are the reduced vapor pressure and the
reduced equilibrium temperature of one known pair of
values of the saturation curve, and the functions

5.1.1-3

NT,,) = 0.118 3
(
5 - 35 - T,“,

>
+ 4.44 log Tr, (8)

TS

and

JI(Trs) = 0.036 4 g - 35 - cs
( )

+ 2.52 log Trs (9)
rs

Values of both functions are tabulated in Table 2.
The evaluation of the acentric factor o in F�itzer�s

definition [4] (see Sec. A) requires knowledge of the
vapor equilibrium pressure at a reduced temperature of
Trs = 0.7. For cases where this value is not available,
Riedel [3fl links o to (Ye by the equation

o = cu, - 5.811
4.919

Edmister [7] gives the equation

TdTc
�d = o-429  1 - TblTc (log pc - 0.991 5)

where Tb/Tc  as well as pc can be estimated, if necessary,
by the methods described in Sets. B and C. The critical
pressure pc has to be given in bars.

Nomenclature for Section 5.1.2 appears at the beginning of Part 5. References appear at the end of Section 5.1.5.
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5.1 PROPERTIES OF PURE FLUIDS 5.1.2-l

5.4.2
Specific volume, p- V-T

correlations

M. Schunck

A. Specific volume of the liquid phase

According to the empirical- rule of Cailletet and Mathias
[6] the specific volumes VIS of the saturated liquid and
PUS of the saturated vapor at the same temperature
follow the relationship

M L+ J- = 0.5@[, + pvs)
-z fls F”;,-c 1

=a+bT+cT2  +-es (1)

where the factors c, d, etc. are so small that for
estimating purposes they may be neglected even in the
neighborhood of the critical state. Thus, the rule states
that in a plot of density versus temperature�the  mean
values of saturated vapor and saturated liquid densities
are represented by a straight line with a slope of b (see
Fig. 1). If the specific volume of a liquid at low

ki 0 I
0.L 0.5 0.6 0.7 0.8 0.9 1.0 1.1

REDUCED TEMPERATURE  T,

F&me 1 Rule. of Cailletet and Mathias: Example, propane.

0 1983 Hemisphere P
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temperature is known together with its critical volume
and the specific volume of the saturated vapor, then this
rule gives the specific volume of the saturated liquid
throughout the whole temperature range.

According to Watson [8], the specific volume of a
liquid can be related to the reduced pressure pr and the
reduced temperature Tr by the expansion factor o*
using the equation

vcd* = c

where w* is a function of pr and T, shown in Fig. 2 and
C is a constant that can be determined if a reliable value
of the specific volume of the liquid is known together
with the critical pressure and temperature. This method
also applies to temperatures below or pressures above
the saturated state.

For normal fluids in the saturated state Riedel [3b]
gives the equation

v,,, = (1 + 0.85(1  - T,)

+ [1.93  + 0.2&  - 7x1 - Tr)3])-1

As Tr approaches 0, this equation approaches

(2)

vo - 1
K - 3.78 + 0.2(ar, - 7) (3)

where v. is the (merely fictitious) specific volume at
rr =,O.  Timmermans [9] stated that for most liquids
Vo/Vc = Zc, where Z, is the critical compressibility
factor

blishingCorporntion
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5.1 PROPERTIES OF PURE FLUIDS / 5.1.2 Specific Volume

0.04 0.06 0.08 0.10 0.12 0.14
EXPANSION FACTOR W*

Figure 2 Expansion factor w* according to Watson (81.

with values commonly in the range of Z, = 0.265 f
0.015. Riedel [3b] has tabulated the numerical values of
Flsr/ZC as a function of T,. (See Table 1 which is
reciprocal to Riedel�s original table.) It should be noted
that the influence of a, is very small below T, = 0.8.

Rackett [lo]  showed that the simpler equation

(5)

is also a very good approximation. The critical com-
pressibility factor Z, in this equation can be estimated
according to Riedel (see above) or according to Yamada
and Gunn [ 1 l] using Pitzer�s acentric factor o:

Z, = 0.291 - 0.087 8 w (6)

B. Coefficient of volumetric thermal
expansion of liquids

In the tables of Sec. 5.5, the densities of numerous
liquids are given for various temperatures. From these or
other known values, the coefficient of volumetric
thermal expansion 0 = [a @(P  aT)] P can be calculated
or graphically evaluated. If no values of density or
specific volume are available, fl can be estimated using
the expansi_on  factor w* (see Fig. 2).

From V = c(w*)-’ follows

( >

av = 1
facd*  p a*

and

(7)

0 1983 Hemisphere 1

H

1 a0*=-- -
( )w* aT p (8)

which can be graphically evaluated from Fig. 2.
Differentiation of the Rackett equation [9] (see

Sec. A) gives

p=- 0.285 ln Z,
T,(l  - Tr)0.‘15

K-l

or with Z, = 0.265 + 0.015

p=+ 0.380 + 0.015
T&l - Tr)o-7’5

K-l

(9)

Here, however, the fact is neglected that Rackett�s
equation is valid for the saturated liquid, i.e., for a
pressure varying with temperature. This limits the
validity of the above relationship to a temperature range
not much above the normal boiling point.

C. Specific volume of gases

At low reduced pressures and high reduced tempera-
tures, the ideal gas law applies quite correctly:

pv=iiT (11)

(If p is in N/m2, t in m3 /kmol,  and Tin K, then R�,  the
universal gas constant, has a value of 8 314.3 J/kmol.)
At higher pressures or near the condensing temperature,
the law of ideal gases no longer applies. However, the
behavior of real gases and vapors can be related to that
of ideal gases by introducing a factor of compressibility,

z=E
kT (12)

The dimensionless factor Z is dependent upon tempera-
ture, pressure, and thermodynamical properties of the
gas or vapor. It can be given as a function of reduced
state parameters, thus permitting a fairly good predic-
tion of the p - V - T behavior of any gas.

In Fig. 3, Z is plotted in accordance with Nelson
and Obert [ 121  as well as Riedel [3f] for oc = 6 in the
range 0.8 < T, < 15. The deviations for different values
of oC are fairly small. Riedel [3fj gives more extensive
tabulations of aZ/&+.

The dotted lines-in Fig. 3 apply to an �ideal reduced
specific volume,� v, jd, which can be used without
knowledge of the critical volume fC in the calculation of
corresponding pressure-temperature values for a given
specific volume:

(13)
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5.1 PROPERTIES OF PURE FLUIDS / 5.1.2 Specific Volume 5.1.2-3

Table 1 Numerical values�  of vlSr/Zc

Tr 0 . 3 0 . 3 5 0 . 4 0 . 4 5 0 . 5 0 . 5 5 0 . 6 0 . 6 5 0 . 7

b&C 1.142 I.172 1.205 1.239 1.279 1.321 1.368 1.422 1.484

Tr 0.75 0.8 0.85 0.9 0.95 0.97 0.98 0.99 1.0

ac = 6 1.557 1.642 1.751 1.898 2.132 2.288 2.410 2.591 3.584
7 1.558 1.645 1.755 1.908 2.155 2.326 2.45 1 2.653 3.774
8 1.559 1 . 6 4 7 1 . 7 5 9 1.919 2.179 2.358 2.494 2.710 3.984

�Abbreviated from Riedel [3b].

D. Coefficient of volumetric thermal
expansion of gases

For ideal gases, the volumetric thermal expansion is
described by

In any case where Z # 1 or Z # const (e.g., at higher
pressures), this equation is changed to

(15)

where aZ/aT  at constant (reduced) pressure can be
graphically evaluated from Fig. 3.

Of course, it is also possible to calculate two values
of v at the same pressure but different temperatures and
take

(16)

but this procedure also requires careful evaluation of

(~/AT),  .

E. Equations of state

Analytical formulations of the relationships among p, I?
and T are called equations of state. Many of them have
been developed, the first one by van der Waals [13]  in
1873:

12 12
2 2
11 11

1.0 1.0
0 1 2 3 5 7 a 9 Y)

F i r e  3 Compressibility factor Z = p f/:/iiT as a function of pr and T, for cxc = 6 [ 3f, 121.
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5.1.2-4 5.1 PROPERTIES OF PURE FLUIDS / 5.1.2  Specific Volume

where a and b are specific constants approaching 0 for
ideal gas conditions. This is one condition that should be
fulfilled by any equation of state, but all of them should
also satisfy the conditions at the critical point:

0a 0ii? Tc=
0

(18)

(19)

With this requirement, the values of II and b in the van
der Waals equation become

a = 3

0

3 @cl2
13%

4
PC

b =  -z
0 PC

(20)

The best compromise between simplicity and
accuracy seems to be provided by the Redlich-Kwong
equation [14],  which is also a two-constant equation:

a

T0.5?(?  + 1b) (&b)=kT (21)

or

p=$l-
aT-0.s

V - b v(v + b)

with the constants a and b derived by similar considera-
tions as for the van der Waals equation:

a = 0.427  5 C?%!

b = 0.086 64 g

(22)

PC

Soave [IS] improved the accuracy of the Redlich-
Kwong equation, replacing the term aTooe5 by a
function of the reduced temperature and Pitzer�s acen-
tric factor o-the whole equation then reading

p,_RT
V - b

- a,[1 + (0.480 + 1.574 0-0.176~�)

* (1 - T:*5)]2/v(v  + b) (24)

where

Z2T2
a, = (aT-005)C  = 0.427 5 2

PC

and

as above.
A further modification of the Redlich-Kwong

equation, suggested by Peng and Robinson [16]  is
reported to be even more accurate for hydrocarbons and
hydrates and for liquid densities than the Redlich-
Kwong-Soave version:

iT
p=-

V - b ,

- acl [1 + (0.375 + 1.542 GJ - 0.207 w2)

- (1 - T,o.5)]2/(?  + b1)2  - 2 b: (27)

with acl and bl slightly different from a, and b as a
consequence of the different structure of the equation:

a,1 = 0.457 2 !s
PC

(28)

b, = 0.077 8 @
PC

For many compounds the virial coefficients for the
virial equation of state,

z = g = 1 + B(7) f C(T)p�2  4 D(T);3  + * * * ( 3 0 )

are given in the literature. B, the second virial co-
efficient, C, the third virial coefficient, etc., are func-
tions of temperature only for pure fluids.

Other, more elaborate equations of state, e.g.,
Benedict-Webb-Rubin, or Lee-Kesler, are beyond the
scope of this section. See Ref. [l] .

Nomenclature for Section 5.1.2 appears at the beginning of Part 5. References appear at the end of Section 5.1.5.
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5.1 PROPERTIES OF PURE FLUIDS 5.1.3-1

5.1.3
Thermodynamic properties

M. Schunck

A. Normal boiling point

The normal boiling  point of a pure fluid (at normal
pressure, 760 mm Hg = 1. 013 3 bar) is rarely unknown
since the experimental determination is very easy. The
estimating methods presented below will therefore be
more or less a last refuge.

For a large number of organic compounds the
normal boiling point can be determined according to
Ogata and Tsuchida [17]  from structural constants
listed in Table 1. With the constants p, y, and 4 taken
from this table, the normal boiling temperature is

Tb = P3’ + 4 K (1)

All other existing rules for estimating the normal boiling
temperature of a fluid solely from the knowledge of its
chemical composition are reported to be less accurate
than simple considerations of analogy with similar
compounds whose boiling points are known.

If some points of the vapor pressure-temperature
curve are available, the normal boiling point can be
found by extrapolating or interpolating. For this
purpose it is either possible to draw a vapor pressure
curve in a diagram like a Cox chart (see Sec. B) where it
is nearly a straight line, or to use the Antoine equation.
However, it has to be kept in mind that many liquid
compounds will decompose at temperatures well below
their normal boiling point.

B. Vapor pressure-temperature curves

A plot of log p versus T-’ for any compound gives a
fairly straight curve that can be extrapolated or inter-

0 1983 Hem&hem 1
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polated easily. Even if only two points of the whole
function are known, e.g., the boiling point and the
critical point, a line through these two points in the log
p versus T-�  diagram is a good estimation for the
relationship between saturation pressure and saturation
temperature. It can be improved if it is drawn similar to
a known curve or if more than two pairs of parameters
are available for its determination.

A further improvement was first suggested by Cox
[18]  : A plot of log p over a function of Tis graphically
generated by drawing a straight line with a positive or
negative slope into a coordinate system. The ordinate is
then marked up in log p and the abscissa in T according
to the known equilibrium values of a reference fluid,
e.g., water. In such a diagram, since named Cox chart,
the vapor pressure-temperature curves of other fluids are
found to plot as almost straight lines too.

Hoffmann  and Florin [19] gave an analytical
function for the abscissa of a Cox chart, which is linear
inr-� instead of T-’ :

7-l = T-’ - (7.915 1 - 2.672 6 log 7) X 1O-3

- 0.862 5 TX 1O-6 (2)

A tabulation of corresponding values of T-’ and
T-�  is given in Table 2. This tabulation is especially
useful when values of a Cox chart are to be interpolated.
Two Cox charts, for several fluids, prepared according to
Hoffmann  and Florin are presented in Figs. 1 and 2. Cox
charts like these show an interesting and sometimes
useful peculiarity: the vapor pressure-temperature
curves of homologous series of compounds often
(nearly) meet in one point. In many cases this �infinite
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5.1.3-2 5.1 PROPERTIES OF PURE FLUIDS / 5.1.3  Thermodynamic Properties

Table 1 Structural constants p, q, aad y for the estima-
tion of normal boiling points of organic liquids�

Rx P Q mb

RH 1.615 63.8
RCl 1.348 197.7
RBr 1.260 213.6
RI 1.198 253.4
ROH 0.896 277.6
MeOR 1.217 191.2
EtOR 1.137 221.8
ROR 2.158 143.2
PhOR 0.894 377.4
RONO, 1.016 280.5
RSH 1.191 221.0
RSMe 1.146 249.2
RSEt 1.080 280.0
RSR 1.937 214.4
RN% 1.194 201.4
RNHMe 1.180 215.2
RNHEt 1.081 247.9
RNHPr 0.991 282.8
RNMe 1.193 218.7
RNO, 0.923 308.8
HCOR 1.140 233.8
MeCOR 1.022 270.6
EtCOR 0.918 302.2
RCN 0.960 292.2
RCOCl 1.040 267.9
HCOOR 1.073 244.6
MeCOOR 1.000 273.2
EtCOOR 0.963 297.5
PhCOOR 0.766 425.9
RCOOH 0.903 342.4
RCOOMe 1 .ooo 273.2
RCOOEt 0.963 297.5
RCOOPr 0.911 323.4
RCOOPh 0.766 425.9
(RW, 0 1.286 337.7
CICH,  COOR 0.721 359.6
Cl, CHCOOR 0.745 372.3
BrCH, COOR 0.745 374.4
NCCH, COOR 0.565 433.5
CH, =CHCOOR 0.918 302.2

Me,C t-Bu

Me, r-Bu
Me

Me, Hep

Me

Me, Hep

Me

(Standard series)

(Standard series)

Hep

R Y R Y

Me
Et
n-P1
iso-Pr
n-Bu
set-Bu
iso-Bu
f-Bu
n-Am
iso-Am

55.5 t-Am 122.0
77.1 Neopent 125.0

102.0 n-Hex 171.0
92.0 iso-Hex 168.0

124.0 n-Hep 191.5
113.0 n-Ott 210.0
l&6.5 Vinyl 71.0
96.0 Ally1 104.0

149.0 2-Butenyl 127.0
140.5 Phenyl 197.0

iAccording  to Ogata and Tsuchida [ 171.
(Ex) stands for configurations for which deviations of more

than 55% are to be expected.
�Me  = methyl; Ph = phenyl, etc.

point� is close to 7-r = 0 or T=1400  K,  and
p = 2 250 bars or log p = 3.352.

Antoine [20]  proposed a simple equation for the
vapor pressure-temperature equilibrium which also
results in a distortion of the T-’ scale in a log p versus
f(T) correlation:

B
logP=A-T-C (3)

The constants A, B, and C for Antoine�s equation are
often given in the literature (see also Sec. 5.5). Antoine
suggested that C = 13 K, but better results are claimed
for a rule given by Thomson [21] :

c = -0.3 + 0.034 Tb K (4)

for fluids with i�b  < 125 K and for monatomic elements,
while

c=--l8+0.19Tb  K (5)

for all other fluids. Once a value for C is accepted, it is
easy to calculate A and B from two known pairs of
vapor pressure-temperature values, pl, T1 and p2, T2 :

hP2 -1ogPl
B = (T1 - q-1 _ (T, - q-1

B
A = 1% Pl + Tl _ c

B
~ = log p2 + ___

T2 - C (7)

The Antoine equation is not dimensionless. If tabulated
values of A, B, and C are to be used, one has to make
sure if In p or log p must be taken, and in which of the
possible units p and even T (K or R) will be given.

C. Heat of vaporization

According to Trouton�s rule [22],  the increase of the
molar entropy during vaporization at the normal boiling
point is very similar for many fluids, being close to

AI?
u = 88 kJ/kmol  K

Tb

where GV is the molar heat of vaporization in J/mol or
kJ/kIllOl.

Trouton�s rule is a good approach for nonassociating
fluids with normal boiling temperatures over 170 K. For
other fluids, the deviations are sometimes considerable;
instead of 88 kJ/kmol, the real values are, for instance,
hydrogen, 46 Id/km01 K; nitrogen, 71 kJ/kmol K; and
water, 108 kJ/kmol K.

Better results are achieved by employing a �Trouton
parameter� which is a function of the reduced pressure
and the reduced temperature at the boiling point, &b
and Trb. Thus Trouton�s rule changes to

0 1983 Hemisphere Publishing Corporation



5.1 PROPERTIES OF PURE FLUIDS / 5.1.3 Thermodynamic Properties 5.1.3-3

Table 2 Numerical values of T-’ and 7-l as functions of temperature for the distortion of
the T-’ scalea

6 T I9 T
“C K l/T l/T “C K l/T l/T

-270 3.15 0.317 460 0,310 874
-265 8.15 0.122 699 0.117 213
-260 13.15 0.076 046 0.071 110
-255 18.15 0.055 096 0.050 530
-250 23.15 0.043 197 0.038 908

-245 28.15 0.035 524 0.031 459
-240 33.15 0.030 166 0.026 286
-235 38.15 0.026 212 0.022 491
-230 43.15 0.023 175 0.019 592
-225 48.15 0.020 768 0.017 309

-220 53.15 0.018 815 0.015 465
-215 58.15 0.017 197 0.013 948
-210 63.15 0.015 835 0.012 677
-205 68.15 0.014 674 0.011 600
-200 73.15 0.013 671 0.010 675

-195 78.15 0.012 796 0.009 872
-190 83.15 0.012 027 0.009 171
-185 88.15 0.011 344 0.008 552
-180 93.15 0.010 735 0.008 003
-175 98.15 0.010 189 0.007 512

-170 103.15 0.009 695 0.007 072
-165 108.15 0.009 246 0.006 674
-160 113.15 0.008 838 0.006 314
-155 118.15 0.008 464 0.006 003
-150 123.15 0.008 120 0.005 659

-140 133.15 0.007 5 10 0.005 158
-130 143.15 0.006 986 0.004 709
-120 153.15 0.006 530 0.004 322
-110 163.15 0.006 129 0.003 987
-100 173.15 0.005 775 0.003 693

- 90 183.15 0.005 460 0.003 435
- 80 193.15 0.005 177 0.003 205
- 70 203.15 0.004 923 0.003 000
- 60 213.15 0.004 692 0.002 816
- 50 223.15 0.004 481 0.002 65 1

- 40
- 30
- 20
- 10

0

+ 10
+ 20
+ 30
+ 40
-t 50

233.15 0.004 289 0.002 501
243.15 0.004 113 0.002 364
253.15 0.003 950 0.002 240
263.15 0.003 800 0.002 126
273.15 0.003 661 0.002 022

283.15 0.003 532 0.001 926
293.15 0.003 411 0.001 837
303.15 0.003 299 0.001 755
313.15 0.003 193 0.001 678
323.15 0.003 095 0.001 607

�According to Hoffmann  and Florin [ 191.

+ 60 333.15
+ 70 343.15
+ 80 353.15
+ 90 363.15
+100 373.15

+110 383.15
+120 393.15
+130 403.15
+140 413.15
+150 423.15

+160 433.15
+170 443.15
+180 453.15
+190 463.15
+200 473.15

+210 483.15
+220 493.15
+230 503.15
+240 513.15
+250 523.15

+260 533.15
+270 543.15
+280 553.15
+290 563.15
+300 573.15

+310 583.15
+320 593.15
+330 603.15
+340 613.15
+350 623.15

+360 633.15
+370 643.15
+380 653.15
+390 663.15
+400 673.15

+420 693.15
+440 713.15
+460 733.15
+480 753.15
+500 773.15

+520 793.15
+540 813.15
+560 833.15
+580 853.15
+600 873.15

0.003 002 0.001 541
0.002 914 0.001 479
0.002 832 0.001 422
0.002 754 0.001 368
0.002 680 0.001 317

0.002 610 0.001 269
0.002 544 0.001 224
0.002 481 0.001 181
0.002 420 0.001 141
0.002 363 0.001 103

0.002 309 0.001 067
0.002 257 0.001 033
0.002 207 0.001 000
0.002 159 0.000 969
0.002 114 0.000 940

0.002 070 0.000 912
0.002 028 0.000 885
0.001 988 0.000 859
0.001 949 0.000 834
0.001 912 0.000 811

0.001 876 0.000 789
0.001 841 0.000 767
0.001 808 0.000 746
0.001 776 0.000 726
0.001 745 0.000 707

0.001 715 0.000 689
0.001 686 0.000 67 1
0.001 658 0.000 654
0.001 631 0.000 647
0.001 605 0.000 621

0.001 579 0.000 606
0.001 555 0.000 591
0.001531 0.000 577
0.001 508 0.000 562
0.001 486 0.000 548

0.001 443 0.000 5 22
0.001 402 0.000 497
0.001 364 0.000 474
0.001 328 0.000 452
0.001 293 0.000 431

0.001 261 0.000 411
0.001 230 0.000 391
0.001 200 0.000 373
0.001 172 0.000 355
0.001 145 0.000 338
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5.1.3-4 5.1 PROPERTIES OF PURE FLUIDS / 5.1.3 Thermodynamic Properties

-220 -2x1 -2w -175 -150 -1cu 0
TEMPERATURE=�C

%mH27
ilk=01

Figure 1 Cox chart [ 18) prepared according to Hoffmann  and Florin [ 191  for the low-temperature range.

A& _ &-ln Prb)

Tb 1 - %
(9)

An exact calculation of the heat of vaporization of
pure (and mixed) fluids at any temperature is possible
by evaluating the Clausius-Clapeyron  equation:

(10)

where dp/dT is the slope of the vapor pressure-
temperature curve at the temperature of vaporization.
At low pressures, &r (the molar volume of the liquid
phase) can be neglected in comparison to v&, (the
molar volume of the saturated vapor). If, in addition,

FVar,  is taken as-the specific volume of the ideal gas (i.e.,
2 = l), VWP = R T/p, the equation is simplified to

ti
V
=.kT dp -I? T2 dp +dl”P

P dT P dT dW-3
(11)

which is proportional to the slope of the vapor pressure-
temperature curve in the log p versus l/T diagram.

If, in such a plot, the slope of the saturation curve
at the boiling point is estimated by drawing a straight
line from the boiling point to the critical point, this last
expression converts into the Trouton  parameter given
above.

Since the conditions Z = 1 and vvar, B ifi are valid
only in the low-pressure range, other methods have been

Ooot
-LO 0 50 IW 27
~l/r=000251 TEMPERATURE c ( r.01

Figure 2 Cox chart [ 181 prepared according to Hoffmann  and Florin [ 191  for the high-temperature range.
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5.1 PROPERTIES OF PURE FLUIDS / 5.1.3 Thermodynamic Properties 5.1.3-5

proposed for estimating the hea_t  of vaporization at any
temperature. If one value of AH, is known (e.g., that at
the normal boiling point), good results are obtained with
the correlation

(12)

where n = 0.38 for nonassociating liquids, according to a
recommendation given by Watson [8].

D. Specific heat capacity

(a) Ideal gases

The specific heat capacity (specific heat) of ideal gases
applies to real gases in the range of low (reduced)
pressures and high (reduced) temperatures. Roughly this
range is limited by Tr > 2 for pr < 0.4 and Tr > 4 for
pr < 4 [see Sec. D(b)].  The order of magnitude for the
specific heat at constant pressure, c,, is about 30
kJ/kmol  K, increasing with increasing temperature.

According to the kinetic theory of gases, the
internal energy of an (ideal) gas is identical with the
kinetic energy of its molecules. The possibility of
internal vibrations of the atoms within the molecules is
neglected as well as the energy of interaction between
molecules as a function of their separation distance.

In monatomic gases, the kinetic energy consists
merely of translational energy while in polyatomic gases
it is evenly distributed between translational energy and
energy of rotation. Each of the possible vectors will pick
up the same amount of energy: $2 = 4 157 J/km01  K.

In ideal gases, the difference between the specific
heat capacity at constant pressure, ep, and at constant
volume, ev, amounts to

ep - e,, = p g = R” = 8 314.3 J/km01 K (13)

In consequence, the relationships for ideal gases, accord-
ing to the kinetic theory, are as follows:

1. Monatomic (three degrees of freedom for trans-
lational movement in the three directions of space):

cp = ;R�  = 20.8 kJ/kmol K (14)

e,, = gi = 12.5 kJ/kmol K (15)

2. Diatomic (two additional degrees of freedom for
vectors of rotation perpendicular to the connecting line
between the two atoms):

c =;ii =29.1  kJ/kmolK (16)

Ev = ;R�  = 20.8 kJ/kmol K (17)

3. Triatomic (one additional degree of freedom for
a vector of rotation in the third possible direction):

Fp = $ii = 33.3 Id/km01 K (18)

ev = $ii = 24.9 kJ/kmol K (19)

The real specific heat capacities of monatomic gases
sufficiently above the saturation temperature indeed
have the values predicted by the kinetic theory of gases.
The diatomic and polyatomic gases, however, have
higher specific heat capacities because of the elastic
vibrations of the molecules neglected by the theory.
Such vibrations can be stimulated only by collisions that
transmit the minimum quantum of energy, hv, where h
is the Planck quantum (h = 6.625 3 X lo-% J s) and v is
the frequency of the molecule as an elastic vibrator in
s-�  . With increasing temperature the number of colli-
sions fulfilling this requirement will also increase, thus
increasing the proportion of vibrational energy within
the total energy of a polyatomic (but still ideal) gas.

In real gases, the forces interacting betw_een the
molecules let the difference & -& exceed R if the
distance between the molecules becomes small, i.e., at
low temperatures or high pressures.

The specific heat capacity of a polyatomic ideal gas
can be calculated from the vibration patterns of its
molecules as determined by spectroscopic methods.
However, an exact prediction of these patterns from the
molecular structure alone is only feasible for very simple
molecules. The vibration frequency of a single atom is
strongly influenced by the kind of bonds connecting it
with its immediate neighbors, but only to a lesser degree
by the rest of the structure of the molecule. Thus,
typical atomic groups give typical contributions to the
specific heat of a polyatomic gas, no matter what other
groups are present in the molecule. Benson [23] has
developed a very accurate group contribution method
also described in [ 11.

A different method requiring less tabulation has
been reported by Sakiadis and Coates [24] and Gambill
[25].  Here, a certain frequency is ascribed to the
bending vibration and another frequency to the longi-
tudinal vibration of many types of bonds. The real
influence of any atom in the molecule on the vibration
frequencies of all its atoms is thereby neglected. Never-
theless, the mean deviation is better than +5% within a
temperature range from 200 K to over 1 000 K (or the
temperature of decomposition of nearly all organic
compounds).

The molar specific heat of an ideal polyatomic gas,_
C, id, is calculated by the equation

+32-6-+-n
Z ni Ahi (20)

n
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tmi

,” , .) - .- _-. ,*. _. .- ^_” .-... ,,, -.“.. v.. . . _I__



5.1.3-6 5.1 PROPERTIES OF PURE FLUIDS / 5.1.3 Thermodynamic Properties

where Avi  =f(c+i/T)  is the contribution of the longi-
tudinal vibration of a certain type of bond

A&i = f(wsi/T)  is the contribution of the bending
vibration of a certain type of bond
o�i  is the frequency, longitudinal
wgi is the frequency, bending

ni = number of bonds of type i
n, = number of bonds allowing a rotation of one

part of a molecule relative to another part,
i.e., C-C, O-O bonds, and C-O bonds in
ethers and esters

n = total number of bonds in the molecule
z = number of atoms in the molecule

The vibration frequencies oi ascribed to various types of
organic bonds are listed in Table 3, where the indices v
and 6 again denote longitudinal and bending vibrations.
Avi  a n d  Asi a r e  f u n c t i o n s  o f  o,i/T  a n d  wsi/T,
respectively. They are plotted in Fig. 3.

The method is not applicable for strongly associ-
ating vapors since they deviate too much from the ideal
gas conditions.

Table 3 Bond frequencies and bond increments for
estimating specific heat capacities of gases, vapors, and
liquidsa

Type of bond wy ws AG AL

C-H (aliphatic) 2914
C-C (ahphatic) 989
C=C (aliphatic

symmetric) 1 618
C=C (aliphatic

asvmmetric) 1 664
C=C (ahphatic)
C-H (aromatic)
C-C (aromatic)
C=C (aromatic)
C - I
C-Br
C-Cl
C - F
c - s
c = s
s - s
S-H
C-N
C=N
N-N
N-H
N-O
N=O
c - o
c = o
O-H
o - o
Cycle

2 215
3 045

989
1618

500
560
650

1050
650

1050
500

2570
990

1620
990

2920
1030
1700
1030
1 700
3420

850

1 274
390

599

421
333

1318
390
844
260
280
330
530
330
530
260

1 050
390

845
390

1 320
205
390
205
390

1 150
(300)

5.10 4.16
-1.10 1.07

5.68 6.36

5.68 6.36

5.10 4.16
-1.10 1.07

5.68 6.36

15.54 15.33
12.91 12.55

0.40 0.24

5.57 5.00

a.17 8.28
2.05 2.78
9.93 9.08
4.64 5.07

4.80 4.43

aSee Refs. [ 25, 261.

0 1983 Hemisphere I

0.6
A \

\0.4

0.2

Ft

\
-7

OhI1 2 3 4
w/T

o.oolu
4 5 -6-Y 8

w/T

F i r e  3 F�lot  of A = f(w/T)  for the evaluation of Eqs. (20) and
(23). Redrawn from [24].

(6) General jluids

For a real fluid in the whole range of reduced pressures
and temperatures, the molar specific heat at constant
pressure can be calculated by the equation

5 -
Cp = Cp id + Aep (21)

The residual specific heat A($, can be given as a function
of the reduced pressure pr, the reduced temperature T,,
and Pitzer�s acentric factor w:

Aep = &A, + w A, ) (22)

where A, and A, are functions of pr and T,. given in
Figs. 4 and 5 [4,43].

The method is valid in the whole range of pr and Tr
but gives no reliable values in the surroundings of the
critical state. Below the critical state, the curves are split
up into a liquid range and a vapor range.
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5.1 PROPERTIES OF PURE FLUIDS / 5.1.3 Thermodynamic Properties 5.1.3-7
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Figure 4 Plot of A0 = f(T,., pr) for the evaluation of Eq. (22). Drawn according to Lee and Kesler [43].
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Figure 5 Plot of A, = f(T,,  pr) for the evaluation of Eq. (22). Drawn according to Lee and Kesler [43].

0 1983 Hemisphere Pub-g  Corporation

- -- _.. -__ �. .-.. . -~ . ..--...-. . .i.,.. ,_-� ._._ ~_ ,_.I___



5.1.3-8 5.1 PROPERTIES OF PURE FLUIDS / 5.1.3 Thermodynamic Properties

(c) Liquids

The specific heat capacities of liquids below their normal
boiling point are usually in the range of

1.6 kJ/kg K < cp =

with exceptions to higher values (water, ammonia up to
4.6 kJ/kg  K) and lower values (halogen compounds,
down to 0.42 kJ/kg K). In the low-pressure range, the
specific heat capacities of liquids rise with temperature.
For the estimation a method may be used, according to
Sakiadis and Coates [24], which is very similar to the
one given in Sec. D(a). The corresponding equation is

c,, = 6 + nr + I: ni Aui
R�K

+F3z-6-nn,-n
n

I: ?li &

with the same meaning of the symbols as in Sec. D(a),
and also employing Table 3 and Fig. 3. Of the additional
factors F and K, F is a correction factor to be taken from
Fig. 6, and

�.61
1.4 -

1.2

cj>

B A

0.4

& :

20 100 200
6'

Figure_6  Correction factor F as a function of the molecular
mass M to be used in Eq. (23). Redrawn from [24].

Table 4 Values of the constants C and n for the estima-
tion of specifK  heat capacities of liquids’

Row c n

Alcohols 3 560
Acids (organic) 3 800
Ketones 2 460
Esters 2 510
Amines  (aliphatic) 6 820
Nitriles  (aliphatic) 3 030
Hydrocarbons (aliphatic) 3 660
Hydrocarbons (aromatic) 1 370
Monochloro- (aliphatic) 640
Polychloro- (aliphatic) 19 800

a.10
4.152
-0.013 5
-o.o57 3
-0.22
4.073 3
-0.113
+o.o48  5
+0.229
-O.63

aAccording to Pachaiappan et al. [26].

where AG and AL are added up from the increments
given in Table 3.

A relative rotation of one part of a molecule in
liquids is only possible with C-C bonds; therefore n,
denotes the number of aliphatic C-C bonds in a
molecule. If there are types of bonds in a molecule for
which no values of AG and AL are listed in Table 3, then
K is estimated on the basis of the remaining bond
increments. Deviations of +lO%  are to be expected,
especially for the first members of homologous rows or
for temperatures below 220 K (-5O�C).

Pachaiappan et al. [26] recommend an equation by
which the specific heat capacities of members of the
same homologous row can be calculated alone from their
molecular masses:

c, = ci? (24)

The constants C and n can be evaluated if the specific
heat capacity for at least two members of the row are
known. For a number of homologous rows Table 4 gives
values of C and n. The deviations are mostly within a
range of *5%.

Nomenclantre  for Section 5.1.3  appears at the beginning of Part 5. References appear at the end of Section 5.1.5.
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5.1 PROPERTIES OF PURE FLUIDS / 5.1.4 Transport Properties 5.1.4-3

Table 2 Atomic and structural increments for calcu-
lating J in Souders’ equation for estimating liquid
viscosities0

Atomic and group values

C 50.2 OH 57.1 CH, 55;6
H 2.7 Cl 60.0 c o o 90.0
0 29.7 Br 79.0 COOH 104.4
N 37.0 I 110.0 NO, 80.0

Structural values

Double bond -15.5
5-C ring -24.0
6C ring -21.0

Side group on 6-C ring

WithM< 17 - 9.0
WithM> 16 -17.0

Ortho and para + 3.0
Meta + 1.0
-CH=CHCH,X + 4.0

;)CHX + 6.0

(X = negative group)

;; CHCH <; + 8.0 R\CR
R �  �R

+1 .O

H-C-R +10.0 CH,-F-R + 5.0

x 0

�See Ref. [ 281.

The viscosity TJ  is obtained in N s/m�,  if the molecular
mass h is given in kg/kmol and the density p is in
kg/m3. The method is adequate for a rough estimation
of the viscosity at room temperature for liquids with
freezing points below and boiling points above 20°C. It
fails completely if sulfur is present in the compound.
For other nonassociating liquids the deviation should be
in the range of -+30%. For acids, the results tend to be
too low; for multihalogenated hydrocarbons they are
often too high.

For liquids below their normal boiling point,
Thomas [29J suggested the equation

The viscosity 77 is obtained in N s/m�,  if the density p is

Table 3 Structural increments for
calculating 0 in Thomas’ equation
for estimating liquid viscosities

Double bond 0.478
C,H, 0.385
CO in ketones and esters 0.105
CN in nitriles 0.381
S 0.043
C -0.462
H 0.249
0 0.054
Cl 0.340
Br 0.326
I 0.335

o 1983 Hemisphere  1 blishing Corporation
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given in kg/m3 and 0 is added up from increments taken
from Table 3.

The method is reported to be more accurate than
Souders� method described above for aromatics above
benzene, unsaturated compounds, and paraffins. It
works also with compounds containing sulfur, but gives
deviations up to +80%  for multihalogenated compounds,
acids, alcohols, aldehydes, amines,  naphthenes, and
heterocyclic compounds. In judging the accuracy of
estimating methods for liquid viscosities one should,
however, keep in mind the vast range of possible values
which lets a deviation of ItSO% still be a good approach.

(c) Temperature dependency of the viscosity
of liquids

As already mentioned, the viscosity of liquids decreases
rapidly with rising temperature. It may serve as a rule
of thumb that within some kelvins above the melting
point the viscosity of many liquids is close to 2 X 10e3
N s/m2, decreasing to about 0.3 X 10e3 N s/m�  at the
normal boiling temperature. Within this range of
temperatures, the logarithm of the viscosity is an almost
linear function of the reciprocal temperature. In
approaching the freezing point, however, there is often a
sharp rise in viscosity. On the contrary, above the
temperature of the normal boiling point, the decrease of
the viscosity is usually more rapid than suggested by the
logarithmic function valid in the intermediate range.

Following theoretical considerations, Andrade [30]
introduced the liquid density into the logarithmic
function and thus obtained the equation

7) = lo-6 ~/,1/3&p/7- (4)

The constants A and c of Andrade�s equation can be
determined if two or more viscosity values, qr, q, , etc.,
are known at different temperatures, T1, T2, etc.,
together with the respective liquid densities, p 1, p2, etc.:

C=
lfl h/772) + 4 ln @z/A)

PI ITI - ~2P.2
(5)

A = 106 gp-1~3e-~~P’ (6)

The equatio;  is reported to be a very good approach
for inorganic and organic liquids and even for molten
metal. It is valid not only between the experimental
values but also in extrapolation until close to the critical
state. However, the uncertainty of all experimental
values must be kept in mind; thus, A and c should not be
determined from measured viscosity values too close
together. If the liquid is highly associating, the values of
c are extraordinarily high at lower temperatures but
normalize as the temperature rises-that is, c is no longer
a constant for such liquids.

Numerical values of A and c in Andrade�s equation

-T--- l---- l-. .*



5.1.4-4 5.1 PROPERTIES OF PURE FLUIDS / 5.1.4 Transport Properties

are given in Table 4. They are valid for obtaining Q in mostly below *l%; for liquids marked with t, deviations
N s/m2  if p is in kg/m3. The tabulated values are based from +5% to even *20% must be expected, however.
on experimental viscosity values between 273 and 373 K Lewis and Squires [31] have developed a chart
(0 and 1OO�C).  Within this range, the deviations are illustrated in Fig. 2 which shows the approximate change

Table 4 Numerical values for the constants A and c in Andrade’s relationships, Eqs. (4)
and (7)’

Compound A C Compound A C

Elements
Water
Mercury
Chlorine
Bromine
Iodine

Paraffins
Pentane
Hexane
Heptane
Octane
i-Pentane
i-Hexane
i-Heptane

Aromatic compounds
Benzene
Ethyl benzene
o-Xylene
m-Xylene
p-Xylene
Toluene

Olefms
Isoprene
1,5-Hexadiene
Trimethyl ethylene

Halogen compounds
Propyl chloride
i-Propyl chloride
i-Butyl chloride
Ally1 chloride
Methylene chloride
Ethylene chloride
Ethylidene chloride
Chloroform
Carbon tetrachloride
Ethylene tetrachloride
Ethyl bromide
Propyl bromide
i-Propyl bromide
iButy1 bromide
Ally1 bromide
Acetylene bromide
Propylene bromide
i-Butylene bromide
Ethylene bromide
Methyl iodide
Ethyl iodide
Propyl iodide
i-Propyl iodide
i-Butyl iodide
Ally1 iodide

0.588 1.534
24.67 0.021
11.53 0.197
7.08 0.213

15.35 0.220

4.34 0.855
4.55 0.929
4.53 0.990
4.37 1.098
4.36 0.856
4.54 0.900
4.49 0.974

3.38 1.000
4.58 0.922
4.17 1.007
4.65 0.893
4.36 0.931
4.39 0.912

4.49 0.731
4.16 0.854
4.70 0.721

5.02 0.655
4.59 0.683
4.43 0.797
4.78 0.611
5.77 0.422
4.44 0.668
4.98 0.557
6.07 0.412
3.97 0.560
6.80 0.436
5.46 0.378
5.27 0.473
4.91 0.492
4.80 0.605
5.08 0.444
6.52 0.315
4.73 0.505
3.76 0.656
4.79 0.446
5.40 0.247
5.68 0.319
5.43 0.406
5.30 0.410
4.90 0.499
5.23 0.389

Fluorobenzene 5.14
Chlorobenzene 5.48
Iodobenzene 5.47

Sulfur compounds
Thiophene 4.40
Methyl mercaptan 5.30
Ethyl mercaptan 5.08
Carbon disulfide 7.29

Alcohols
Methanol 2.69
Ethanol 2.28
Propanol 1.05
Butanol 0.783
Ally1 alcohol 1.33
i-Propanol 0.352
i-Butanolb 0.34
Dimethyl ethylcarbinolb  0.097
Trimethyl caibino#�
Amy1 alcohol, active

Inactive
Acids and anhydrides

Formic acid
Acetic acid
Acetic anhydride
Propionic acid
Propionic anhydride
Butyric acid
i-Butyric acid

Esters
Methyl formate
Ethyl formate
Propyl formate
Methyl acetate
Ethyl acetate
Propyl acetate
Methyl propionate
Ethyl propionate
Methyl butyrate
Methyl i-butyrate

Ethers
Diethyl ether
Methylpropyl ether
Ethylpropyl ether
Dipropyl ether
Methyl i-butyl ether
Ethyl i-butyl ether

Carbonyl compounds
Acetaldehyde
Acetone
Methylethyl ketone
Diethyl ketone
Methylpropyl ketone

0.039
0.298
0.515

2.25 1.036
4.28 0.927
4.57 0.809
5.13 0.904
4.18 0.952
4.19 1.107
4.55 1.048

5.24 0.571
4.92 0.675
4.51 0.799
4.63 0.668
4.40 0.767
4.06 0.891
4.98 0.719
4.33 0.838
4.25 0.862
4.37 0.827

4.44 0.571
4.46 0.675
4.25 0.843
4.14 0.951
4.34 0.825
4.12 0.925

4.80 0.610
4.91 0.720
4.53 0.834
4.76 0.848
4.72 0.884

0.695
0.703
0.516

0.739
0.610
0.779
0.356

1.171
1.491
1.986
2.174
1.609
2.466
0.262
3.111
3.574
2.688
2.640

�See Ref. [30].
�For  these compounds deviations greater than +5% are to be expected.
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Figure  2 Change of liquid viscosity with temperature. Adapted
from Lewis and Squires [ 3 11.

of viscosity with temperature for many fluids, except
mercury but including water. To use this chart, one
enters with a known viscosity value and follows the
curve for a distance according to the temperature change
in question.

For petroleum oils, the use of the ASTM Viscosity-
Temperature Chart for Liquid Petroleum Products
(ASTM D 341-39) is recommended.

(d) Ressure  dependency of the viscosity
of liquids

The viscosity of all liquids increases with pressure. Most
data suggest that the logarithm of q is an almost linear
function of pressure in a range of 1 000 to 4 000 bars.
For water and mercury, the increase of viscosity is very
little, especially at lower temperatures. For oils, Bondi
[32] observed that, as a rule of thumb, an increase in
pressure of 100 bars has about the same effect on
viscosity as a decrease in temperature of 3 K.

The pressure dependency of viscosity is higher for
liquids with high initial viscosity and for liquids with
more branched molecules. Other influences are the
liquid density and its change with pressure, i.e., the
liquid compressibility. Andrade [30] gave the relation-

*P
116

zP=!E Kb00 111

‘lo PO K;

,c@p-Pm (7)

where the subscripts p, 0 denote high pressure and low
pressure conditions; K� is the isothermal compressibility

K’ = l/?(�(av/@)~  which can be estimated [e.g., from
Fig. 5.1.2(3)] if no measured values are available. [Since
Fig. 5.1.2(3)  gives Z as a function of pr, one has to

calculate

where (aZ/ap,)~  is the slope of the curve and Tr = const
at pr and Tr of interest.] For c see Sec. A(c).

B. Thermal conductivity

(a) Thermal conductivity of gases

With the exceptions of hydrogen (A = 0.18 W/m K at
300 K) and helium (A = 0.15 W/m K at 300 K) the
thermal conductivities of gases and vapors are in the
range 0.01 <h < 0.025 W/m K. The thermal con-
ductivity of gases is explained by the kinetic theory as
the exchange of energy in collisions between the
molecules of a gas. Therefore, X is related to the heat
capacity per unit volume of the gas, ?Jv, the average
particle velocity u, and the mean free path I:

Usually, u and 1 are not available, but there is a close
relationship between thermal conductivity h and
viscosity r). According to the kinetic theory of gases, the
dynamic (absolute) viscosity is

N s/m2 (10)

Therefore, the following relationship should be valid:

A=+ W/m K (11)

In reality, however, a correction of this relationship
is required in order to get agreement with measured
values. Based on theoretical considerations, but with
simplifying assumptions, Eucken [33] proposed the
following correction:

&9K-5
fi 4

(12)

where K = ?p/?�.  Thus, Eucken�s correction factor
ideally should have the following values:

Monatomic gases: K = 1.67; (9K - 5)/4 = 2.50

Diatomic  gases: K = 1.40;(9K  - 5)/4 = 1.90
Triatomic gases: K = 1.33;(9K  -5)/4  = 1.74
Polyatomic gases: K --f 1 .O; (9~ - 5)/4 + 1 .O

Eucken�s relationship gives a good approach in the
pressure range from about 0.1 to 10 bars and in the
temperature range from about 80 to 1 000 K. The
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calculated values seem to give a lower limit for actual
values, but the deviations are normally less than -20%.

(b) Tempemture dependency of the thermal
conductivity of gases

In the range of low pressures, the thermal conductivity
of gases increases with temperature. For monatomic and
diatomic gases, the rise in conductivity is almost
proportional:

For organic vapors, Owens and Thodos 1341  recommend
the relationship

m
(14)

with m = 1.786.

(c) Pressure dependency of the thermal
conductivity of gases

With increasing pressure, the thermal conductivity of
gases will also increase. At very low pressures (i.e., in the
vacuum below about 0.01 bar), the mean free path is
partly or wholly limited by the walls confining the gas
volume in question. In that range, the thermal conduc-
tivity increases linearly with pressure. Above, the in-
crease of A with pressure slows down considerably. At
atmospheric pressure, the increase is in the order of
magnitude of 1% per 1 bar of increase in pressure.

For a survey, a plot prepared by Schaefer and
Thodos [35] for diatomic gases may be used (see Fig. 3).
Note that this plot resembles very much, but is not
identical, to Fig. 1.

‘r

Figure 3 Reduced thermal conductivity X, = h/k for diatomic
gases as a function of Tr and pr from Schaefer and Thomas [ 35 J .
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Table 5 Structural increments AX for estimat-
ing the thermal conductivity of liquids’

Atomic group Ah

Unbranched hydrocarbons:
Paraffins, oletins, cyclic

Branches:
CH,
CIHI-,i-CJH,-,C,H,-

Substitutions:
F- and Cl-

Br-

I
OH-iso
Norma normal
Normal
Tertiary

Oxygen:

-I&0 (ketones, aldehydes)

II
-C-O (acids, esters)

-0- (ethers)

w-

0

Each 1
Each 2

Each 1
Maximum 3
One 4
Two 6
One 5
Each 1
One -1
Two 0
One 5

0

0

2

Each 1

�From Robbins  and Kingrea (371.

(d) Thermal conductivity of liquids

The thermal conductivity of liquids varies within a much
wider range than that of gases. Typical values are:

Organic liquids: 0.12<A<0.20W/mK
Water and other polar liquids: 0.20 < h < 0.60 W/m K
Salt molten: 1 . 0  <h<4.0 W/mK
Metal molten: 1 0  <X<lOO W/mK

At the melting point, the thermal conductivity of many
fluids will drop by 15%30% from its value in the solid
state. With increasing temperature, the thermal conduc-
tivity decreases further. For organic fluids, some equa-
tions are recommended by various authors, all based
upon a fundamental equation given by Weber [36]  :

h = & p3 (19

[Dimensions for Eq. (15) are given below.] If accuracy
is not required (deviations range from *I 5% up to
+-SO%),  Weber�s original vaue of a = 3.59 X IO-�  may be
used. For a better estimate of the constant a, Robbins
and Kingrea [37] employ a structural constant Z Ah
which is added up from structural increments listed in
Table 5, and use the following relationship:

a = 1o-4  _(36.8  - 2x AXXO.WTr)

(A&/Tb)  + ii ln (273/Tb)
(16)

The factor 0.55/T,  is to be replaced by 1.0 for liquids
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with densities p = 1 000 kg/m3 and higher. The method
fails for compounds containing sulfur.

Weber�s equations are not dimensionless; i.e., the
given constants apply for h in W/m K, C, in Id/km01 K,
GV in kJ/kmol, v in m3/kmol,  and  k =  8 . 3 1 4  3
kJ/kmol  K. The index b stands for the normal boiling
point.

(e) Influence of temperature and pressure
on the thermal conductivity of liquids

The thermal conductivity of liquids generally decreases
with rising temperature up to temperatures well above
T,, i.e., in the range of hypercritical fluids. (Compare
also the liquid and hypercritical range in Fig. 3.) In a
range sufficiently below the critical temperature, the
order of magnitude of this decrease is about 1% per 10 K
of increase in temperature. With rising pressure, there is
a slight increase of thermal conductivity. Up to pressures
of about 50 bars, this effect is negligible, especially at
low temperatures. However, the influence of pressure
increases in approaching the critical temperature.

C. Prandtl number

(a) I+andtl  number of gases

In the range of low pressures, and at temperatures
between 200 and 1000 K (-80-7OO�C),  the Prandtl
number is, according to Eucken [33],

wi th  K = %’

c
(17)

In the given range, it follows that

For monatomic gases: K = 1.67, Pr = 0.67

For diatomic gases: K = 1.40, Pr = 0.73
For triatomic gases: K = 1.33, Pr = 0.76
For polyatomic gases: K + 1.0, Pr + 1.0

For estimating Prandtl numbers at higher pressures
and temperatures, one should try to determine C,, n,
and h separately.

(b) Prandtl numbers of liquids

If for a liquid, no exact values of C,, q, and X are
available, the calculation of Pr from estimated values can
sometimes be very inaccurate. In such cases, the relation-
ship

Aii
logPr=O.O270?  - 1 . 8 0 (18)

given by Gambill [38] could be used for a comparison.
This relationship is valid for all practical purposes;
deviations above +50%  are to be expected however. For
water, Gambill reports slightly different values to give a
better correlation:

ti
log Pr = 0.024 4 + - 2.20 (19)

The equations are valid for T in K, AH�  (at 7�)  in
kJ/kmol,  while log Pr denotes the decimal logarithm of
the Prandtl number.

Nomenclature for Section 5.1.4 appears at the beginning of Part 5. References appear at the end of Section 5.1.5.
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5.4.5
Surface tension

M. Schunck

A. Methods for estimating the surface tension
from physical properties of the fluid

The molecules in the boundary layer between a liquid
and its vapor are subject to different attractive forces
due to the different densities in the liquid and in the
gaseous phase. Obviously, the attraction toward the bulk
of the liquid phase is normally much higher than toward
the vapor. Thus, the surface resists any increase in area,
or in other words, it requires mechanical work to bring a
molecule from the bulk of the liquid into the boundary
layer.

The surface tension u is normally defined as the
force per unit length in the plane of the surface,
measured in N/m. The same result is obtained if u is
defined as the mechanical work (N m = J) necessary to
increase the surface by the unit of area (m�).  The order
of magnitude of the surface tension for various sub-
stances are:

Organic and inorganic liquids: 0.01 < u < 0.06 N/m
Molten salt 0.10 < u < 0.20 N/m
Metal melts 0.30 < u < 1 .OO N/m

where 1 N/m = lo3 dynes/cm.
For the surface tension of nonassociating liquids at

their normal boiling point, Walden 1391  gave the simple
equation

ub = 0.065 6 x 1o-6

in N/m, if &�,b  (the heat of vaporizatio_n  at the normal
boiling point) is given in kJ/kmol and vb (the specific

0 1983 Hemisphere  I

I f

volume of the liquid phase at the normal boiling point)
in m3 /kmol.

Also, for nonassociating liquids, Riedel [3d] gives

u = 10-3(0.133  crc - 0.281X1  - Tr)"'gTj'3p;'3 (2)

in N/m, if Tc is in K and pc in bars. The critical
parameter,

can be estimated according to Sec. 5.1.1  E.
For associating liquids, the values obtained by this

equation tend to be too high so Hakim et al. [40]
recommend at T,. = 0.6 (which is usually not far from
the normal boiling point) the equation

OO.6 = 1O-3  P;�~  T;'" (0.157 4 + 0.359 w - 1.769 x

- 0.51 o2 - 13.69 x2 + 1.298 ox)

where w is the acentric factor (see Sec. 5.1.1.E) andx is
the Stiel polar factor

x = log&(,,)  + 1.70 LI + 1.552

where log  Pr(0.6) is the decimal logarithm of the reduced
pressure at a reduced temperature of Tr = 0.6.

If the surface tension at a certain temperature is
known, the transition to a different temperature follows
from Riedel�s equation above :

m

with m = 1 l/9 = 1.22 * * . for nonassociating liquids.
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Atomic group APX 10) Atomic group APX 10�

Elements Special groups
C 1.60 -coo- 11.35
H 2.76 -COOH 13.13
0 3.56 -OH 5.30
N 3.11 -O- 3.56
S 8.73 =0 (ketone)
P 7.20 3 C atoms 3.97
F 4.64 4 C atoms 3.56
Cl 9.82 5 C atoms 3.29
Br 12.09 6 C atoms 3.08
I 16.06 -CHO 11.74

Hydrocarbons -NH, 7.56
CH, - 9.87 -NO, (nitrite) 13.16
CH,-CH(CH,)- 23.11 -NO, (nitrate) 16.54
-CH, - 7.11 -cow& 1 16.31
More than 12 -CH,  - 7.17 Additional increments
CH, -CH,  -CH(CH,)-- 30.57 Ethylene linkage
CH, -CH,  -CH, -CH(CH,)- 37.65 terminal 3.40
CH, -CH(CH,)-CH,  - 30.82 2,3 Position 3.15
CH, -CH,  -CH(C,  H,)- 37.26 3,4 Position 2.90
CH,-WH,), 30.31 Triple bond 7.22
CH,-CH,  -C(CH,), 36.91 Ring closure
CH, -CH(CH,)-CH(CH,)- 36.98 3-Membered 2.22
CH, -CH(CH,)-C(CH,),  - 43.31 4-Membered 1.07
C,H,- 33.72 5-Membered 0.53

6-Membered 0.14

5 . 1 5 2 5.1 PROPERTIES OF PURE FLUIDS / 5.1.5 Surface Tension

Table 1 Structural increments for the calculation of the Parachor Pa

�According to Sugden [41] and Quale [42].

According to Hakim et al. [40],  the exponent m for
associating liquids has the value

method has been established by Sugden [41] and
further developed by Quale [42].

m = 1:21 -I- 0.538 5 w - 14.61 x - 1.65 w2

- 32.07 x2 + 22.03 ax

with w and x as given above.

B. Method for estimating the surface tension
from the chemical structure

Walden [39]  describes an additive method of estimating
the surface tension based on numbers and types of
bonds in a compound. The most successful additive

In the equation

u0.25  = p 1 _ A

(- )VL VG

the �Parachor� P is added up from structural incre-
ments given in Table 1. In this table, the original values
from Quale [42] have been multiplied by 1 000-1*25  =
0.177 9010~~  in order to give u in N/m instead of
dm3/kmol.  L and G denote the liquid and gas phase.
The average deviations to be expected are +3% with
maximum deviations up to ?20%.
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5.2 PROPERTIES OF MIXTURES OF FLUIDS 5.2.1-1

5.2.4
Phase behavior of mixtures

R. N. Maddox

A. Introduction

Liquid mixtures can take on a wide variety of character-
istics. They can range from a simple, ideal, two-
component mixture such as that formed by isobutane
and normal butane, through a binary mixture with
strongly nonideal behavior such as ethyl alcohol and
water or acetone and water, to a boiling range cut of a
crude oil that has a composition so complex that it is
not normally identified in terms of mole fractions of
pure components. Because of these widely diverse
characteristics, liquid mixtures seldom are amenable to
simple rules in prediction of their characteristics. In
addition, the rules that work for one kind of mixture
probably will not work well for another. In many of the
cases that follow there will be different estimating
techniques recommended for different kinds of mix-
tures.

In the world of design today there is heavy
dependence on the digital computer for developing
property information and for carrying out many of the
design calculations. Techniques for carrying out these
calculations will be discussed briefly. Attention will also
be directed to calculations that can be carried out with a
hand calculator or slide rule and give reasonably com-
patible results with the more-detailed computer calcula-
tions.

Gibbs [I] was the first to propose criteria for
establishing the equilibrium state. His phase rule is:

F+P=C+2 (1)
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where F = number of degrees of freedom for the system
P = number of phases present
C= number of components or chemical con-

stituents present,
2 = constant needed when considering both tem-

perature and pressure as variables
The principles of the phase rule apply equally well to
single components and to mixtures. In addition, it can
be used [2-41  to describe steady-state systems that are
not really in thermodynamic equilibrium.

In engineering work many different kinds of
systems are encountered. In spite of the fact that there
may be liquid-liquid, liquid-liquid-gas, and solid-liquid-
gas systems, the combination of overriding importance
in most processing applications is vapor-liquid equi-
librium. In working with vapor-liquid equilibrium one
immediately encounters two broad categories: hydro-
carbons and nonhydrocarbons. The engineer working
with hydrocarbon systems, almost by the nature of his
systems, is working with multicomponent mixtures.
Rare, indeed, is the hydrocarbon design situation where
either a pure component or binary mixture is of prime
importance.

On the other hand, the engineer involved with
chemicals, even petrochemicals, frequently has only two
components and rarely encounters more than three with
major composition constituency. For this reason, the
fundamental approaches utilized in the two sectors tend
to be different. For this reason also, much of the
following discussion will be divided between hydro-
carbon and chemical systems.
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While Eq. (1) enables the engineer to specify the
necessary number of variables to make certain that the
system is in equilibrium, it does not provide much
additional information. Gibbs also formulated the free
energy and suggested that at thermodynamic equilibrium
the free energy for a given system was at a minimum.
This concept has calculational value and has been used
for both physical operations and chemically reacting
systems. Because of the sheer volume of calculations
involved, it is suitable only for digital-computer solution
and in no way can be considered to be a tool for hand
calculation. However, in complex systems such as
encountered in a Claus unit, which produces sulfur from
hydrogen sulfide [5], the concept of minimum free
energy for the system provides a means for estimating
compositions at the equilibrium state. It has been used
also for systems in physical equilibrium such as in
vapor-liquid flash calculations.

B. Vapor-liquid equilibrium

In vapor-liquid equilibrium, the overall composition of
the mixture is generally known. The problem is to relate
the instantaneous vapor and liquid compositions to the
overall composition in such a way that both a material
balance and the criteria for thermodynamic equilibrium
are satisfied.

Frequently, the vapor and liquid will not actually be
in equilibrium. However, in most cases, evaluation of
properties at the equilibrium state will be sufficiently
close for engineering needs. The criterion for equilibrium
in a vapor-liquid mixture is

fi�  =fil (2)

where f = fugacity (& = RT ln fi).  For an ideal gas,
4 = cP. For a real gas,

lim -fi= 1.0
P-4 p

F = partial molal free energy
c = constant
u = vapor
I= liquid
i = any component

Equation (2) applies individually to each component in
the mixture, whether there be two or twenty. The
problem of predicting phase compositions resolves into
relating the fugacities for each component to mixture
compositions. This discussion will concentrate on
primary variables-temperature, pressure, composition,
etc. Such things as nuclear interference, gravitational or
magnetic effects, etc., will be neglected. These things
come up only in rare instances and are beyond the scope
of this treatment.

According to the law of ideal solutions, the fugacity
for a component in the vapor can be expressed as

fi, =.t$ Fi (3)

For the same component in the liquid phase:

fil = f$% (4)

where fil= fugacity of component i in the liquid mix-
ture

fi, = fugacity of component i in the vapor mix-
ture

fi; = fugacity of component i in the pure liquid
state

fi", = fugacity of component i in the pure vapor
state

Study of Eqs. (3) and (4) immediately discloses a
potential problem: not all components in the mixture
may exist in the pure liquid state at the conditions of
the mixture. Indeed, this does present a serious problem
in many hydrocarbon cases where the lightest com-
ponent in the mixture may be well above its critical
temperature.

Because the fugacity is an �unbounded� variable,
different relationships are ordinarily used for correlation
purposes. The fugacity coefficient is such a different
variable, a bounded variable, always falling between 0
and 1.0.

An alternative form of Eq. (3) for the vapor phase is
developed using the fugacity coefficient:

I?,
7gi = F

1

where y = composition of the vapor phase
n = total pressure on the system

rgi = fugacity coefficient
By definition, y + 1.0 as rr + 0. This must be true for all
components in the mixture. The actual value of II when
rgi becomes close enough to 1.0 to be considered unity
depends upon the nature of the system. For most
hydrocarbon mixtures, at temperatures near the normal
boiling point, this pressure is less than loo-150  psi. For
mixtures containing associating materials (acetic acid-
water), there may be significant departure of the
mgacity  coefficient at pressures much less than 1 atm.

For a component in the liquid phase an alternative
is to use the activity coefficient which is defined as

74! = $ (61

where Ui is the activity of component i in the liquid
phase. The activity coefficient can also be related to the
standard state fugacity by

(7)
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5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.1 Phase Behavior of Mixtures 5.2.1-3

The standard state fugacity f$ is defined at an arbitrarily
chosen pressure and composition. Unfortunately, many
workers do not clearly define their standard state for f$
and this tends to minimize the contribution of their
work.

Most equilibrium constant evaluations from the
fugacity-activity coefficient basis are developed from
one of the following expressions:

7Kj

where 71 = total system absolute pressure
PO = pure component vapor pressure
74 = activity coefficient of any component in the

liquid mixture
fil = fugacity of a pure liquid at system conditions
f[; = fugacity of any component as a pure liquid

rgi = fugacity coefficient of any component in the
vapor mixture

As a matter of interest, Chao and Seader [6] used Eq.
(11) for prediction of equilibrium constants and
enthalpies. Their correlation was the first equilibrium
constant correlation developed with the express intent
of being used on a digital computer for phase equi-
librium generation. They used the Pitzer acentric factor

[71 as a third correlating parameter in their cor-
responding states-type approach.

C. Hydrocarbon phase behavior

In estimating mixture properties there are a number of
characteristics of the mixture that can be used. Such
characteristics as critical temperature, critical pressure,
acentric factor, etc. are frequently referred to as
correlating parameters. Estimating the correlating param-
eters for nearly ideal mixtures made up of light
hydrocarbons is exceedingly difficult. Most often the
critical temperature and critical pressure for a mixture
are estimated as the Kay�s rule or mole fraction average
values; also referred to as �pseudocritical� temperature
or pressure :

Oitical  temperature

Tcm = I: s?iTci

Oitical  pressure

PCm = X ZiPci

(12)

I
20 40 60 80 100

Mole fraction, propane

Figure 1 Composition-critical temperature diagram for methane-
propane binary.

Equations (12) and (13) assume a linear relationship
between composition and the critical property in ques-
tion. Actual behavior is demonstrated by Figs. 1 and 2
for the methane-propane binary mixture. Data for
preparation of the two figures were taken from Katz et
al. [8]. Deviation of the critical temperature as shown in
Fig. 1 does not appear to be particularly significant.
However, as shown in Fig. 2 the influence of this
deviation on the critical pressure causes significant
deviations from the mole fraction average. The values
used to calculate the correlating parameters are so
different from the true values that there is good reason
for significant error to show up in values calculated
through correlations.

The acentric factor was defined by Pitzer et al. [9]
as

Cd = -(log P,” - l)+ 0.7

Eq-.---_

i-

(14)

60 80 100
Mole fraction, propane

Figure 2 Composition-critical pressure for methane-propane
binary.
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5.2.1-4 5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.1 Phase Behavior of Mixtures

where PF = reduced vapor pressure = PO/PC
0 = acentric factor

PO = vapor pressure in pascals
Edmister [lo] showed that, when vapor pressure data
are not available, the acentric factor can satisfactorily be
approximated by

w =3 log [Pcl(1.01325  x lo�)]  _ 1 o
7 TclTb  - 1.0 (15)

where PC = critical pressure in pascals
T, = critical temperature in K
Tb = normal boiling point in K

There are many instances in which the vapor-liquid
behavior of mixtures is of importance in heat transfer
calculations. While the boiling point of a pure com-
ponent is a fured temperature at given pressure, this is
pot true for mixtures. The range of temperatures at
which boiling/condensation can occur at a given pressure
is dependent on the composition. Figure 3 shows a
pressure-temperature diagram for a typical mixture of
light hydrocarbons. The overall composition of the
mixture whose behavior is depicted in Fig. 3 is constant.
The composition of the vapor and liquid phases will
change from point to point if, indeed, they do exist.
Examination of Fig. 3 immediately discloses some
significant differences between mixture and pure com-
ponent behavior. The critical temperature for a pure
component is defined as that temperature above which
the material cannot be liquefied. Obviously this defmi-
tion does not apply to the mixture whose behavior is
depicted in Fig. 3. There is quite a range of temperatures
higher than the critical temperature at which some liquid
can exist in equilibrium with the vapor. For a pure
component the critical pressure represents the maximum
vapor pressure that the component can exert. The

maximum pressure of the two-phase envelope on Fig. 3
exceeds the critical pressure by an amount that depends
on the shape of the curve.

Defining the critical temperature for a mixture
requires dependence on observations and experimental
evidence. On pressure-temperature diagrams such as
shown in Fig. 3, lines of constant percentage liquid tend
to converge to the point thought to represent the critical
temperature and pressure. The curves generated by
calculating around the P-T envelope tend to extrapolate
to the point thought to represent the critical of the
mixture. Based on these observations the critical
temperature of a mixture can be defined as that
temperature above which all of the mixture cannot be
liquefied.

Another significant difference in mixture behavior is
the existence of so-called �retrograde� regions in the
two-phase envelope. This is better illustrated by Fig. 4.
Consider a constant pressure heating path beginning at
point 1 and extending to point 2. At point 1 the mixture
would be a subcooled liquid. Heating to point A at that
pressure would result in the mixture entering the
two-phase region. Until a point approximately at B is
reached, additional heating would cause additional liquid
formation. From point B to point C there would be
vaporization of the liquid that had been formed. At
point 2 the mixture would be a single-phase dense gas.
The same hind of thing would occur on a constant
temperature-pressure decrease path beginning at point 3
and extending to point 4. This retrograde behavior has
been observed for many years in hydrocarbon reservoirs
at high temperatures and pressures. Recently, however,
Maddox and Erbar [l l] have shown that this retrograde

1
behavior can be exhibited at pressures below 3.5 MPa
and temperatures below 200 K.

Subcooled liquid Dense gas

Cricondenbar

Saturated

Constant
% liquid

/ I

CricondenthermCricondentherm

liquid

/Two phase regionTwo phase region

Temperature

Figure 3 Phase envelope for a typical natural gas mixture.
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Temperature

Figure 4 Retrograde behavior.

D. Nonhydrocarbon phase behavior

The vapor-liquid behavior of hydrocarbon mixtures has
been investigated over a wider range of temperatures and
pressures, particularly for the light hydrocarbon defined
components, than most individual components in non-
hydrocarbon mixtures. Hydrocarbons do illustrate some
liquid-phase nonidealities. However, in most cases these
are small when compared with the liquid-phase non-
idealities that can exist in mixtures containing one or
more nonhydrocarbons. Hydrocarbons, on the other
hand, tend to be processed more frequently at pressures
where pressure effects can cause serious shifts from ideal
behavior. For these reasons, most attention in nonhydro-
carbon mixtures tends to be directed to liquid-phase
nonidealities.

Figure 5 shows a F.?, or equilibrium, diagram for a
binary mixture that exhibits ideal behavior. The curve
may be used to replace traditional bubble point-dew
point calculations using Henry�s Law:

jjj = KjFj (16)

If experimentally determined equilibrium constants for
the mixture are not available, Raoult�s law may be used
in place of Henry�s law:

7$i = P/x”i (17)

Nonideal vapor-liquid phase behavior is illustrated in
Figs. 6 and 7. In Fig. 6 the nonideality is sufficient only
to cause a point of inflection in the vapor-liquid
equilibrium behavior. In Fig. 7 the Y-Z curve actually
crosses the y�=x�  line. This represents an azeotrope or
constant boiling mixture that, from a vapor-liquid
equilibrium standpoint, behaves as a pure component. In

the nonideal system the K values, or equilibrium
constants, may be expressed as

K = -yK” (18)

Predicting the occurrence of the kind of behavior
demonstrated in Figs. 6 or 7 is all but impossible.
Experimental data on the particular system must be
obtained and evaluated. Groupcontribution methods
such as those discussed in Sec. 5.2.2 do show some
promise for prediction in this area.

E. Phase behavior of mixtures
of undefined components

Mixtures of undefined composition can occur in two
ways: when they constitute the entire mixture, such as
in crude oil fractions, or when they constitute only a
portion of the total mixture, such as in most natural
gases. In either case, some experimental data are
necessary before the vapor-liquid phase behavior of the
mixture can be satisfactorily predicted.

In most cases where a crude oil or a fraction of a
crude oil constitutes the entire mixture, vapor-liquid
equilibrium behavior is desired at low pressures. In this
case the main problem becomes one of evaluating
vaporization characteristics. Edmister [lo] details a
procedure including sample calculations for making
these predictions. The integral technique treats the
mixture of undefined components as a continuum (an
excellent approximation for crude oil mixtures). It
utilizes the density, boiling range, and true boiling point
distillation to evaluate vaporization characteristics. It is
applicable to flash vaporization, continuous and batch
distillation.
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5.2.1-6 5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.1 Phase Behavior of Mixtures

Mole fraction light component in liquid

Figure 5 Equilibrium curve for ideal binary mixture.

For cases where the undefmed component con-
stitutes a small fraction of the total stream, and where
an equation of state is to be used to predict vapor-liquid
behavior, such as typical natural gas streams, more
detailed procedures are required. Every equation of state
capable of handling mixtures of undefined components
requires as input to the computer program information
concerning certain �correlating parameters.� These cor-
relating parameters will include such characteristics as
critical _ temperature, critical pressure, acentric factor,
true boiling point curve, density, UOP characterization
factor, etc. Wilson et al. [12]  discuss the importance of
characterizing undefined mixtures and describe a pro-
cedure for estimating the correlating parameters in such

Mole fraction light component in liquid

Figure 6 Equilibrium curve for nonideal binary mixture.

Mole fraction light component in liquid

Figure 7 Equilibrium curve for a binary mixture with azeo-
trope.

a way as to match experimentally determined bubble
point-dew point-percent vaporization data. Maddox and
Erbar [13] provide discussion in greater detail along
with example problems worked out in detail.

For a mixture of undefined composition, the most
generally available information is the density (specific
gravity) and the boiling range from either a simple or
true boiling point distillation. From this information,
other characteristics of the mixture can be predicted.
Kesler and Lee 1141  have presented equations that use
density and boiling point to predict the following
properties:

Ckitical  temperature

T, = 189.8 + 450.6SG  + (0.424 4 + 0.117 4SG)Tb

+ (0.144 1 - 1.006 9SG)105/Tb (1%

Ckitical  pressure

X lo-�T; P-3

Acen tic factor

w = -7.904 + 0.135 2K - 0.007 465K’ + 8.359&

+ 1.408 - 0.010 6 3 K
Tbr

for T& > 0.8 (21)
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5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.1 Phase Behavior of Mixtures 5.2.1-7

Molecular weight

MW = -12 272.6 + 9 486.4SG + (8.374 1

-- 5.991 2SG)Tb + (0.555 56 0.428 24SG

-0.011433SG�) $

+ (0.171 5 - 0.138 7SG + 0.003 317SG�)

(22)

where Tb = normal boiling point (taken as the mean of
the boiling temperature range), K

SG = specific gravity (i.e., the ratio of the fluid
density to the density of water at the same
temperature, normally taken at 15.56�C)

Tbr  = reduced normal boiling point = Tb/Tc
K = Watson characterization factor = 1.216

(CABP)�3  /SG
CABP = cubic average boiling point (i.e., the cube

root of the sum of the cubes of the
maximum and minimum temperatures in
the boiling range. Note that CABP z Tb if
the boiling range is small)

T, = critical temperature, K
PC = critical pressure, Pa

Equation (21) is intended for heavy mixtures having
reduced normal boiling points greater than 0.8. For
lighter mixtures, Eq. (23) should be used to predict the
acentric factor.

(In P& - 5.927 14 +
6.069 48

w =
Tbr

+ 1.288 62 h Tbr

- 0.169 347 T&)/(15.251  8 - 15*z; 5

- 13.472 1 In Tbr + 0.435 77 T&)

where Pi, = reduced vapor pressure at Tb.

(23)

Example
Calculate the properties of a 260°-315.6�C  (533.15-

588.75 K) boiling point range cut of a mid-continent
crude oil which has a specific gravity of 0.842 3.

Solution
The first step in the solution is evaluation of the

Watson characterization factor, K. This value is evalu-
ated at the average of the boiling range, the mid-boiling
point Tb (i.e., 560.95 K). The error introduced by this
assumption will normally be small.

K = 1.216 q=
0.842 3

= 11.90 (24)

The critical temperature can be evaluated from Eq. 19,

T, = 189.8 + 450.6(0.842 3) + [0.424  4

+ 0.117 4(0.842 3)] X 560.95 + [0.144 1

- 1.006 g(O.842  3)] g

= 189.8 + 379.5 + 293.5 - 125.5 = 737.3 K

560.95
Tbr = 737.3  =  0 . 7 6 1

The critical pressure can be estimated by use of Eq.
(20):

lnP,=  1 7 . 2 0 1 9 - E -
C
0.436 4 + F

+ O*;$=) 10-3Tb  + (4.757, + F
+ 1.530 2

SG2

X lo-�T;  = 17.201 9 - 0.067 2 - 3.158 4

+ 0.659 1 - 0.289 6

In PC = 14.345 8

PC = 1.699 X lo6 Pa

pbr =
�*�13 ’ lo5 = 0 059  62
1.699 X lo6 �

Since the reduced boiling point is less than 0.8, Eq. (23)
will be used to evaluate the acentric factor:

w = (ln(0.059 2) - 5.927 141 + 6.069 48/0.761

+ (1.288 62 ln 0.761) - [0.169  347(0.761)6] )/

X [15.251  8 - (15.687 5/0.761)

- (13.472 1 In 0.761) + 0.435 79(0.761)6]

= -(-2.826 83 - 5.927 14 + 8.011 4 0.351 95

-- 0.032 89)/(15.251 8 20.614 32 + 3.679 53

+ 0.084 64)

-1.127 41 = o 782 3
w = -1.598 35 *

The molecular weight for the fraction is

MW = -12 272.6 + 9 486.4(0.842 3) + [8.374  1

-5.991 2(0.842 3)] (560.95) + [0.555  56

- 0.428 24(0.842 3) 0.011 433(0.842 3)2- ]

x
(

1.343 7 -$g g+ [0.171  5
*)

- 0.138 7(0.842 3) + 0.003 817(0.842 3)2

X % = -12 272.6

+ 7 990.4 + 1 866.7 + 2 096.9 + 553.3

MW = 234.6
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5.2.1-8 5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.1 Phase Behavior of Mixtures

The true critical temperature of mixtures of natural gas
rich in methane can be estimated through use of Fig. 8.
(Figure 8 is taken after the chart in the API Technical
Data Book-Refining [16]). The method requires esti-
mation of the weight average API gravity. The API
gravity is related to specific gravity by the formula: AF�I
gravity = (141S/SG)  - 131.5. For most components,
values of density (and, hence, specific gravity) from Sec.
5.5.1 can be used. However, the following values must
be used for the indicated components:

260
0.36

0.35

280
0.34

0.33
300

0.32

Effective Effective
Component API gravity specific gravity

320
0.31

Methane 440 0.241 IL
Ethane 213 0.410 9 .5Y  5
Carbon dioxide 42 0.816 2 0.30 340 e m
Nitrogen 43.6 0.808 �0 E

(D a
>
.!2

Proper use of Fig. 8 is illustrated in the following t
D

(5 0.29
&a

example. 2 360
z
r�

Estimate the true critical temperature of the natural �G
$

.g

gas consisting of methane (0.914 mole fraction), ethane v) E
0.28

(0.061 mole fraction), propane (0.011 mole fraction)
and carbon dioxide (0.014 mole fraction).

380

True critical
temperature, K 160

25=

a. i

250

245
150 E.

.r
240 z

Solution
1. Obtain the molecular weight for each component

from Sec. 5.5.1 and calculate the mole fraction average
molecular weight by summing the product of the mole
fraction and molecular weight for each component:

Mole Mole weight, Mole fraction X
Component fraction kg/kmole molecular weight

Methane 0.914 16.042 14.66
Ethane 0.061 30.068 1.83
Propane 0.011 44.094 0.49
Carbon dioxide 0.014 44.011 0.62

Mole fraction average molecular weight 17.60

2. Calculate the weight fraction of each component
by dividing the product of the mole fraction and the
molecular weight for each component by the mole
fraction average molecular weight (e.g., for methane,
weight fraction = 14.66/17.60 = 0.833).

3. Calculate the weight average API gravity.

0.27

400

0.26

420

0.25
440

Figure 8 Critical temperature of natural gas mixtures.

4. Calculate the molal average boiling point.

Weight Weight fraction X
Component API gravity fraction API gravity

Methane 440 0.833 366.5
Ethane 213 0.104 22.2
Propane 147.2 0.028 4.1
Carbon dioxide 42.0 0.035 1.5

Weight fraction average API gravity = 394.3

Boiling point x
Component Boiling point, K mole fraction

Methane 111.42 101.8
Ethane 184.52 11.3
Propane 231.1 2.5
Carbon dioxide 194.65 2.7

Mole fraction average boiling point = 118.3

5. Read the mixture true critical temperature from
Fig. 8. Draw a line between 394.3 on the left hand
(weight, average API gravity) scale and 118.3 on the right
hand (mole fraction average boiling point) scale and read
off the critical temperature(206 K) from the curved scale.

References for Section 5.2. I appear at the end of Section 52.5.
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5.2 PROPERTIES OF MIXTURES OF FLUIDS 5.2.2-1

5.2.2
Thermodynamics properties

R. N. Maddox

A. Light hydrocarbons

There are reasonably reliable charts available from
which equilibrium constants for light hydrocarbons can
be obtained. Perhaps the best, and most widely used,
are those published by the Gas Processors Association
[17].  Values from the charts, if properly used, will
agree closely with the values obtained from a good
equation of state. In addition, they are easily and
quickly used and ideal for hand calculations.

If more accurate equilibrium constants are desired,
or if equilibrium conditions are being predicted by
computer, an equation of state is used for estimating
the equilibrium constant values. The most widely used
equations of state for light hydrocarbons are the Soave
version of the Redlich-Kwong (SRK) [18-201, the
Starling version of the Benedict-Webb-Rubin (BWR)
[21],  and the Peng-Robinson (PR)  [22].  Each has
advantages and disadvantages,  proponents and
opponents. More importantly, different computer solu-
tions for each equation may yield equilibrium
constants that are significantly different. Erbar and
Maddox [23]  have made comparison calculations for
simple equilibrium flash calculations that differed by as
much as 20%. The same equation of state was used for
all calculations, the programming of the solution was
different.

Equilibrium coefficients are calculated from the
equation of state using one of the Eqs. 5.2.1(8)-
5.2.1(11). All thermodynamic quantities may be
related to each other by mathematical manipulation.
The fugacity coefficient is related to pressure, volume,
temperature, and compressibility factor by

where R is the universal gas constant, Z is the com-
pressibility factor = PV/RT,  and ni is the number of
moles of component i in the mixture.

To develop the equations for calculating the
fugacity coefficient, the basic equation of state is
differentiated and substituted into Eq. (1). A direct
analytical solution for the fugacity coefficient results
once the constants have been evaluated, if the volu-
metric behavior of the system is known.

Prediction of enthalpies and entropies is handled
differently. Ideal gas values for these variables are known
rather accurately. The calculation is broken into two
steps: an isobaric influence of temperature and an iso
thermal influence of pressure. Mixture values for ideal gas
behavior are taken as the composition weighted average.

The equations necessary for use in the SRK equa-
tion are shown in Table 1. The SRK is a two-constant, or
two-parameter, equation. The constants A and B can be
determined from the correlating parameters for each
component in the mixture.

The equations for the Peng-Robinson equation are
shown in Table 2. It also is a two-constant equation of
state.

The BWR equations are shown in Table 3. They
have eleven constants that must be evaluated for each
component. More PVT data are required for determina-
tion of the eleven constants than would be required for
the two-constant equations.

The kii  terms that appear in the equations are the
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Table 1 Equations for SoaveRedlich-Kwong  equation of state

Z” -zz +  ( A  --B-P)Z-AB  = o . o

accxP
A=-.

R’T”
E=bG; b = xyibi

RTci R=T”.
bi= nbp; a,i = 0.421412

c i pci

&, = 0.086 61; a;; = 1 + mi(l - T;;“)

(aCOr)i  = i Xj&’ a$”  ffP” 9’o I�(1  -k$
j=l

Table 2 Equations for Peng-Robinson equation of state

R T ap=--
u - b  u(u+b)+b(u-b)

z”-(I--B)z2  t/j-Ba-2B)Z-(All--B”--B’)=O.O

2 >iaik
A

lxl@i =;(z-l)-ln(z-n-- ( )i

20 a
-; ln~:;:;f;)

$=z- 1+

X iXj(aciacjCqclj)l�a  (1 - kq)
aPA=-

i i R’ T’

b = CXibi &g

R’ T’.
aci = 0.451 24 2

Pci
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5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.2 Thermodynamic Properties 5.2.2-3

Table 3 Equations for Benedict-Webb-Rubin equation of state

p = pRT  +

Bo = XjBoi b = ~~~xixjxkb” bf/’ bi3
.

A0 = ~~xix,aXa:;:(:  ” kij)a = ~~~xixjx~~‘a~‘a~’
i j i j k

co = ~>ixjc,�i�c:~(l  - kij)3&  = ~~~xixjxk~:��~~�~~�

. . i j k

C = ~~~xi.TjXkC~3c~i3c~3

i j i j k

Do = CCxixjDyfDrf(l  - kij)’ d = C~~xixjxkd~3d~3d~3
i j i j k

E, = CCxixjE~~E,“iZ  (1 - kij)”
i j

S--So =-ZxiR  In (RTpxi)-p
i

RThfi=RTh(pRZhi)+p(B,  +B,i)RT+  2p -(AoAoi)“*(l-kij)-
CC0 Co  i)“2 (DoDo  ill”

T1
- (1 - kij)3 +

TJ
(1 - kij)4

(E,E, iP
(1 - kij)’1 [+ f$

3(dadi)1’3
3(bZbi)“3RT-3(aZai)“3  -~

3(d2di)“3-
T4 T T

3(c�cy  pa 1 - exp(--  -YP’ ) _ cd--  7~’  )

T’ “IP’ 2 1
1 -exp(-Tp*)

binary interaction parameters used to help �force fit�
data on recalcitrant mixtures.

B. Nonhydrocarbons

Techniques used to predict vapor-liquid equilibrium
behavior of nonhydrocarbons must be capable of describ-
ing a variety of nonideal behaviors. For this reason, they
tend to be different from those used for the relatively
well-behaved hydrocarbon systems. The currently used
techniques for developing the activity coefficients needed
for vapor-liquid equilibrium determinations for the
mixtures involve the use of group contributions. In this

approach, the individual molecule is considered to be
made up of specific functional groups, The behavior of the
molecule can be estimated by summing the characteristics
of the functional groups. There are three techniques for
allocating the group characteristics, similar in principle
but differing in detail. All three will be discussed. The
analytical solution of groups (ASOG) procedure [21-241
was actually developed in two steps. The first step was to
express the activity coefficient at infinite dilution (r&) as

In & = f(nat  nb> (2)

where n, = nb are the groups making up molecules in
the binary mixture.

The second step in the development of ASOG, and
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the currently most widely used, considers the activity
coefficient to be made up of two contributions, one
based on molecular size and one based on molecular
interactions. The activity coefficient is calculated as the
algebraic sum of these two contributions:

log YQi = log Ye �  log pi (3)

While this procedure sounds simple, the application is a
little more complicated, involving the following steps:

1. Determine the number of size groups (-CH2-,
-CHs, -CH-, -CO-, -OH) in the molecular struc-
ture for each component in the mixture.

2. The size term Ri is calculated from the number
of size groups for each component and the composi-
tion of each component in the mixture:

(4)

where Si is the number of size groups in molecule i, Sj
is the number of size groups in molecule j, and ?i is
the mole fraction of component j in the mixture.

3. Calculate the size contribution to the activity
coefficient for each component:

log di = log Ri - 0.434(1  - log Ri) (5)

4. From the composition of each pure component
in the mixture and the number of each type of
interaction group, calculate the composition of each
interaction group in the mixture by

(6)

where X, is the composition of interaction group K,
UK is the number of interaction groups of type K.

5. Obtain the interaction parameter Ak for each
function group in the mixture. Some interaction
parameters are tabulated in Sec. 5.5.4. If not listed
there, the interaction parameters can be obtained by
regression analysis of experimental data.

6. Calculate the group activity coefficients from

hl rK =-In  XQAK, + 1 -
c c

XQAKQ
(7)

Q QC hAa,??I

7. Calculate the standard state group activity co-
efficients (I�;)  using Eq. (7) for a solution containing
each component of the mixture. If a component has
only one kind of interaction group, such as water or
benzene, the standard state activity coefficient will be
1.0. Other components will have a standard state
activity coefficient for each interaction group.

8. Calculate the group interaction to the activity
coefficient by

h & = xvKi ln r~ - cvKi ln rz (8)
K

9. Calculate the activity coefficient from Eq. (3).
The important point of the ASOG approach is that the
group parameters depend on the group, not the
arrangement of the group in the molecule.

Example

Using the ASOG procedure calculate the composi-
tion of the vapor in equilibrium with a 20-mole  %
solution of n-butanol in water. The temperature at
which a solution of this concentration would boil is
92.25�C  for 1-atm pressure.

Since the ASOG procedure considers the CHs and
CHa groups to be equivalent, n-butanol contains four CH2
groups and one OH group. In the ASOG procedure, water
is treated as one size group but as 1.4 interaction groups.

For a 20-mole  % solution of n-butanol in water,
the size terms are (let 1 be n-butanol and 2 be water)

R1
5

= =5 X 0.2 + 0.8 X 1 2*777 �

R2 = $ = 0.555 6

The size contributions to the activity coefficient can
now be calaculated:

ln s = 1 - 2.777 8 + $2.777 8) = - 0.756 1

ln -yf = 1 - 0.555 6 + n(0.555 6) = - 0.143 3

Calculate the mole fraction of each interaction group
based on the specified 20-mole % n-butanol solution.

XCH,
4 x 0.2

= =
4 X 0.2 + 1 X 0.2

+
0.8 X 1.4

0.377 4

&,H = 0.622 6

The interaction parameters can now be determined
from Table 5.5.4(l).

All = 1, Al2  = 0.305

Aal  = 0.014 7, AZ2 = 1.0

The group activity coefficients can now be calculated.

ln rl = - In (0.377 4 + 0.622 6 X 0.305)

0.377 4
0.377 4 + 0.622 6 X 0.305

0.622 6 X 0.014 7

- >0.622 6 + 0.377 4 X 0.014 7

= 0.566 9 + 1 - 0.665 3 0.014 6- = 0.887 0

0 1983 Hemisphere publishing Corporation

WI



5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.2 Thermodynamic Properties 5.2.2-S

ln r2 = - ln(0.622 6 + 0.377 4 X 0.014 7)

+ ( �  - 0.622 6
0.622 6 + 0.377 4 X 0.014 7

0.377 4 x 0.305

- 0.377 4 + 0.622 6 X 0.305 >

= 0.465 0 + 1 - 0.991 2 - 0.202 9 = 0.270 9

For pure n-butanol the group mole fractions are

&H, =
4x 1 .0

4 x 1.0 + 1 x 1.0 = Oe8

&,, = 0.2

The standard state group activity coefficients in n-
butanol are

ln I�:  = - ln(0.8 + 0.2 X 0.305)

+ ( l - 0.8 - 0.0140.2 x 7
0.8 + 0.2 X 0.305 0.2 + 0.8 X 0.014 7

= 0.149 7 + 1 - 0.929 2 - 0.013 9 = 0.206 6

ln I�,*  = - ln(0.2 + 0.8 X 0.014 7)

+ ( l 0.2-
0.2 + 0.8 X 0.014 7

0.305-
0.8 + 0.2 X 0.305

=1.5523+1.0-0.9445-0.2834=1.3244

For pure water the mole fraction of CH2 is 0 and the
mole fraction of OH is 1.0. Using these concentrations
the standard state activity coefficients are

lo:=-lrqo+ 1.0X0.305)

+

(

1 _ o + 1.0 x 0.014 7
1+0

)

= 1.187 4 + 1 - 0.014 7 = 2.172 7

In r: = 0.0

The group interaction contribution to the activity
coefficient is

ln ry = (4 X 0.887 + 1 X 0.270 9)

- (4 X 0.206 6 + 1 X 1.324 6)

= 3.818 9 - 0.826 4 - 1.324 4 = 1.668 1

ln l-f = (0 X 0.887 + 1.4 X 0.270 9)

- (0 X 2.172 7 + 1.4 X 0) 0.379 3=

The activity coefficients for n-butanol and water in
20-mole  % solution are

0 1983 Hemisphere 1
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y1 = exp (1.668 1 - 0.756 1) = 2.489 3

-y2 = exp (0.379 3 - 0.143 3) = 1.266 3

The activity coefficient may be related to vapor and
liquid composition by

Palmer [27]  gives equations for the vapor pressure
of n-butanol and water:

n&OH  log Pe = 9.067 429 - 2$$ri :

Hz0 log Pe = 7.966 81 - 2i2s��o�;1t

Perry et al. [30]  give the constant boiling azeo-
tropic temperature for n-butanol and water as 92.25�C.
At this temperature the vapor composition in equi-
librium with the 20% liquid solution would be

2.489 3 + Yl
0.2 X 278.38

y1 = 0.192 9

1�266 3
Y2

= 0.8 X 572.43 y2 = 0.807 1

The calculated vapor composition is very nearly the
same as the liquid composition. This actually repre-
sents a region of partial immiscibility for the n-
butanol-water system. In detailed calculations using
ASOG [27], Palmer indicates that the group contribu-
tion approach does very well in predicting this vapor
composition and region of partial miscibility.

Cunningham [28]  presented the essentials of the
parameters from the group contribution (PFGC)  pro-
cedure, and the equation of state is

(9)
I

i
where

I i

n = number of moles
b = volume of occupied lattice sites
V = volume

C~H = universal constant = 12.0
\k = group fraction
h = group interaction term
i = group property
j = group property
I =molecular  property and equals the number of lat-

tice sites per group
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The third group contribution method to be con-
sidered is UNIFAC developed by Prausnitz and co-
workers [29]. It has the advantage that mixture
properties can be estimated from pure-component
measurements without need for mixture data. In
fashion similar to ASOG, the activity coefficient is
considered to be composed of two parts: one due to
differences in size and shape of the molecules in the
mixture (the combinatorial portion) and one due to
energy interactions (the residual portion).

in yi = In Tic + In $ (10)

where R stands for residual and C for combinatorial.
The combinatorial portion of the activity coeff-

cient is calculated directly from the values tabulated in
Sec. 5.5.4 using the relationship

In # = In ; + 5 qi In 2 + 12i - $
c;iilj (11)

i I
i

w h e r e  li = Z/2(ri - qi) - (li - l), ri = CKV~RK  is a
measure of molecular van der Waals  volume, z = 10,
v$)= number of K groups in molecule i, RK,  QK are
values tabulated in Sec. 5.5.4, Oi is the area fraction =
q$i/ZqjZ,  qi = ZKV$&, is a measure of molecular
surface area, @i = Vgi/Xrpj  is the segment fraction,
similar to volume fraction.

The residual portion of the activity coefficient is
calculated by

(12)

where I�,  is the group residual activity coefficient and
I�$)  the residual activity coefficient of group K in a
solution containing only molecule i

The group activity coefficients in Eq. (12) are
calculated from

(13)

where 0, = Q,X,/ZQ,,X,,  is the fraction of group
m, X, is the mole fraction of group m in the mixture,
9, = exp (- a,,/T) is the group interaction parame-
ter, and amn is the group interaction parameter tabu-
lated in Sec. 5.4.4. Note awn #a,,,,, .

The chronological steps in solution of the
UNIFAC equations are as follows:

1. Using Table 5.5.4(2) identify the kind and
number of groups in each molecule in the solution.

2. Calculate the parameters for molecular volume
and molecular surface area from

0 1983 Hemisphere I lblishing Corporation

ri = c lfRK
K

qi = 1 u$‘QK
K-

3. Calculate the parameter Qj from

Qi = ; (ri - qi) - (ri - 1 .O)

4. Calculate the segment fractions and area frac-
tions based on the specified composition

Q = rixi
2kjXi

5. Calculate the combinatorial portion of the
activity coefficient from Eq. (11).

6. For the pure components calculate the area
fractions and group interaction parameters from Table
5.5.4(3). (Note that 0, is not the same as Oi that is
used in calculating the combinatorial portion of the
activity coefficient.)

Qmxm
em = ~Q,X,,,

- amn
9, = exp 7

7. Calculate the pure component residual activity
coefficients from Eq. (13).

8. Repeat steps 6 and 7 for the specified solution
concentration.

9. Calculate the residual portion of the activity
coefficient using Eq. (12).

10. Calculate the activity coefficient for each
component in the mixture using Eq. (10).

Example

Calculate the activity coefficients for the 20%
n-butanol in water solution for the same conditions as
used in the ASOG example.

From Table 5.5.4(2) the �groups� in the mixture
are:

n-Butanol: 1 CH3 ; 2 CH2 ; 1 COH

Water: 1 Hz0

The volume and surface area parameters for these
groups are:

Group RK QK

CH3
0.9011 0.848

CH2
0.6744 0.540

COH 1.2044 1.124
H20

0.92 1.400
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Denoting n-butanol as component 1 in the mixture
and water as component 2, the parameters for molecu-
lar volume and molecular surface area may be calcu-
lated:

rl = 0.901 1 + 2 X 0.674 4 + 1.204 4 = 3.454 3

r2 = 0.920 0

q1 = 0.848 f 2 X 0.540 + 1.124 = 3.055

q2 = 1.40

The area fractions and volume fractions can now be
calculated as can the parameter Q

01 3.052
X

0.2= =
3.052 X 0.2 + 1.4 X 0.8

0.352 8

O2 = 0.647 2

a’1 3.454
3 x 0.2

= =
3.454 3 X 0.2 + 0.92 X 0.8

0.484 2

a2 = 0.515 8

I1 = S(3.454  3 - 3.052) - (3.454 3 - 1.0)

= - 0.442 8

Z2 = 5(0.92  - 1.4) - (0.92 - 1 .O) = - 2.32

The combinatorial portion of the activity coefficient
can now be calculated from Eq. (11).

- 0.442 8
0.352810.2

-
0.2(- 0.442 8) + 0.8(2.32)

= - 0.959 7

ln$=ln(~)+ [ 5 X  1.4ln(a)]

- 2.32 -
0.515 810.8

0.2(-  0.442 8) + 0.8(2.32)

= 0.083 5

The next step in the calculation is to determine
the residual portion of the activity coefficient through
use of Eqs. (12) and (13). The first step is to
determine the residual activity coefficient for a solu-
tion containing only n-butanol and then only water. In
this portion of the calculation subscript 1 will refer to
CH3, subscript 2 to CH2, subscript 3 to COH, and
subscript 4 to water. For pure n-butanol the area
fractions for use in Eq. (13) are

01 1.0 X 0.848= =0.848 + 2 X 0.54 + 1 X 1.124 o�277 9

02 = 0.353 9
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O3 = 0.368 3

Group interaction parameters may be determined
from Table 5.5.4(3). Using these values and the
temperature of 92.25�C reported for the azeotrope, the
group interaction coefficients are

\k13 = \k13 = exp
931.2

- -
365.4

=0.0782

\k32 = \k31 = e x p
1 6 9 . 7

365.4 = 50.628

qzs = \k14 = exp
145.2

- -  =  0 . 0 1 8  8
365.4

\kdl = \ka2  = exp
657.7

- -  =  0 . 1 6 5  3
365.4

\I�% = exp 320.8  =365.4 2.405 9

*43 = exp
2 8 7 . 5

=365.4 0.455 3

Both the pure component activity coefficient and
the activity coefficients in solution are calculated using
Eq. (13). For the three groups in n-butanol (CH,,
CH2, COH) the expanded form of Eq. (13) is

ln r(l) = Q, 1 - In (Ol\kll  + 02*21  + 03*31)

02 *22-

019,2  + 02\k22  + @3*32

lnr$r)=Q3 1 -In (01*13  + @2*23 + 035T33)

01+31-

01911  + 02\k21 + 03*31

02 *32-

01912  + 02\k22 + @3\k32

03 *33
-

Ol\kl3  + @2*23 + 03*33 1

- .--._-.  *-. . �-II--  . . .fl-.---  ._
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Using these equations and the area fractions and
interaction parameters calculated earlier, the pure
component activity coefficients for n-butanol can be
calculated as follows:

In I$�)  = 0.848 1 - In (0.277 9 X 1 + 0.353 9 X 1

+ 0.368 3 X 0.628 5)

0.277 9 X 1-
0.277 9 X 1 + 0.353 9 X 1 + 0.368 3 X 0.628 5

0.353 9 x 1
- 0.277 9 X 1 + 0.353 9 X 1 + 0.368 3 X 0.628 5

0.368 3 X 0.078 2
- 0.277 9 X 0.078 2 + 0.353 9 X 0.078 2 + 0.368 3 X J

= 0.293 6

ln I-$�)  = 0.540[  ] = 0.186 9

In ry) = 1.124 1 1 - In (0.2779 X 0.078 2

+ 0.353 9 X 0.078 2 + 0.368 3 X 1)

0.277 9 X 0.628 5
- 0.277 9 X 1 + 0.353 9 X 1 + 0.368 3 X 0.628 5

0.352 9 X 0.628 5
- 0.277 9 X 1 + 0.353 9 X 1 + 0.368 3 X 0.628 5

0.368 3 X 1

- 0.277 9 X 1 + 0.353 9 X 1 + 0.368 3 X 0.628 15
= 0.597 2

For pure water, In I$�)  = 0.0.
The residual portion of the activity coefficient

must now be calculated for a 20% solution of n-
butanol in water. For this solution the group mole
fractions in the mixture are

0.2 Xl
x1 = 0.2 X 4 + 0.8 X 1 = o*125

X2 = 0.25 X3 = 0.125 X4 = 0.50

Based on these mole fractions the area fraction for
each group can be calculated:

@� 0.125 X 0.848=
0.125 X 0.848 + 0.25 X 0.54 + 0.125 X 1.124

+ 0 . 5 X  1.4=0.098

O2 = 0.124 8

O3 = 0.1299

0, = 0.647 2

Earlier in the solution, Eq. (13) was expanded for
the three groups occurring in n-butanol. This expansion
shows a number of terms that recur in the calculations
for each activity coefficient. For this reason these

terms will be evaluated separately and utilized in the
activity coefficient calculations which follow them.

C31\kll  + 02\k21  + 03*31  + 04\ka1  = 0.098 X 1

+ 0.1248X 1 + 0.1299 X 0.628 5

+ 0.647 2 X 0.165 3 = 0.411 4

01 \kt2 + 02\k22  + 03\k32  + Od\k, = 0 . 0 9 8

X 0.078 2 + 0.124 8 X 1 + 0.129 9 X 0.628 5

+ 0.647 2 X 0.165 3 = 0.411 4

01\k13  + @2\k23  + 03\k33  + 04\k43  = 0 . 0 9 8

X 0.078 2 + 0.124 8 X 0.078 2 + 0.129 9 X 1

+ 0.647 2 X 0.455 3 = 0.442

Ol\kl�,  + 02\kM + 03\kM + Oz,\k~ = 0.098

X 0.018 8 + 0.124 8 X 0.018 8 + 0.129 9

X 2.405 9 + 0.647 2 X 1 = 0.963 9

In rl = 0.848 1 - In 0.411 4 - s

0.124 8 0.129 9 X 0.078 2- - -
0.411 4 )

= 1 1 1 1 7
0.442 *

In r2 = 0.707 9

In r3 = 0.486 9

ln I�z,  = 0.198 9

The residual portion of the activity coefficient is
calculated for each component by Eq. (12):

ln fl = l(1.111 7 - 0.293 6) + 2(0.707 9 - 0.186 9)

+ l(O.486  9 - 0.597 3) = 1.749 8

ln yf = 0.198 9

The activity coefficients for n-butanol and water in
a 20% solution of n-butanol in water are calculated
from Eq. (10):

ln yl = 1.749 8 - 0.959 7 = 0.790 1 yl = 2.203 6

ln y2 = 0.198 1 + 0.835 = 0.281 6 y2 = 1.325 2

From the ASOG example we know that &, o =
572.43 and &@H  = 278.38. If we assume that there
is ideal behavior in the vapor phase, the composition
of the vapor phase is

I$i = ylI?le = 2.203 6 X 0.2 X 278.38

= 122.7 mm Hg

y1 = 0.168
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nF2 = y2z2fi = 1.325 2 X 0.8 X 572.43 generalized predictive procedure the UNIFAC pro-

= 606.9 mm Hg
cedure seems to give excellent results.

Although cumbersome for hand calculations, the
y2 = 0.832 group contribution procedures are readily program-

The agreement here is not quite as good as with
the ASOG procedure. However, the ASOG constants
contain more �fitting� for specific behavior. For a

mable for digital computer solutions. If extensive use is
to be made of any of them, computer solution is
recommended.

Nomenclature for Section 5.2.2 appears at the beginning of Part 5. References appear at the end of Section 5.2.5.
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52.3

R. N. Maddox

n Estimating the properties of mixtures requires, in
general, knowledge of the properties of the pure
components of which the mixture is comprised. The
effort is to combine these pure component properties
in such a way as to yield the properties of the
mixture. In many instances, mixture properties are
�well behaved,� and reasonably accurate prediction of
properties is easily accomplished. There are cases,
however, in which mixture properties behave badly and
prediction is difficult. There are mixtures of relatively
common materials for which properties go through a
maximum or minimum that cannot be predicted a
priori, and that are impossible to predict from pure
component properties. As a simple example [30]
consider that the density of a mixture of acetic acid
and water goes through a maximum with composition.
The author�s experience indicates that this behavior
will be at all temperatures to the mixture critical,
although the composition at which the maximum/
minimum exists may shift with changes in temperature.

The methods discussed below will deal with the
problem of predicting mixture properties from those of
the pure components. However, when methods are
available, attention will also be given to techniques for
predicting mixture properties directly.

A. Liquid density

Mixture density predictions are usually based on
weighted averages from composition. The correct
procedure requires only that attention be given to
keeping dimensional consistency in the calculations. If

0 1983 Hemisphere 1
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pure component densities are available on a mass/
volume basis, the correct procedure is

Pmix = xuiPi (1)

If, on the other hand, pure component values are
available for molar volumes, then

Pmix = Si/Ji (2)

The dimensional consistency of each is clear. For Eq.

(1):

For Eq. (2):

where u = volume fraction of one component in mix-
ture

V = volume of one component
i = any component

mix = mixture
The Rackett  equation [31] can be used for mix-

ture density. It does require a limited amount of
mixture density data for application. In this use it is
written as

p = AB-(1 -T/c)��

where A, B, and C are constants. If sufficient data are
available to obtain reliable values for the constants by
nonlinear regression, Eq. (3) can be used to extend

lblishing Corporation
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B. Viscosity

There are no reliable techniques for estimating mixture
viscosity in the absence of experimental data. If the
system is well behaved and the mixture viscosity varies
monotonically between the viscosities of the pure
components, a mole fraction or mass fraction average
will generally come within 15% of the mixture
viscosity. The great danger,. however, is that the mix-
ture will exhibit either a maximum or a minimum. If
this happens, the values estimated by averaging may be
in error by a substantial margin. The simple acetone-.
water binary mixture displays a viscosity maximum
with composition in which the mixture viscosity is

5.2.3-2 5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.3 Thermophysical Properties

density data over a wide temperature range. The
constants are composition specific and can be used for
only one mixture composition.

There are no a priori ways to estimate the density of
hydrocarbon mixtures of undefined composition. Gener-
ally, the density at ambient conditions and the boiling
range of the fraction are known. Figure 1 [32] can be
used to determine the density of the undefined mixture
at other temperatures.

Unless data are collected in the critical region,
density is influenced very little by pressure change. For
this reason process engineering requirements will
normally be satisfied by taking into account tempera-
ture changes while neglecting pressure changes.
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Figure 1 Density for mixtures of undefined components
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more than 100% higher than that for either pure
component. Simple mass fraction averaging obviously
cannot be used on such a system. Unfortunately, there
is no way to predict such behavior except for experi-
mental measurements.

Reid and Sherwood [33] suggest for binaries the
use of a modification of the procedure suggested for
pure components by Souders [31] :

1% (1% 10 VLm)  = PLm (i;yy$- 2 . 9  ( 4 )

where nLm = mixture viscosity, CP
? = mole fraction
I = viscosity constant calculated from Table

1 [341
pan = mixture density in g mole/cm3

M = molecular weight
Equation (4) can be used to predict the viscosity

of binary mixtures in the absence of either pure
component or mixture data. If there is no maximum
or minimum in the viscosity-composition curve, errors
should be in the 20-25% range for mixtures of hydro-
carbons and nonpolar, nonassociating materials; mix-
tures of polar and/or associating components will
display larger errors, and may be completely unreliable.

If a limited amount of experimental data for the

mixture is available, it may be extrapolated to higher
or lower temperature by plotting log viscosity as a
function of reciprocal temperature. This technique
must be used with caution because the log n - l/T
relationship is truly linear only for a very few pure
materials, and even fewer mixtures.

For mixtures of undefined composition, minimal
information is necessary before the viscosity can be
estimated. If the density and true boiling point for the
fraction are known, the procedure recommended by
the American Petroleum Institute [35] can be used. In
this procedure, Fig. 2 is used to estimate the kinematic
viscosity at temperatures of 100� and 200°F. These
kinematic viscosities are then plotted on graph paper
(very nearly log v versus l/T) to obtain viscosities at
other temperatures.

Amin and Maddox [36-391  made an extensive
study of viscosity-temperature behavior for crude oil
fractions. They concluded that oil mixtures followed
the log Y- l/T linear relationship, but that other
materials, even pure components, did not. By regres-
sion analysis of data from the literature and other
sources, Amin and Maddox developed an equation
relating kinematic viscosity for crude oil fractions to
easily measured and generally readily available informa-
tion. Their equation is

Table 1 Values for determining viscosity constant in Eq. (4)

Group values

CH, 55.6 OH 57.1 N 37
H 2.7 c o o 90 Cl 60
C 50.2 COOH 104.4 BI 79
0 29.7 NO, 80 I 110

Structural value+

Double bond

5-C ring
6-C ring

Side group on 6-C ring:
Molecular weight less than 17

Molecular weight more than 16

Ortho and para
Meta

- 15.5 R\CHCH�R +8
I \

-CH=CHCH,X  +  4

R R
- 24
- 2 1

R

R-A-R + 13 �CHX +6
- 9

Ii d

- 17 H-C-R + 10

6

+3
+1 CH, -C-R +5

A

�X  is a negative group.
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Figure 2 Viscosity for mixtures of undefined components.

u =Aexp B
T (5)

where v = kinematic viscosity in centistokes
A = constant=(223  T;".56a -4.038)KIB
B = constant In B=4.924+ O.O0454T,

Tb = 50% boiling point in K
T = temperature, K

Example

Estimate the viscosity of a 200°-500�F  boiling
range cut of a crude oil at a temperature of 93.4�C.
The cut is from a typical mid-continent U.S. crude oil,
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has a 50% boiling point of 415.22 K, and a UOPK of
11.95 [38] .

Equation (5) will be used to estimate the viscosity
of the crude. The constants A and B in the equation
are evaluated as:

B = exp (4.924 + 0.004 54 X 415.22) = 906.05

A = (223 X 415.22-�=  - 4.038) = 0.042 5

Using these constants in Eq. (5) the kinematic
viscosity of the crude oil is estimated as

v = 0.042 5 exp 93 490+6f;3  l5 = 0.503 3 cs

The value of kinematic viscosity based upon experi-
mental measurements of the absolute viscosity and
density is 0.481 3 CS [38].

If the viscosity of the fraction were desired at
10 000 psia, Fig. 3 would be employed. The experi-
mentally determined density for the fraction at 93.4�C
is 0.707 g/cm3. Using this, the absolute viscosity is

r) = VP = 0.503 2 X 0.707 = 0.356 CP

On Fig. 3, go vertically from 10 000 psia until a
viscosity of 0.356 CP is reached and then proceed
horizontally until the reference line is reached. From
the reference line proceed parallel to the curved lines
until a UOPK factor of 11.95 is reached. From a K of
11.95 proceed horizontally to the left-hand axis and

Figure 3 Effect of pressure on viscosity of mixtures of unde
fiied liquid components. From Lockhart and Lenoir [40].
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5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.3 Thermophysicd  Properties 5.2.3-5

read off the viscosity ratio of 1.75. The absolute
viscosity of the fraction at 93.4�C  and 10 000 psia is

q = 0.356 X 1.75 = 0.623 CP

At moderate conditions the influence of temperature
on gas viscosity is more significant than that of
pressure. However, at extreme pressure there can be a
significant influence of pressure on gas mixture
viscosity. The procedure recommended by Dean and
Stiel [14] appears to be the best way for predicting
viscosity of gas mixtures under high-pressure condi-
tions. Their recommended equation is

(77,  - &)im = 1.08  [exp (1.439~~)

- exp (- 1 .l 1 l~~~~s)] (6)

where q,,, = high-pressure mixture viscosity in PP
T& = low-pressure mixture viscosity in PP

Prm = pseudoreduced mixture density

Pm = mixture density in g mole/cm3
pcm = pseudocritical mixture density in g mole/

3

�$,  = ;f&Jgzp,�g

In their evaluation of Eq. (6) Dean and Stiel evaluated
the pseudocritical values for the mixture according to
the modified Prausnitz and Gums rules [42].

Zcm = cYizci
i

@>

Vcm = ZYiVci (9)

P
ZcrnRTcrn

cm = Vcm
(10)

CjziM,
P cm = &iivci (11)

Equation (6) has not been extensively tested. However,
on the few binary mixtures used by Dean and Stiel Eq.
(6) gave exceptional agreement with experimental
measurement.

Example

Estimate the viscosity at 200 atm and 100°C of a
mixture of ethane and propylene containing 50.1 mole
% ethane. At 100°C and 1 atm Vargaftik [43]  reports
a value by Golubev [44] of 110.3 X 10e6  g/cm for the
viscosity of the mixture.

The first step in the solution is to obtain the
critical parameters for the two components in the gas
mixture:

0 1983 Hemisphere F
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Ethane
Propylene

T,,K V~,m3/moIe Z, M

305.4 0.148 0.285 30.07
305.0 0.181 0.273 42.08 1

From these values properties of the mixture are calcu-
lated according to the stated mixing rules:

Mm = 0.501 X 30.07 + 0.499 X 42.081 = 36.06

Tcm = 0.501 X 305.4 + 0.499 X 365 = 335.1

Vcm = 0.501 X 0.148 + 0.499 X 0.181 = 0.165

Zcm = 0.501 X 0.285 + 0.499 X 0.273 = 0.279

P 0.279 X
0.083 14 X 335.1

=
cm

=
0.016 5

218.55 kg/m3

36.06
P c m = - = 218.55 kg/m3

0.165

In order to use Eq. (6) the density of the gas mixture
at 100°C and 200 atm must be estimated. This can be
done through the use of the compressibility factor
determined by the use of reduced temperature and
pressure:

T
r

= 373.15 200
-=l.ll -
335.1

P, = 46*5  = 4.30

Z = 0.635

PV = ZnRT

200 X 1.013 25 X V = 0.083 14 X 0.635 X 373.15

V = 0.097 2 m3/kg mole

P m = 10.29 kg mole/m3 = 370.94 kg/m3

370.94
--= 1.6973

PRm - 218.55

From Eq. (6) the mixture viscosity at 200 atm is

(qm - 110.3)0.033  4 = l.O8[exp 1.439 X 1.697 3)

- exp (- 1.111 X 1.697 31*858)]

= 1.08(11.501  - 0.051)

77m - 110.3 = 370.24

qrn = 480.5

The experimental value reported by Golubev is
500 X 10e6  g/cm.

C. Thermal conductivity

Early efforts at estimating mixture thermal conductivi-
ties used weighted averages based on mass or molecular
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5 . 2 . 3 - 6 5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.3 Themophysid  Properties

fractions. As these were shown to be inadequate, more
sophisticated (usually empirical) models were sug-
gested. Jamieson and Irving [45]  suggested a procedure
based on weight fractions:

hmix = X1X1 + x2h2  - (x2  - X1X1 - fib2 Cl21

where 2 represents the component with larger thermal
conductivity. Equation (12) gives better accuracy with
nonaqueous mixtures. Errors wilI normally be less than
10% unless the mixture displays a minimum or maxi-
mum with composition.

Li [46] assumed: (1) Energy transport in the
liquid state is by collision among molecules. Colhsion
is due primarily to oscillation of neighboring molecules
and the frequency of collision is approximately propor-
tional to the number and size of neighboring mole-
cules. (2) The interaction thermal conductivity is the
harmonic mean of pure component values. The thermal
conductivity then is

where

Z+i = 1.0

Li indicates that, for nonaqueous mixtures, critical
volume may be substituted for molar volume without
seriously influencing the accuracy of Eq. (13).

Example

Estimate the thermal conductivity of a mixture of
methanol and water which contains 20 mole % water at
6O�C.  The molecular weight of methanol is 32.042 and
the density at 60°C  is 0.755 5 g/cm [47]. The molecu-
lar weight of water is 18.016 and the density at 60°C
is 0.983 g/cm3 [48].  Equation (13) in expanded form
for a binary mixture is

Calling methanol component 1 and water component 2
the molecular volumes are

v1 - - - 32.042 =
0.755 5

42.44 cm3/g mole

18.016
vz =0.983= 18.32 cm3/g mole

The superficial volume fractions for each component
are

o 1983 Hemisphere 1
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42 0 . 2  1 8 . 3 2
X

= =
0.2 X 18.32 + 0.8 X 42.44

0 . 0 9 7 4

$1 = 0.902 6

The thermal conductivity interactions are

Xl1  =
2(l)

0.188-r + 0.188-l
= 0.188

x12 =
2(l)

1(0.188-�  + 0.652-l)
= 0.291 9

Xl3 = 0.652

The mixture thermal conductivity then becomes

X, = 0.902 6 X 0.902 6 X 0.188

+ 0.902 6 X 0.097 4 X 0.291 9

+ 0.097 4 X 0.902 6 X 0.291 9

+ 0.097 4 X 0.097 4 X 0.652 = 0.210 7

According to Li [46] the experimental thermal con-
ductivity determined by Rastorguev and Ganier [49]
was 0.216 W/mK.

If the procedure of Jamieson and Irving in Eq.
(12) is to be used the first step is to calculate the
weight fractions: for methanol

x1 = 0.8 X 32.042 =
0.2 X 18.016 + 0.8 X 32.042

0.876 8

For water

x2 0.2 x 18.016= =0.2 X 18.016 + 0.8 X 32.042 o�123 2

The thermal conductivity for the mixture then
becomes

A,,, = 0.123 2 X 0.652 + 0.876 8 X 0.188

- (0.652-0.188)(1  - 0.123 2)0.123 2

A, = 0.020 8

Li indicates that, for nonaqueous mixtures, critical
volume may be substituted for molar volume without
seriously influencing the accuracy of Eq. (13).

For mixtures of undefined hydrocarbon com-
ponents the thermal conductivity may be estimated by

X = 1.744 X 1O-2  - 1.493 X IO-�  T (14)

where X is the thermal conductivity in W/m2  K/m and
T is the temperature in K.

Equation (14) provides only one thermal conduc-
tivity value regardless of boiling range, density, or
Watson characterization factor. This seems an over-
simplification and has been shown experimentally to
be incorrect [50]. However, it will provide estimates
of thermal conductivity for crude fractions that are
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5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.3 Thermophysid  Properties 5.2.3-7

generally within f 25% of the true thermal conduc-
tivity of the mixture. It is limited to boiling range cuts
distilled from raw crude. It should not be used for
internal refinery streams that contain substantial
quantities of unsaturated hydrocarbons.

The effect of pressure on liquid thermal conduc-
tivity is small over normal pressure ranges.

D. Heat capacity

There are no techniques for estimating the heat
capacity of mixtures without knowledge of pure
component values. When pure component data are
available, the mixture value is taken as the unweighted
average of the pure component values, keeping in mind
the necessity for dimensional consistency. This
approach ignores heat of mixing and similar effects.
For this reason, large errors could be generated when
the heat of mixing is nonzero. For hydrocarbons and
nearby homologs, the assumption is good and heat
capacities should be within 10% although few mixture
heat capacity data are available for comparison.

For undefined mixtures, liquid heat capacity may be
estimated by use of Fig. 4 which was adapted from a chart
by Maxwell [51]. Density and true boiling point range
for the mixture are required for use of Fig. 4. At pseudo-
reduced temperatures below 0.85, the isobaric heat
capacity of undefined mixtures can be estimated as [52]  :

C, =A1 +A2T+A3T2

where Cp is the isobaric heat capacity for the liquid
petroleum fraction in Btu/lb OF.

A3 = - 1.171 26 + (0.023 722 + 0.024 907 SG)K

+ (1.149 82 - 0.046 535 K)
SG

AZ = 10-4(1.0 + 0.824 63dK)

A2 = - lo-*(l.O  t 0.824 63K)

T, = reduced temperature, T/TPc
T = temperature in OR

Tpc = pseudocritical temperature, �R
K = Watson characterization factor (see p. 5.2.1-7)

SG = specific gravity 60F/60F

E. Specific heat capacity of gas mixtures

For mixtures of ideal gases the heat capacity can be
estimated as either the mole fraction or weight fraction
average depending upon which heat capacity is avail-
able. The methods suggested in Sec. 5.4 can be used to
obtain the pure component values.

For mixtures of real gases the departure from ideal
gas behavior must be accounted for. Figure 5 shows
the molal heat capacity departure of real gases from
ideal gas behavior as a function of reduced temperature
and pressure [53].

Example

Estimate the heat capacity of a gas mixture that is
40 mole % methane and 60 mole % ethane. The
mixture is at 40°C  and at a pressure of 7 MPa. From
the GPA data book [54] the molal ideal gas state heat
capacity for methane is 36.21 and for ethane 54.21
kJ/kg  mole K.

The solution first requires estimating the mole
fraction average heat capacity, critical temperature, and
critical pressure. The calculation is shown in the follow-
ing table.

Y 300 500 700 900
Volume avg. boiling point, K

300 350 400 450 500 550 600 650 700 750 800
Temperature, K

Figure 4 Specific heat capacity of hydrocarbon liquid mixtures C,, = (C, + B) -B.
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5.2.3-8 5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.3 Thermophysical Properties

Mole CP, TCI Tcm* P P
Comp fraction kj/kg mole K Cpm  Kq K I&a h$

G 0.4 36.21 14.48 1 9 0 . 6 16.2 4.60 1.84
G 0.6 54.21 3 2 . 5 3  3 0 5 . 9 1 8 3 . 5  4 . 8 8 2.93

47.01 259.7 4.77

Critical temperature and pressure values were taken from the American Petroleum
Institute [55].

The reduced temperature is

The reduced pressure is

7
Pr=== 1.47

Using these values at reduced temperature and pressure
the heat capacity departure as read from Fig. 5 is

C, - C,*  = 9.7 Btu/lb mole OR = 40.6 kJ/kg mole K

Figure 5 Real gas molal heat capacity departure. From
Leyderson et al. [55].

The real gas mixture heat capacity is

c Pm - 47.01 = 40.6 = 87.61 kJ/kg  mole K

F. Mixtures of undefined components

Figure 6 is taken after the work of Fallon and Watson
[56]  as presented in Standards of Tubular Exchanger
Manufacturers Association [57]. It provides the
specific heat capacity of petroleum fractions as a
function of the Watson characterization factor and
temperature. The specific heat capacity values from
Fig. 6 are for low-pressure use and compare with the
ideal gas state heat capacity for pure components.
Figure 5 can be used to adjust these values for real gas
pressure effects if pseudocritical values are estimated as
outlined in Sec. 5.2.1(B).

I 1

I 1 I I

300 400 500 800 700 800
Temperature, K

Figure 6 Specific heat capacities of vapor mixtures of unde-
fined hydrocarbon compomiits.

Nomenclature for Section 5.2.3 appears at the beginnbzg  of Part 5. References appear at the end of Section 5.2.5.
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5.2 PROPERTIES OF MIXTURES OF FLUIDS 5.2.4-1

52.4
Inter facialtension

R. N. Maddox

n In the literature, there is great confusion in using
terms to describe the �pulling� on molecules at the
interface between two phases. In this discussion
�surface tension� will be applied to those instances
when the gas phase is air; interfacial tension will apply
to instances when the gas phase is the equilibrium
vapor of the liquid. Liquid-liquid and liquid-solid
phases will not be considered.

For most process design applications, the quantity
of interest is the interfacial tension. Seldom do we
have process fluids under conditions such that they are
in contact with air at atmospheric pressure. Most pure
component measurements, until recently at least, were
made on the laboratory bench and the engineer is
limited to the use of surface tension.

For binary mixtures, when pure component values
of surface tension are known, the mixture surface
tension may be estimated by simple mole fraction
average :

um= 2
XiCJi (1)

When the mixture is at high pressure, or when pure
component values are not available, the Macleod-
Sugden [56]  relationship can be used to estimate
mixture surface tension:

umlf4 = i(PiHpLmzi  - P VmYi) (2)

where P is the Parachor number and m is the mixture
property. If density values for the mixture are not
available, but it is made up of defined components, a

modification [57]  of the Macleod-Sugden equation
may be used:

Pm r&-l
urn - -

RDm r& + 2

where RD  is the molar refraction and n is the refrac-
tive index. Mixture values of RD,  P, and n are taken as
mole fraction averages.

There is little to choose in accuracy among the
three estimating techniques. They are subject to errors
as large as 10%. None of the three is recommended for
aqueous mixtures.

Because of the polar characteristics of water,
aqueous mixtures present a special problem for
estimating surface tension. Three different phases may
be encountered-the vapor phase, the liquid phase, and
the boundary phase-which may have quite different
characteristics from the bulk of the liquid. For estimat-
ing surface tension of aqueous mixtures, the procedure
of Tamura et al. [58] is recommended.

114 =um (&7g4 + J/:u,�4 (4)

Kv is the superficial volume fraction of water in the
surface layer and is defined as

For calculating the superficial surface volume fractions,
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5.2.4-2 5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.4 Interfacial  Tension

equilibrium between the surface and bulk phases is
assumed.

C=B+D (7)

J/Q,B = log -
9,

(8)

c = log
(cr>Q
-

It,�
(9)

x0 vo
$, = xuwvw  + zovo

(11)

(12)

where 2 = bulk mole fraction of component
V = molar volume of component in cm3/g mole
u = surface tension
T = temperature, K
q = constant depending on type and size of

organic component. Values in Table 1.
9 = superficial volume fraction
o = a subscript denoting organic component
w = a subscript denoting water
u = a superscript denoting the surface zone

between the liquid and vapor phase
Reid et al. [58] report errors less than 10% when q is
less than 5 with errors as large as 20% for values of q
larger than 5. Equation (4) can be applied to organic
mixtures by letting q equal the ratio of molar volumes
of solute to solvent.

Example

Calculate the interfacial tension of a 30 mole %
acetone-water mixture at 150�F.  According to Miller
[59]  the surface tension of water is 66.84 dynes/cm
and the surface tension of acetone is 17.62 dynes/cm
at 150°F (65.6�C).  The molecular weight of acetone
and water are 58.1 and 18.016, while the densities are
0.737 9 and 0.980 3 [60].

The molar volumes are calculated from the
molecular weight and density:

vo = - 58.1 =
0.737 9

78.74 cm�/g mole

180 16
vw=o.980=

18.38 cm3/g mole

The superficial volume fractions for water and acetone
are calculated from Eqs. (11) and (12):

d�w 0.7 X 18.38= =0.7 X 18.38 + 0.3 X 78.74 o�352 �

J/o 0.3 X 78.74= =0.7 X 18.38 + 0.3 X 78.74 oh47 4

Using a value of q = 2 for acetone from Table 1 the
constant B is evaluated from Eq. (8):

B = log w = log 0.191 8 = - 0.717 2

and the constant D from Eq. (1):

D = 0.441 &
20

- 66.84(78.74)2�3
. 1

= 0.002 604(161.85 - 1 227.9) = - 2.776

The constant C is evaluated from Eq. (7):

C = B + D = - 0.717 2 - 2.776 = - 3.493 2

However, constant C is also expressed in terms of the
interphase composition in Eq. (9). Since by definition
the superficial volume fractions must sum to unity

$I; + l)�,  = 1.0

The superficial volume fractions at the interface can be
calculated by combination of Eqs. (7) and (9).

1% (ti�,)q

J/O
= - 3.493 2

1% <s”,>2
I- ti”, = - 3.493 2

Solving for the superficial volume fractions at the
interface:

I//�,  = 0.017 8

44 = 0.982 2

Table 1 Values of constant q for use with procedure of Tamura et al. [ 581

Materials 4 Example

Fatty acids, alcohols Number of carbon atoms Acetic acids, q = 2
Ketones One less than the number of Acetone, q = 2

carbon atoms
Halogen derivatives Number of carbons times ratio Chloroacetic acid,

of fatty acids of molal  volume of halogen
derivative to parent fatty acid

q = 2 vb (chloroacetic acid)
vb (acetic acid)
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5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.4 Interfacial Tension 5.2.4-3

The mixture interfacial tension at 150°F can now be
calculated from Eq. (4);

um1�4  = 0.017 8(66.84)�/4  + 0.982 2(17.62)V4

um = 18.12 (experimental value is 23.1)

of 23.1 dynes/cm which differs by more than 20%
from the calculated value.

Surface tensions for mixtures of undefined com-

ponents can be estimated through the Parachor
number.  Equation (2)  is  used with the  Parachor
number being determined by [61]

Miller [59]  gives an experimentally determined value P = 40 + 2.38 (mol. wt.) (13)

Nomenclature for Section 5.2.4 appears at the beginning of Part 5. References appear at the end of Section X2.5.
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5.2 PROPERTIES OF MIXTURES OF FLUIDS 5.2.5-l

52.5
Diffusion coefficients

R. N. Maddox

A. Introduction

Diffusion refers here to transport of a material within
one phase due to molecular characteristics alone: there
is no external force or turbulence causing the trans-
port. Diffusion can be caused by gradients within the
phase created by a number of variables. The only case
considered here is diffusion caused by a concentration
gradient. In a binary mixture, if component A diffuses
from position 1 to position 2 at a given rate, then to
maintain equal molal flow, component B must diffuse
at the same rate in the opposite direction. If F” is the
molal flux, the diffusion coefficient is defined as

Fz = - CDABVxA

F”’ = - CDBAVxBB

where C = total molar concentration
F”’ = the molar flux due to diffusion

D = the diffusion coefficient
The activity corrected diffusion coefficient is

A D A B

AB = (a In aA)/@ ln ?A)

(1)

(2)

(3)

For gases, DAB = AAB  because concentration effects
are much less for gases than for liquids.

B. Diffusion in liquids

For diffusion of components through dilute solutions,
the equation proposed by Wilkie and Chang [62]  is
recommended:

D
1.17 x lo-l6 (&f#T

AB =
VBW

where DAB = diffusion coefficient of solute A in low
concentrations in solvent B (m2/s)

fiB = molecular weight of solute B
T = temperature (K)

qB = ViscOSity  Of the solvent B at temperature
T (Ns/m2)

4 = the associated factor for solvent B (= 2.6
for water; = 1:O  for nonassociated
solvents)

??i, = molar volume of solute at its normal
boiling point (m3 /kmol)

For nonassociated solvents, Eq. (4) can be used
with a value of 1.0 for 4.

Tyn [64]  developed a nomograph for estimating
diffusion coefficients for various solute-solvent com-
binations at different temperatures. His approach was
to assume a linear relationship between the tempera-
ture at which a liquid mixture will have a given
diffusion coefficient and the temperature at which
water exhibits the same coefficient. His nomograph is
shown in Fig. 1. X and Y coordinates for different
components are shown in Table 1. The use of the
nomograph is best illustrated with an example (see
below).

Example

Calculate the liquid diffusion coefficient for
methanol solute in water solvent at 15°C. Here,
fiB =18.016,qB=l.l46X  10-3,@=2.6,T=288.15K
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Figure 1 Nomograph for estimating liquid diffusion coefficients

and (from the table for methanol in Sec. 5.5.1) �ZA  =
32.00/751 .O = 0.042 6 m3 /k mole.

Using Eq. (4), the diffusion coefficient is:

DAB =
(1.17 X lo-�jX2.6  X 18.016)�� (2.88.15)

(1.146 X 10-3)(0.0426)o.6

= 1.34 X 10e9  m2/s

According to Bretsznajder [65] the experimental value
is 1.28 X 10m9  m2/s.

If Fig. 1 is to be used, the values of X and Y must
be determined from Table 1. For the methanol-water
system the X coordinate is - 12.0 and the Y co-
ordinate is 80. These two points are connected with a
straight line. From the intersection of that straight line

Table 1 Mixture coordinates for use with Fig. 1

Binary liquid mixture

No. Solute Solvent x Y

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

Methane
Ethane
Propane
Butane
Pentane
Cyclohexane
Cyclopentane
Methylcyclopentane
Acetylene
Benzene
Toluene
Ethyl benzene
Methanol
Ethanol
n-Propanol

kPropano1
n-Butanol
t-Butanol
Ethyleneglycol
Acetone
Manitol
Ahniue
Acetamide
Butylamide
Foramide
Glycoamide
Propioamide
Urea
Triethyleneglycol
Iodine

Water - 11.5 76.5
Water - 16.0 63.8
Water - 21.0 62.5
Water - 22.0 56.8
Water - 2 3 . 0 51.0
Water - 2 1 . 5 41.0
Water - 19.0 46.0
Water - 2 2 . 0 41.0
Water 0.0 70.0
Water - 15.0 55.0
Water - 21.5 45.5
Water - 21.5 41.0
Water - 12.0 80.0
Water - 14.0 50.5
Water - 19.5 56.0

16
17
18
19
20
21
22
23
24
25
26
21
28
29
30

Water - 20.0 53.0
Water - 2 1 . 0 50.0
Water - 2 7 . 0 60.0
Water - 16.0 51.0
Water - 11.0 44.5
Water - 2 7 . 0 24.0
Water - 22.0 40.5
Water - 18.0 64.0
Water - 22.5 59.5
Water - 11.0 73.5
Water - 17.0 49.0
Water - 2 2 . 0 63.5
Water - 13.5 58.0
Water - 2 8 . 0 41.0
Ethanol - 10.5 47.5

31 Water Ethanol - 19.0 53.5
32 Acetic acid Carbon tetrachloride - 2.5 35.5
33 Formic acid Carbon tetrachloride + 4.5 44.5
34 Benzene Carbon tetrachloride - 6 . 5 41.0
35 Cyclohexane Carbon tetrachloride - 8 . 0 36.5
36 Heptane Benzene + 3.0 63.0
31 Methanol Benzene + 25.5 100.0
38 Ethanol Benzene + 12.0 92.0
39 Benzoic acid Benzene - 7.5 43.0
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5.2 PROPERTIES OF MIXTURES OF FLUIDS / 5.2.5 Diffusion Coefficients 5.253

Table 1 Mixture coordinates for use with Fig. 1 (Contimed)

Binary liquid mixture

No. Solute Solvent X Y

40 Acetic acid Toluene + 7.0 64.5
41 Formic acid Toluene + 19.5 52.5
42 Cyclohexane Toluene + 1.5 81.0
43 Methylcyclohexane Toluene + 5.0 69.0
44 Aniline Toluene + 1.0 67.0
45 Acetic acid Acetone + 23.0 84.0

46 Water Acetone + 49.5 97.0
47 Chloroform Acetone + 26.5 92.0
48 Iodine n-Octane + 16.0 69.0
49 Toluene Aniline - 36.0 28.0
50 Benzene Heptane + 21.5 93.0
51 Toluene Heptane + 28.5 87.0
52 Acetone Chloroform + 8.0 66.5
53 Toluene Methylcyclohexane - 3.0 50.0
54 Carbon tetrachloride Cyclohexane - 1.5 50.0
55 Iodine Cyclohexane 0.0 53.0
56 Benzene Cyclohexane - 1.5 63.0
57 Toluene Cyclohexane - 2.5 42.0
58 Chlorobenzene Bromobenzene - 7.5 33.5
59 Toluene Chlorobenzene - 1.0 49.0

with the 15°C horizontal line, extend vertically to the
curve labeled �water� and then horizontally to the
right-hand axis to read a diffusion coefficient of:

DAB = 1.25 X 10e5 cm2/s

C. Diffusion in gases

For gaseous diffusion coefficients in binary mixtures,
the procedure of Fuller et al. [67]  is recommended.
They utilized a group contribution approach to define
special �diffusion volumes� which are used to predict
diffusion coefficients from:

where DAB = binary diffusion coefficient, m2 /s
Ui  = special diffusion parameters to be

summed over atoms, groups, and struc-
tural features of the diffusing species

$ = molecular weight, kg/kmole
P = pressure, bar

Example

Determine the gas phase diffusivity of methane
through water vapor at a temperature of 352.3 K and

one atmosphere (1.013 bar) pressure. The molecular
weight of water is 18.016 and the molecular weight of
methane is 16.043. Using values from Table 2 the
special molecular diffusion volumes for methane and
water are calculated as:

uHzo = 12.7

vCH, = uc + 4 ,,H = 16.5 + 4(1.98) = 24.42

Using Eq. (8) the diffusivity of methane gas through
water vapor is calculated as

Table 2 Diffusion volumes for use with Eq. (8)

Atomic and structural diffusion volume increments

C
H
0
(N)

16.5 (Cl) 19.5
1.98 (3 17.0
5.48 Aromatic or heterocyclic rings - 20.2
5.69

Diffusion volumes of simple molecules

HZ 7.07 c o , 26.9
JA 6.70 N,O 35.9
He 2.88 NH, 14.9
N* 17.9 H,O 12.7
0, 16.6 (CC%  F,) 114.8
Air 20.1 (SF, ) 69.1
Ne 5.59
Ar 16.1 (Cl, 1 37.7
Kr 22.8 67.2
(Xd 37.9 41.1
c o 18.9
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D A B

= 1.013 X lo-�  (352.3)�.75(1/18.016  + 1/16.043)�2

1.013(12.71�3  + 24.42�3)2

= 0.358 9 X 10m4  m2/s

Fuller et al. report an experimental measurement by
Schwertz and Brown of 0.356 X lob4 m2/s.

Nomenclature for Section 5.4.5 appears at the beginning of Part 5.
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5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA 5.3.1-l

5.3.4
Disperse compositions

Z. P. Shulman

A. General statements

Non-Newtonian behavior is inherent in the majority of
moderately and strongly concentrated suspensions and
emulsions: lubricants, fuel liquid mixtures (carbon, peat,
mazut, shale), liquid-disperse rocket and nuclear fuels,
paper, ceramic, concrete, asphalt, and food masses, etc.
Dilute polymer solutions and disperse compositions are
generally characterized by the Newtonian viscosity
depending only on the volume content of the prescribed-
shape particles but not on the stress-strain state. The
rheological properties, hydrodynamics, and convective
heat transfer of non-Newtonian media are beyond the
scope PC W- =xztion. They are considered in detail in
monographs ] I -5, and in review [6]. Note that at
present there are no general and reliable methods for
calculating the rheological properties of compositions by
the prescribed individual properties and the content of
their components.

The relationships used below for thermophysical
properties are based on the simplest physical models
disregarding disposition of phases, surface phenomena,
particle contacts, and structurization. Nevertheless,
simplicity being their advantage, they allow quite reli-
able qualitative estimates.

B. Two-component compositions

Depending on the relationships between individual
thermal conductivities, compositions may be grouped
into four classes [7] :

Relations given in Sec. 5.3.1 also refer to the mixtures of
solid particles, powders, and porous media.

Class I: h, 9 b or b/&j  > 100;
Class II: b % h, or &f/Xc  > 100;
Class III: 1 < h&d < 100;
Class IV: 1 <b/Xc < 100.

Indices c and d denote continuous and discrete phases.
The systems of Classes II and IV are those most
encountered, e.g., metal suspensions. At present there
are no correlations that are equally valid to the above
four classes.

When&>&

1 2-=
h J-G(b - bC)bc  + B&i - &)I

tan-�  f

(1)

When b > X,

+1-B

x,
(2)

Here B = dm and G = -m are the parameters
for the disperse phase content. Equation (2), within
b %- hc, reduces to the simple formula, not including
hd,
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5.3.1-2 5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA / 5.3.1 Disperse Compositions

For spherical particle dispersions (Classes I, III, and
IV) with volume concentrations zd < 0.1, the Maxwell
formula [8] is sufficiently accurate:

Equation (4), at b >> A,, is simplified to

(4)

Suspensions of nonspherical well heat-conducting
particles (Class II) are governed by the Hamilton formula

PI :
x = b,[b + (n - 1h - (n - I)& - id)zdl

b + (n - 1)x, + & - xdbd
(6)

Here n = 3/JI, where $ is the sphericity factor. For
spherical particles 9 = 1. For multicomponent composi-
tions we have

1 - 2 Z&i - l)(hi - Xj)

x = Al
i=2

1 + j2 zi(X1  - Wh + (4 - l)h

(7)

Here ni = 3/J/i  is the nonsphericity factor for the ith
component. The first component is usually a solid phase.
Depending on the thermal conductivity ratios for the
components, three-phase compositions may be divided
into seven classes:

class I: &, /& > 100; )h, /X, > 100. These sys-
tems are composed of good heat-conducting particles
and may be treated as two-phase compositions of Class
11 with volume Content Zd = zd, + Zd, . The CdCUlatiOn
is made using Eqs. (3) and (7).

CZassZZ: &,I& > 100; 10<bd,l&  < 100. Equa-
tion (7) or Eqs. (2) and (3) are used for two-phase
mixtures. Since b & & and Q, 9 bd, , the composition
may be considered to be two-phase with particle
dispersion of phase 2 in the initial continuum as medium
and component 1 as disperse phase.

c7usszzz:  lo<&&  <lOO;  lo<&&  <loo.
The calculation is made by Eq. (7) or (2). In this case

zc* = Zd, + Z,; zd = zdi and &j = &j,  .
class IV: Ad,/& - 10; Ad,/& - 10.
CIass v: &&lx,  - 10; Ad, /x, - 1.
cih$ VI:  &&/h,  - hd,/& - 1.
Thermal conductivity of liquid compositions of

Classes IV-VI is calculated by the formulas adopted for
Class III, i.e., by Eqs. (7) and (2). Equation (1) is also
valid for the mixtures of Class VI.

Ciizss  VII: hid,  /& < 1 and/or h,& < 1. Thermal
conductivity of the compositions of this class can be also
calculated by Eqs. (l), (2), and (7).
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Figure 1 Effect of uranium oxidation degree on thermal con-
ductivity of nuclear suspension.

C. Nuclear fuel suspensions

In these suspensions [lo]  uranium oxide particles are
dispersed in liquid metals, namely, in sodium or sodium
potassium mixture. Since both components possess good
thermal conductivity, 5 < A,-/~ < 10. However, the
direct use of Eq. (1) can give errors due to disregard for
the uranium oxidation degree, i.e., due to the stoichio-
metric shift to higher oxides up to UaOs inclusive (Fig.
1). Nuclear third-class suspensions are governed by

(8)

(9)

These equations are based on the representation of
isotropic compositions of cubic [Eq. (S)] and spherical
[Eq. (9)]  particles covered uniformly with liquid films.
The parameter, s = 1 - (1 - ~)l�~,  denotes the relative

100
Na

E NaKE ,
2-
c-t
510 -

j
- u0200

lJ0 2.06
-

E -
sE
i

I I I I
500 600

tenipe70r:ture
800 T.

Figure 2 Thermal conductivity of nuclear suspension com-
ponent vs. temperature.
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5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA / 5.3.1 Disperse Compositions 5.3.1-3

liquid-phase dimension expressed in terms of the
porosity. Figure 2 shows temperature dependencies of
thermal conductivity for nuclear composition com-
ponents while Fig. 3 illustrates the experimental veritica-
tion of the theory. The porosity e, the liquid-phase to
suspension-volume ratio, is related to the volumetric
fraction of a solid phase by Z,J = 1 - E. Thermal
conductivity of nuclear fuel suspensions is sharply raised
with increasing solid-phase content. Equations (8) and
(9) agree well with experiment.

D. Petroleum

Petroleum represents a polyfractional multicomponent
system. Its density ranges from 730 to 1 040 kg/m3.
Heavy (non-Newtonian) petroleum @ > 900 kg/m3),

Figure 3 Thermal conductivity of typical nuclear suspensions
vs. uranium dioxide content (solid phase).

Figure 4 Petroleum thermal conductivity vs.
resins.

paraffins and

containing a great number of solid hydrocarbons (par-
affins, resins, asphaltenes), possesses highly anomalous
viscosity and viscoplasticity. Petroleum is subjected to
various thermal effects during production, storage, trans-
portation, refining, and utilization. In particular,
petroleum, mazut, and bitumen are heated before being
pumped.

Large-scale production and consumption of petro-
leum predetermine the importance of its thermophysical
properties. Cragoe�s formula [Eq. 5.3.3(3)]  is still
widely useful for non-Newtonian petroleum but gives
underestimated values of thermal conductivity for heavy
Middle-Asia petroleum [l I]. Also, with increasing
density the value of A increases rather than diminishing.
The function h(7)  also differs from Cragoe�s formula. In
particular, thermal conductivity of resinous petroleum
decreases with heating (Fig. 4). For paraffin petroleum
X(T) is an increasing function, which can be attributed
to paraffin-particle melting. The slope of the above
temperature dependencies is affected by the composi-
tion of solid hydrocarbons.

Nomenclature for Section 5.3. I appears at the beginning of Part 5. References appear at the end of Section 5.3.8.
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5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA 5.3.2-l

53.2
ClassificatKlubricants

Z. P. Shulman

n In power plants and heat exchangers, lubricants are
used as test media, specifically, high-temperature heat
carriers, heat-insulating materials, fuel mixtures, etc.
[12-171.

Organic petroleum oils are a mixture of hydro-
carbons and their derivatives. Animal and plant oils are
primarily used as additives to petroleum oils. Synthetic
oils serve as petroleum oil substitutes at very low and
high temperatures for cases of elevated fire danger, etc.
The oil quality is improved by alloying additives such as
antiwear and viscosity additives, set point additives (for
lowering solidification temperature), detergents, anti-
corrosion additives, etc. At positive temperatures, oils
serve as Newtonian fluids. PolymeJ thickening of oils
produces a viscous anomaly.

Plastic lubricants consist of a homogeneous medium
(oil) and a solid phase: fatty acid salts (soaps), solid
hydrocarbons, silica gels, and bentonites  with additives
and solid additions (graphite, metal powders, etc.). Very
long particles form a mobile structure that undergoes
reversible destruction beyond the yield stress, and the
lubricant flows as a rheologically complex nonlinear
viscoplastic fluid [3] .

Oil lubricant-cooling liquids (LCL) alloyed with
additives are used in metal processing as well as in heat
exchangers and hydraulic systems. In aqeuous LCLs, the
emulsifying agent envelopes oil particles and prevents
their coalescence. Emulsions may be weakly non-
Newtonian and Newtonian fluids.

References appear at the end of Section 53.8.
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5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA 5.3.3-l

53.3
oils

Z. P. Shulman

A. Design relations The empirical formulas for the temperature range
273 < T< 423 K are presented by Cragoe [20],

Presently, the Predvoditelev-Vargaftik formula [ 18, 191
is widely used:

A = acpj@i’/3p4f3 (1)

h = 0.118&. [l - 0.000 54(T - 273)] W/m K

(3)
and Smith [21],

where a is _the coefficient equal to 4.28 X lo-*  kg-II3
m3/s and M is the mean molecular mass in kg/mol. As
compared to experiment, Eq. (1) gives a mean error as
small as 11% at fim < 200, as small as 25% within
200 <$,,, < 400, and 50-70%  within 400 <ii?,,, < 600.

Based on Eq. (l),  for 223 < T< 273 K, the
following relationship [27] is derived:

,=,,,[I +$T~:;~fi7-1�3  4-4�3  ( 2 )

where T, is the critical temperature and Tsoad is the
solidification temperature. For nine different mineral
oils, Eq. (2) gave an error less than 2%.

Table 1 Oil properties�

x = 0.137/J& K [ 1 - 0.000 54(T - 273)] W/m K

(4)

In all the above equations the density is expressed in
kg/dm3.

Over the temperature range 293 < T< 423 K,
specific heat is calculated by the equations of Cragoe

PO],
cp = 4 2ooA(p+)- 1’2 + 3.78(T - 288) J/kg K (9
and Fortsh and Whitman [22],

cp = [l 450 + 3.72(T - 273)]  (2.1 - p�) J/kg K
(6)

Material Name
Country
or firm

Temperatures,
K L, W/m K) �AK-

K X 107, ak,
m�/s K-1

Mineral oils

Oils with additives

kit-12 U.S.S.R. 293-388 0.130 1.20 0.75 2.53
tic-20 U.S.S.R. 393-380 0.133 1.26 0.71 1.95
nrrl-38 U.S.S.R. 293-373 0.154 2.99 0.77 2.05
RAX-SO Oliofiat 293-385 0.136 1.24 0.74 1.33
EP-50/S Oliofiat 293-385 0.136 0.45 0.76 1.77
H C-20+4%PIB  20 U.S.S.R. 293-373 0.129 0.79 0.64 1.76
HC-20+2%PIB  118 U.S.S.R. 293-373 0.126 0.79 0.59 0.73

�From Pikus [23].
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5.3.3-2 5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA / 5.3.3 Oils

p+ is the dimensionless density with respect to water at
T= 288 K. (A = 0.425 for paraffin oils; A = 0.415 for
mixed oils; A = 0.405 for nephtenic oils; Am = 0.415.)
As compared to experiment, the error obtained by Eqs.
(3)-(6) is on the average as small as 15%.

B. Temperature dependencies

According to the available numerous data, at positive
(above 0°C) temperatures, h(T), K(T), and p(T) are
decreasing functions, while ~~(7�)  is an increasing func-
tion. Usually linear approximations are used:

The apparent viscosity of oils is substantially (by a
factor of 10 and more) affected by polymer additives.
The investigation of oils thickened with polyisobutelenes
(PIB 118, M, = 11.8 X 104; and PIB 20, M,,, =
2 X 104) (see Table 1) revealed a decrease (up to 20%)
in thermal conductivity and thermal diffusivity with
increasing molecular weight of the polymer and its
content in the oil.

D. Synthetic oils

ai =aoi[l rt: q(T- To)] (7)

ai is the thermophysical parameter. Indices 0 and i stand
for the initial and current temperatures and oi are
constants. In Table 1 the oils most widely used in this
country and their foreign analogs are listed.

The properties of synthetic oils [24]  studied over the
temperature range 303-393 K are presented in Table
5.3.4(l). Note that within the range 213 < T<303 K
the temperature dependencies become nonlinear. The
use of Cragoe�s formula, Eq. (3), gives markedly larger
errors than in the case of mineral oils.

Nomenclature for Section 5.3.3 appears at the beginning of Part 5. References appear at the end of Section 5.3.8.

C. Polymer additives
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5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA 5.3.4-l

5.3.4
Plastic lubricants

2. P. Shulman

A. Design relations I Table 2 Anisotropy of thermal conductivity of lub-
ricants’

Plastic lubricants with thickening agents, over the
temperature range 293 < T < 413 K, are governed by
the proposed interpolation formulas [25]. For hydro-
carbon lubricants,

Lubricant h,

Svnthetic

o.97P3 7C'.18(T-273)1 (1)
Contl*onb 0.122 0.115 0.153 1.25 0.96 1.33

x = x0 [l + -0.005 Lubricant 0 0.171 0.153 0.210 1.23 0.89 1.37

cp = cp, [l + 1 .035c�.og  - 0.005 7C'.s6(T-273)](2)

and for lubricants with soaps and other thickening
agents

X = ho [l + 4.25C1.80  - 0.001 57C0."(T  - 273)]

(3)

cp = cp, [l + 80C 3~13  - 0.012C1.g8(T  - 273)] (4)

where  X0 and cp, are the properties of the liquid
medium and C is the thickening agent concentration.

Table 1 Lubricant properties’

�Unidirectional orientation is performed by pressing the lub-
ricant through the plane channel with a shear velocity of 300 ss�
at T= 293 K. Here h,, hit, and hl are thermal conductivities of
the isotropic state, parallel and normal to the orientation axis.
From Luikov [26].

bSolidol.

Equations (l)-(4) correlate the known experimental
data with an error less than 5%. The data for plastic
lubricants with different kinds of thickening agents are
given in Table 1.

Material Name
Country Temperatures,
or firm K h, W/m K

Synthetic cooling X@-22C-16 U.S.S.R. 303-393 0.160 1.33 1.903 1.64 986.0 0.744
oils @M-5, 6An U.S.S.R. 303-393 0.146 1.51 1.605 0.79 967.1 0.881

�Fuchs� BDR 303-393 0.116 0.89 1.915 1.95 887.7 0.746
Plastic lubricants connJjon  c U.S.S.R. 293-413 0.148 1.71 2.220 1.40 937.0 0.600
(a) Sow YHkion-1 U.S.S.R. 293-413 0.154 1.38 2.361 1.15 932.0 0.600
(b) Inorganic CUOJl U.S.S.R. 293-413 0.143 1.39 2.052 1.55 949.0 0.600
(c) Hydrocarbon I-OH-54rl U.S.S.R. 293-333 0.143 1.85 2.302 1.43 888.0 0.500

ah x lo�,
K-�

CP>
kJ/kg K

cucpx  103,  P
K-� k/m�

�p  x 103,
K-�

�From Tatevosov [ 241 and Froishteter [ 251,
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5.3.4-2 5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA / 5.3.4 Plastic Lubricants

B. Anisotropy of thermal conductivity I thermophysical properties of these lubricants sub-
stantially are altered. In particular, a shear-velocity-

Platelike, filamentous, needlelike, rodliie and, striplike
elements contained in lubricants are oriented in the
shear flow. In this case, both the rheological  and

depend&t anisotropy of thermal conductivity arises.
Quantitative estimates are presented in Table 2.

Nomenclature for Section 5.3.4 appears at the beginning of Part 5. References appear at the end of Section 5.3.8.
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5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA 5.3.5-l

5.3.5
Lubricant-cooling liquids

Z. P. Shulman

A. Oil lubricantcooling liquids

The effect of sulfur, chloride, and phosphorus additives
on the thermophysical properties of these lubricants is
studied in [23, 311.  Temperature dependencies are
governed by Eq. 5.3.3(7). The additives (up to 20%) are
shown to affect inconsiderably (by no more than 12%)
thermophysical properties.

I etc.). The following empirical formulas are known:
Fillippov�s [28]  formula is

x = AlXl + Azxz - 0.72(X1 - X2)x1x2

and Missenard�s [29]  formula is

(1)

X=hl l-z2
[

1 - Al/X2

1 - zi��(1  - Al/h,) 1 (2)

B. Aqueous lubricantcooling liquids

In calculations these are usually considered as binary
solutions: water + concentrate (emulsol, synthetic oil,

Indices 1 and 2 denote water and concentrate (emulsol
and oil), respectively; x1 and x2 are mass fractions of
water and concentrate; z1 and z2 are volumetric
fractions.

Table 1 Properties of aqueous lubricant-cooled liquids�

Volumetric
LCLS Country content of

Number (oil, emulsol) or firm emulsol (oil), % h, W/m K K, ma /s

1 UCON H-660 Union Carbide 100 0.257-0.261 (0.91-0.95)  x lo-�
Chemicals

UCON H-660 + H,O Union Carbide O-100
Chemicals

A = hH,O(;:;;;O) K = K�2�(2;l;~;;.7)

2 BM-2 U.S.S.R. 100 0.355-0.423 (0.87497) X lo-�

B I(-2+H,O U.S.S.R. O-100 A = hH,0(2.f;  ::;.8) K = KHzO($ :45)

3 Hoes l/449 BDR 15 0.194-0.184 (0.87-0.77) X lo-�

Hoes l/449 + H,O BDR o-15 A = h%O(lf9::;:.1) K = KW�(;; :�;:.,)
�Temperature range is 293-353 K. From Novichenok [31].
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5.3.5-2 5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA / Lubricant-cooling Liquids

Filippov�s formula, Eq. (l), gives the smallest error
(up to 10%) for �oil in water� emulsions and synthetic
oil solutions.

C. Concentration-temperature dependencies

Empirical formulas are suggested to express the char-
acteristics of lubricant-cooled liquids (LCLs)  in terms of

the known water properties and volumetric emulsol (oil)
fractions at a given concentration temperature [31].
These formulas are specified in Table 1. As compared to
experiment, the calculation error does not exceed 5.5%
for thermal conductivity and 7.2% for thermal dif-
fusivity.

Nomenclature for Section 5.3.5 appears at the beginning of Part 5. References appear at the end of Section 5.3.8.
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5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA 5.3.6-l

53.6
Polymers

Z. P. Shulman

A. General statements u2 ++p& (1)
In this section, the following abbreviations are used:
polyvinylacetate @�VA),  polystyrene (PS), polymethyl-
methacrylate (PMMA), polyethylene (PE),  polyamide
(PA), polyvinylchloride (PVC), polypropylene (PP),
polyisobutylene (PIB), and polycarbonate (PC). Poly-
mers form a class of high-molecular compounds with a
linear (chain) structure of molecules. The molecular
structure may be amorphous (PS,  PMMA, etc.) or more
or less ordered (crystalline) (PA, PE, etc.). Polymers may
be grouped in three states:

Here u =p-� is the specific volume, i the universal gas
constant, p the pressure, n the internal (van der Waals)
pressure, and M the molecular mass of the structural unit
of a polymer chain. The values of the constants for
several polymers are given in Table 1.

At atmospheric pressure (n >> p), the state equation
can be simplified to

(2)

State I: elastorigid (glassy) (PMMA,  PS, PVC) For slow (equilibrium) expansion I& = 22 GN/m� and
State II: soft (highly elastic) with large reversible for very fast (nonequilibrium) expansion kn = 32

deformation (rubbers and resins) GN/m2 [32].  When I@ is constant, this implies a sharp
State III: plastoviscous (viscofluidity) with irrevers-

ible stress deformation (noncured resins).
increase in the internal pressure at a transition from
equilibrium to nonequilibrium conditions.

At different temperatures and depending on the rate
of deformation, the same polymer can be in each of
three states without changing its chemical structure. The
boundaries of the states are specified by glass transition
temperature Tg and melting temperature TM. Wide-
spread thermoplasts are rigid at room temperature and
fluid at high temperatures. These properties simplify the
production of workpieces by casting, stamping, and
extrusion. The high elastic state is implemented in the
intermediate range T, < T < TM.

For compressibility,

Table 1 State equation parameter8

Material 3, kg/m01 TT,  N/m� b, dm3/kg

The above specific features of polymers sub-
stantially affect their thermophysical properties. The
data for amorphous polymers can be satisfied with the
state equation [32]  :

PS
PMMA
Ethylcellulose
Cellulose

acetobutyrate
PE

104 180 0.822
100 210 0.734
60.5 230 0.720

54.4 280 0.688
28.1 320 0.875

�From McKelvey [ 301.

0 1983 Hemisphere Publishing Corporation

Ku4

.� , .- .I . ..- .-.- - I .^__  .__ ,. ..e-.-.- .- ..--. ,, ,. ._, I_ v-r�� .^_ .



5.3.6-2 5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA / 5.3.6 Polymers

and thermal expansion,

the following relationships are suggested:

0-l =(n+p)�(g.  +-ii) (3)

(4)

B. Heat capacity

Heat capacity specifies the mobility of the recurring
elements of a macromolecule with phase (crystallization,
melting) or physical (glassy) transitions. As a rule, glassy
polymers obey the linear function ~~(0. A positive
jump Acp = 11.3-12.2 J/mol K is observed near Tg.
Empirical relationships Acp  Tg = 115 kJ/kg and AK Tg =
0.113 [32] are very useful. With crystalline polymer
melting, cp strongly increases and then sharply decreases
to a value that still exceeds the heat capacity of the solid
polymer. For the melts, the linear relationship is valid:

‘+ = CpJ,,,,K  +  2 . 1  1 +J T
( ->

(9

1.35
PE high-
prassure-

Figure 1 Thermal conductivity and specific volume of some
polymers vs. temperature.

(/ I I I I I
2.4 2.7 30 33 3.6 3.9

1135

lg M

Figure 2 Molecular mass effect on thermophysical properties
of polyorganosiloxanes.

k and & are the total mass and mass of the side groups
of the recurring chain of a macromolecule, respectively.

Thus, the heat capacity of melted polymers with
developed side groups (PP, PS, etc.) increases much
faster with heating against the linear polymers (PE, PA,
etc.). The heat capacity ratio for constant volume and
pressure takes the form:

T K2
CP

-cv=PP
(6)

C. Thermal conductivity

Amorphous polymers are characterized with a smeared
maximum near Tg, Fig. 1. The thermal conductivity of
crystalline polymers is much higher when in a glassy
state than in a highly elastic one. However, according to
the relationship from [33], the quantity X decreases
with heating

where A and B are constants. On approaching Tg, X first
sharply decreases and then remains constant or changes
slightly with heating.

D. Specific volume u

For amorphous polymers the plot of u(T) [33]  is of the
form of rounding-off curves. Crystalline polymers in a
glassy state obey the linear function u(T) and strong
nonlinearity in the melting region beyond which the
proportionality u - T holds. Specific volume increments
are less, the lower the degree of crystallinity  or the
higher the side group mass, Ms.
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5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA / 5.3.6 Polymers 5.3.6-3

E. Polyorganosiloxanes -150 K) and a very high boiling point (up to 900 K).
Their thermal conductivity linearly decreases with heat-

These  l iquids  [34] are  widely  used as  high-  and

low-temperature heat carriers, coolants, and consistent
lubricants having a very low melting temperature (at

ing and rises with increasing molecular mass. The reverse

is valid for heat capacity (Fig. 2).

Nomenclature for Section 5.3.6 appears at the beginning of Part 5. References appear at the end of Section 5.3.8.
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5.3.7orientymers

Z. P. Shulman

A. General statements

Polymer materials [34]  are widely used as electric,
thermal, and cooling insulators or as elements under-
going thermal effects. To estimate correctly the strength,
operating and thermal characteristics we need to allow

(a)

Draw ratio,e

Figure 1 Anisotropic thermal conductivity of some polymers
vs. degree of uniaxial draw.

for their dependence on the rheological  factor and, in
particular, for mechanical history (orientation during
production with one or another draw velocity).

The thermal conductivity of oriented polymers is a
tensor quantity which is dependent on the strain
direction relative to the heat flux vector. Figure l a
illustrates a noticeable increase in hii  along the draw
axis and a decrease in XI in the transverse direction. In
semicrystalline polymers, the orientation causes high
anisotropy of the thermal conductivity which decreases
with lower temperature. Thus, with relative draw E = 13,
All/h1  = 10 for high-density polyethylene, while at
T< 10 K this ratio is 1.5.

B. Design relations

The relationship between thermal conductivities for
isotropic (nondeformed) and oriented states of amor-
phous material is well governed by

3hc’ = Xi’ + 2X:’ (1)

The reverse proportionality between tensor components
of thermal conductivity and linear thermal expansion is
also established.

Table 1 comprises experimental and theoretical data
for most typical amorphous polymers. Semicrystalline
polymers at T> 30 K and E < 5 are well described by
the modified Maxwell model, Eq. 5.3.1(4).  The quality
of workpieces, in particular, their strength characteristic,
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5.3.7-2 5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA / 5.3.7 Oriented Polymers

Table 1 Anisotropy of oriented polymer properties”

Material
Draw degree
E, %

Thermal expansion
coefficient X lo-�, K-� Thermal conductivity, W/m K

KII Kl KO �o  talc AlI Al

PS 400 7.35 7.98 7.77 7.74
PMMA 157 5.59 8.58 7.59 7.59

275 4.07 9.30 7.56 7.59
PVC 85 4.45 7.68 6.61 6.63

165 2.44 8.63 6.57 6.63
PC 67 2.31 8.25 6.27 6.25

0.173
0.238
0.280
0.218
0.279

0.154 0.160 0.163
0.182 0.200 0.197
0.168 0.195 0.197
0.149 0.168 0.168
0.139 0.167 0.168
0.184 0.234

�From Novichenok [ 341.

is markedly improved in the case of film and fiber draw temperature, and degree of draw. Figure lb is a plot of
due to molecule orientation. The properties of manu- the thermal conductivities of eight kinds of vulcanized
factures depend on rheological  conditions: draw velocity, rubber fibers versus e.

Nomenclature for Section 5.3.7 appears at the beginning of Part 5. References appear at the end of Section 5.3.8.
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5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA 5.3.8-l

5.3.8
Effect of external electric

and magnetic fields

Z. P. Shulman

n Suspensions sensitive to external electric and mag-
netic fields [35] have a wider application in power plant
seal systems, nuclear power plants, vacuum devices, heat
exchangers, etc. The response of these suspensions to the
external field effect exhibits itself in powerful structur-
ing that noticeably changes their rheological  and thermo-
physical properties.

A. Electrorheological disperse systems

These are suspensions of dielectric particles, primarily of
silica in nonpolar, weakly electroconducting media. In
the electric field, these suspensions sharply end reversely
alter the yield stress and apparent viscosity. Most studied
are four-component systems containing both the polar
activator adsorbed on the particle surface that intensifies
structuring and the surfactant that controls suspension
consistency.

The growing electric field intensity markedly in-
creases the thermal conductivity of suspensions. With
increasing content of the activator there appears a set of
stable bridges in these suspensions, and heat transfer
occurs primarily along intimately contacting adsorptive
shells of particles. Heat conduction along the bridges is
enhanced due to decreasing thermal resistance of inter-
particle contacts [36]. Figure 1 shows the effect of
three main factors (particle concentration, activator
content, and electric field intensity) on thermal conduc-
tivity of a typical aerosil suspension in cetane. It is
found that the quantity h is twice as much as in the
electric field. The knee of the curve (c < 3%) is
attributed to electric convection. The unique specific
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Figure 1 Effect of solid phase and activator content on thermal
conductivity of electrorheological suspension.

features of electrorheological suspensions are proposed
to be useful in recuperative heat exchangers [37]  .

B. Magnetorheological suspensions (MRS)

These suspensions are formed by dispersing ferri- and
ferromagnetics (magnesite, carbonyl iron, nickel, y-iron
oxide) in highly viscous fluids. Surfactants are added as
consistency controllers. The strength of structures is
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5 . 3 . 8 - 2 5.3 PROPERTIES OF RHEOLOGICALLY COMPLEX MEDIA / 5.3.8 Electric and Magnetic Fields

specified by particle magnetization and interaction in
the external magnetic field [38].  Thermophysical prop-
erties greatly depend on suspension composition, magni-
tude and orientation of the field. Of special importance
is the reciprocal orientation of the magnetic field relative
to the heat flux.

In MRS at rest, the anisotropy of thermal conduc-
tivity is markedly pronounced, thereby increasing in
co-directional thermal and magnetic fields and de-
creasing in transverse fields (Fig, 2). This effect is
enhanced with growing magnetic field strength and can
be related to a contribution to dipole-dipole interaction
to the interparticle contact density (Fig. 2b). The data
for co-directional thermal and magnetic fields are well
correlated in terms of specific particle interaction
energy, edd =12/c  where I is the MRS magnetization
[39]  and c is the ferromagnetic concentration.

121 1 1+11111  � ���
~ o-J�-

10-j edd J/m3
I I

50 1 0 0  H.rtA/m

Figure 2 Anisotropy of magnetorheological  suspension thermal
conductivity on magnetic field.

Simultaneous action of magnetic and shear fields
markedly enhances thermal conductivity of MRS. The
authors of [39] suggest that the shear flow induces
cascade �disintegration� of aggregates. Increasing
parallel interparticle couplings substantially increase the
instantaneous area of total dynamic contacts, whose
thermal resistance is less than the one for a fmed layer,
thereby intensifying heat transfer primarily in the field
direction.

C. Ferrofluids

Ferrofluids [40]  show promise for use as high effective
heat carriers. A specific temperature dependence of
magnetization promotes good mixing even with no
gravity forces, since different forces act upon nonuni-
formly heated liquid volumes from the external mag-
netic field side. With nonuniform magnetic fields avail-
able, the gravity force can be partly or completely
compensated under the earth conditions, thus artificially
creating one or another degree of imponderability in a
nonisothermal medium.

For several coIloids  using magnesite Fe304, the
following linear relationship is valid:

A

G=1+3c

AM - xo
&$f + 2ho

(1)

hoJM = 6.27 W/m K is the thermal conductivity of the
liquid and solid phases and c is the volumetric particle
concentration. Up to c < 18% the quantity X is inde-
pendent of the magnetic field intensity within experi-
mental accuracy.

Nomenclature for Section 5.3.8 appears at the beginning of Part 5.
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5.4 PROPERTIES OF SOLIDS 5.4.0-l

54.0
Introduction

M. Schunck

W In contrast to the sections on the properties of
fluids, this section deals mainly with the materials from
which the heat exchangers themselves could be fabri-
cated and only selectively with solid materials that could
also be handled in heat exchangers, e.g., pebble heaters.
This narrows considerably the range of materials to be
treated.

For the more common materials such as metals and
alloys, graphite and silicon carbide, refractories and
glasses as well as organic polymers, most of the required
values are tabulated in the suppliers� catalogs and in the
literature. Where such knowledge is lacking (e.g., where
the tables do not cover the materials or the temperature
range of interest), the problems of predicting physical
properties begin.

The solid state is a state of much higher regularity

than that of gases and liquids. Therefore even the pre-
diction of simple properties such as density or thermal
conductivity requires the knowledge of other prop-
erties-the availability of which is far less probable
(e.g., lattice constants of the crystal) than that of the
property in question itself.

Methods of predicting physical properties on such
a basis are very interesting from a scientific point of
view, but they are obviously of no use for the engineer
who is in the course of designing heat exchanger equip-
ment. The objective of this section is therefore to pro-
vide general rules of material behavior rather than pre-
dicting exact values. The calculations in which tabulated
or estimated property values may be used are explained
in Part 2 of this handbook.
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5.4 PROPERTIES OF SOLIDS 5.4.1-1

54.1
Densofsolids

M. Schunck

H For a material with unknown density (i.e., mass per
unit volume, p, in kg/m3) rarely more than the simplest
facts will be available. Thus these have to be taken as
the basis for deriving an estimated density.

A. Metal alloys

The densities of the pure metals are related to their
places in the Periodic table but are not strictly parallel
to their atomic masses. The density of alloys can be
estimated as the composed density according to the
mass fractions of the single elements in the alloy:

1
PA = Xl /PI + x2 lP2  + X3lP3

(1)

where pi is the density of the single component and PA
the density of the alloy.

However, it has to be noted that the same alloy
often can exist in different crystal structures such as
face-centered and bodycentered cubic patterns. For
the same or nearly same composition, this results not
only in slightly different densities but also in largely
different coefficients of thermal expansion.

The coefficient of linear thermal expansion (the
fraction of elongation caused by the unit of tempera-
ture change, (Y, in m/m K) ranges from 0.02 X 10e4
(Fe + 36% Ni) to 0.26 X 10e4 m/m K (Mg) with
most values around 0.1 X low4 m/m K. CY  is generally
larger close to the melting point. In alloys, irregularities
of the coefficient of thermal expansion are to be ex-
pected.
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B. Graphite and carbon

The densities of graphite and carbon range from 1 500
to 2 000 kg/m3 depending upon the degree of regularity
and of porosity resulting from the methods of manufac-
turing. Graphite and carbon can be made impervious by
filling the pores with resins. Such an impregnation will
increase the density up to about 2 000 kg/m3. For heat
exchangers serving the temperature range up to 150°C,
these are the commonly used materials.

Within certain limitations, the carbonizing or
graphitizing process can be repeated after impregnating
in order to produce an essentially impervious or even
glassy material with a density about equal to that of
the normal impregnated material. The coefficient of
linear thermal expansion is about

a = 10-4a + 0.4 X 1O-8  T m/m K (2)

with T in �C  and where a = 0.01 for carbon, a = 0.02
for impervious carbon, and a = 0.04 for pure and
impervious graphite.

C. Refractories (oxides and silicon carbide)

Refractories consist mostly of oxides of AI, Si, Mg, Fe,
Ti, Cr, Zr, but also of Sic and ZrC. The densities of
the pore-free materials vary between about 2 600 kg/m3
(Si02)  and 3 700 kg/m3  (A1203)  to over 4 200 kg/m3
(40% Cr203)  and 4 700 kg/m3 (90% ZrG,).  The po-
rosity is normally about 25% and in insulating materials
up to 80%.

The mean coefficient of linear thermal expansion
is normally in the range 0.05 X 10-4-0.08  X low4
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5.4.1-2 5.4 PROPERTIES OF SOLIDS / 5.4.1 Density of Solids

Figure 1 Linear thermal expansion of different refractory ma-
terials as a function of temperature [ 11.

m/m K, but is sometimes about 20% greater in an inter-
mediate temperature range between 300 and 700°C.
Refractories containing MgO have higher values (0.15 X
10W4-0.20  X 10m4  m/m K) while those containing Sic
have lower values (0.04 X 10V4 m/m K). For illustra-
tion, see Fig. 1.

It must be mentioned that leaps (or steps) in the
thermal expansion of some materials are observed be-
cause of the reversible or permanent changes in the
lattice structure of the crystals that occur with high-
temperature and low-temperature modifications. SiOz
has many modifications with densities between 2 200
and 2 650 kg/m3  (see Fig. 2). Clay brick shows a shrink-
age at higher temperatures due to sintering and glassi-

2700-1

2,001
300 500 1000 1500 1700

TEMPERATURE, K

Figure 2 Change of density for different modifications of SiO,
during heating, cooling, and transformation processes. Modified
from [l].

fying of the material. This can sometimes be compen-
sated by a sufficient content of SiOz  which at the same
time will expand.

D. Organics

Organic solids that could be used in the construction of
heat exchangers, such as FTFE, have densities around
1 100 kg/m3.  The coefficient of linear thermal expan-

sion is usually around 1 X 10e4  m/m K.

Nomenclature for Section X4.1  appears at the beginning of Part 5. References appem  at the end of Section 5.4.4.
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5.4 PROPERTIES OF SOLIDS 5.4.2-1

5.4.2
Specificheatf  solids

M. Schunck

H Every solid-metallic, nonmetallic, crystalline, or
even amorphous-can be considered as a more or less
regular three-dimensional lattice of atoms. Each of them
is fured in its position by elastic forces that are functions
of the atomic distances and the properties of the neigh-
boring atoms. By far the most Important contribution to
the internal energy of a solid is the energy stored in the
thermal vibration of its atoms in the lattice. These vi-
brations of an average atom are three dimensional and
may be resolved into three independent vibrations
parallel to the three coordinate axes.

Similar to the kinetic theory of gases, the kinetic
theory of solids assigns to each component the energy

E T
- = kT
z

joules per average atom

where k/z = k is the Boltzmann atomic constant with
the value 1.380 X 1O-23 J/K per single atom. (In gases
the energy assigned to each degree of freedom is kT/2
due to the absence of elastic forces.)

_ & consequence, a solid with the mass M, containing
ML/Mat  atoms, should have the internal energy content

uM=3i!fkT=3+!f  J
at at

(1)
The internal energy content per unit of atomic mass,
iiat, is then

iiat = ukat = 3i?T (2)
At constant volume, all added heat will increase the
internal energy, and thus the specific heat at constant
volume per unit of atomic mass, ZUat, should be

= 3E = 24.95 J/atom K

0 1983 Hemisphere I

For calculating cp from c, the work of thermal expan-
sion of the solid has to be taken into account:

cp =c, += J/kgK
K

This expression is in analogy with the similar expression
for ideal gases:

where av/aT  = pv
P represents @/K)T
fl is the volumetric thermal expansivity = l/

v(av/aT),  in K-l
K is the compressibility = 1 /u(au/ap),  in m2 /N
v is the specific volume in m3 /kg

Since it is very unlikely that /3 and K are known for
a solid with unknown specific heat, this formula can
serve to provide a better understanding only. Depending
mostly upon the compressibility, the specific heat
capacity at constant pressure for most solids is in the
range of about O-15%  higher than that at constant
volume. This is in good agreement with the Dulong-
Petit law, first published in 1819. Dulong and Petit had
discovered that the atomic heat of many solids were
about the same, with an average value of about Spat =
26.7 J/atom K.

The Dulong-Petit law, simple as it is, applies only
in the range above room temperature with exceptions
even there. At lower temperature the specific heat of
solids decreases rapidly. This is illustrated in Fig. 1
which shows atomic heats at constant volume for some
materials in a temperature range from 0 to 400 K.
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5.4.2-2 5.4 PROPERTIES OF SOLIDS / 5.4.2 Specific Heat of Solids

25

0
0 I+0 80 120 160200240280320360L00

TEMPERATURE, K

Figure 1 Atomic heats at constant volume as a function of
temperature. From Worthing [2].

TlQ

Improvements in the theory were made by Einstein
who introduced Planck�s constant h = 6.625 X lo-% J s
and a characteristic frequency v in s-l , replacing kT in
Eq. (1) by the expression hv/(ehV’kT  - l), which be-
comes equal to kT in the higher-temperature range but
approaches zero together with temperature.

Figure 2 Atomic heat at constant volume, according to Debye�s
theory, as a function of T/Q where 0 is the Debye temperature.
Simplified from Schroedinger [4].

At low temperatures, Einstein�s method gave too
low specific heats, but its relative success proved that
the quantum theory also applies to lattice waves. In
consequence, there is a quantum of energy for a lattice
wave, now named a phonon in analogy to the photon
which is the quantum of energy of an electromagnetic
wave.

For low temperatures, approximately up to T = 0.1
0 (sometimes only up to T = 0.02 O), c, rises as T3
(“T’ law�). The Debye  temperatures for some materials
are given in Table 1. The rule seems to be valid also for
alloys and chemical compounds. Deviations of normally
+lO%  for c, and of +15%  for cp are to be expected, but
there are some materials for which the deviations are
much greater, e.g., Li.

Debye improved Einstein�s theory by a more
elaborate method. He also employed the quantum value
of vibrational energy-the phonon-but as degrees of
freedom he defined the possible number of standing-
wave trains per unit volume and frequency. The theo-
retical deduction is beyond the scope of this book (see
Kittel [3]),  however, Debye�s  theory results in a diagram
&at versus a dimensionless temperature,  T/O, with 0
representing the Debye temperature, which is in very
good agreement with experimental values of ZUat  for
various materials. (See Fig. 2.)

Debye�s  theory considers only the most important
contribution to the specific heat of solids, that of the
lattice vibrations. However, there are many other phe-
nomena that may cause a solid to absorb additional
heat, e.g., the changes in modification of a crystal or
other changes in the atomic structure (order-disorder
phenomena).

Table 1 Debye  temperatures 0 for some materials’

Metal 0 I Metal 0

There are methods of calculating 0 from other
material properties, but the basic values for these will
rarely be available. For the present purpose it is there-
fore recommended that 0 be obtained by the rule

I% 88
Hg 9 1
Cd 168
Na 172
& 215
Ca 226
Zn 235
cu 315

0 = 3T,,, =From Schroedinger [4].

where To., is the temperature where �E;,  is 70% of its
final value or ZU at = 17.5 J/atom K.

Al
Fe
Other

KBr
KC1
NaCl
C

398
4.53

177
230
281

1860

Nomenclature for Section 5.4.2 appears  at the beginning of Part 5. References appear at the end of Section 54.4.
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5.4 PROPERTIES OF SOLIDS 5.4.3-l

5.4.3
Thermal conductivity of solids

M. Schunck

n Thermal conductivity is defined as the ratio of the
flux of thermal energy in a given direction to the tem-
perature gradient in the same direction:

L
A = aTId

W/m K

where 4 is the flux of thermal energy in W/m�.  This is,
of course, also true for a fluid as long as no convective
heat transport has to be considered. In a gas, the kinetic
theory of gases provides an easy explanation for the
thermal conductivity X, relating it to the heat capacity
per unit volume of the gas cP, the average particle
velocity u, and the mean free path I:

h = &lz (2)

In solids, as in gases and liquids, the thermal energy
is mainly stored in the motional  energy of the atoms,
but in solids they are fured to their respective positions
within the lattice by elastic forces. Explaining thermal
conductivity is therefore explaining the different kinds
of interaction by which the lattice vibrations are trans-
mitted throughout a crystalline or amorphous solid
when the equilibrium is distorted by a temperature
gradient.

At moderate temperatures, i.e., up to about 1 000
K, there are mainly two possible vehicles for the trans-
port of heat through a solid body:

1. The elastic forces in the lattice which cause the
atoms to arrange their vibrations in trains of standing
waves. The quantum of energy of such a standing wave
is called a phonon. Since an otherwise undisturbed
lattice wave travels through a regular lattice without

change of momentum, the phonons can be treated much
like particles.

2. Free electrons which as �electron gas� circulate
between the atoms, picking up energy in collisions  with
vibrating atoms and delivering energy to other vibrating
atoms. Free electrons are present in electric conductors
(metals, graphite, silicon carbide) and, to some degree,
in semiconductors.

In the temperature range above about 1 000 K,
enough photons are stimulated to take part in the trans-
port of heat, especially in materials transparent to infra-
red radiation. The photons are also to be considered as
particles, and the contribution of each of the three types
of carriers to the thermal conductivity would then be

hi = ?jCiViIi (3)

Since there are no elementary means of calculating the
mean free path I for the different types of carriers, the
above relationship can be used in a very general way
only.

For further discussion, the solid materials will be
divided into electrical conductors, electrical noncon-
ductors or insulators, and semiconductors.

A. Thermal conductivity of electrical insulators

In electrical insulators (e.g., refractory materials such as
SiOz,  A1203,  etc.) up to about 1 000 K, phonons are
the only carriers of thermal energy. At low temperatures
(say below 30 K) they are nearly independent of each
other. This means that their average free path is only
limited by irregularities of the crystalline structure. In
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5 . 4 . 3 - 2 5.4 PROPERTIES OF SOLIDS / 5.4.3 Thermal Conductivity of Solids

a high-purity single crystal the mean free path in this
temperature range can reach a few millimeters, but even
the presence of different isotopes can scatter the pho-
nons or limit their free path.

As long as the mean free path of the phonons is a
function of the configuration of the crystal, 1 can be
considered a constant. The velocity of sound, v, is essen-
tially independent of temperature, and thus the conduc-
tivity

x=&d

will vary with the specific heat c, which in this range
varies as T3 according to Debye�s  theory. More-regular
crystals will show higher values of A than less-regular
ones, and in glasses X will be much lower than in any
crystal.

With increasing temperature the mean free path of
the phonons will be limited more and more by collisions
with other phonons. These interactions between pho-
nons and phonons, according to Peierls [5] can be
classified as �normal� processes (which do not give rise
to thermal resistance) and Umklapp (reversing) processes
in which momentum is lost. The probability of the
occurrence of Umklapp processes rises as T, thus de-
creasing the mean free path and the thermal conductivity
as T-�.

With increasing importance of phonon-phonon
interactions at higher temperatures, the effect of crystal
regularity on the thermal conductivity decreases. At
about 1 000 K the thermal conductivity of a very regular
crystal and of a glass are in the same order of magnitude.
On the other hand, the very disordered crystal structure
of a glass will result in comparatively very short mean
free paths even at low temperatures, and in a wide range
of temperature h will therefore vary as c, i.e., increase
approximately according to Debye�s  theory (see Sec.
5.4.2).

At temperatures of about 1 000 K the thermal con-
ductivity of ceramic materials in their nonporous body
is in the order of magnitude of 2 W/m K, glasses gener-
ally somewhat lower. Apparently the lighter elements
in the compounds are more favorable to a high thermal
conductivity than the heavier ones.

At temperatures above 1 700 K the transport of
heat due to internal radiation becomes important,
especially in refractories containing a large amount of
glassy matter. The thermal conductivities of some non-
porous refractory materials are shown in Fig. 1.

Very often the thermal conductivity of refractory
material is reduced by a certain degree of porosity-the
effect of which is mainly determined by the distribution
and shape of the pores in the solid body and by the
thermal conductivity of the gas in the pores. As a rough
rule, a 1% increase in porosity will increase the thermal
resistance (A-�) by about 5%. This rule is valid up to a
porosity of about 60%,  and for a temperature up to

0 LOO BOO 1200 1600 2000
TEMPERATURE, K

Figure 1 Thermal conductivities of some (nonporous) oxidic
materials as functions of temperature. From Kingery [6].

about 1 200 K. At higher temperatures the radiative
heat transfer through the pores becomes important,
contributing an apparent thermal conductivity that
varies as T3. At temperatures above 1 700 K an increase
in porosity will therefore cause an increase of thermal
conductivity.

Hydrogen and helium have much greater thermal
conductivities than all other gases. Their presence in the
pores will therefore markedly increase the thermal con-
ductivity of a porous refractory material. The effect of
gas convection in the pores increases with the size of the
single pore and with the pressure of the gas. It should
also be noted that any condensation and vaporization
within the pores of an otherwise insulating material wilI
considerably contribute to the transmission of heat.

B. Thermal conductivity of electrical
conductors

In metal lattices, the valence electrons can circulate
more or less freely among the atoms, thus being able to
transmit electric charge, i.e., to produce electrical con-
ductivity. Their mean free path is limited at very low
temperatures mainly by impurities and irregularities of
the lattice. At higher temperatures the interactions
between electrons and vibrations of the atoms-
phonons-also become more and more important. In
very pure crystals, this effect begins at very low tem-
peratures. Metal alloys, due to their less-regular lattice,
show a much lower electrical conductivity at low tem-
peratures than pure metals do. So the decrease due to
electron-phonon interactions becomes obvious in a
higher temperature range only. The change of electrical
conductivity between room temperature and the tem-
perature of liquid helium (4 K) can vary between about
a factor of 10 000 for very pure metals and 2 in specific
alloys.

By their ability to interact with lattice vibrations,
the free electrons will pick up energy from vibrating
atoms and transmit it to other atoms, thus increasing

0 1983 Hemisphere. Publishing Corporation

tm



5.4 PROPERTIES OF SOLIDS / 5.4.3 Thermal Conductivity of Solids 5.4.3-3

their vibrational energy. On the average, this results in
a transmission of heat in the direction of the negative
temperature gradient. Due to the relatively high velocity
of the electrons and their relatively large mean free path,
their contribution to the thermal conductivity is nor-
mally much higher (5-50 times) than that of the pho-
nons, in spite of their very small contribution to the
specific heat.

The exchange of energy between phonons and
electrons is subject to quantum effects which allow the
number of electrons participating in the exchange of
energy with phonons increase as T. Even at room tem-
perature only about 1% of the free electrons of a metal
are engaged in the transport of heat. Therefore, at very
low temperatures (up to 15 or 30 K) where the electron
free path is only limited by lattice imperfections, the
thermal conductivity of metals varies as temperature,
whereas in the same temperature range the electrical
conductivity varies as T-’ . The state of electrical super-
conductivity is not accompanied, for a similar reason,
by an infinite thermal conductivity because the fraction
of electrons participating in the superconduction no
longer contributes to the thermal conductivity.

At higher temperatures the number of electrons
contributing to the transport of thermal energy con-
tinues to rise as T, but at the same time their mean free
path decreases by phonon-electron interactions. The
first phenomenon will dominate over the whole tempera-
ture range in metals that start out with a high density
of lattice imperfections, thus resulting in a permanent
rise of thermal conductivity with increasing temperature.
On the contrary, in pure metals the thermal conductivity
reaches a maximum at the temperature of commence-
ment of phonon-electron interactions followed by a
decrease of thermal conductivity over the rest of the
temperature range (see Sec. 5.5.6). For temperatures
over about 150 K the thermal conductivity X and the
electrical conductivity u are related to each other by the
Wiedemann-Franz-Lorenz law

(4)

where L is the Lorenz number = 2.45 X IO-�  W a/K2
from theoretical considerations. Practical values of L
range between 2.3 X lo-*  and 3.2 X lo-*  W a/K�.

The fact that h/T  and not X must be compared with
u is explained by the temperature dependency of the
fraction of electrons participating in the energy ex-

Table 1 Experimental valueti  of the Lorenz number
L = X/(02-)

Metal Temperature (K) LX loa

Al

MO

W

Fe

R

cu

&

Au

Pb

21.2
313.2
90.2

213.2
90.2

213.2
90.2

213.2
20.1

213.2
21.2
83.2

273.2
90.2

213.2
21.2
83.2

213.2
21.8

291.2

1.77
2.23
1.16
2.61
2.00
3.06
1.60
2.47
1.09
2.51
0.77
1.57

1.62
2.31
1.85
2.05
2.35
1.48
2.45

OFrom  D�Ans  and Lax [ 71.

change with phonons. Some values of L are tabulated
in Table 1.

C. Thermal conductivity of electrical
semiconductors

Electrical semiconductors take an intermediate position
between metals and insulators. Thus their thermal
conductivity can be estimated as the sum of their lattice
conductivity hr and their electron conductivity X,. The
latter can be calculated by the Wiedemann-Franz-
Lorenz law:

h = A, + A, = h, + LoT

with L = 2.45 X 10e8  W Q/K�.

(5)

It should be added that there is an additional effect
in semiconductors which can also contribute to the
thermal conductivity: bipolar diffusion. At sufficiently
high temperatures (above room temperature, but
markedly only over 800 K) an increasing number of
electron-hole pairs can be thermally generated. These
pairs will recombine on the average at places of lower
temperature, thus delivering their energy of generation.

Nomenclature for Section 5.4.3 appears at the beginning of Part 5. References appear at the end of Section 5.4.4.
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5.4 PROPERTIES OF SOLIDS 5.4.4-1

54.4
Emissiz solids

M. Schunck

A. General introduction

Within the limits of Plan&s quantum theory, any kind
of energy input to an atom or molecule can cause one
or more of its electrons to rise to a higher-energy state.
In returning to a lower state the electron wiIl emit a
photon-the quantum of electromagnetic radiation-the
energy of which is

Eq=hv  J (1)

where h is Planck�s quantum constant = 6.62 X lOma�
J s and v the frequency of the electromagnetic wave in
s-l.

As long as only single atoms are considered there
are a limited number of discrete states of energy, the
differences of which correspond with the frequencies of
the photons that can be emitted or absorbed. These
frequencies or spectral lines are characteristic for the
kind of atom in question.

It is also possible that a photon is absorbed with
a higher frequency than the highest frequency corre-
sponding to the differences in the energy levels of the
atom. In such a case an electron will leave the atom,
becoming a free electron; the atom is therefore ionized.
Vice versa recombination of a cation with an electron
may give rise to the emission of a photon of higher
frequency. This kind of emission has a continuous
spectrum of frequencies. Low-frequency (infrared)
photons can also be emitted or absorbed by vibrations
or rotations of dipole molecules, thus creating emission
or absorption bands.

In solids, there is a great variety of additional
interaction effects which tend to widen the spectral
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lines, make them overlap, and thus produce a more or
less continuous spectrum of radiation frequencies. The
ideal emitter of thermal radiation-the black body-has
a completely continuous spectrum. It is ideal since there
is no other body or surface which at a given temperature
will emit more radiative energy in any range of frequen-
cies than the black body. The name �black body� ori-
ginates from the fact that surfaces covered with platinum
black or with lamp black come very close to the ideal
emitter. White frost is also very �black,� except in the
visible range of wavelengths.

From experimental work and theoretical considera-
tions Stefan in 1879 and Boltzmann in 1884 concluded
that the total rate of emission from a black body is pro-
portional to the fourth power of its absolute tempera-
ture :

&, = oT4 W/m2 G-9

Where u is the Stefan-Boltzmamr  constant, 5.67 X 10m8
W/m2  K.

Planck�s efforts to find an explanation for the dis-
tribution of energy over frequency observed in the
spectrum of a black body resulted in the quantum
theory presented in 1900. He derived the following
theoretical equation for the monochromatic emissive
power of a black body as a function of wavelength:

where EM is the emissive power per unit of radiating
surface and wavelength

c is the velocity of light in vacua, 2.998 X 10�
4s
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5.4.4-2 5.4 PROPERTIES OF SOLIDS / 5.4.4 Emissivity of Solids

h is Planck�s quantum constant, 6.62 X 10ms�
J s

k~ is the Boltzmarm constant, 1.384 X 1O-23
J/K

T is the temperature of the radiating surface,
lIlK

h is wavelength = c/v, in m
Figure 1 has been obtained by solving the above

equation for several temperatures. It also illustrates
Wien�s displacement law developed in 1893. According
to this law the wavelength X, with the maximum mono-
chromatic emissive power is proportional to T-�  , or
h, T = const. It must, however, be emphasized that
Wien�s displacement law is only valid for black and
�gray� radiators. There is no real surface that reaches
100% of the theoretical black body radiation. Stefan
had used a surface covered with platinum black, but
later it was found that a hollow enclosure, externally
insulated and heated to a constant and equal tempera-
ture must act like a nearly ideal black body if thermal
radiation escapes through a comparatively small peep-
hole.

Since the curves in Fig. 1 show the absolute maxi-
mum possible thermal radiation at each temperature
and wavelength, they give the emissive power of a sur-
face with the �emissivity� of 1 (or loo%), where the
emissivlty is defined as the ratio of emissive power of a
real surface to that of the black body. The emlssivity of
real surface is in all cases less than 1. If it is the same
(say 0.6 or 60%) for all wavelengths and for all direc-
tions of space, then the surface is called a �gray surface,�
even if this property is only present in a certain tempera-
ture range.

,0°1
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Figure 1 Monochromatic emissive power of a black body radia-
tor as a function of wavelength.

WAVELENGTH h. wrn

Figure 2 Typical data for the variation of monochromatic
emissivity with wavelength.

For many technical purposes, surfaces can be
treated as gray with a sufficient accuracy. But most
surfaces deviate differently for different wavelengths
due to resonance effects similar to the radiation bands of
a gas, and also the emissivity will vary depending upon
the angle of radiation. Hence it is sometimes necessary
to define (a) total emissivity (all directions, all wave-
lengths), (b) normal  total emissivity (all wavelengths
but direction only normal to the surface), and (c) mono-
chromatic or spectral emissivity (EA  for a given wave-
length). Figure 2 shows typical data for the variation of
monochromatic emissivlty with wavelength.

The total emissive power per unit area of a surface
is therefore

/

k=O¶

E = W%b a W/m2 (4)
A=0

The interactions between thermal vibrations and pho-
tons are independent of the direction of energy transfer,
i.e., any process that can emit an electromagnetic wave
can also be reversed by absorbing the same kind of
wave. Therefore, all radiation impinging on a black body
will be absorbed by it. Real surfaces, however, will
absorb only a part of the radiation and reflect the rest
of it, the ratio between absorbed energy E, and total
impinging energy Et being defined as absorptivity
cr = E,/E,.

In 1860, Kirchhoff established the law that emis-
sivity E and absorptivity CY  at the conditions of thermal
equilibrium must be equal for any kind of surface. This
law not only illustrates the reversibility of the process
creating or absorbing radiation, but also follows from
the condition that a particle inside an isothermal radi-
ating enclosure cannot be heated by radiation to a
temperature above that of the enclosure. Once the
temperatures are equal the particle must lose as much
energy by radiation as it gains by absorption. Kirchhoff�s
law applies not only to total emissivity and absorptivity
but also to the values at given frequency and/or direc-
tion.
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The process of absorbing and emitting radiation
takes place in a more or less extended layer of matter
beneath the surface of a body. According to the
Lambert-Bouguer law, layers of equal thickness will
absorb equal fractions or percentages of the impinging
radiation. By definition, the fractional reduction of the
radiative energy transmitted through a layer of matter
with a thickness of one wavelength X, (measured in
the material) is e-4nK, where K is the absorption index.
Materials with large values of K absorb the radiation in
very thin layers; those with extremely low values of K

may even be transparent.
Large values of the absorption index K do not go

along with high absorptivities (a) or emissivities (E),
however. On the contrary, if all transmitted radiation is
absorbed in a very thin layer near the surface, then most
of the impinging radiation will not be absorbed at all
but will be reflected. This statement may appear to be
contradictory, but it applies to all kinds of waves and
can be verified most easily with mechanical models.

In 1860, Lambert stated that the rate of emission
from a radiating surface often varies as cos r9 if 9 is the
angle of emission, i.e., the angle between the normal to
the radiating surface and the considered pencil of radia-
tion. If the radiating surface is thought of as the plane
of a hole in a radiating hollow enclosure, then Lambert�s
cosine law is immediately obvious, since the projection
of the radiating surface on a plane perpendicular to the
direction of radiation will decrease as cos 9. Thus a
radiating piece of tube of uniform temperature with
a surface obeying the Lambert cosine law would look
like a radiating rectangle or slot. For illustration see
Fig. 3.

In other words, Lambert�s cosine law states that the
rate of radiation from a surface in a given direction per
unit of the solid angle and per unit of the projection of
the surface on a plane normal to the pencil of radiation
(instead of the unit area of the surface itself) is a con-
stant. It is defined as the �intensity� of radiation, and
with this definition the polar diagram for the distribu-

Figure 3 Demonstration of Lambert’s cosine law with the con-
ditions at a radiating slot.

“GRAY” eO.6 “BLACK” ~=l

1.0 0.8 0.6 0.4 02 0 0.2 04 0.6 0.8

80°

-E(P-
Figure 4 Directional distribution of the emissivity of gray and
black Lambert  radiators.

tion of intensity over the angle of radiation is a semi-
circle for a Lambert radiator.

With the intensity of black body radiation at a given
temperature taken as unity, the directional distribution
of the emissivities of all real surfaces must be curves
within this semicircle where gray Lambert  radiators are
represented by parallel semicircles. See Fig. 4. The
intensity of radiation defined above will also not change
with distance, since the unit of the solid angle is inde-
pendent of distance. However, the definition applies
also if the solid angle is subtended at the observer�s
eye. In this case, the solid angle decreases reciprocal to
the square of the distance in the same way as the flux of
radiation, and the ratio of flux to solid angle again re-
mains constant. This explains the fact that two equal
radiators of equal temperature but in different distances
appear to the observer as equal in color and brightness.
The same is true for all optical images of a radiator
which could be produced with lenses or mirrors.

For the radiation impinging on a partially reflecting
surface (e.g., a gray one), the directional distribution
of the reflected fraction can vary depending upon the
structure of the surface. If the roughness is very small
the surface will be a specular reflector. With increasing
roughness the reflected radiation will become more and
more diffuse but will still have a specular component.
This will apply as long as the surface irregularities have
small slopes such that in large measure the reflected
beams do not hit the surface again. With increasing
slopes, the surface irregularities convert into cavities
where multiple reflections can take place. This leads to
a higher absorptivity and, in consequence, to a higher
emissivity of the surface.

B. Emissivity of metals-electrical conductors

As a result mainly of the strong interactions between
photons and free electrons, the infrared absorption
index of electrical conductors is very high; i.e., only a
very thin layer under the surface of a conducting body
participates in the exchange of radiation with the sur-
roundings. Accordingly, the reflectivity is high, and the
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emissivity (which is equal to the absorptivity) is low.
(The high absorption index goes along with low absorp-
tivity , see above .)

For wavelengths over 3 p (3 X 10e6  m), the
monochromatic emissivity values are generally lower
than 0.2 and decrease with increasing wavelength. In
the visible range and in the near infrared the relation-
ships become quite complicated. Many metals show a
sudden rise of emissivity/absorptivity  much like absorp-
tion bands in fluids. In this range, no simple and reliable
rules for estimating the emissivity exist, except for
judging the appearance in regard to its reflectivity
p=l-e=l--cw.

Typical emissivities are:

polished silver 0.02
polished aluminum 0.05
polished iron 0.1
bright cast iron 0.2
aluminum paint 0.3

Up to temperatures of about 900 K, where essentially
no radiation in the visible range is emitted, the total
normal emissivity of metals, el, can be related to the
specific electrical resistivity, po, by the following equa-
tion:

el = 0.35Tp:.’ (5)

with Tin kelvin and p. in !E? m.
Since only the layer immediately below the physical

surface emits and absorbs radiation, the surface condi-
tions have a great influence on the radiative properties
of electrical conductors. Even very thin oxide layers
change the visual appearance of surfaces, and thus
affect the emissivity/absorptivity.  They generally give
rise to a higher emissivity.

Since the emissivity/absorptivity  is related to wave-
length, the total absorptivity depends on the spectral
distribution of the impinging radiation, being greater
for shorter wavelengths, i.e., for higher temperatures
of the radiation emitter. The total normal absorptivity
al(Te,b,  Ta,,)  of an electrical conductor at tempera-
ture Ta,,, absorbing radiation from a black emitter
at temperature Te,b is often calculated at the geometric
mean temperature Tm given by:

Tgm = (Te,b  X Ta,,)�.s (6)

The directional distribution of the emissivity/
absorptivity of metals and electrical conductors deviates
strongly from that of a Lambert  radiator since the
emissivity is small in the normal direction but increases
rapidly with increasing angle of radiation, 6, for 8 values
greater than 40�.  This effect goes along with increasing
polarization of the emitted radiation. At an angle 9
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Fiire 5 Directional distribution of the emissivity/absorptivity
of metallic radiators. From Schmidt (81.

close to 90�,  one could thus expect an emissivity of
about E = 0.5. See Fig. 5.

Therefore, the reflectivity p = I - E = 1 -a! of a
metal decreases with increasing angle of incidence, and
it is the difference in the directional distribution of the
reflectivity which enables us to see a difference, even in
diffuse illumination, between a rod of polished metal
and a rod painted white.

Very thin layers or sheets of metal (thickness on the
order of magnitude of one wavelength) show a marked
decrease in reflectivity, caused by a decrease in the
absorption index. In consequence, they begin to become
transparent at much larger thicknesses than could be
expected in regard to their absorption index observed
otherwise.

C. Emissivity of electrical nonconductors

Because of a lack of free electrons, electrically noncon-
ducting materials have low absorption indexes K (see
Sec. A). The interaction between thermal vibrations
and radiation is mostly effected by electric dipoles
unless, at higher frequencies (i.e., shorter wavelengths)
electrons in the atoms can be stimulated. Accordingly,
these materials have large emissivities in the infrared
above h = 2-3 /.nu [(2-3) X low6  m)] , sometimes only
above X = 10 cun (MgO). See Fig. 6.

Ion crystals like NaCl show optically  active vibra-
tions of the anion lattice and the cation lattice relative
to each other in the medium and far infrared. These
cause bands of �metallic� reflectivity in the respective
frequency ranges. Oxides also show marked bands of

W’cJ7
: 0 . 6
- 0.5

� � � � � � �
5 6 7 8 9 l0 11 12

WAVELENGTH A. wm

Figure 6 Monochromatic normal emissivity of electrical non-
conductors as a function of wavelength. From Sieber (91.
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reflectivity in the near infrared for the dual-atom light
oxides MgO,  CaO, and BaO.  For the heavier molecules,
such as &OS, these bands are in the medium and far
infrared and are thus much less important for thermal
radiation.

In the visible range, and in the near infrared, the
emissivities of insulators vary widely (like that of metals)
and can best be estimated from their visual appearance.
The radiative properties of insulators are also dependent
of temperature. The electron levels are all fully occupied
and therefore unable to absorb or emit energy at normal
temperatures. At sufficiently high temperatures, how-
ever, the electrons are stimulated to jump to higher
energy levels, thus providing an electron gas (i.e., free
electrons) that has the ability to emit and absorb radia-
tion with a continuous spectrum in the visible and
ultraviolet range.

Generally, with increasing temperature the absorp-
tion/emission bands of oxides become wider, and their
maxima change to longer wavelengths. Many of them do
not show a red or yellow heat when they are heated up,
but not too far from the melting point they begin to
emit a nearly white radiation with an intensity not much
inferior to that of a black body.

A similar effect is known from the Auer incan-
descent mantle for gas lighting. This mixture of thorium
oxide and cerium oxide has a very small emissivity in
the infrared but a large one in the visible range. Thus, at
a given heat input, it does not loose much energy by
infrared radiation and therefore reaches a higher tem-
perature with accordingly higher emission in the visible
range. Even small contents of the dark oxide Fe203 in
light oxides such as A1203  will increase the emissivityl
absorptivity considerably.

If a surface receives radiation from a source of
higher temperature, the transmitted energy depends on
the monochromatic absorptivity of the colder surface
and on the monochromatic emissivity of the source.
If the source is a black radiator and the receiving surface
is at a constant temperature, then an apparent absorp-
tivity of the surface for radiation of varying temperature
can be given. See Fig. 7.

Of course, the receiving surface also emits radiation
corresponding with its temperature and monochromatic
emissivity. This is one reason why tanks are often
painted white: the white paint has a low emissivityl
absorptivity in the visible range of wavelengths, where
the maximum energy is transmitted from the sun. But
in the infrared, the white paint is nearly equivalent to
a black radiator and is therefore able to emit a maximum
of energy in the range of wavelengths typical for its
actual temperature. Thus, the heating up of a tank due
to sunshine is minimized.

The directional distribution of the emissivityl
absorptivity of insulators is very different from that of
conductors, being much more like that of a Lambert
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Figure 7 Effect of the temperature of a (black body) source
of radiation on the absorptivity of various surfaces at ambient
temperature. From Sieber [9].

radiator. Again, however, the effect of polarization
causes a decrease to zero of the emissivity for angles
of emission approaching 90�. See Fig. 8. As the figure
indicates, the ratio between total and normal emissivity,
Q/E,,  is in the range 0.93-0.98.

In transparent matter, e.g., glasses, the impinging
radiation is partially reflected, partially transmitted, and
partially absorbed. The absorption is then defined by
the Lambert-Bouguer absorption index K (see Sec. A) or
by the Lambert-Beer absorption coefficient 6 which is
defined by

E(x) = E(O) -crr (7)

where E(0) is the energy of radiation entering the sur-
face (x = 0) unreflected, and x is the coordinate of
thickness in the penetrated layer. & is usually given in
cm-�, and it is related to K(X)  for a given wavelength
hby

(If 6 is given in cm-�, then X must be given in cm also.)
In Fig. 9 an example is shown. A value of a! = 0.1 means

0 -GLASS
E -CLAY
F -COPPER OXIOE
G -WET ICE

Figure 8 Directional distribution of the emissivity/absorptivity
of electrically nonconducting radiators. From Schmidt [ 81.
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Figure 9 Monochromatic absorption of window glass as func-
tions of wavelength at different temperatures. From Pepperhoff
[lOI.

that a sheet of window glass with a thickness off in. =
0.635 cm will transmit 93.8% of the entering radiation.

D. Emissivity of scattering absorbing materials

In refractories and similar materials, the emissivity is not
only a function of the kind of material but also of the
grain size, this influence being more important in ma-
terials with larger values of emissivity. See Fig. 10. Pro-
ceeding from a transparent, single crystal to a material
with finer and finer grain, first the emissivity/absorptivity
increases with decreasing transparency. Next, as the
grain becomes still finer, the reflectivity will increase
with the emissivity/absorptivity now decreasing accord-
ingly. In other words, the Lambert-Bouguer absorption
index K increases with the internal surface area.

In the light oxides (MgO,  AlZ03),  the grain size is
also important for the influence of temperature on
emissivity-the influence being greater with larger grain
size and vanishing at grain sizes below about 3 p.

If single particles are suspended in a gas or in a
transparent medium, then the impinging radiation will
be scattered and lose energy with much the same effect
as by absorption. The Lambert-Beer absorption coeffi-
cient can then be replaced by an extinction coefficient 7.
The decrease of the radiation in its original direction
will then be

dE=+
dx (9)

” 0.6c

TEMPERATURE, K
Figure 10 Influence of temperature and grain size on the total
emissivity of refractory materials. From Pepperhoff [lo].

or

E(x) = E(0)eeTX (10)

As long as the center-to-center distances between the
particles are more than 3-4 radii, the extinction coeff-
cient T is determined by the sum of the individual
particle contributions.

For particle diameters larger than about two wave-
lengths, the single particles act as independent emitters/
absorbers with the sum of their cross sections per unit
volume. Very small particles with diameters below one-
quarter of a wavelength will cause an extinction coeffi-
cient that is proportional to the total particle volume per
unit volume and inversely proportional to wavelength.

If a surface is covered with pigments, the shape of
the pigment particles must be considered. Flat-pigment
particles are in most cases oriented parallel to the sur-
face during the process of application or curing of the
coating. This phenomenon can greatly increase the
reflectivity if the pigment is reflecting, and vice versa.

Nomenclature for Section 5.4.4 appears at the beginning of Part 5.
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54.5
Elastic properties

S. F. Pugh

A. Introduction

Solids deform when subjected to stresses. The strain is
defined as the degree of distortion per unit length, e.g.,
the change in length per unit length of a wire when
subjected to a tensile stress. The stress is defined as the
applied force per unit area. A material is said to show
perfectly elastic behavior when the stress-strain relation-
ship is perfectly reversible. Furthermore if the strain is
proportional to the applied stress then the behavior is
known as linear elastic. Most engineering materials show
approximately linear elastic behavior up to the onset
of plastic deformation. Such behavior was originally
described by Hooke and is therefore sometimes known
as Hookean.

An important part of mechanical engineering design
involves the computation of the distribution of strains
in a structure when subject to the stresses imposed in
service. Stresses may be imposed by fluid pressure or
by fluid motion and also by nonuniform thermal expan-
sion during changes in temperature. Elastic properties
are traditionally regarded as being non-structure sensitive
but there is one important aspect in which this is not
true. The individual grains or crystals of metals are
elastically anisotropic. Thus the elastic constants are a
function of the orientation of the grain with respect to
the orientation of the imposed stresses. The process of
manufacture of components tends to introduce a certain
degree of preferred orientation of the individual grains
composing the structure and thus to introduce elastic
anisotropy. It is probable that the existence of various
degrees of preferred orientation in test specimens has
led to the rather wide scatter in data for the elastic
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properties of metals and alloys. Because this scatter can
introduce errors of as much as 20% in some cases in
computing strains, the subject is dealt with in depth in
this section. Table 5.5.8(3) should be regarded only as
an example of the type of information in the literature.
There is no reason to suppose, for example, that steels
with 59% chromium should differ significantly in
Young�s modulus from those containing slightly smaller
or larger amounts of chromium as shown in that table.

Design codes require that stresses are less than the
yield stress in a range in which structural materials are
assumed to show linear elastic behavior. The behavior
of real materials, however, is only approximately elastic
so that on loading and unloading below the yield stress
a narrow hysteresis loop is generated. For this reason
materials have a nonzero damping capacity. The extent
of the departure from elastic behavior becomes greater
as the stress increases. Increases in the duration of load-
ing and rise in temperature usually cause increased
departure from elastic behavior. For many design pur-
poses, perfect linear elastic behavior is assumed. The
finer points of stress-strain behavior are included in this
section since they could become very important. For
example, the damping capacity of a heat exchanger
tube might increase by an order of magnitude when the
tube is pressurized. Similarly the elastic constants and
damping capacity show significant changes when the
temperature is increased in service, causing discrepancies
between the behavior during testing cold and unpres-
surized and in service.

The present section therefore not only describes
and defines the various ideal linear elastic moduli that
are used in elementary engineering design but also indi-
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cates  the major sources of error that can arise when the
elastic behavior of real materials is not understood. The
application of elastic properties in design and analytical
procedures is discussed in Part 4 and includes calculation
of stress-strain distributions in complex structures,
linear elastic fracture mechanics, and vibration studies.

B. Static and dynamic properties

Since the velocity of sound is not infinite in metals, the
sudden application of a stress causes initially only a
local response. The stress must be maintained for a time
that is long compared with the time for the stress wave
to travel throughout the specimen and for the vibrations
to die out before the external strain becomes steady in
a perfectly elastic solid. Where a problem specifically
involves the rapid application of stress for short times or
the application of rapidly alternating stresses to a per-
fectly elastic solid, the problem can be treated by con-
sidering the specimen to be divided into small elements
of volume, each sufficiently small for the stress and the
strain throughout each element of volume to be re-
garded as uniform.

It is commonly supposed that the elastic constants
of real materials are physical properties which are not
structure sensitive and therefore depend only on a
linear average of the interatomic force-interatomic
distance relationship (interatomic potentials). Inspection
of tabulated data in standard reference books indicates
that this assumption is only approximate. For example,
there is a consistent difference in the elastic properties
of materials in the annealed and in the cold worked
conditions. A significant part of the contribution to the
total strain suffered when a stress is applied arises from
time-dependent, thermally activated relaxation processes
involving movements of some atoms by one or more
interatomic distances. For a stress�hpplied in the nomi-
nally elastic range, most of the atoms would move with
respect to their neighbors by a much smaller distance-
typically less than 0.1% of the interatomic distance.

The relative contribution to the total strain of the
atoms undergoing large movement is greater at high
stresses and at elevated temperatures. The structure-
sensitive and timedependent nature of the elastic pro-
perties under such conditions becomes even more
obvious. Values for Young�s modulus of steel at 600°C
may differ by a factor -2 between quasistatic and
acoustical conditions, or between creep-resistant steel
and soft steel [ 1 ] .

All the elastic properties of a given material vary
with temperature. When a material is heated it expands
and the overall interatomic distance increases, with a
corresponding reduction in the interatomic forces. Thus,
part of the reduction in elastic mqduli is not time de-
pendent. In addition, however, the increased availability
of thermal energy at elevated temperatures increases

the number of relaxation processes that can occur, and
so there is a further increased time-dependent strain
contribution. Thus the dynamic properties change less
rapidly with temperature than the quasistatic properties.
For example, the quasistatic value of Young�s modulus
for steel drops by 50% between room temperature and
6OO�C,  while the drop is only about 25% when mea-
sured by an acoustical technique [I] .

C. The stress-strain curve

Two important types of load extension curve are illu-
strated in Figs. 1 and 2. Such curves are generated
typically by applying a gradually increasing tensile
load to a standard specimen (Fig. 3). For each applied
load the extension (elongation) of the specimen is
measured between gauge marks on the plain shank of the
specimen. The load can be converted to stress by divid-
ing by the current value of the cross section for each
load as the load increases. The extension can be con-
verted to a single value of strain only while the strain
remains uniform along and across the specimen.

A specimen is said to show elastic behavior when
for each stress state there is a unique set of strains. Thus
for example, the length of a tensile specimen showing
perfect elastic behavior is the same for a given stress
whether approached from a higher or lower stress. In
real materials the behavior can only approximate true
elastic behavior since the damping capacity inevitably
has a nonzero value, and therefore there must be some
elastic hysteresis. Above the elastic limit the unloading
curve can be distinguished experimentally from the
loading curve.

In the following definitions stress is equivalent to
intensity of stress and is the load (force) applied to unit

D

e

Fire 1 Applied tensile load L versus resulting extension e.
A-linear elastic region; B-limit of proportionality; C-0.1%
proof stress = load/cross sectional area of specimen. The broken
line is drawn parallel to A to intersect the extension axis at 0.1%
extension (strain). D-maximum load; F-point of fracture..
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L

F i r e  2 Load-extension curve for a material showing an upper
yield point G and lower yield extension H. Other labels are as
for the previous figure.

area. The dimensions of stress are the same as those of
pressure and hence in SI units are measured in pascals.
Strain is equivalent to intensity of strain and is the
displacement per unit length caused by applying a
stress. It is a dimensionless quantity.

On the load extension curves, Figs. 1 and 2, A is
the linear elastic region. In this region strain is propor-
tional to stress; i.e., the material obeys Hooke�s law.
Point B, Fig. l-the lowest stress at which departure
from a straight line can be detected-is the limit of
proportionality. Beyond B the material may still show
approximate elastic behavior. In many materials depar-
ture from linearity is gradual and therefore it is not
easy to detect the point B experimentally. For such
materials a point C, called the proof stress is defined,
where the strain exceeds that for linear elastic behavior
by an arbitrary amount such as 0.1% (0.1% proof stress).

Other types of material, particularly the ferritic
steels, show a sudden departure from linear elastic be-
havior when the stress is increased to the point G, Fig.
2, called the upper yield stress, where there is a drop in
load followed by a region of constant load, the lower
yield stress, a regime of inhomogeneous plastic strain. The
upper yield stress is increased as the duration of the ap-
plied load decreases [2]. The maximum load (point D)
divided by the original cross-sectional area of the speci-
mens is known as the ultimate tensile strength (UTS).

D. Elastic properties of isotropic materials

Young�s modulus E, also known as the tensile modulus,
the modulus of extensibility, or the elastic modulus, is

Figure 3 Standard, plain, round tensile test specimen. I is the
gauge length; A and B are gauge marks.

the tensile stress divided by the strain in the direction of
the applied stress, measured in the stress range in which
behavior is linear elastic. It is the constant of propor-
tionality in Hooke�s law and is also the slope of the
linear part of the true stress-strain curve. The dimen-
sions are the same as those for stress (pressure).

The shear modulus G, also known as the torsion
modulus or the modulus of rigidity is given by the shear
stress divided by the shear strain. A shear stress applied
to an isotropic specimen or a cubic metal causes change
in shape without change in volume. The shear stress is
taken as the magnitude of the applied force divided by
the area to which the shearing force is applied. The
strain is measured as the tangent of the angle 0 in Fig. 4.

The bulk modulus K, or modulus of compressibility,
is defined as the applied hydrostatic pressure increase
divided by the resulting proportional decrease in volume,
-dV,,‘lV. It differs entirely from the shear modulus in
that for isotropic material and for cubic metals it is a
measure of resistance to change in volume with no
change in shape.

Poisson�s ratio v is a dimensionless quantity given
by the change in lateral strain divided by the change in
longitudinal strain when a uniaxial stress is applied along
the length of a specimen. Values of u range in principle
from zero, that is, no lateral contraction when a tensile
stress is applied, up to a value of +, that is, no change in
volume when a tensile stress is applied. No metals pos-
sess the extreme values. A value of zero would imply
a highly directional chemical bonding. Beryllium does
approach this value in that v = 0.06. A value of i would
imply a material with a rigidity modulus equal to zero.
The very ductile metals such as gold, silver, and lead
have values of about 0.4. Liquids would have the values
of&

For fully isotropic materials there are only two in-
dependent parameters in this group. Given values of any
two of them, it is possible to calculate the remainder
using the relationships given below.

For the shear modulus,

G= 3K(l--2~)  E 3EK
2(1 +u) =-

=-
2(1 +u) 9K-E (1)

L-

Figure 4 Broken line indicates the new position after the shear-
ing load L is applied to the area A. The shear modulus G = L/
A tan 0.
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For Young�s modulus,

For the bulk modulus,

K=2W+d=  E EG
3(1 - 2v) 3(1 -2v)=  9G-3E

For Poisson�s ratio,

E--G 3K-E 3K-2G
v=-=6K=2G 6K+2G

(79

(3)

In materials not showing a marked yield point, just
beyond the limit of proportionality the slope of the
curve in Fig. 1 is less than the slope in the linear region.
A tangent to a true stress-strain curve would indicate
the response when small stresses are superimposed on a
large static stress. The local value of the slope is known
as the tangent modulus. It might be of some significance
in heat exchanger design.

The secant modulus is the slope of a line joining a
point on the stress-strain curve to the origin. For very
soft materials some of the low static values of Young�s
modulus that have been published are probably more
correctly described as secant moduli.

E. Elastic anisotropy

As mentioned in Sec. A, the properties of a commercial
material are determined by the combined effects of the
properties of the individual grains-individual single
crystals-of which the material is composed. The indi-
vidual grains are generally anisotropic in their elastic
properties [3],  i.e., the strain generated depends on
the orientation of the applied stress with respect to the
crystal orientation of the grain. The degree of anisotropy
varies from one group of materials to another. Also
fabrication processes including deformation and anneal-
ing stages introduce varying degrees of preferred orienta-
tion of the grains and hence the final products them-
selves may show varying degrees of elastic anisotropy.
The nature of elastic anisotropy in metals is discussed
here.

For a general single crystal of low symmetry the
complete stress tensor relates stress to strain as a func-
tion of crystal directions.

A special notation is used for single crystal elastic
constants. The three orthogonal crystal axes are repre-
sented by numbers:

x=1 y=2 2=3

The shorthand notation for the coefficients relating
stress to strain is

ll=l 22=2 33 = 3

23=4 31=5 12=6

Thus Cl1 = Cl,,, , CM = C,,, , C, = Clz12 ,etc. Hooke�s
law for the xy shear is

Q12  = G212e12

i.e.,

%y = G%y

The general form of the stress tensor in the short-
hand notation for a crystal of the lowest symmetry is

Uf = Cfjej

where i takes the values l-6 down the rows and j takes
the values 1-6  across the columns.

For single crystals of most metals the symmetry is
such that some of the coefficients are zero while others
have common values. For example, for single crystals of
a close-packed hexagonal metal such as titanium the
coefficients reduce to

-Cl1 Cl2 Cl3 0 0 0

Cl2 Cl1 Cl3 0 0 0

Cl3 Cl3 c33 0 0 0

0 0 0 c,o 0

0 0 0 0 c,o

0 0 0 0 0 c,

i.e., CM = Css, C2,  = Cir, etc. ,  and where CM =
i(Cri - C,,). The Hooke�s law equations are for hexa-
gonal metals:

ux,  = Cl1  kx + Cl2 ‘yy + Cl3 Ezz

uyy = Cl2  E, + Cl 1 Eyy + Cl3 %

oz.7 = Cl3 ex$  + Cl3 eyy + c33  f,

uyz = G4eyz %x  = G4h

uxy = c66 %y C66 = g11 - Cl21

The elastic constants are unchanged if the axes are
rotated about the hexad,  z axis, which has sixfold
symmetry. Young�s modulus takes extreme (different)
values for tension in the direction of the hexad axis and
in directions at right angles to it.

Three different shear moduli are possible:

1. CM, the mode for shear on the basal plane;
2. C, = i(C,, - C12),  the mode for prismatic

shear;
3. c* = cl1 + cl2 + 2c33  -4cl3,  a Complex  shear

corresponding to a change in axial ratio at constant
volume.

Values for the c coefficients of hexagonal metal
single crystals are quoted in Table 5.5.8(l).

The face-centered-cubic and body-centered-cubic
metal single crystals have a higher degree of symmetry.
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The c coefficients take only three different values, be-
cause the x, y, and z axes are equivalent. Thus,

Cl1 = c33 Cl2 = Cl3 c, =c,

Anisotropy of the shear modes are still possible; thus
+(Cll -Cl*)  # CM.  T h e  r a t i o  $(Cll  - C12)/C44  i s
known as the anisotropy ratio, and for isotropic ma-
terial equals unity. Some values of the c coefficients for
cubic metals are shown in Table 5.5.8(2).

If materials for structural applications consist of
a fine-grain structure in which individual crystals have
random crystal orientations a pseudomacroscopic elastic
isotropy is achieved. Working processes, such as those
involved in the drawing of tube or wire, introduce some
degree of preferred orientation and hence some elastic
anisotropy is introduced.

Since the individual grains of a polycrystalline aggre-
gate of most materials are elastically anisotropic, applica-
tion of an external stress gives rise to an internal stress
pattern. Thus the stress and strain states of the indivi-
dual grains are not the same as the macroscopic average
state of the specimen. In addition, most structural
materials contain distributed second-phase particles
having different elastic moduli from those of the matrix
phase, which give rise to further internal stresses.

F. Anelasticity-damping capacity

When a metal specimen is subjected to stress cycles,
energy is absorbed. Similarly, a single impact sets up
vibrations that gradually die away because energy is
absorbed during each cycle.

Some of the energy-absorbing processes arise from
the movement of solute atoms and crystal defects. Thus
damping is both a structure-sensitive and temperature-
sensitive property. The processes giving rise to damping
have been described in detail by Zener [4]. While many
of the processes involve a monotonic increase in damp-
ing with increase in temperature and absolute stress
level [4, 51, others show sharp peaks as a function of
temperature at constant frequency or as a function of
frequency at constant temperature [4, 61. One of the
major contributions to damping in metals involves
relaxation processes at grain boundaries. For this reason
a single crystal even of a very soft metal may have very
low damping capacity. Contributions to damping can

5.4.5-S

arise from the flow of heat evolved when a metal under-
goes elastic strain, and also from thermally activated
processes including hopping of solute atoms from one
lattice position to another, the bowing of dislocations,
and atomic movements at the grain boundary.

Damping capacity can be expressed as dE/E,  the
fraction of the maximum strain energy dissipated per
cycle; or X, the logarithmic decrement; or as tan 6 where
6 is the angle of lag between strain and stress; or as Q-�  ,
defined for oscillatory electrical circuits; or as Af/f,  the
ratio of the width of the resonance at half amplitude to
the resonant frequency. When the damping capacity is
small these quantities are all simply related as follows:

AE 1 -2nAf
- =2h=2ntan6 =2nQ-  - Gf
E

For structural materials AE/E  may range from about
10m3  to 5 X low2 but for single crystals of pure metal it
may be near lo-�.  It is not possible to make generalized
statements since the damping capacity is a function of
vibration frequency, temperature, and the absolute
stress level imposed. Typically, in structural materials
there may be an order of magnitude increase in damping
capacity of a given material between room temperature
and about 600°C. At room temperature there may be an
increase in damping capacity by an order of magnitude
when the static stress level is raised from 0 to 240 MPa
[51.

Since damping is a structure-sensitive property, the
damping capacity of a material will be a distributed
quantity. However, there are not sufficient data avail-
able, particularly at working temperatures and stresses,
to derive the appropriate statistics..

Following the fabrication of a heat exchanger, there
may be changes in the damping capacity of the structure
due to processes such as shakedown when the internal
stresses are redistributed and from aging processes in the
metal. However, the absorption of energy in materials
of construction of a heat exchanger is unlikely to make
a major contribution to the total damping from all
other sources.

Some of the energyabsorping processes during vi-
bration may give rise to cumulative changes in structure.
At the tips of flaws and other stress-concentrating fea-
tures the structural changes may constitute the first
stages in fatigue crack growth.
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5.51
Properties of saturated fluids

R. N. Maddox

W This section contains tabular information for pure saturated phase, consider the enthalpies. The liquid
component thermophysical properties. Properties are enthalpy behaves �normally� until a point approxi-
tabulated at each of 10 temperatures as evenly spaced as mately at A is reached. In the region of the critical, the
is feasible between normal boiling point and critical enthalpy increases more rapidly with temperature than
temperature. So far as possible experimental data were at lower temperature and pressure. At the critical, pre-
used in the compilation. The user should check the sumably the liquid enthalpy increases with no change
reference for each property before use as this will enable in temperature. If this seems strange, consider the vapor
him or her to ascertain whether the data were experi- enthalpy. At approximately point B, the vapor enthalpy
mentally measured or calculated from a generalized no longer increases with temperature, but actually begins
correlation. to decrease as the temperature is increased.

The properties tabulated are for the saturated vapor
and/or liquid. At low vapor pressures these values will
be essentially the same as those for the superheated
gas or subcooled liquid. However, as the critical is
approached there can be substantial deviation of the
saturated properties from those one would normally
expect to encounter. For this reason, values at satura-
tion pressures greater than approximately 7% of the
critical value should be used with extreme caution.

The behavior of the enthalpy is reflected in the spe-
cific heat capacity. For the saturated liquid, the heat
capacity in the region of the critical becomes very large,
reflecting the enthalpy  increase with little or no change

Figure 1 shows a typical pressureenthalpy diagram
for a single pure component. The critical point is indi-
cated, as are the saturated vapor and liquid lines. As the
temperature on the material is increased, the pressure
must also increase to maintain the material in the
saturated state. For this reason most of the properties
for the saturated liquid and vapor are different from
those frequently measured in the laboratory, or pre-
dicted by correlations. At low reduced pressures and
temperatures, these differences are normally small and
can be neglected. As the temperature and pressure
approach the critical, however, the differences become
larger and must be taken into account. Enthalpy

As an example of the behavior of properties for the Figure 1 Typical pressure-enthalpy  diagram for pure component.
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5.5.1-2 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

in temperature. The saturated vapor enthalpy actually
becomes negative to accommodate the decrease in
enthalpy as the material approaches its critical tempera-
ture.

Values from the tables may be interpolated. How-
ever, there should be no extrapolation to higher tem-
peratures and/or pressures.

Guidelines for interpolation of data are as follows:

Saturation (vapor) pressure values at intermediate
temperatures can be interpolated by use of the linearity
of log vapor pressure with reciprocal absolute tempera-
ture, For most of the compounds, particularly at tem-
peratures removed from the critical temperature, this
line should be straight.

Liquid density. Over restricted ranges of tempera-
ture liquid density, except in the region of the critical,
should be plotted as a straight line function of tempera-
ture. In the region of the critical there will be some
curvature.

Vapor density values should plot as a reasonably
straight line with temperature.

Liquid enthalpy should plot as a smooth curve func-
tion of temperature.

Vapor enthalpy values should plot as a smooth
curve function of temperature.

Heat of vaporization values can be satisfactorily
interpolated by plotting heat of vaporization as a func-
tion of temperature.

Liquid heat capacities plot satisfactorily as smooth
curves as a function of temperature.

Vapor heat capacities plot satisfactorily as smooth
curves as a function of temperature.

Liquid viscosity can be interpolated by plotting log

viscosity as a function of reciprocal absolute tempera-
ture. Contrary to most conceptions this will not, in
general, be a straight line. However, curvature will be
slight and will allow satisfactory interpolation of values.

Vapor viscosity values plot satisfactorily as smooth
curves as a function of temperature.

Liquid thermal conductivity values can be plotted
satisfactorily as a function of temperature. The line will
not be straight. However curvature is slight and should
allow for satisfactory interpolation.

Vapor thermal conductivity values can be inter-
polated by plotting as a function of temperature.

Liquid Bandtl  number. Values for liquid Prandtl
number can be interpolated by plotting as a function of
temperature.

Vapor Pmndtl  numbers can be interpolated by
plotting as a function of temperature.

Inte&cial  tension values can be interpolated by
plotting as a function of temperature.

Coefficient of thermal expansion values can be in-
terpolated by plotting as a function of temperature.
Coefficient of thermal expansion is based on the density
at the normal boiling point.

Naturally, mathematical interpolation is possible
for any of the values. The only thing that must be done
is to use the appropriate equation for interpolation of
values. This may be a source of trouble in some cases
(liquid viscosity, for example) where the equation used
does not truly linearize the property value. Analysis
of the error between calculated and tabulated values will
show if the errors are too large.

Preceding the saturation tables is a table of conver-
sion factors.

o 1983 Hemisphere 1

H

blishing  Corporation

H



Conversion factors for saturation property tables�

2uantity Symbol unit Abbreviation
Equivalent in
pure 81.

Equivalent in
British units

0 ther
equivalents

Saturation temperature
Saturation pressure
Liquid phase density
Vapor phase density
Liquid phase enthalpy
/apor phase enthalpy
Ieat of vaporization
Liquid specific heat capacity

Tsat
psat
PQ
p&r
hi?
htr
%Q
c~.Q

Vapor specific heat capacity cP,g

Liquid dynamic (absolute)
viscosity

Vapor dynamic (absolute)
viscosity

Liquid thermal conductivity

r)Q

%

hQ

Vapor thermal conductivity

Liquid Prandtl number
Vapor Prandtl number
Surface tension
Coefficient  of thermal expansion

for liquid phase

kelvin
kilopascals
kilograms per cubic meter
kilograms per cubic meter
kilojoules per kilogram
kilojoules per kilogram
kilojoules per kilogram
kilojoules per kilogram

per kelvin
kilojoules per kilogram

per kelvin
micronewtons second

per square meter
mlcronewtons second

per square meter
milhwatts  per square meter

per kelvin-per-meter
milliwatts per square meter

per kelvin-per-meter
dimensionless
dimensionless
millinewtons per meter
l/kilokelvin

K
kPa
kg/m3
kg/m�
kJ/kg
kJ/k
kJ/k
kJ/(kg K)

kJ/(kg  K)

MNs/ma

rNs/m�

(mW/m�Y(Klm)

(mW/maMKlm)

-
-
mN/m
kK-�

K
lo3 N/m�
kg/m�
kg/m�
lOa J/kg
10�  J/kg
10s J/kg
lo3 J/(kgK)

lo3 J/&K)

10e6 Ns/m�

10e6 Ns/m�

We6 W/,m3)/W/m)

(10V6 W/m�)/(K/m)

-
-
lo-�  N/m
lo-�  K-�

1.8OR
0.145 1 lbf/ina
0.062 43 lb/ft3
0.062 43 lb/ft3
0.429 9 Btu/lb
0.429 9 Btu/lb
0.429 9 Btu/lb
0.238 8 Btu/(lb�F)

0.238 8 Btu/(lbOF)

0.002 419 Ib/(ft h)

0.002 419 lb/(ft h)

0.000 577 8 (Btu/hft�>/cF/ft,

0.000 577 8 (Btu/hft�,/eF/ft,

-
-
-
0.000 555 6�R-�

-
0.01 bar
0.001 g/cm�
0.001 g/cm�
0.238 8 d/g
0.238 8 Cal/g
0.238 8 Cal/g
0.238 8 cal/(g�C)

0.238 8 cal/(g�C)

0.001 centipoise

0.001 centipoise

-

-

-
-
1 dyne/cm
-

�To  obtain the quantity in the desired units, multiply the quantity in the table by the factor preceding the units. For example, a density of 1 000 kg/m3  corresponds to a density in British
units of 1 000 X 0.062 43 = 62.43 lb/ft3.



5.5.14 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

Tabular information on saturated properties is given
for the following compounds:

HYDROCARBONS
Pamffins

Methane
Ethane
Propane
Dimethyl  propane (neopentane)
i-Butane
n-Butane
iPentane
n-Pentane
n-Hexane
n-Heptane
nectane
n-Nonane
n-Decane

Cyclics
Cyclopentane
Cyclohexane

Aromatics
Benzene
Toluene
m-Xylene
o-Xylene
p-Xylene
Ethyl benzene

Unsafurafes
Acetylene
Ethylene
Propylene
1,3-Butadiene
1,ZButadiene

ALCOHOLS
Methanol
Ethanol
lPropano1
2-Propanol
n-Butanol

tButy1 alcohol
Phenol

REFRIGERANTS
Refrigerant 12
Refrigerant 13
Refrigerant 21
Refrigerant 22

MISCELLANEOUS
Ethyl ether
Methyl-t-butyl ether
Ethylene oxide
Propylene oxide
Methyl acetate
Ethyl acetate
Chloroform
Aniline
Acetic acid
Acetone
Dowtherm  A
Dowtherm  J

INORGANICS  AND ELEMENTS
Air
Ammonia
Argon
Carbon dioxide
Carbon monoxide
Carbon tetrachloride
Chlorine
Fluorine
Helium
Hydrogen
Hydrogen chloride
Hydrogen fluoride
Hydrogen sulfide
Mercury
Neon
Nitrogen
Oxygen
Water

METHANE=

Chemical formula: CH,
Molecular weight: 16.042
Normal boiling point: 111.42 K
Melting point: 90.66 K

Critical temperature: 190.55 K
Critical pressure: 4 64 1 kPa
Critical density: 162 kg/m3

Tsat9 K
Psat, kPa

111.42 120 130 140 150 160 170 180 185 190
101 192 367 638 1033 1 588 2 338 3 288 3854 4552 [II

-~ ~~~ ~

PQ > kg/m3 424.3 412.0 396.7 379.8 361.0 339.3 312.3 271.9 240.0 182.0 t11
pg, kg/m� 1.79 3.26 5.95 10.03 16.08 25.03 38.57 59.14 76.28 120.9 [II
hQ> kJ/kg 716.3 747.0 784.1 821.9 860.0 901.4 948.4 1011.1 1057.0 1133.4 [l]
h,, kJ/kg 1228.1 1241.8 1255.7 1 267.2 1 274.9 1 277.6 1 273.3 1 258.9 1 245.0 1 203.2 [l]
Gg,Q,  kJ/kg 511.8 494.8 471.8 445.3 414.9 376.2 324.9 247.8 188 69.8 111
Cp,Q, kJ/(kg K) 3.43 3.53 3.63 3.77 3.94 4.12 5.16 7.45 11.3 70.5 [3,91
cp,g.  kJ/(kg K) 2.07 2.11 2.19 2.33 2.53 2.90 3.62 5.95 6.33 277.5 [I, 111
1)Q,  dsh' 106.5 86.05 71.65 61.26 52.24 44.54 37.69 30.98 26.92 19.34 ill
vg, uNs/m2 4.49 4.84 5.28 5.74 6.27 6.89 7.69 8.89 9.84 12.96 111
hQ,  (mW/m*  )/(K/m) 193 118 163 148 133 118 103 88 80 73 PI
kg, (mW/m*  )/(K/m) 12.1 12.9 16.4 19.6 23.0 27.6 33.1 39.9 45.3 62.0 PI
PrQ 1.88 1.70 1.60 1.56 11.55 1.56 1.89 2.62 3.80 18.8 1121
%! 0.77 0.79 0.71 0.68 0.69 0.72 0.83 1.33 1.38 58.01 (121
o, mN/m 13.5 11.5 9.28 7.22 5.31 3.58 2.06 0.81 0.33 0.01 VI
Pe,a>kK-’ 2.27 3.46 4.37 5.18 6.58 8.87 14.2 32.8 58.6 385 (101

�See page 5.5.1-3 for definition of symbols and page 5.5.1-2 for discussion of interpolation methods.
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

ETHANE

5.5.1-S

Chemical formula: CH,CH,
Molecular weight: 30.068
Normal boiling point: 184.52 K
Melting point: 89.88 K

Critical temperature: 305.5 K
Critical pressure : 4 9 13 kPa
Critical density: 212 kg/m�

Tsat9 K
Psat, @a

184.52 200 210 230 240 260 210 280 290 300
101 217 334 700 968 1712 2 208 2 801 3510 4 365 111

PQ, kg/m3 546.45 529.10 516.79 489.7 1 474.60 440.14 419.81 396.35 364.56

pg,  kg/m3 2.04 4.09 6.21 12.75 17.56 31.65 42.03 55.96 77.10
hQ, kJ/kg 399.52 437.50 462.53 415.34 541.41 598.79 629.79 663.10 700.28

h,, kJ/k 889.19 903.74 912.82 929.18 935.72 943.27 943.23 941.14 930.10

d,Q,  kJ/k 489.67 466.24 450.29 414.84 394.31 344.48 313.44 278.04 229.82
Cp,Q, kJ/(kg K) 2.42 2.48 2.54 2.66 2.70 3.00 3.18 3.42 3.80

cp,g,  kJ/& K) 1.40 1.48 1.54 1.70 1.79 2.13 2.42 2.94 3.31

qQ, rNsW 168 139 124 99.4 88.8 70.8 61.6 54.0 46.0

qg, IrNs/m* 6.00 6.59 7.03 7.89 8.42 9.85 10.9 12.1 14.2
AQ,  (mW/m�YWlm) 157 146 140 126 117 99.2 92.1 83.9 76.0
kg, (mW/m*  )/W/m) 8.6 10.3 11.5 14.1 15.5 18.6 20.7 22.8 26.1

PrQ 2.59 2.37 2.26 2.10 2.05 2.14 2.12 2.2 2.23

p�g 0.98 0.95 0.94 0.95 0.97 1.13 1.27 1.56 1.80
CJ, mN/m 15.86 13.28 11.71 8.51 6.85 4.28 3.14 2.00 1.14

oe,Q,  kK-� 2.01 2.31 2.58 3.32 3.80 5.46 6.67 9.40 15.9

316.25
119.18
753.08
892.31
139.23

9.5 1
36.1
19.0
67.4
32.0

5.64
0.43
96.2

111
ill
[II
PI
ill
[3,51
VI1
[41
14,151
[71
12,141
[I21
[121
161
[lOI

PROPANE

Chemical formula: CH,CH,CH,
Molecular weight: 44.094
Normal boiling point: 231.10 K
Melting point: 85.47 K

Critical temperature: 370.00 K
Critical pressure: 4 264 kPa
Critical density: 225 kg/m3

Tsat? K 231.1 248.06 259.83 275.24 291.83 317.42 330.70 351.23 359.61 367.18

Psat 9 kPa 101 203 304 507 810 1520 2 026 3 039 3 545 4 052 111

PQ, kg/m3 582 562 549 528 504
pg, kg/m3 2.42 4.63 6.77 11.0 17.5
hQ, kJ/kg 421.2 459.7 485.2 522.5 563.1
h,, kJ/kg 847.4 866.7 879.2 895.6 911.0
b&Q. kJ/kg 426.2 407.0 394.0 373.1 347.9
Cp,Q>  kJ/(k  K) 2.24 2.32 2.38 2.47 2.58
cp,g.  kJ/(k  K) 1.37 1.51 1.65 1.88 2.27
r)Q.  uNs/m* 208.7 177.4 154.9 134.5 114.7
qg,  rNs/mZ 6.0 7.0 7.3 7.5 8.5
hQ, (mW/m3)/G/m) 134 124 117 108 99
Ag, (mW/m*  )/(Klm) 10.7 12.8 14.1 15.9 17.8
PrQ 3.49 3.26 3.15 3.08 2.99

P�s 0.77 0.83 0.85 0.89 1.08
O, mN/m 15.5 14.25 13.2 9.5 7.5
&,a, kK� 2.01 2.21 2.45 2.90 3.60

460
33.9
631.8
929.5
297.7
2.78
3.37
85.7
9.6
84
21.7
2.84
1.49
4.6
5.19

434 381 347
47.1 80.4 104
672.8 745.7 781.7
937.4 942.4 934.9
264.6 196.7 153.2
3.27 4.27 6.62
4.14 6.16 7.01
72.4 51.2 41.0
10.3 12.1 14.9
76 64 59
23.9 28.1 31.0
3.07 3.41 4.60
1.78 2.65 3.37
3.0 1.4 1.0
6.52 15.2 23.1

300
150
829.0
915.6
86.6

11.42
25.4
20.1

36.1

6.36
0.4

ill
[II
PI
111
111
[L 31
[I, 9,111
141
[41
161
12,141
1121
I121
VI
1101

0 1983 Hemisphere Publishing Corporation

Hln

. . . I_ .-.---. -__ . -.. n . ..I ..-.. ~ ..^. -. . . . .-ll.*l-.. �. -_._-. _. - . ..- ------



5.5.1-6 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties o f Saturated Fluids

DIMETHYL  PROPANE (NEOPENTANE)

Chemical  formula: C(CH,),
Molecular weight: 72.15
Normal boiling point: 282.65 K
Melting point: 256.58 K

Critical temperature: 433.78 K
Critical 3 196 kPapressure:
Critical density: 238 kg/m3

-

T Ksat* 282.65 305 320 335 350 365 380 395 410 433.78

Psat, kPa 101.3 215 362 482 676 945 1 280 1 700 2 200 3 196

PQ, kg/m3 603 575 558 543 519 497 472 443 407 238
pg,  kg/m3 3.28 6.38 9.91 14.5 20.7 29.0 40.2 55.8 79.1 238
hQ, kJ/k -111 - 5 0 - 2 5 13 51 91 128 175 221 329
h,, kJ/kg 204 237 260 282 305 327 347 366 379 329

[511
[51,621
1671
[63,62,

691
[511
[701
163,621
[71,331
f9951,

141
134,51,

221
[51,221
1121
1121
v31
[lOI

ug,Q,  kJ/k 315 297 284 269 254 236 219 191 158
Cp,Q, kJ/(kg K) 2.14 2.27 2.37 2.48 2.63 2.77 2.96 3.20 3.59
cp,g,  kJ/(k  K) 1.65 1.80 1.91 2.03 2.16 2.32 2.53 2.85 3.51
VP. uNs/m* 280 211 169 140 112 94 82 69 61
qg, t.Wm2 6.89 7.44 7.88 8.27 8.73 9.25 9.87 10.3 11.8

36
36

AQ,  (mW/m’)/(K/m) 90 84 80 76 72 67 63 58 54 42

Ag, (mWlm�)/(K/m) 13.2 15.0 16.3 18.0 19.8 21.6 24.2 26.6 30.8

Pr Q 6.66 5.70 5.01 4.57 4.09 3.89 3.85 3.81 4.06

p*g 0.86 0.89 0.92 0.93 0.95 0.99 1.03 1.10 1.34
a,mN/m 12.9 10.6 9.11 7.67 6.21 4.93 3.65 2.45 1.34
Pe,Q, kK’ 1.80 2.11 2.38 2.72 3.18 3.83 4.81 6.41 9.99

42

ISOBUTANE

Chemical formula: (CH,), CHCH,
Molecular weight: 58.12
Nonual  boiling point: 261.4 K
Melting point: 113.55 K

Critical temperature: 408.1 K
Critical pressure: 3 647 kPa
Critical density: 221 kg/m3

T Ksat* 261.4 285 300 315 330 345 360 375 390 408.1

Psat,  kPa 101.3 233 355 553 805 1 132 1540 2 066 2 697 3 647 111

PQ, kg/m3 594 567 550 529 508 485 455 422 371
pg,  kg/m3 2.87 6.33 9.81 14.6 21.2 30.0 42.2 59.7 87.3
hQ, kJ/kg 232.5 286.1 323.3 360.5 397.7 437.3 481.5 528.0 574.5
h,, kJ/k 591.8 623.4 646.6 667.6 686.2 704.8 721.1 737.3 744.3
+q,Q>  kJ/kz 365.2 337.3 323.3 307.1 288.5 267.5 239.6 209.3 169.8
Cp,Q, kJ/kz  K) 2.12 2.34 2.45 2.56 2.68 2.79 2.95 3.16 3.59
cp,g,  kJ/(kg K) 1.53 1.69 1.81 1.94 2.09 2.28 2.55 3.00 4.18
I~Q, CtNs/m’ 240 190 145 116 101 86 74 61 44
vg, rNs/m2 6.7 7.4 8.0 8.6 9.1 9.7 10.4 11.3 12.9
AQ, (mW/m*  )/W/m) 100 92 87 83 80 71 73 68 61
Ag,(mW/mz)/(K/m)  11.6 14.4 16.3 18.3 20.4 22.7 25.2 27.9 31.2
hQ ^ 5.09 4.83 4.08 3.58 3.38 3.12 2.99 2.83 2.59

p’g 0.88 0.88 0.89 0.91 0.93 0.97 1.05 1.22 1.73
o,mN/m 14.1 11.4 9.7 8.1 6.5 5.0 3.6 2.3 1.1
Pe,Q,  Mm’ 1.87 2.22 2.52 2.91 3.44 4.20 5.40 7.56 12.8

221
221
697.8
697.8

111
[II
1151
[I51
1151
[55,581
[6X 621
171,331
fl, 141
1341
164,221
1121
[I21
[651
[lOI

34
34
42.4
42.4
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

n-BUTANE

5.5.1-7

Chemical formula: CH, CH, CH, CH,
Molecular weight: 58.12
Normal boiling point: 272.66 K
Melting point: 134.82 K

Critical temperature: 425.16 K
Critical pressure: 3 796 kPa
Critical density: 225.3 kg/m�

Tsat, K 273.15 289 305 321 337 353 369 385 405 425.16
Psat,  kPa 103 184 304 469 706 1 023 1526 1925 2739 3797 1561

PY, kg/m� 603 587 571 551 529 504 475
pg, bh� 2.81 4.81 7.53 11.6 17.4 25.1 35.6
he, kJ/kg -1 194 -1 158 -1 121 - 1 0 8 1  - 1 0 4 0 - 9 9 7 - 945
hg, kJ/ks - 8 0 9 - 7 8 9 - 7 6 9 - 7 4 7 - 7 2 5 - 7 0 6 - 6 8 1

b,Q,  kJ/kx 385 369 352 334 315 291 264
Cp,Q>  kJ/(k  K) 2.34 2.47 2.59 2.68 2.80 2.95 3.11
c~,~> kJ/(k K) 1.67 1.76 1.88 2.00 2.15 2.33 2.62
w, dWm2 206 179 154 131 112 95 80
qg, wNs/m� 7.35 7.81 8.32 8.87 9.44 10.20 11.25
AQ,  (mW/m�YWm) 114.6 109.8 104.9 100.1 95.1 90.4 85.5
kg, (mW/m*  )/W/m) 13.69 15.19 16.82 18.57 20.47 22.49 24.69
PrQ 4.20 4.02 3.80 3.51 3.30 3.11 2.89

b 0.90 0.90 0.93 0.96 1.00 1.06 1.19
CJ, mN/m 14.8 12.8 11.0 9.10 7.29 5.54 4.03
Pe,n> kK-� 1.73 2.01 2.37 2.80 3.45 4.31 7.31

441 388 225.3 [461
51.3 80.7 225.3 [561
- 8 9 6 - 8 2 1 - 6 6 5 1561
- 6 6 3 - 6 4 8 - 6 6 5 1561
233 173 1461
3.36 3.80 [461
3.03 4.76 [561
65 51 141
12.17 16.30 141
80.7 14.6 48.1 PI
27.24 31.2 48.7 PI
2.72 2.59 WI
1.42 2.48 1121
2.75 1.34 [461
9.87 10.0 [lOI

ISOPENTANE

Chemical formula: (CH,),C(CH,),
Molecular weight: 72.146
Normal boiling point: 301.0 K
Melting point: 113.25 K

Critical temperature: 460.4 K
Critical pressure: 3 380 kPa
Critical density: 236 kg/m�

Tsat) K 301.0 325 340 355 370 385 400 415 430 460.4

Psat, kPa 101.3 217 328 476 667 913 1 222 1603 2070 3 380 111

PQ,  kg/m3 613 586 569 552 532 511 488 461 428

pg,  kg/m3 3.07 6.30 9.41 13.5 18.9 26.2 36.0 49.3 68.3
hQ>  kJ/kg 290.8 348.9 383.8 423.3 465.2 504.7 546.6 588.5 639.1
hg, kJ/k 632.1 669.9 693.1 716.4 739.7 765.3 783.9 807.1 825.1

&g,Q>  kJ/ks 341.9 321.0 309.3 293.1 274.5 260.6 237.3 218.6 186.0
cp, Q, kJ/(kg W 2.29 2.43 2.53 2.62 2.71 2.80 2.91 3.05 3.24
cp,g, kJ/& K) 1.72 1.86 1.96 2.08 2.20 2.34 2.54 2.81 3.28
VP, Ds/m� 201 163 146 126 111 97 84 71 60
vg, dWm2 7.4 8.0 8.5 9.0 9.5 9.9 10.5 11.2 12.2
AQ, (mWlm*  J/(KlmJ 103 95 91 87 84 80 15 70 63
kg, (mW/m*  )/W/m) 14.7 17.4 19.3 21.5 23.4 25.0 27.6 29.4 33.4

PrQ 4.47 4.17 4.06 3.79 3.58 3.40 3.22 3.05 2.99

�g 0.87 0.86 0.86 0.87 0.89 0.93 0.97 1.07 1.20
CI, mN/m 14.0 11.5 9.9 8.4 7.0 5.6 4.3 3.0 1.9
&,Q,  kK-� 1.73 2.03 2.27 2.58 2.99 3.54 4.36 5.66 8.10

236 PI
236 ill
790.8 1151
790.8 [151

1151
[55,581
L 621
[71,331
[IS,141

48.3 [34,221
48.3 [15,46,

221
[121
I121
1651
[lOI
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5.5.1-8 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

nPENTANE

Chemical formula: CH,(CH,),CH,
Molecular weight: 72.151
Normal boiling point: 309.2 K
Melting point: 143.4 K

Critical temperature: 469.6 K
Critical pressure: 3 369 kPa
Critical density: 273.3 kg/m�

T Ksat9

Psat, kPa

309.2 335 350 365 380 395 410 425 440 469.6

101.3 227 341 492 688 935 1 249 1634 2 103 3 370 [II

PQ, kg/m3 610.2 582.9 566.0 548.0 528.9 507.9 484.1 456.5 423.5 280.9 ill
pg, kg/m3 3.00 6.36 9.41 13.51 18.99 26.11 36.21 49.73 68.96 184.1 ill
his kJ/kr! 319.8 383.8 423.3 458.2 504.7 546.6 588.5 637.3 686.2 846.7 iI51

h,, kJ/kg 678.0 721.1 744.3 767.6 790.8 814.1 837.4 855.9 876.9 846.7 [l51

DJlg,p,  kJ/kg 358.2 337.3 321.0 309.4 286.1 261.5 248.9 218.6 190.7 [I51

cp,p,  kJ/h K) 2.34 2.52 2.62 2.12 2.82 2.94 3.06 3.20 3.44 155,581

cp.g,  kJ/(kg K) 1.79 1.96 2.05 2.16 2.28 2.48 2.66 2.96 3.37 [46,201

VP,  dWm� 196 159 140 123 108 95 83 72 60 111
qg, t.Nm� 6.9 7.6 8.1 8.5 9.0 9.5 10.2 11.1 12.4 VI
AQ, (mW/m�)/(K/m) 107 98 93 88 83 79 75 71 69 47 1461

As, (mW/m�)/(K/m) 16.7 19.3 21.0 22.8 24.8 26.7 29.0 31.7 34.9 47 1461
Prp 4.29 4.09 3.94 3.80 3.67 3.53 3.36 3.16 2.84 iI21
4 0.74 0.77 0.79 0.81 0.83 0.88 0.94 1.03 1.19 iI21
u, mN/m 14.3 11.3 9.7 8.1 6.7 5.2 3.8 2.8 1.6 [511
&,a, kK-� 1.40 1.93 2.21 2.52 2.92 3.54 4.48 5.95 15.5 WI

n-HEXANE

Chemical formula: CH, (CH,), CH,
Molecular weight: 86.178
Normal boiling point: 341.88 K
Melting point: 177.83 K

Critical temperature: 507.44 K
Critical 3pressure: 031 kPa
Critical density: 232.8 kg/m�

Tsat* K 341.88 370 385 400 415 430 445 460 475 507.44

Psatv kPa 101.3 228 331 465 638 854 1 124 1457 1859 3 031 ill

PP, kg/m3 613 585 568 551 532 511 488 463 432 233 VI
pg, kg/m� 3.3 7.0 10.0 14.1 19.5 26.7 34.7 48.6 66.2 233 111
hQ, kJ/kg 395.4 465.2 507.1 546.6 586.2 632.7  676.9 725.7 774.6 930.4 [I51
hg, kJ/k 728.0 776.9 802.5 830.4 856.0 879.2  907.1 930.4 953.7 930.4 [I51
G,tz, kJ/kg 332.6 311.7 295.4 283.8 269.8 246.5  230.2 204.7 179.1 iI51

cp,p,  kJ/(k K) 2.39 2.58 2.68 2.78 2.89 3.00 3.12 3.26 3.46 155,581

cp,g,  kJ/(kg K) 1.91 2.07 2.18 2.28 2.39 2.51 2.66 2.92 3.32

VP. Ddm'

1461

202.2 158.9 145.7 128.5 113.6 99.9 87.4 75.6 64.3
vg, Ds/mZ

111
7.3 7.9 8.4 8.8 9.4 10.1 10.9 11.9 13.3

AQ, (mW/m�)/Wlm)  1 0 0 . 4
[ll

91.0 87 82 78 74.5 67.8 63.0 56.0 49.8
kg, (mW/m*  )/W/m)

ilk461
16.7 18.8 20.4 22.4 24.2 26.2 28.5 30.4 33.8 49.8 1461

Pr Q 4.81 4.51 4.49 4.36 4.19 4.01 3.99 3.83 3.97 1121
%? 0.83 0.87 0.91 0.91 0.92 0.97 1.02 1.14 1.31
u, mN/m

[I21
13.33 10.57 9.13 7.71 6.35 5.02 3.78 2.66 1.63

Pe,n, kK-�
[II

1.28 1.86 2.17 2.46 2.88 3.41 4.14 5.41 20.0 1101
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

n-HEPTANE

5.5.1-9

Chemical formula: CH,(CH,),CH,
Molecular weight: 100.198
Normal boiling point: 371.6 K
Melting point: 182.6 K

Critical temperature: 540.6 1 K
Critical pressure: 2 736 kPa
Critical density: 234.1 kg/m3

Tsat? K 371.6 380 400 420 440 460 480 500 520 540.6

Psat s kPa 101.3 130 219 349 529 721 1094 1513 2046 2736 ill

PQ , kg/m3 614 606 585 563 540
pg,  kg/m’ 3.46 4.36 1.23 11.5 17.4

h?, kJ/k 453.6 474.5 530.3 586.2 639.7
h,, kJ/k 765.3 786.2 823.4 860.6 897.8
ug,Q, kJ/kg 319.7 311.7 293.1 274.4 258.1
Cp,Q, kJ/(k  K) 2.57 2.61 2.72 2.82 2.93
cp,g,  kJ/(kg K) 1.98 2.01 2.15 2.26 2.41
VP,  rNslm� 201 186 159 135 115
ng, fiNs/m� 7.3 7.1 8.3 9.0 9.7
AQ, (mW/m�YW/m) 98.0 95.5 88.8 82.9 76.1
�g,  WV/m�  )/W/m) 18.0 18.4 20.1 22.6 24.9
PrQ 5.27 5.08 4.87 4.59 4.43

4 0.80 0.84 0.89 0.90 0.94
u, mN/m 12.6 11.8 10.0 8.3 6.6
&,n>  kK-� 1.6 1.7 1.90 2.2 2.1

512 484 448 397 234 PI
25.6 37.8 56.5 88.3 234 [ll
702.5 760.6 825.7 895.5 1 0 0 4 . 8  [15]
937.4 972.3 1009.5 1 035.1 1 0 0 4 . 8  [15]
234.9 211.7 183.8 139.6 1151
3.03 3.19 3.39 3.85 1551
2.51 2.12 3.05 3.60 [461
97 82 67 54 41 111
10.7 12.1 14.0 17.6 41 ill
69.9 61.1 52.0 41.8 [46,611
27.7 29.9 33.0 36.0 [461
4.21 4.28 4.31 4.97 1121
0.97 1.10 1.29 1.76 1121
5.1 3.6 2.2 0.8 PI
3.2 4.2 6.8 24.5 1101

n-OCTANE

Chemical formula: CH, (CH,),  CH,
Molecular weight: 114.224
Normal boiling point: 398.8 K
Melting point: 216.35 K

Critical temperature: 568.8 K
Critical pressure: 2 486 kPa
Critical density: 232 kg/m3

Tsat* K

Psat, kPa

398.8 415 435 455 475 495 515 535 555 568.8

101.3 156 252 386 569 809 1 127 1535 2052 2486 ill

PP, kg/m3 611
pg. kg/m3 3.80
hp,  kJ/k 514.1
h,, kJ/k 814.1
dg,Q,  kJ/k 300.0
Cp,Q, kJ/(kg K) 2.50
cp,g,  kJ/(kg K) 2.11
VP,  ~Ns/m� 203

rig, fiNs/m� 1.4
hQ, (mW/m*  )/W/m) 98
As,  (n-N/m2  )/W/m) 18.4

PI8 5.18 4.88 4.64 4.39 4.16 3.96 3.71 3.54 3.63

prg 0.85 0.85 0.87 0.92 0.96 1.04 1.21 1.41 2.41
u, mN/m 11.9 10.5 8 . 9 7.3 5.8 4.4 2.9 1.8 0.55
&?,a>  kK- � 1.62 1.79 2.05 2.39 2.88 3.60 4.82 6.96 15.9

595 575 553 529 502 470 432 373
5.67 8.98 13.7 20.4 29.9 44.0 65.0 105
558.2 609.4 667.6 725.7 786.2 851.3 921.1 990.9
844.3 883.9 923.4 965.3 1 004.8 1 046.7 1081.6 1 109.5
286.1 274.5 255.8 239.6 218.6 195.4 160.5 118.6
2.61 2.74 2.89 3.03 3.18 3.36 3.60 4.23
2.19 2.30 2.42 2.56 2.73 2.96 3.30 4.80
174 149 126 107 91 75 61 48
7.9 8.5 9.2 10.0 11.1 12.5 14.7 19.4
93 88 83 78 13 68 62 56
20.3 22.5 24.3 26.7 29.1 31.6 34.4 38.6

232 111
232 [II
1088.6 [15]
1088.6 [15]

1151
[55,58]
146,621
111

111,141
47.7 115,461
47.7 [15,46,

221
WI
1121
ill
IlO1
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5.5.1-10

n-NONANE

5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

Chemical formula: CH, (CH1),CH,
Molecular weight: 128.26
Normal boiling point: 423.97 K
Melting point: 219.7 K

Critical temperature: 594.63 K
Critical pressure: 2 289 kPa
Critical density: 234 kg/m�

Tsat> K 423.97 435 455 475 495 515 535 555 575 594.63
psat7 kPa 101.3 134 214 338 496 717 965 1 320 1750 2 289 I15,761

PP, kg/m’ 614 602 581
pg. kg/m3 3.94 5.18 8.22

hi, kJ/kg 195 226 282
h,, kJ/k 490 513 555

560
12.6
340
598

535
18.7
402
640

510 479
27.3 39.6
464 529
683 724

444 394 234
58.0 89.8 234
594 664 754
762 792 754

ug,Q,  kJ/k 295 287 273 258 238 219 195 168 128
cp,Q>  kJ/(k  K) 2.72 2.77 2.87 2.97 3.10 3.23 3.38 3.59 4.00
cp,g,  kJ/(k  K) 2.24 2.30 2.40 2.51 2.63 2.77 2.95 3.25 4.05
7)Q,  ds/m* 213 177 153 132 112 94 78 63 50
qg,  CtNs/m� 7.4 7.6 7.9 8.3 8.7 9.1 9.7 10.6 12.2
hQ,  WV/m* )/W/m) 95 92 87 82 77 72 66 60 55 49

kg, (mWWMK/m) 20.8 22.0 24.1 26.4 28.7 31.2 33.8 36.6 40.0 49

PrQ 6.10 5.33 5.04 4.78 4.51 4.22 3.99 3.77 3.64

%! 0.80 0.79 0.79 0.79 0.80 0.81 0.85 0.94 1.24
o, mN/m 11.3 10.4 8.86 7.33 5.86 4.46 3.13 1.90 1.81

&,a, kK-� 1.60 1.71 1.94 2.27 2.70 3.33 4.36 6.31 11.7

[I51
i621
1671
[6X62,

691
1151
[701
[6X  621
11,711
[15,141
134,689

221
[68,221
1121
[I21
~231
WI

n-DECANE

Chemical formula: CH, (CH,),  CH,
Molecular weight: 142.3
Normal boiling point: 447.4 K
Melting point: 243.5 1 K

Critical temperature: 617.6 K
Critical pressure: 2 096 kPa
Critical density: 235.9 kg/m3

Tsat9 K
Psat, kPa

447.31 460 480 500 520 540 560 580 600 617.6
101.3 141 227 329 479 675 927 1 250 1650 2 096 [15,761

PP,  kg/m3 621 608 588 564 538 513 479 445 392 235.9 [151
pg, kg/m3 4.13 5.60 8.73 13.2 19.4 28.1 40.7 59.6 93.1 235.9 [621
k?, kJ/kg 265 299 357 416 476 538 603 673 743 824 [671
h,, kJ/kg 542 569 613 658 702 746 789 829 859 824 [63,62,

691
dg,Q.  kJ/kg 277 270 256 242 226 208 186 156 116 [151
Cp,Q,  kJ/(kg K) 2.79 2.85 2.94 3.06 3.16 3.29 3.44 3.65 4.06 [701
cp,g, kJ/(kg  K) 2.33 2.39 2.49 2.59 2.71 2.85 3.03 3.33 4.20 [6% 621
rlQ,  Os/m* 205 180 149 127 108 91 75 61 48 [71,331
qg, CtNslm* 8.1 8.3 8.7 9.1 9.6 10.1 10.7 11.6 13.3 164,141
hQ, (mW/m�)/(K/m) 91 88 83 78 73 68 63 58 54 49 134,689

221
A~,XmW/m*)/(K/m) 21.8 23.1 25.3 27.5 29.8 32.1 34.7 37.5 40.9 49 [a,221
PrQ 6.29 5.83 5.28 4.98 4.68 4.40 4.10 3.84 3.61 [I21
prg 0.87 0.86 0.86 0.86 0.87 0.90 0.93 1.03 1.37 1121
0, mN/m 10.64 9.68 8.20 6.77 5.39 4.07 2.83 1.68 0.67 1231
Pe,Q,  kK-� 1.61 1.70 1.99 2.30 2.71 3.41 4.58 6.60 12.8 [lOI
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids 5.5.1-l 1

CYCLOPENTANE

Chemical formula: CH2((CH,CH,),)
Molecular weight: 70.135
Normal boiling point: 322.45 K
Melting point: 179.25 K

Critical temperature: 5 11.8 K
Critical pressure: 4 508 kPa
Critical density: 272 kg/m3

Tsat? K 322.4 350 370 390 410 430 450 470 490 511.8
psat, kPa 101.3 239 406 642 948 1 309 1 861 2 742 3 562 4 508 1471

PQ, kg/m’ 706 680 656 635 607 577 547 505 455
pg, k/m’ 10.8 20.0 36.3 52.1 69.2 97.5 117 141 176
hQ, kJ/kg -288.7 -217.3 -179.4 - 1 5 5 . 3  - 9 2 . 8 -44.2 - 3 . 8 62.2 127.4
h,, kJ/kg 104.9 138.6 163.9 189.6 215.4 240.5 264.1 284.1 294.9

ug,Q, kJ/k 393.6 355.9 343.3 334.9 318.2 284.7 267.9 221.9 167.5
cp,Q, kJ/(kg K) 1.92 2.05 2.12 2.22 2.37 2.53 2.73 3.04 3.78
cp,g,  kJ/(kg K) 1.34 1.47 1.61 1.79 1.93 2.11 2.40 2.81 3.91
VQ, ds/m2 320 255 200 160 128 109 92 76 58
qg,  ds/m� 7.9 8.9 9.7 10.5 11.2 11.9 12.8 13.9 15.9
AQ, (mW/m�  )/(K/m) 125 117 111 105 98 91 85 79 68
kg, (mW/m�)/(K/m) 16.3 18.5 20.8 23.2 25.7 28.4 31.3 34.8 39.0

PrQ 4.92 4.47 3.82 3.38 3.10 3.03 2.95 2.92 3.22

Pr&- 0.65 0.7 1 0.75 0.81 0.84 0.88 0.98 1.12 1.59
(I, mN/m 18.6 15.1 13.0 11.1 8.7 6.6 4.7 2.9 1.3
Pe,Q, kK-� 1.49 1.75 1.99 2.30 2.73 3.36 4.36 6.22 11.05

272
272
227.1
227.1

43
43
51.1
51.1

1471
1601
1671
163,623

691
I471
147,711
(47,621
[47,331
[47,141
171
[47,221
[I21
[I21
[47,651
1101

CYCLOHEXANE

Chemical formula: CH,((CH,CH,),)CHZ
Molecular weight: 84.132
Normal boiling point: 353.87 K
Melting point: 279.7 K

Critical temperature: 5 54.15 K
Critical pressure: 4 075 kPa
Critical density: 273 kg/m3

Tsaty K 353.87 360 385 410 435 460 485 510 535 554.15
Psat, kPa 101.3 124 234 414 689 1069 1 586 2 275 3 723 4 075 [471

PQ, kg/m3 715 710 685 660 630 590 555 510 445
pg, kg/m3 3.02 3.75 6.76 11.6 18.9 29.0 42.9 64.6 144
h kJ/kg 314.0 325.6 379.1 434.9 500.1 558.2 628.0 707.1 790.8
h,, kJ/kz 674.2 681.34 717.2 751.9 791.5 820.44 859.8 902.1 933.0
ug,Q>  kJ/k 360.2 355.7 338.1 316.9 291.4 262.2 231.8 195.0 142.2
cp,Q,  kJ/(kK) 1.84 1.86 1.93 1.99 2.07 2.13 2.23 2.49 2.82
cp,g, kJ/(kg K) 1.60 1.64 1.79 1.95 2.15 2.36 2.57 3.11 7.05
VP, CtNs/m� 400 370 280 230 190 160 135 115 95.0
qg, Os/m* 8.60 8.71 9.44 10.18 10.72 11.58 12.33 13.56 17.73
AQ, (mW/m2M(K/m) 102 100 92.6 86.5 77.9 69.2 60.6 56.5 48.3
kg, (mW/m�  )/W/m) 16.5 17.4 20.1 22.9 26.0 30.4 36.1 39.4 45.9
PrQ 7.21 6.88 5.83 5.29 5.05 4.92 4.96 5.07 5.55
%! 0.83 0.82 0.84 0.87 0.87 0.90 0.88 1.07 2.72
CJ, mN/m 18.0 17.2 13.0 11.0 8.1 5.2 2.0 1.5 0.5
Pe,Q,  kK-� 1.10 1.30 1.48 1.70 2.31 2.50 3.05 4.89 15.8

273
273
895.5
895.5

54.0
54.0
57.9
57.9

1471
[hOI
[151
1151
1471
[51
[63,201
[87,881
1431
134,251
WI
iI21
1121
[891
1101
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5.5.1-12

BENZENE

5.5 PHYSICAL PROPERTY DATA TABLES / 5 S-1  Properties o f Saturated Fluids

Chemical formula: C, H,
Molecular weight: 78.108
Normal boiling point: 353.25 K
Melting point: 278.7 K

Critical temperature: 562.6 K
Critical pressure: 4 924 kPa
Critical density: 301.6 kg/m�

T Ksat9 353.3 375 400 425 450 475 500 525 550 562.6
Psat. kpa 101.3 191 354 607 975 1484 2 166 3 060 4 218 4 924 PI

PQ , kg/m’ 823 798 767 735 699 660 615 559
pg,  kg/m3 2.74 4.90 8.87 14.8 23.6 36.1 54.2 82.0

h kJ/ks -154.3 -113.0 -62.1 - 8 . 9 47.5 106.8 169.7 238.6

hg. kJ/k 243.4 270.3 302.1 334.8 367.9 400.7 432.3 460.4

ug,Q,  kJ/h 397.7 383.3 364.2 343.7 320.4 293.9 262.6 221.8

cp,  Q, kJ/(kg  K) 1.88 1.98 2.08 2.20 2.32 2.45 2.60 2.83

cp,g,  kJ/(kg K) 1.29 1.40 1.53 1.67 1.81 2.01 2.32 2.73
I)Q, IrNs/m2 321 258 205 166 138 116 97.9 80.7

qg, rNslm2 9.26 9.87 10.7 11.5 12.5 13.7 15.0 16.8

AQ, (mW/m�MKlm) 131 126 119 112 106 100 93.5 87.1
kg, (mW/m2  )/W/m) 14.8 17.1 19.8 23.0 26.7 31.0 35.7 41.1

PrQ 4.61 4.05 3.58 3.26 3.02 2.84 2.75 2.62

Rs 0.81 0.82 0.83 0.84 0.85 0.89 0.97 1.12
a, mN/m 21.2 18.5 15.5 12.7 9.89 7.26 4.80 2.55
Pe,n, kK-� 1.15 1.37 1.67 2.02 2.49 3.13 4.32 6.98

475
133
322.8
478.5
155.7

59.6
19.1
77.4
50.2

0.65
16.0

304 El1
304 111
432.6 111
432.6 PI

PI
111
[4,20
ill
VI

62.6 121
62.6 v, 22

[W
1121
VI
WI

TOLUENE

Chemical formula: C, H,CH,
Molecular weight: 92.134
Normal boiling point: 383.78 K
Melting point: 178.16 K

Critical temperature: 594.0 K
Critical pressure: 4 050 kPa
Critical density: 290 kg/m�

T 9 K 383.78sat 400 425 450 475 500 525 550 575 594.0
Psat3  kPa 101.3 158 285 487 776 1 230 1820 2570 3 450 4 050 PI

PQ, kg/m3 778 760 733 702 670 632 590 541 469 290 11,771
pg, kg/m�  2.91 4.42 7.88 13.2 20.9 32.2 48.8 74.3 120.8 290 [621
hQ, kJ/kz  695 725 762 797 832 866 901 932 948 899 u51
h,, kJ/kg  336 381 432 488 551 604 667 734 808 899 1151
ug,Q,  kJ/kg  359 344 330 309 281 262 234 198 140 1151
cp,Q,  kJ/fig K) 1.81 1.88 1.96 2.07 2.21 2.38 2.59 2.86 3.34 [51
cp,g,  kJ/(k K) 1.13 1.18 1.25 1.33 1.42 1.54 1.71 2.04 3.33 16% 621
r)Q,  dslm' 251 220 183 153 134 118 104 92 82 50 11,251
qg, pNs/m�  9.0 9.5 10.1 10.7 11.4 12.5 13.7 15.0 17.2 50 [L141
AQ, WV/m* )/W/m)  1 1 3 108 103 98 92 86 79 72 65 37.8 11971
Ag, (mW/m�)/(K/m)  1 1 . 1 12.3 14.2 16.0 17.8 19.8 21.9 24.4 27.8 37.8 164,221
PrQ  4.02 3.83 3.48 3.23 3.22 3.27 3.41 3.65 4.21 1121
% 0.92 0.91 0.89 0.89 0.91 0.97 1.07 1.25 2.06 iI21
o, mN/m 18.0 16.3 13.8 11.4 8.99 6.74 4.62 2.66 0.95 [65 I
&,Q,  kK-�  1.38 1.43 1.67 2.07 2.52 3.11 3.98 6.15 14.3 1101
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5.5 PHYSICAL PROPERTY DATA TABLES / 5 S.1 Properties of Saturated Fluids 5.5.1-13

m-XYLENE

Chemical formula: C, H, (CH, 1,
Molecular weight: 106.168
Normal boiling point: 412.3 K
Melting point: 225.5 K

Critical temperature: 617.0 K
Critical pressure: 3 543 kPa
Critical density: 283 kg/m�

Tsat> K 412 430 455 480 505 530 555 580 605 617
Psatv kPa 101.3 162 281 472 741 1 121 1601 2 264 3 052 3 543 11,151

PQ, kg/m3 752 731 700 673 642 604 570 505 396 283

pg,  kg/m” 3.22 4.98 8.69 14.3 22.6 34.6 52.6 81.3 140 283

�Q,  kJ/k.s -34.6 - 1 . 2 50.2 114.7 172.6 233.9 299.2 371.4 460.6 516.7

h,, kJ/kg 310.8 337.9 376.8 416.1 455.2 493.5 529.5 559.8 571.1 516.7

(471
1621
F71
[63,62,

691
[471
1701
163,621
147,331
[47,141
147,341
147,221
1121
1121
147,651
[lOI

345.4 339.1 326.6 301.4 282.6 259.6 230.3 188.4 100.5
2.13 2.19 2.29 2.40 2.54 2.69 2.87 3.16 3.86
1.66 1.73 1.84 1.95 2.08 2.24 2.47 2.91 5.27
232 207 182 158 135 112 90 71 55
9.1 9.5 10.0 10.7 11.4 12.2 13.2 14.6 18.3
92 88 82 77 72 67 62 57 52
16.9 19.4 22.1 24.6 27.2 29.9 33.1 37.1 42.2
5.38 5.18 5.08 4.92 4.76 4.54 4.17 3.94 4.08
0.89 0.85 0.83 0.85 0.87 0.91 0.99 1.15 2.29
16.7 14.8 12.5 10.2 8.0 5.9 3.9 2.1 0.5
1.38 1.50 1.73 2.04 2.47 3.14 4.29 6.83 18.0

+q,Q,  kJ/kg
cp,Q, kJ/(k  K)
cp,g,  kJ/(kg K)
qQ, clNs/m*
qg, f.WmZ
AQ, (mW/m�)/W/m)
kg, (mW/m2  )/W/m)
RQ

%?
o, mN/m
Pe,a, kK-�

54
54
50
50

o-XYLENE

Chemical formula: C, H, (CH,),
Molecular weight: 106.168
Normal boiling point: 417.6 K
Melting point: 248.0 K

Critical temperature: 630.4 K
Critical pressure: 3 729 kPa
Critical density: 288 kg/ma

T Ksat* 417.56 430 455 480 505 530 555 580 605 630.4
Psat, kPa 101.3 142 249 422 655 995 1420 2 040 2 750 3 729 11,151

PQ, kg/m3 764 751 725 696 666 632 594 549 489 288
pg, kg/m’ 3.17 4.31 7.54 12.5 19.6 30.0 45.1 67.8 107 288
hQ, kJ/kg 6.5 30.4 83.2 145.0 201.7 263.7 331.0 400.6 476.9 581.2
hp kJ/kis 349.9 369.5 409.8 450.5 491.4 531.7 570.5 605.8 631.8 581.2

1471
1621
1671
W, 62,

691
1471
(701
163,621
[47,331
[47,141
[47,341
147,221
1121
1121
147,651
[lOI

Gg,Q,  kJ/k 343.4 339.1 326.6 305.5 289.7 268.0 239.5 205.2 154.9
cp,Q, kJ/(kg K) 2.16 2.20 2.30 2.40 2.52 2.65 2.81 3.02 3.44
cp,g,  kJ/(kg W 1.71 1.76 1.86 1.97 2.08 2.22 2.40 2.70 3.49
VP,  CtNsW 253 231 197 171 147 124 102 82 65
qg,  ~Ns/m* 9.2 9.5 10.2 10.8 11.5 12.2 13.1 14.3 16.3
AQ,  (mW/m*  )/W/m) 99 96 91 85 80 74 69 63 58
hg, (mW/m*  )/W/m) 18.4 19.3 21.9 24.4 27.0 29.9 33.0 36.5 40.6
PrQ 5.51 5.28 5.00 4.83 4.65 4.43 4.14 3.92 3.87

% 0.86 0.87 0.87 0.88 0.89 0.91 0.95 1.06 1.40
o, mN/m 17.9 16.4 14.1 11.4 9.2 7.0 4.9 3.0 1.3
&,a, kK-� 1.31 1.39 1.59 1.85 2.20 2.71 3.54 5.11 9.36

55
55
52
52
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5.5.1-14

p-XYLENE

5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

Chemical formula: C, H, (CH, I2
Molecular weight: 106.168
.Normal  boiling point : 4 11.5 K
Melting point: 286.4 K

Critical temperature: 616.3 K
Critical pressure: 3 510 kPa
Critical density: 280 kg/m�

T 9sat K

Psat , kPa

412 430 455 480 505 530 555 580 605 618

101.3 161 287 476 752 1 120 1590 2 270 3 100 3 510 PI

PQ, kg/m3 753 734 706 676 643 607 565 513 432 280
pg, kg/m3 3.23 5.08 8.83 14.5 22.8 34.9 52.9 81.8 142 280
ha, kJ/k -35.7 - 2 . 4 49.7 113.8 171.4 232.3 297.2 368.9 466.7 514.0
hg. kJ/kg 309.7 337.7 376.3 415.2 454.0 491.9 527.5 557.3 567.2 514.0

1471
1621
1671
163,629

691
1471
147,701
163,621
[47,331
(47,141
147,341
[47,221
v21
1121
[47,651
1101

ug,Q, kJ/kg 345.4 339.1 326.6 301.4 282.6 259.6 230.3 188.4 100.5
cp,Q, kJ/(k  K) 2.11 2.18 2.27 2.39 2.52 2.67 2.86 3.15 3.88
cp,g,  kJ/(kg W 1.64 1.72 1.83 1.94 2.07 2.23 2.46 2.92 5.51
rlQ, rNslm* 232 205 176 155 132 109 89 70 54
qg, clNs/m* 8.8 9.5 10.1 10.7 11.4 12.2 13.1 14.6 18.0
AQ, (mW/m*  )/(K/m) 98 93 87 81 75 69 63 57 52
kg, (mW/m*)/W/m) 17.1 19.7 22.1 24.6 27.2 30.0 33.0 37.1 42.3

PrQ 5.00 4.81 4.59 4.57 4.44 4.22 4.04 3.87 4.03

% 0.84 1.83 0.84 0.84 0.87 0.91 0.98 1.15 2.34
o, mN/m 16.0 14.2 11.8 10.0 7.8 5.7 3.8 2.0 0.5
@e,Q,  kK-� 1.57 1.74 1.83 1.97 2.62 3.03 4.87 12.3 42.7

53
53
49
49

ETHYL BENZENE

Chemical formula: C, H, l C, H,
Molecular weight: 106.2
Normal boiling point: 409.3 K
Melting point: 178.1 K

Critical temperature: 617.1 K
Critical pressure: 3 610 kPa
Critical density: 284 kg/m3

T Ksat? 409.3 433 453 473 493 513 553 573 593 613

Psat, kPa 101.3 189 297 447 645 903 1640 2 150 2 770 3 450 1151

PQ, kg/m" 751 727 705 682 657 630 568 529 478 388
pg, kg/m" 3.26 5.76 8.88 13.2 19.0 26.9 52.1 72.9 106 189
ha, kJ/b -42.8 9.0 53.3 101.6 159.3 207.9 306.7 368.2 427.8 481.6
hg, kJ/k 298.8 335.6 367.3 399.3 431.4 463.3 524.4 550.8 570.2 557.0

1151
1621
1671
163,629

691
[W
[51
163,621
1251
[26,141
[71
[68,221
1121
1121
PI
[lOI

ug,Q, kJ/kg 341.6 326.6 314.0 297.7 272.1 255.4 217.7 192.6 142.4
cp,Q, kJ/Wg K) 1.98 2.04 2.11 2.19 2.28 2.38 2.63 2.85 3.22
cp,g. kJ/(kg K) 1.67 1.77 1.86 1.95 2.05 2.16 2.48 2.78 3.52
UP, ds/m* 230 197 176 158 142 129 108 99 91
qg, ds/m* 9.0 9.6 10.3 11.0 11.7 12.4 13.7 14.8 16.6
AQ, (mW/m*)/(K/m) 99 95 90 85 80 75 65 60 55
Ag, (mW/m*  )/WIN 16.9 19.4 21.5 23.6 25.9 28.2 33.2 36.1 39.5
PrQ 4.60 4.31 4.13 4.07 4.05 4.09 4.37 4.70 5.32

h 0.87 0.88 0.89 0.91 0.93 0.95 1.02 1.14 1.48
o, mN/m 16.6 14.5 12.5 10.5 8.8 7.1 3.9 2.5 1.2
&,a> Id-’ 1.35 1.52 1.70 1.93 2.23 2.64 4.14 5.80 9.88

75.4
4.20
17.5
84
22.6
50
45.8
7.02
8.64
0.23
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5 .l Properties of Saturated Fluids

ACETYLENE

5.5.1-15

Chemical formula: HCjCH
Molecular weight: 26.036
Normal boiling point: 189.2 K
Melting point: 192.2 K

Critical temperature: 308.7 K
Critical pressure: 6 240 kPa
Critical density: 230 kg/m3

T Ksat? 192.2 200 210 230 240 250 270 280 290 308.7

Psat, kPa 128 189 304 689 986 1 370 2 450 3 190 4 080 6 240 [91

PQ, k/m" 617 606 590 556 538 519 473 445 411

pg, kg/m3 2.16 3.11 4.86 10.8 15.6 22.1 41.0 54.0 73.2

4, kJ/kg - 369.5 -351.8 -331.6 - 2 7 1 . 6  - 2 3 6 . 1  - 2 0 2 . 0 - 136.2 -100.5 -66.2
h,, kJ/kg 214.8 222.9 230.9 248.6 254.4 257.6 257.0 252.8 238.8
bg,Q> kJ/k 584.3 574.7 562.5 520.2 490.5 459.6 393.2 363.3 305.0

cp,Q>  kJ/h K) 3.09 3.12 3.15 3.27 3.35 3.46 3.87 4.25 5.14
cp,g,  kJ/& JQ 1.47 1.51 1.59 1.80 1.93 2.14 2.64 2.93 3.39

QQ, Ds/m* 169 156 146 127 116 99.6 79.9 66.9 56.9

qg, Ds/m* 7.35 7.67 8.10 8.68 9.03 9.44 10.5 11.2 12.1
AQ, @W/m*  )/W/m) 55.9 54.3 51.9 48.0 48.3 44.9 43.0 42.2 41.5

kg,  (mW/m*  )/(K/m) 11.2 12.0 13.1 15.4 16.9 18.5 22.6 25.0 28.3

PrQ 9.34 8.96 8.86 8.65 8.39 7.68 7.19 6.75 7.04

%! 0.96 0.97 0.98 1.01 1.03 1.09 1.23 1.31 1.45
o, mN/m 19.1 17.6 15.6 11.8 9.92 8.12 4.64 3.11 1.73

Pe,Q,  kK-� 2.21 2.45 2.79 3.56 4.02 4.73 7.28 8.97 15.6

231 191
231 191
104.7 191
104.7 [91

191
113,241
(91
]32,331
W141
[34,351
[3,221
[I21
1121
127,281
v91

ETHYLENE

Chemical formula: H,C:CH,
Molecular weight: 28.052
Normal boiling point: 169.43 K
Melting point: 104 K

Critical temperature: 282.65 K
Critical 5pressure: 060 kPa
Critical density: 220 kg/m3

T Ksat> 169.43 183 193 203 213 223 233 243 263 281

Psat,  kPa 101.3 213 341 518 755 1 063 1453 1938 3 240 4899 PI

PQ, k/m"

pg, kg/m3

hQ, kJ/kg
h,, kJ/k
dg,Q, kJ/kg
cp,Q, kJ/(kg K)
cp,g,  kJ/(h  K)
'IQ, ~Nslm*
qg, pNs/m*
AQ, @W/m*  )/(K/m)
kg. (mW/m*  )/(K/m)
PrQ

%
o, mN/m
&,Q, kK-�

5 6 7 . 9 2  5 4 7 . 9 5  532.88
2.09 4.24 6.60
-662.49 -624.50 -600.49
-179.97 -163.61 -155.64
482.52 460.89 444.85
2.32 2.46 2.54
1.31 1.35 1.40
162.0 138.5 124.1
6.04 6.56 6.96
192 178 168
6.44 7.62 8.62
1.96 1.91 1.88
1.23 1.16 1.13
16.46 13.99 12.23
2.52 2.83 3.12

517.17 500.61 482.84 463.41
9.81 14.01 19.47 26.58
-578.48 -552.50 -526.51 -498.48
-151.12 -145.06 -141.54 -140.04
427.36 407.44 384.97 358.44
2.61 2.67 2.73 2.80
1.47 1.56 1.67 1.82
112.1 102.6 94.4 86.4
7.37 7.81 8.29 9.82
158 147 137 126
9.71 11.0 12.4 14.0
1.85 1.86 1.88 1.92
1.11 1.10 1.11 1.14
10.52 8.88 7.29 5.78
3.47 3.88 4.50 5.40

441.61 385.64 287.43 [9]
36.12 69.58 152.70 [9]
-468.50 -396.51 -301.15 [9]
-140.71 -152.62 -213.38 [9]

327.79 243.89 94.56 PI
2.93 3.89 191
2.02 2.91 191
77.6 55.9 28.7 [41
9.44 11.30 16.25 PI
116 94.7 77.0 [21
15.9 21.9 191
1.96 2.30 [I21
1.20 1.50 iI21
4.35 1.80 0.16 i61
6.70 10.4 WI
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5.5.1-16 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

PROPYLENE
-

Chemical formula: CH,CH:CH,
Molecular weight: 42.078
Normal boiling point: 225.45 K
Melting point: 87.9 K

Critical temperature: 364.8 K
Critical pressure: 4 610 kPa
Critical density: 233 kg/m3

Tsat? K 225.45 240 255 270 285 300 315 330 345 365
Psatv kPa 101.3 187 333 530 820 1 210 1710 2410 3190 4610 111

PQ, kg/m3 611 587 575 556 535 509 481 443 390 233 1461
Pg,kdm3 2.15 3.93 6.68 10.70 16.4 24.4 35.6 51.7 77.2 233 WI
hp. kJ/k -309.0 -273.7 -237.3 -199.8 -161.2 -121.3 -79.8 -36.2 10.4 119.5 [671
hg, kJ/kg 130.2 150.0 164.8 182.3 196.3 212.0 229.7 220.2 210.5 119.5 [46,6X

691
u&Q, kJ/k 439.2 423.7 402.1 382.1 357.5 333.3 309.5 256.4 220.9 ill
cp,Q, kJ/(k  K) 2.39 2.45 2.55 2.64 2.72 2.85 3.10 3.40 3.77 (461
cp,g,  kJ/(k  K) 1.31 1.40 1.49 1.62 1.78 1.96 2.23 2.62 3.71 [461
w, dWm* 151 132 108 101 99.2 90.3 80.9 78.7 61.1 32 [461
qg, ccNs/m’ 6.62 7.14 7.53 8.04 8.74 9.26 10.1 11.4 12.7 32 1461
A~,(mW/m’)/Wlm) 119 111 104 98.6 93.6 90.9 88.0 83.3 76.1 49.3 [341
Ag, (mW/m*)/(K/m) 9.52 11.2 13.0 14.9 17.1 19.4 22.2 25.4 29.6 49.3 168,221
PrQ 3.03 2.91 2.65 2.70 2.88 2.83 2.85 3.21 3.03 WI
P's 0.91 0.89 0.86 0.87 0.91 0.94 1.01 1.18 1.69 WI
0, mN/m 16.5 14.7 12.6 10.5 8.7 6.5 5.1 3.4 2.0 1461
Pe,Q, kK-’ 1.99 2.22 2.52 2.90 3.42 4.17 5.32 7.38 12.2 1101

1,2-BUTADIENE

Chemical formula: CH,CH:C:CH,
Molecular weight: 54.09
Normal boiling point: 284.0 K
Melting point: 137.0 K

Critical temperature: 443.7 K
Critical pressure: 4 500 kPa
Critical density: 246.8 kg/ma

Tsat? K
psat, kPa

284.0 300 315 330 345 360 375 390 400 443.7
101.3 189 265 445 661 945 1310 1770 2140 4500 [46,761

PQ, kg/m" 651 643 625 605 585 563 537 507 485
pg, kg/m’ 2.32 4.04 6.43 9.80 14.4 20.7 29.2 40.7 50.8
hQ, kJ/kg -197 - 1 6 6 -131 - 9 4 - 5 7 - 1 9 19 61 88
hp kJ/k 237 257 275 293 311 327 341 354 359

dg,Q,  kJ/k 434 423 406 387 368 346 322 293 271
cp,Q, kJ/(k JO 2.20 2.24 2.30 2.41 2.49 2.60 2.72 2.87 3.01
cp,g,  kJ/(k  JO 1.48 1.56 1.65 1.75 1.87 2.01 2.18 2.43 2.68
VP, dWm* 200 185 170 150 134 116 100 85 76
qg, dWm* 7.40 7.78 8.27 8.76 9.26 9.77 10.4 11.0 11.5
AQ, (mW/m*  )/W/m) 126 119 113 107 102 98 93 88 82
Ag, (mW/m* HK/qO 12.5 14.1 15.8 17.5 19.3 21.2 23.3 25.6 27.3
PrQ 3.62 3.48 3.46 3.38 3.27 3.08 2.92 2.77 2.79

%T 0.88 0.86 0.86 0.88 0.90 0.93 0.97 1.04 1.13
CT,  mN/m 18.0 15.7 13.9 12.1 10.4 8.65 7.00 5.30 4.10
&,Q, kK-� 1.71 1.89 2.10 .2.35 2.66 3.77 4.11 4.85 5.74

246.8 (461
246.8 1621
255 [671
255 l46,62,

691
[461
[461
146,621

43 [46,331
43 146,141
49 i341
49 [68,22 1

1121
iI21
1461
[JOI
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

1,3-BUTADIENE

5.5.1-l 7

Chemical formula: CH, :CHCH:CH,
Molecular weight: 54.088

Normal boiling point: 268.69 K
Melting point: 164.24 K

Critical temperature: 425.15 K
Critical pressure: 4 330 kPa
Critical density: 245 kg/m3

T Ksat, 268.69 285 300 315 330 350 370 390 410 425.15
Psat, @a 101.3 184 298 458 676 1 080 1 630 2370 3350 4330 111

PQ,  kg/m3 650 631 612 593 572 541 507 464 405 245 ill
og, kg/m3 2.53 4.41 6.97 10.5 15.5 26.7 38.7 53.5 101 245 [II
h kJ/k 493.3 529.0 563.0 598.4 635.0 686.5 741.5 800.1 867.5 111
h,, kJ/kz 908.7 928.4 946.4 964.4 981.7 1003.8 1023.2 1038.3 1041.4 ill
dg,Q, kJ/hz 415.4 399.4 383.4 366.0 346.7 317.3 281.7 238.2 173.9 111
cp,p,  kJ/(k K) 2.14 2.22 2.29 2.37 2.47 2.63 2.81 3.03 3.28 [I,51
cp,g, kJ/(kg KJ 1.42 1.53 1.63 1.74 1.87 2.07 2.35 2.92 4.54 [30,201
VP,  crNs/m* 200 164 138 117 99.5 84.3 71.3 61.7 53.4 11,251
vg, dWm2 7.57 8.43 8.91 9.41 9.94 10.7 11.6 12.6 15.0 126,141
hQ, (mW/m�)/W/m) 126 117 110 103 95.6 86.6 78.0 69.8 62.0 53.7 [71
kg, (mW/m*  MKlm) 9.54 12.3 14.7 17.3 19.9 23.7 21.5 31.6 37.8 53.7 [31,221
PIQ 3.40 3.11 2.87 2.69 2.57 2.56 2.57 2.68 2.83 t121
�g 1.13 1.05 0.99 0.95 0.93 0.93 1.02 1.16 1.30 [I21
(I, mN/m 16.6 14.5 12.7 10.9 9.12 6.86 4.73 2.15 1.00 t61
&,Q, kK-� 1.79 1.98 2.20 2.45 2.84 3.5.7 4.88 7.64 20.0 t101

METHANOL

Chemical formula: CH, OH
Molecular weight: 32.00
Normal  boiling point: 337.85 K
Melting point: 175.15 K

Critical temperature: 513.15 K
Critical pressure: 7 950 kPa
Critical density: 275 kg/ma

Tsat, K 331.85 353.2 373.2 393.2 413.2 433.2 453.2 473.2 493.2 511.7

Psat > kPa 101.3 118.4 349.4 633.3 1076 1 736 2 678 3 970 5 675 1175 ill

PQ, kg/m" 751.0 735.5 714.0 690.0 664.0 634.0 598.0 553.0
pg, kg/m3 1.222 2.084 3.984 7.142 12.16 19.94 31.86 50.75
hQ, kJ/k 0.0 45 108 176 249 328 413 506
hg. kJ/k 1 101 1115 1 130 �1 144 1171 1 171 1 169 1151
bg,Q,  kJ/kg 1 101 1070 1022 968 922 843 756 645
Cp,Q. kJ/(k  K) 2.88 3.03 3.26 3.52 3.80 4.11 4.45 4.81
cp,g, kJ/(kg KJ 1.55 1.61 1.69 1.83 1.99 2.20 2.56 3.65
VP. rWm* 326 271 214 170 136 109 88.3 71.6

PrQ 5.13 4.67 4.15 3.61 3.34 2.82 2.56 2.42

% 0.94 0.91 0.90 0.92 0.94 0.97 1.04 1.35
o, mN/m 18.75 17.5 15.7 13.6 11.5 9.3 6.9 4.5
Pe,Q,  I&-� 0.42 1.20 1.69 2.00 2.49 3.15 4.21 6.40

11.1 11.6 12.4 13.1 14.0 14.9 16.0 17.4 20.1 26.0
191.4 187.0 181.3 178.5 170.0 164.0 158.7 153.0 147.3 142.0
18.3 20.6 23.2 26.2 29.7 33.8 39.4 46.9 60.0 98.7

490.0 363.5
86.35 178.9

482

5.40
58.3 41.6

1.81
2.1 0.09
17.2

ill
ill
[841
t1041
[IO51
[61
[31
11,m

1061
14,211
121
[2,22,

1071
1121
1121
[II
[lOI
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5.5.1-18

ETHANOL

5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

Chemical formula: CHsCH,  OH
Molecular weight: 46.1
Normal boiling point: 351.45 K
Melting point: 158.65 K

Critical temperature: 516.25 K
Critical pressure: 6 390 kPa
Critical density: 280 kg/m3

T sat>K 351.45 373 393 413 433 453 473 483 503 513

Psat,  kPa 101.3 226 429 753 1 256 1960 2 940 3 560 5 100 6 020 111

PQ, kg/m" 757.0 733.7 709.0 680.3 648.5 610.5 564.0 537.6 466.2 420.3 [iI
pg, kg/m3 1.435 3.175 5.841 10.25 17.15 27.65 44.40 56.85 101.1 160.2 [I, 621
hQ> kJ/kg 202.5 271.7 340.0 413.2 491.5 576.5 670.7 722.2 837.4 909.8 ill
hg>  kJ/ks 1165.5 1198.7 1225.5 1247.2 1264.4 1215.3 1269.0 1259.0 1 224.6 1 190.3 [l]

ug,Q>  kJ/kg 963.0 927.0 885.5 834.0 772.9 698.9 598.3 536.7 387.3 280.5 [II
Cp,Q, kJ/(kg K) 3.00 3.30 3.61 3.96 4.65 5.51 6.16 6.61 11951
cp,g,  kJ/(kg K) 1.83 1.92 2.02 2.11 2.31 2.80 3.18 3.78 6.55 [3,20,

1061
rlQ>  ctNs/m� 428.7 314.3 240.0 185.5 144.6 113.6 89.6 79.7 63.2 56.3 WI
vg, clNs/m� 10.4 11.1 11.7 12.3 12.9 13.7 14.5 15.1 16.7 18.5 IL 211
hQ, (mW/m2  J/(K/mJ 153.6 150.7 146.5 141.9 137.2 134.8 129.1 125.6 108.0 79.11 [31
kg, (mW/m2)/Wlm) 19.9 22.4 24.5 26.8 29.3 32.1 35.3 37.8 43.9 50.7 I29 22,

1071
prQ 8.37 6.88 5.91 5.18 4.90 4.64 4.28 4.19 (121
%! 0.96 0.95 0.96 0.97 1.02 1.20 1.31 1.51 2.49 1121
o, mN/m 17.7 15.7 13.6 11.5 9.3 6.9 4.5 3.3 0.9 0.34 ill
&,a, kK-� 1.41 1.60 1.90 2.41 3.13 4.18 6.06 7.56 16.0 1101

1 PROPANOL

Chemical formula: CH, CH, CH, OH
Molecular weight: 60.1
Normal  boiling point: 370.95 K
Melting point: 184.15 K

Critical temperature: 536.85 K
Critical 5pressure: 050 kPa
Critical density: 273 kg/ma

-

T K 373.2sat? 393.2 413.2 433.2 453.2 4 7 3 . 2  4 9 3 . 2 513.2 523.2 533.1

Psat,  kpa 109.4 218.5 399.2 683.6 1 089 1 662 2 426 3 402 3 998 4 689 [ll

PQ, kg/m3  732.5 711 687.5 660 628.5 592.0  548.5 492.0 452.5 390.5 111
pg,  kg/m3  2.26 4.43 8.05 13.8 22.5 35.3 55.6 90.4 118.0 161.0 111
hQ, kJ/k 0.0 65 139 222 315 433 548 691 [841
h,, kJ/k  687 710 733 766 802 860 904 955 [104]
‘+y,Q, kJ/k  687 645 594 544 486 427 356 264 209 138 [11
cp,Q> kJ/(k K) 3.21 3.47 3.86 4.36 5.02 5.90 6.78 7.79 if51
cp,g,  kJ/@ K) 1.65 1.82 1.93 2.05 2.20 2.36 2.97 3.94 [5,20,

1061
VP, ds/m* 447 337 250 188 148 119 90.6 70.0 61.4 53.9 [1,71
vg, IrNs/m* 9.61 10.3 10.9 11.5 12.2 12.9 14.2 15.7 17.0 19.3 17,211
hp, (mW/m�)/(K/m) 1 4 2 . 4 139.2 138.4 133.5 127.9 120.7  111.8 100.6 94.1 89.3 [�51
Ag, (mW/m*  )/(K/m) 20.9 23.0 26.2 28.9 31.4 34.7 38.0 43.9 47.5 53.5 ]7,22,

1071
PrQ 10.1 8.40 6.97 5.14 5.81 5.82 5.50 5.42 iI21
% 0.76 0.82 0.80 0.82 0.85 0.88 1.11 1.41 1121
o, mN/m 17.6 16.15 14.42 12.7 10.77 8.85 6.35 4.04 2.6 0.96 161
&,Q, kK�  1.33 1.57 1.91 2.43 3.15 4.14 5.82 9.19 13.6 1101
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5 .l Properties of Saturated Fluids

2-PROPANOL

5.5.1-19

Chemical formula: (CH,  )z CHOH
Molecular weight: 60.1
Normal boiling point: 355.65 K
Melting point: 194.15 K

Critical temperature: 508.75 K
Critical pressure: 5 370 kPa
Critical density: 274 kg/m3

Tsaty  K 355.65 373 390 408 425 443 459 478 498 508

Psat,  kPa 101.3 200 380 580 925 1 425 2 025 3 039 4 052 5 369

PQ, kg/m3 732.3 712.7 683.0 660.0 630.1 597.4 566.0 514.8

pg. kg/m3 2.06 4.15 7.73 14.3 21.00 32.78 46.40 72.3

hp, kJ/h 0.0 60.1 121.8 190.2 257.6 331.8 400.1 484.0
hg, kJ/k 677.8 688.0 736.8 767.9 796.1 822.9 841.7 851.5

ug,Q,  kJ/kg 677.8 627.9 615.0 577.7 538.5 491.1 441.6 367.5
cp,Q>  kJ/(kg  K) 3.37 3.55 3.71 3.88 4.04 4.20 4.34 4.49
cp,g, kJ/(kg  K) 1.63 1.71 1.80 1.94 2.15 2.37 2.83 3.97

VP, dQ/m� 502
qg, rNs/m* 9.08
hQ, (mW/mz)/(K/m)  1 3 1 . 1
A~, (mW/m*)/(K/m)  1 9 . 8

376 295 230 184 147 122 93.5 72.5
9.80 10.3 10.9 11.4 11.9 12.5 13.7 15.2
127.5 124.3 122.8 120.1 117.3 115.8 113.2 110.7
22.2 24.6 27.1 29.3 31.8 34.9 38.9 42.3

P*Q

%
o, mN/m
&,a,  kK-�

12.9 10.5 8.81 1.27 6.19 5.27 4.57 3.71
0.75 0.75 0.75 0.78 0.84 0.89 1.01 1.40
18.6 17.2 14.2 11.84 9.4 6.9 4.97 2.6
1.4 1 1.81 2.27 2.65 3.20 3.95 5.10 7.76

[l, 181

460.5 288.0
108.4 252

284.5 82.5

1.05
37.3

28.2
107.7
47.1

0.000

11,181
[I, 181
1841
[JO41
11,191
[I81
114,20,

1061

111
11,211
ill
[I, 22,

1071

WI
[=I
[1,271
1101

n-BUTANOL

Chemical fommJ.a:  C, H, CH, CH, OH
Molecular weight: 74.12
Normal boiling point: 390.65 K
Melting point: 183.2 K

Critical temperature: 561.15 K
Critical pressure: 4 960 kPa
Critical density: 270.5 kg/m3

Tsat, K 390.65 410.2 429.2 446.5 469.5 485.2  508.3 530.2 545.5 558.9

Psat 3 kPa 101.3 182 321 482 759 1 190 1 830 2 530 3 210 4 030 iI81

PQ, kg/m3 712 688 664 640 606 581 538 487 440 364 VI
P@ kg/m�  2.30 4.10 7.9 12.5 23.8 27.8 48.2 14.0 102.3 240.2 1181
hQ, kJ/b 0.0 64.8 135.0 206.8 315.3 399.6  541.9 700.2 (841
h,, kJ/kg  591.3 629.8 672.3 716.5 784.1 836.8  924.4 1015.3 [JO41
bg,Q,  kJ/ks 591.3 565.0 537.3 509.7 468.8 4 3 7 . 2  3 8 2 . 5 315.1 248.4 143.0 [191
Cp,Q,  kJ/k W 3.20 3.54 3.95 4.42 5.15 5.74 6.71 7.76 161
cp,g,  kJ/(kg K) 1.87 1.95 2.03 2.14 2.24 2.37 2.69 3.05 3.97 [5,20,

1061
VP, ds/m�  403.8 346.1 278.8 230.8 188.5 144.2  130.8 115.4 111.5 105.8 r71
vg, dslm2 9.29 10.3 10.7 11.4 12.1 12.7 13.9 15.4 17.1 28.3 r7,211
AQ,  (mW/m�)/(K/m) 127.1 122.3 117.5 112.6 105.4 101.4  91.7 82.9 74.0 62.8 [cl
Ag, (mW/m2)/(K/m)  2 1 . 7 24.2 26.7 28.2 31.3 33.1 36.9 40.2 43.6 51.5 [7,22,

1071

p*Q 10.3 9.86 9.17 8.64 10.2 8.10 8.67 9.08 WI
prg 0.81 0.83 0.81 0.86 0.87 0.91 1.01 1.17 1.56 1121
0, mN/m 17.1 15.6 13.9 12.3 10.2 7.50 6.44 4.23 2.11 0.96 161
&?,a,  I&-�  1.69 1.92 2.19 2.46 2.98 3.48 4.90 8.45 14.7 IlO1
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5.5.1-20

f-BUTYL  ALCOHOL

5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

Chemical formula: (CH,),COH
Molecular weight: 74.12
Normal boiling point: 355.6 K
Melting point: 298.8 K

Critical temperature: 506.2 K
Critical pressure: 3 970 kPa
Critical density: 270 kg/m3

Tsate K 355.6 375 390 405 420 435 450 465 480 506.2

Psat, kPa 101.3 207 322 483 779 1 010 1 516 1896 2 619 3 970 ]461

PQ, kg/m3 710 688 670 647 621 596 567 533 487 270
pg, kg/m3 2.64 5.12 8.11 12.4 18.5 27.1 39.1 56.4 82.3 270
hp,  kJ/k - 1 8 2 . 0  - 1 3 0 . 7  - 7 8 . 4 -35.2 15.0 63.3 117.4 171.2 238.1 351.6
hg>  kJ/kg 324.6 355.0 378.0 400.2 421.1 440.1 456.5 468.5 472.6 351.6

Gg,Q, kJ/kg 506.6 485.7 456.4 435.4 406.1 376.8 339.1 297.3 234.5
c,,,Q, kJ/(kK) 2.90 3.06 3.19 3.34 3.47 3.62 3.79 4.01 4.38
cp,g.  kJ/(kg K) 1.81 1.92 2.02 2.13 2.26 2.42 2.64 3.00 3.73

rip, CcNs/m� 531 312 235 180 142 118 98 84 66 65
og, rNs/m� 9.4 10.0 10.4 11.0 11.5 12.1 12.8 13.6 14.8 65
AQ, @W/m3  )/(K/m) 109 104 100 96 92 88 83 77 70 53
Ag, (mWlmS)/(Klm) 17.9 19.8 21.4 23.1 24.9 26.9 29.1 31.6 34.5 53

PrQ 14.1 9.18 7.50 6.26 5.36 4.85 4.47 4.37 4.13

4 0.95 0.97 0.98 1.01 1.04 1.09 1.16 1.29 1.59
(I, mN/m 14.5 13.0 11.5 10.0 8.6 7.1 5.5 3.8 2.2
P~,Q, kK-� 1.84 2.09 2.32 3.21 3.47 3.85 4.57 5.98 9.13

1461
[62,106]

(671
]62,63,
69,106]

1461
[701
146,629

1061
[7L 331
[46,21  I
[46,341
]46,22,

1071

[=I
iI21
146,651
PI

PHENOL

Chemical formula: C, H, OH
Molecular weight: 94.1
Normal boiling point: 454.95 K
Melting point: 313.90 K

Critical temperature: 693.2 K
Critical pressure : 6 130 kPa
Critical density: 435.7 kg/m�

;$ kPa  K 455 101.3 480 216 404 505 693 530 555 1 100 580 1650 605 2 360 635 3410 4 665 720 6 693.15 129 i751

PQ, kg/m' 955 932 905 877 851 809 772 713 636 436 WI
pg, kg/m3 2.60 5.36 9.88 16.9 27.2 41.9 62.9 101 170 436 [62,106]
ha, kJ/k -153 - 9 3 - 4 1 20 80 147 206 290 399 514 [671
hg, kJ/kg 336 374 411 447 482 515 545 575 587 514 [82,62,

69,106]
ug,Q, kJ/k 489 467 452 427 402 368 339 285 188 [661
cp,Q, kJ/(kgK) 2.55 2.61 2.66 2.76 2.85 3.01 3.10 3.43 3.77 151
cp,g,  kJ/(k  K) 1.63 1.74 1.85 1.95 2.06 2.22 2.44 2.94 5.10 ]30,62,

1061

VQ, dWmZ 351 256 219 166 137 113 90.1 75.2 65.3 45.3 WI
vg, AWm� 12.8 13.5 14.3 15.2 16.2 17.3 18.6 20.2 23.4 45.3 [26,211
AQ, (mWlm�)/(K/m) 175 170 166 162 157 154 149 141 130 92 ]71
Ag, (mW/m�)/(K/m) 28.9 31.6 34.8 38.4 42.4 46.8 51.4 56.2 64.3 92 ]31,22,

1071
PrQ 5.11 3.93 3.51 2.83 2.59 2.21 1.87 1.57 1.89 PI
p’g 0.72 0.74 0.76 0.77 0.79 0.82 0.88 1.07 1.86 1121
o, mN/m 24.5 20.9 18.2 14.6 12.4 10.2 7.6 5.3 2.7 161
&-,a,  kK-' 0.91 1.05 1.27 1.34 1.83 2.41 3.25 4.72 15.6 [lOI
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids 5.5.1-21

REFRIGERANT 12

Chemical formula: Ccl, F,
Molecular weight: 120.92

Normal boiling point: 243.2 K
Melting point: 118 K

Critical temperature: 384.8 K
Critical pressure: 4 132 kPa
Critical density: 561.8 kg/m�

T K 243.2sat> 260 275 290 305 320 335 350 365 384.8
Psat,  kPa 101.3 200 333 528 793 1 145 1602 2 183 2 907 4 132 r11

PP. kg/m3

pg, kglm3

hQ, kJ/ks
h,, kJ/ks
G,,Q,  kJ/k
cp, II, kJ/h W
cp,g,  kJ/(k  K)
VP, rNs/m�
vg, rNs/m�
AQ, (mW/m�  )/W/id
kg, hwlm�  )/W/m)
PrQ

p�g
o, mN/m
&,Q. kK-�

1486 1436 1 388 1 338 1 284 1 225 1 157 1075 969.7 561.8 111
6.33 11.8 19.2 29.9 44.8 65.4 94.6 136.4 203.2 561.8 Ill
473.6 488.3 501.9 516.3 531.1 546.8 563.8 582.3 603.2 649.8 111
641.9 649.8 656.6 662.9 668.8 674.0 677.8 679.9 679.0 649.8 VI
168.3 161.5 154.7 146.6 137.7 127.2 114.0 97.6 75.8 [II
0.896 0.911 0.932 0.957 0.990 1.03 1.08 1.13 1.22 131
0.569 0.614 0.646 0.689 0.746 0.825 0.920 1.22 1.68 [3,201
373 303 262 231 208 187 167 144 119 [41
10.3 11.0 11.7 12.5 13.3 14.2 15.2 16.5 18.1 (41
95.1 87.4 80.5 73.3 66.8 59.8 53.0 46.2 39.2 15.4 121
6.9 7.7 8.4 9.2 10.0 10.8 11.6 12.3 13.4 15.4 L&221
3.51 3.16 3.03 3.02 3.14 3.22 3.40 3.52 3.70 t121
0.85 0.88 0.90 0.94 0.99 1.08 1.21 1.64 2.27 [I21
15.5 13.5 11.4 9.4 7.1 5.9 4.2 2.8 1.3 t231
1.96 2.22 1.50 2.87 3.36 4.17 5.48 8.50 14.5 1101

REFRIGERANT 13

Chemical formula: CClF, Critical temperature: 302.28 K
Molecular weight: 104.47 Critical pressure: 3 900 kPa
Normal boiling point: 191.7 K Critical density: 5 7 1 kg/m�
Melting point: 93.2 K

&at, K 191.7 200 210 220 235 250 265 280 295 302.28
Psat, kPa 101.3 155 245 371 641 1060 1590 2 340 3 320 3 900

PQ, kg/m’ 1521 1489 1450 1408 1339 1 257 1 175 1066 893
pg, kg/m’ 6.89 10.3 15.8 23.4 39.9 67.2 103 166 290
hQ,  kJ/k 417.1 424.6 433.9 443.3 458.1 474.5 489.8 509.1 532.8
hg, kJ/kg 566.4 569.8 573.7 577.5 582.6 587.2 589.8 590.3 583.9

ug,Q.  kJ/k 149.3 145.2 139.8 134.2 124.5 112.7 100.0 81.2 51.1
cp,Q, kJ/Ocg  K) 1.11 1.13 1.16 1.21 1.27 1.36 1.56 1.96 3.92
cp.g,  kJ/(k  K) .529 .552 .588 .633 .696 .854 .962 1.30 2.52
17~~  dWm� 318 282 248 220 188 163 142 114 69.5
rig,  uNs/m* 9.83 10.3 10.8 11.3 12.2 13.2 14.3 15.8 19.9
AQ, (mWW)/(Klm) 99.3 95.0 89.8 84.6 77.0 69.2 60.7 48.6 34.0
kg, (mWW)/Wlm) 6.4 7.0 7.6 8.3 9.0 10.0 11.5 13.2 16.2

PIP 3.55 3.35 3.20 3.15 3.10 3.20 3.65 4.56 8.01

J% 0.81 0.82 0.84 0.86 0.94 1.13 1.20 1.56 3.10
o, mN/m 13.5 12.3 10.8 9.41 7.36 5.41 3.58 1.91 0.49
&,a, kK-� 2.51 2.66 2.92 3.30 4.20 5.55 7.50 12.3 76.0

571
571
562.0
562.0

23.6
23.6

Ill

111
ill
111
[II
[II
~3,421
[3,201
[41
141
111
[2,40,
221

[I21
1121
~231
1101
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5.5.1-22

REFRIGERANT 2 1

5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

Chemical formula: CHCl, F
Molecular weight: 102.92
Normal boiling point: 28 1.9 K
Melting point: 138 K

Critical temperature: 451.25 K
Critical 5 181 kPapressure:
Critical density: 5 25 .O kg/m�

~~~~~  :a 2 8 1 . 9  1 0 1 . 3 300 196 320 364 626 340 360 1 010 380 1 540 400 2 240 420 3 160 440 4 350 451.25 5 181 [II

PQ, kg/m3 1406 1 360 1311 1 258 1 199 1 134 1 057 962.8 823.0 525 (11
pg, kg/m3 4.62 8.55 15.48 26.14 41.93 64.94 98.91 151.1 124.1 525 VI
h?, kJ/k  509.1 528.1 549.9 572.3 595.2 618.4 642.4 668.6 701.4 748.7 VI
hg, kJ/kg  748.1 756.5 765.5 773.6 780.5 786.6 790.7 791.5 785.3 748.7 ill
bg,Q, kJ/k 239.0 228.4 215.6 201.3 185.3 168.2 148.3 122.9 83.9 [II
cp,Q,  kJ/(k K) 1.04 1.05 1.07 1.10 1.17 1.26 1.37 1.52 1.89 ]3,241
cp,g,  kJ/Os  K) 0.721 .733 .780 .832 .902 .982 1.05 1.43 2.50 13,201
VQ, Os/m�  366 311 269 235 209 187 165 135 99 141
vg, ccNs/m'  11.0 11.7 12.5 13.3 14.3 15.4 16.5 18.3 25.0 ]41
AQ, (mW/m2  )/W/m)  1 1 4 108 101 94.2 87.5 80.7 73.8 66.7 59.9 PI
Ag, @N/m2  )/(Klm) 7 . 9 8.6 9.5 10.4 11.4 12.5 13.7 15.2 16.7 [2,22,

1071

RQ 3.34 3.02 2.85 2.74 2.79 2.89 3.06 3.08 3.12 [I21
%? 1.00 1.01 1.03 1.06 1.13 1.21 1.26 1.72 3.74 1121
o, mN/m 20.1 17.6 14.7 12.1 9.4 7.0 4.7 2.6 0.73 ~231
Pe,Q, kK-�  1.64 1.85 2.11 2.47 2.95 3.78 5.32 8.50 54.0 [lOI

REFRIGERANT 22

Chemical formula: CHCIF, Critical temperature: 369.3 K
Molecular weight: 86.48 Critical 4 986 kPapxessure:
Normal boiling point : 242.4 K Critical density: 5 13 kg/m�
Melting point: 113.2 K

T K 242.4sat, 250 265 280 295 310 325 340 355 369.3

Psat, kPa 101.3 218 376 619 958 1420 2 020 2 800 3 800 4 986 111

PQ, k/m’  1413 1 360 1313 1 260 1 206 1 146 1 076 991 877 513 111
pg, kg/m3 4.70 9.59 16.1 26.3 40.6 60.9 90.2 134 208 513 PI
hQ, kJ/kz  453.6 469.3 490.2 508.1 526.3 545.2 565.3 587.3 613.2 667.3 PI
h,, kJ/h  687.0 694.9 701.0 706.7 711.5 715.0 716.9 716.0 708.9 667.3 PI
Gg,Q, kJ/k  233.4 225.6 210.8 198.6 185.2 169.8 151.6 128.7 95.7 111
cp,Q, kJ/(kg  K) 1.10 1.13 1.16 1.19 1.24 1.30 1.41 1.65 2.43 [I,391
cp,g,  kJ/(kg  K) .599 .646 .691 .747 .820 .930 1.09 1.40 2.31 ]3,201
'?Q,  lrNs/m�  332 282 251 225 204 187 172 150 119 [41
vg, rtNs/m"  10.1 10.9 11.7 12.3 13.2 14.2 15.7 16.4 18.8 141
AQ, (mW/mz  )/(K/m) 1 1 9 109 101 94.2 86.6 78.8 70.2 59.2 44.0 31.9 111
kg, (mW/m�  )/(K/m) 7 . 1 5 8.22 9.10 10.1 11.2 12.4 14.0 16.0 18.8 31.9 L&22,

1071
PrQ  3.07 2.92 2.88 2.84 2.92 3.09 3.45 4.18 6.89 iI21
pk .85 .86 .89 .91 .97 1.07 1.22 1.69 2.31 1121
CT, mN/m 18.3 15.5 13.0 10.6 8.4 6.2 4.3 2.5 1.0 VI
&,a, kK-�  2.08 2.37 2.68 3.10 3.67 4.65 6.34 9.56 25.6 [lOI
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids 5.5.1-23

ETHYL ETHER

Chemical formula: (CH,CH,),O
Molecular weight: 74.10
Normal boiling point: 307.8 K
Melting point: 158.9 K

Critical temperature: 467 K
Critical pressure: 3 610 kPa
Critical density: 265 kg/m3

T Ksatr 307.75 323 343 363 383 403 423 443 458 463
Psat,  kpa 101.3 170 307 511 811 1220 1 770 2490 3 150 3490 111

PQ, kg/m3 696.2 676.4 653.2 625.0 594.2 558.0  517.9 465.8 401.8 366.3 [II
pg, kg/m3 3.16 5.08 8.92 14.77 23.49 36.38 55.51 87.31 132.0 162.0 111
hp> kJ/kg 0.0 36.6 85.9 137.0 190.3 248.6  305.0 367.1 416.1 433.0 1841
hg> kJ/kg 349.9 373.6 404.1 434.3 464.5 497.7  520.6 532.5 523.9 524.6 [IO41
ug,Q, kJ/kg 349.9 337.0 318.2 297.3 274.2 249.1  215.6 165.4 107.8 81.6 111
Cp,Q, kJ/(kg K) 2.37 2.43 2.51 2.61 2.12 2.86 3.01 3.20 3.75 4.07 Ill
cp,g, kJ/(kg K) 1.40 1.96 2.05 2.14 2.26 2.43 2.75 3.44 4.15 4.50 [30,201
VP>  I.rNsW 210 177 148 127 109 95 84 17 70 67 [1,171

I

:I

qg, wNs/m2 7.86 8.28 8.86 9.45 10.1 10.9 11.7 13.1 15.0 16.4 [4,21
AQ, (mW/mz)/(K/m) 126 120 112 104 95.6 87.5 79.9 71.4 65.3 63.3 VI
Ag, (mW/m�)/(K/m) 15.8 17.4 19.5 22.4 24.2 27.0 30.2 34.2 38.6 41.5 12722
PrQ 3.95 3.58 3.32 3.19 3.10 3.11 3.16 3.45 4.02 4.31 1121
Prg 0.70 0.93 0.93 0.90 0.94 0.98 1.07 1.32 1.61 1.78 [I21
CJ,  mN/m 15.25 13.5 11.3 9.1 7.0 4.9 3.1 1.5 0.5 0.2 [II
Pe,Q, Mm� 1.93 1.80 2.00 2.48 3.27 4.38 6.10 8.82 25.8 45.7 [lOI

METHYLbBUTYL  ETHER

Chemical formula: CH, OC, H,
Molecular weight: 88.1
Normal boiling point: 33 1.2 K
Melting point: 162.4 K

Critical temperature: 503.4 K
Critical pressure: 3 411 kPa
Critical density: 275 kg/m3

Tsat, K 331.2 340 360 380 400 420 440 460 480 503.4

Psat, kpa 101.3 133 234 386 602 897 1 290 1800 2440 3411 1751

PQ, kg/m3 706 697 673 649 623 591 556
pg, kg/m3 3.40 4.39 7.51 12.2 18.9 28.5 42.3
hp, kJ/kg -22.2 -1.7 46.5 96.6 148.7 203.1 259.8
hg, kJ/kg 292.2 306.6 339.8 373.7 407.8 441.8 474.9

~g,a>kJ/k 314.4 308.3 293.3 277.1 259.1 238.7 215.1 186.3 147.3
Cp,Q, kJ/(kg K) 2.30 2.35 2.46 2.57 2.69 2.83 3.01 3.27 3.83
cp,g,  kJ/(kg K) 1.78 1.83 1.95 2.08 2.23 2.39 2.61 2.95 3.76
'IQ,  dWm' 231 214 184 151 129 109 9 1 74 59
qg, ~Ns/m* 8.50 8.76 9.38 10.0 10.7 11.5 12.3 13.3 14.9
AQ, (mW/ma)/(K/m)  1 0 8 106 100 94 89 83 78 71 62
As, (mW/ms)/(K/m)  1 5 . 4 16.2 18.2 20.3 22.5 24.9 27.6 30.7 34.4
PrQ 4.90 4.76 4.53 4.12 3.92 3.73 3.52 3.36 3.53

%- 0.98 0.99 1.01 1.02 1.06 1.10 1.16 1.28 1.63
(I, mN/m 14.7 13.8 11.7 9.8 7.9 6.1 4.3 2.7 1.3
Pe,Q,  kK� 1.56 1.64 1.85 2.13 2.46 3.05 4.09 5.62 10.1

517 467
62.7 96.2
319.2 382
505.4 529.3

27.5 r771
275 WI
488.1 1671
488.1 V&69,

621
[79,191
[SOI
WA621

44 [71,731
44 P319211
47 (341
47 [58,221

1121
1121
[651
1771
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5.5.1-24 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1  Properties of Saturated Fluids

ETHYLENE OXIDE

Chemical formula: ((CH, ), )O
Molecular weight: 44.054
Normal boiling point: 283.5 K
Melting point: 161 K

Critical temperature: 469 K
Critical pressure: 7 194 kPa
Critical density: 315 kg/m3

Tsat, K 283.5 300 320 340 360 380 400 420 440 469

Psat, kPa 101.3 186 359 621 1030 1660 2480 3450 4830 7 194 I471

PQ,  kg/m3 889 866 835 804 760 721 691 682 584 315
pg. k/m3 1.94 3.44 6.33 10.8 17.5 27.2 41.1 61.6 93.9 315
JQ, kJ/k - 4 4 0 -409 -367 -333 - 2 8 9 - 2 3 8 -183 - 1 2 9 -65 66
hg, kJ/kg 129 144 161 178 193 206 215 219 211 66

dh,,p, kJ/k 569 553 528 511 482 444 398 348 276

cp,Q. kJ/& K) 1.96 2.01 2.09 2.19 2.32 2.48 2.68 2.92 3.21
cp,g.  kJ/(kg K) 1.09 1.17 1.28 1.40 1.55 1.73 1.99 2.47 3.40
’IQ, tiNs/m� 284 245 210 182 160 142 128 116 105 47
vg, dWn2 9.0 9.6 10.3 11.0 11.7 12.5 13.4 14.4 15.9 47

AQ,  (mW/m’)/W/m) 158 152 144 135 127 119 110 102 93 69
kg, hW/m*  )/(K/m) 11.5 13.6 16.3 19.3 22.5 25.1 29.9 34.5 40.4 69
Prf2 3.52 3.24 3.04 2.93 2.92 2.97 3.12 3.34 3.63

PTA! 0.85 0.83 0.81 0.80 0.81 0.86 0.89 1.01 1.34
(J, mN/m 25.87 23.24 20.10 17.03 14.03 11.11 8.29 5.59 3.05
&,P, kK-� 1.60 1.76 1.98 2.30 2.71 3.30 4.20 5.76 9.26

I901
[621
[671
[30,62,
691

[471
[51
[30,621
125,471
[27,47,
211

[7,471
[31,471
[I21
[I21
I821
[lOI

PROPYLENE OXIDE

Chemical formula: CH, (CHCH,)O
Molecular weight: 58.08
Normal boiling point: 307.5 K
Melting point: 161 K

Critical temperature: 482.2 K
Critical pressure: 4 920 kPa
Critical density: 312 kg/m3

Tsat7 K 307.5 320 340 360 380 400 420 440 460 482.2

Psat , kPa 101.3 159 297 496 814 1 230 1 790 2480 3450 4920 [471

PP, kg/m’ 812 796 769 740 709 675 636 491 531
pg, kg/m’ 2.38 3.57 6.39 10.7 17.2 26.6 40.5 61.1 95.9
hp,  kJ/k -293 -271 - 2 2 0 -177 -135 - 8 6 - 3 7 33 106
h,, kJ/k 184 198 220 242 263 282 298 309 307

312 1901
312 F21
200 V71
200 [30,62,

691
[471
[51
[30,621

48 [251
48 126,479

211
71 17,471
71 [31,471

1121
1121
I821
[lOI

dg,p, kJ/k 477 469 440 419 398 368 335 276 201
cp,Q, kJ/(kg K) 2.06 2.10 2.18 2.29 2.42 2.60 2.81 3.07 3.38
cp,g>  kJ/(kg  K) 1.32 1.39 1.49 1.62 1.76 1.94 2.19 2.63 3.83
w, rNs/m2 278 251 217 191 171 155 143 133 125
vg,  Ds/m’ 9.1 9.5 10.2 10.8 11.5 12.3 13.1 14.1 15.5

kz, (mW/mzNK/m)  1 4 7 143 135 128 120 113 105 96
Xg, (mW/mz)/(K/m)  1 2 . 1 13.3 15.5 17.8 20.5 23.5 26.9 31.3
PrQ 3.90 3.69 3.49 3.41 3.44 3.57 3.84 4.23

% 0.99 0.99 0.98 0.98 0.99 1.02 1.07 1.18
o, mN/m 19.9 18.2 15.5 12.9 10.4 8.0 5.7 3.5
&,a, kK-� 1.59 1.71 1.9 2.24 2.64 3.27 4.26 6.22

88
47.4
4.79
1.25
1.6
19.4
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5 .l Properties of Saturated Fluids 5.5.1-25

METHYL ACETATE

Chemical formula: CH, CO, CH,
Molecular weight: 74.08
Normal boiling point: 330.3 K
Melting point: 174.45 K

Critical temperature: 506.8 K
Critical pressure: 4 687 kPa
Critical density: 325 kg/m3

T Ksat> 331 350 370 390 410 430 450 470 490 506.8
Psat 7 kPa 101.3 200 359 537 854 1 344 1930 2 688 3 723 4 687 1471

PQ, kg/m3 875 850 820 780 750 715 680
pg, kg/m” 2.83 5.16 8.87 14.5 22.7 34.6 52.2
hp,  kJ/k -173.4 -136.1 -96.5 -57.7 -17.8 26.7 76.4
hg, kJ/kz 228.5 249.1 269.8 289.8 308.8 326.0 340.2
dg,Q, kJ/ks 401.9 385.2 366.3 347.5 326.6 297.3 263.8
cp,p>  kJ/(kz  K) 1.92 1.99 2.08 2.18 2.32 2.46 2.65
cp,g>  kJ/(kg K) 1.19 1.25 1.35 1.45 1.57 1.72 1.95
w, CtNsW 260 225 192 168 145 121 99
rig, CtNs/m2 8.9 9.5 10.1 10.7 11.4 12.1 13.1
AQ, (mW/ma)/(K/m) 157 146 133 122 110 98 86
Ag, (mW/m’)/(K/m) 14.2 15.7 17.5 19.5 21.7 24.1 27.0
PrQ 3.18 3.07 3.00 3.00 3.04 3.05 3.06
4 0.75 0.76 0.78 0.80 0.82 0.86 0.95
0, mN/m 19.4 17.0 14.7 12.0 9.4 6.9 4.6
fle,Q, kK-’ 1.64 1.84 2.11 2.46 2.95 3.67 4.86

620 540 325 1471
79.3 127.8 325 I621
126.7 196.4 254.6 [671
348.6 342.9 254.6 163,621
221.9 146.5 [471
2.94 3.58 1701
2.38 3.86 147,621
80 62 56 147,711
14.1 16.1 56 147,211
74 61 50.3 I47,221
30.4 35.3 50.3 147,221
3.18 3.64 [I21
1.10 1.76 1121
2.4 1.1 [47,65  1
7.22 14.4 1101

ETHYL ACETATE

Chemical formula: CH, CO, C, H,
Molecular weight: 88.10
Normal boiling point: 350.25 K
Melting point: 189.55 K

Critical temperature: 523.25 K
Critical pressure: 3 832 kPa
Critical density: 307.7 kg/m3

Tsat> K 350.25 370 390 410 430 450 470 490 510 523.25

Psat 9 kPa 101.3 193 310 510 792 1 172 1655 2 275 3 172 3 832 1471

PQ , kg/m’

pg. kg/m3

kz, kJ/k
hg> kJ/k

ug,Q, kJ/kg 364.3 347.5 332.9 316.1 295.2 267.9 238.6 192.6 117.2

cp,Q,  kJ/fkit  K) 2.10 2.17 2.28 2.36 2.50 2.64 2.82 3.09 3.76

cp,g,  kJ/(kg K) 1.46 1.54 1.63 1.73 1.85 2.00 2.25 2.68 4.52

VP, AWm� 255 221 193 158 134 111 90 72 56 57
c, Ds/m2 8.9 9.5 10.1 10.7 11.4 12.2 13.0 14.3 16.4 57
AQ, @W/m�  )/K/m) 125 118 111 104 98 92 85 71 66 48.2
As,  (mW/m�  )/(K/m) 15.8 17.4 19.3 21.5 23.5 25.8 28.5 32.0 36.5 48.2

Prk2 4.28 4.08 3.96 3.59 3.42 3.19 2.99 2.89 3.19

% 0.82 0.84 0.85 0.86 0.90 0.95 1.03 1.20 2.03
(I, mN/m 17.4 15.0 12.6 10.0 7.8 5.8 3.9 2.3 0.14
&,Q, kK-� 1.65 1.86 2.14 2.50 3.02 3.79 5.17 7.80 17.4

830 800 770 740 705 670 625 570 475 307.7
3.20 5.63 9.45 15.1 23.4 35.5 54.2 81.3 134.5 307.7
-89.7 -47.3 - 6 . 7 35.7 81.3 131.7 182.0 241.7 315.8 362.8
274.6 300.2 326.2 351.8 376.5 399.6 420-h 434.3 433.0 362.8

1471
[621
[671
[63,62,

691
1471
147,701
[63,621
171,331
147,141
134,221
(47,221
1121
[I21
[I21
1101
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5.5.1-26

CHLOROFORM

5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

Chemical formula: CHCl,
Molecular weight: 119.4
Normal boiling point: 334.5 K
Melting point: 209.9 K

Critical temperature: 536.4 K
Critical 5 470 kPapressure:
Critical density: 498 kg/m3

Tsat,  K 334.5 360 380 400 420 440 460 480 505 536.4

Psat, kPa 101.3 221 374 599 914 1 321 1 893 2 598 3725 5 470 [911

PQ, kg/m3 1415 1 361 1333 1282 1 248 1 184 1114 1050 969 498 1901
pg, kg/m’ 4.50 9.33 15.3 23.4 36.1 53.0 77.3 109 158 498 [621
hQ, kJ/k  -108 - 7 9 -61 -41 -17 4 27 45 67 136 [671
hg, kJ/k  141 154 164 173 181 188 194 197 197 136 [62,63,

691
ug,c, kJ/b  249 233 225 214 198 184 167 152 130 [661
cp,Q,  kJ/h KI 1.00 1.03 1.07 1.11 1.15 1.21 1.32 1.43 1.59 151
cp,g> kJ/(kg  K) 0.60 0.63 0.66 0.69 0.73 0.79 0.87 1.00 1.28 [62,631
t7Q, dWm’ 400 342 299 261 220 197 181 165 150 65 1 2 5 1
vg, dWm2 11.2 12.2 13.0 13.7 14.6 15.5 16.5 17.9 19.8 65 [26,211
AQ, (mW/ms)/(K/m) 1 1 1 107 103 98.4 94.2 91.3 81.6 73.3 6 9 . 1 26.8 171
Ag, (mW/ms  )/(K/m) 8.7 1 9.74 10.6 11.5 12.5 13.5 13.6 15.9 17.5 26.8 131,221
prQ 3.60 3.29 3.11 3.01 2.69 2.61 2.93 3.22 3.45 WI
% 0.17 0.79 0.81 0.81 0.85 0.91 1.06 1.13 1.45 1121
o, mN/m  22.5 18.6 16.0 13.6 11.2 9.5 6.8 5.9 3 . 1 161
&,Q, kK-' 1.38 1.58 1.78 2.03 2.36 2.82 3.54 4.63 6.86 [lOI

ANILINE

Chemical formula: C, H, NH,
Molecular weight: 93.06
Normal boiling point: 457.55 K
Melting point: 267.05 K

Critical temperature: 699.0 K
Critical 5pressure: 301 kPa
Critical density: 340 kg/m3

-

T Ksat> 457.5 500 525 550 575 600 625 650 675 699.0
Psat,  kPa 101.3 276 456 716 1 080 1 5 6 0  2 2 0 0 3 010 4050 5 300 [II

PP, kg/m' 875 828 800 769 736 699 658 608 541 340
pg, kg/m3 2.56 6.62 10.7 16.7 25.3 37.5 55.1 81.7 128 340
hQ, kJ/b -114 - 1 0 53 137 184 254 323 396 473 584
h,, kJ/b 357 427 468 509 549 589 623 653 669 584

dg,Q, kJ/k 471

cp,Q,  kJ/(kg K) 2.37
cp,g, kJ/(k K) 1.74
LIP. rrNs/m* 303
vg, dWm2 11.8
AQ, (mW/m�)/W/m) 154
Ag, (mwlm�  )/W/m) 23.5

prQ 4.66

47 0.87
0, m.Wn 25.2
&,a, kK-� 1.17

437 415 372 365 335 300 257 196
2.52 2.61 2.71 2.84 2.97 3.13 3.36 3.84
1.89 1.99 2.09 2.20 2.35 2.55 2.90 3.95
213 178 152 132 117 104 94 86 71
13.1 13.9 14.7 15.6 16.5 17.6 19.0 21.1 71
146 141 136 131 126 121 116 111 70
28.1 30.9 33.8 36.8 40.1 43.6 47.8 53.1 70
3.68 3.29 3.03 2.86 2.76 2.69 2.72 2.98
0.88 0.89 0.91 0.93 0.97 1.03 1.15 1.57
19.9 16.9 14.0 11.2 8.5 5.9 3.6 1.5
1.42 1.62 1.88 2.24 2.17 3.62 5.26 9.82

[471
1621
[671
[63,62,
691

[471
1701
[63,621
[251
[26,211
[71
[31,221
(121
[I21
[651
UOI
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5 .l Properties of Saturated Fluids 5.5.1-27

ACETIC ACID

Chemical formula: CH, CO, H
Molecular weight: 60.05

Normal boiling point: 391.15 K
Melting point: 289.85 K

Critical temperature: 594.75 K
Critical pressure: 5 790 kPa
Critical density: 350.6 kg/m3

Tsat> K 391.15 420 440 460 480 500 520 540 560 594.75

Psat , @a 101.3 230 382 427 898 1 320 1 890 2630 3590 5790 111

PQ, kg/m3 939 900 874 846 815 782 743 691 642 350.6
pg, kg/m3 1.93 4.53 7.56 12.0 18.4 27.3 39.9 57.8 85.0 350.6
hp,  kJ/kg 260 326 372 420 413 524 480 643 710 854
hg, kJ/kg 642 703 740 115 807 834 850 874 882 854
ag,Q>  kJ/kg 382 377 368 355 334 310 270 231 172
=p,Q. kJl(kg W 2.42 2.55 2.66 2.76 2.91 3.04 3.21 3.43 3.82
cp,g>  kJ/(kg  K) 1.39 1.49 1.58 1.69 1.82 1.99 2.24 2.66 3.59

[II
[62,106]
1971
1971
P51
[701
[63,62,

1061
P8,331
[98,211
[59,58,

521
[SC 22,

1071
[=I
1121
[l, 271
1101

w, AWm� 372 216 232 194 166 138 115 95 76
vg, Ds/m* 10.4 11.4 11.9 12.4 13.0 13.7 14.4 15.3 16.5
AQ, (mW/mzYW/m) 158 150 143 137 131 125 118 112 105 9 3

%, (mW/m’ )/W/m) 20.7 23.8 26.3 29.0 32.2 35.9 40.3 45.9 53.6 93

5.70 4.69 4.32 3.91 3.69 3.36 3.13 2.91 2.76
0.70 0.71 0.71 0.12 0.73 0.76 0.80 0.89 1.11
18.1 15.3 13.5 11.6 9.7 7.9 6.0 4.28 2.47
1.40 1.52 1.63 1.87 2.24 2.15 3.62 5.15 8.0

PrQ

Prg
(J, mN/m
Pe,a, kK-�

ACETONE

Chemical formula: CHsCOCH,
Molecular weight: 58.1
Normal boiling point: 329.25 K
Melting point: 179.95 K

Critical temperature: 508.15 K
Critical pressure: 4 761 kPa
Critical density: 273 kg/m3

Tsat> K

Psat, kPa

329.25 340 360 380 400 420 440 460 480 508.15
101.3 152 274 4352 731 1 082 1637 2279 3252 4761 PI

PQ, kg/m3 750 736 710 683 655 625 590 553 504 273
pg, kg/m3 2.23 3.11 5.49 9.13 14.5 22.3 33.6 50.3 77.2 273
hQ> kJ/kg - 2 5 8 - 2 3 3 - 1 8 0 -131 - 7 4 -32 23 79 138 251
kg> kJ/kg 248 261 285 308 330 350 367 379 380 257

11021
1621
W71
[13,62,
691

[103,19]

WOI
[13,621
[103,13,

331
[38,211
[34,86,

221
w, 221
[I21
1121
[lOl, 271

1101

ug,Q, kJ/kg 506 494 465 439 414 382 344 300 242
Cp,Q, kJ/(kg  K) 2.28 2.32 2.42 2.53 2.65 2.83 3.03 3.29 3.76
cp,g,  kJ/(kg  K) 1.41 1.46 1.55 1.66 1.79 1.95 2.18 2.54 3.38
11Q. tiNs/m’ 235 213 188 165 141 119 9 9 80 64 49

vg,  dWnz 9.4 9.8 10.4 11.1 11.8 12.6 13.5 14.4 15.8 49
AQ,  (mW/m’VW/m) 142 137 129 121 112 104 96 a7 77 58

Ag, (mW/m2)/Wlm) 12.7 14.1 16.1 18.5 21.2 24.2 27.2 31.0 36.0 58
PrQ 3.77 3.61 3.53 3.49 3.34 3.24 3.12 3.03 3.13

% 1.04 1.01 1.00 1.00 1.00 1.02 1.08 1.18 1.48
0, mN/m 18.4 17.0 14.5 12.1 9.6 7.1 4.6 3.1 1.6
Pe,Q,  kK- � 1.65 1.81 1.92 2.18 2.50 3.04 3.82 5.13 9.22
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5.5.1-28 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

DOWTHERM A

Chemical formula: (C,H,),O  (73.5%); (C,H,),  (26.5%)
Molecular weight: 166
Normal boiling point: 530.25 K
Melting point: 285.15 K

Critical temperature: 770.15 K
Critical pressure: 3 134 kPa
Critical density: 315.5 kg/m3

T K 530.25sat> 555 580 605 630 655 680 700 730 770.15

&at, kpa 101.3 170.4 270 411 600 848 1 170 1470 2040 3 134 I1081

PQ, kg/m3 851.9 826 799 770 740 706 670 637 573 315.5 W31
pg, kg/m3  3.96 6.47 10.0 15.2 22.0 31.8 45.1 60.1 100 315.5 W31
hQ, kJ/kg  465 522 580 642 703 769 835 890 970 [108,39]
h,, kJ/kg  761 806 850 897 942 990 1035 1070 1110 [108,39]
fig.Q,  kJ/kg  296 284 270 255 239 221 200 180 140 [108,39]
Cp,Q,  kJ/(kg  K) 2.24 2.32 2.40 2.47 2.53 2.59 2.69 2.83 3.26 (108,391
cp,g, kJ/(k K) 1.83 1.91 1.97 2.03 2.10 2.16 2.24 2.34 2.54 [108,39]
rlQ, rNs/m3 273 236 206 180 160 145 132 124 115 (108,110]
vg, rNs/m’  10.1 10.6 11.2 11.7 12.2 12.7 13.3 13.9 14.5 [108,93,

1101
AQ, (mW/m�  )/W/m)  112 109 106 103 100 97 94 91 88 [108,93]
A~, (mW/m*)/(K/m)  20.4 22.6 24.8 27.2 29.8 32.6 35.6 38.8 42.0 (108,931
Pr  5.46Q 5.02 4.66 4.32 4.05 3.87 3.78 3.86 4.26 WI
h 0.91 0.90 0.89 0.87 0.86 0.84 0.84 0.84 0.88 In 931
o, mN/m 1831
&,a, kK-' 1.20 1.33 1.50 1.70 2.02 2.41 2.93 3.73 6.85 WI

DOWTHERM J

Chemical formula: C,, H,,
Molecular weight : 134
Normal boiling point: 454.26 K
Melting point: < 235.37 K

Critical temperature: 656.15 K
Critical pressure: 2 837 kPa
Critical density: 273.82 kg/m�

Tsaty K 454.26 480 500 520 540 560 580 600 620 656.15

Psat 9 kPa 101.3 187 279 351 536 804 1 070 1460 1870 2837 I1091

PP, k/m’

pg,  kg/m3

hQ, kJ/k
hg, kJ/kg
dg,Q.  kJ/k
cp,Q. kJ/(k K)
cpa, kJ/(k  W
VP, Dslm�
ng, dWm*
AQ,  (mW/maY(K/m)
kg, (mW/m�)/W/~~)
PI Q

%
(T,  mN/m,
&,a, kK-�

729.3 705.3 683.5 660.9 636.6
3.75 6.70 9.79 14.2 20.3
330 394 444 497 552
635 684 721 760 799
305 290 277 263 241
2.40 2.51 2.58 2.66 2.75
1.91 2.00 2.06 2.12 2.17
172 149 133 121 109
8.60 9.05 9.40 9.75 10.10
118.5 117.0 115.6 114.2 111.8

3.48 3.20 2.91 2.82 2.68 2.60 2.52 2.43 2.39

1.20 1.46 1.64 1.73 2.20 2.76 3.54 4.69 7.52

609.5 580.8 545.4
28.7 39.5 63.9
609 665 721
838 876 910
229 211 189
2.84 2.95 3.08
2.24 2.29 2.34
101 93 85
10.45 10.80 11.15
110.4 109.0 107.6

505.3
96.4
779
931
158
3.25
2.39
78
11.40
106.2

273.8 wg1
273.8 NW

[109,110]
[log, 1101
[109,110]
[ 109,110]
[ 109, loo]
[log, loo]
[log, 931
[log1
[831
WI
1831
1831
[lOI
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids 5.5.1-29

AIR

Chemical  formula: N, (78.1%); 0, (20.9%); AI (0.9%)
Molecular weight: 28.96
Normal boiling point: 78.9 K
Melting point: ?

Critical temperature: 132.6 K
Critical pressure: 3 769 kPa
Critical density: 3 13 kg/m�

T K 78.9sat9 85 90 95 100 110 115 120 125 132.6
Psat 7 kPa 101.3 192 304 457 662 1 260 1670 2160 2740 1521
Peon,  kPa 0.721 1.45 2.40 3.75 6.60 11.2 15.2 20.1 26.1 37.69 1521

PQ, kg/m3  876 847 822 796 768 705 669 627 569 [521
pg. kg/m�  3.27 6.26 9.98 15.2 22.4 45.1 62.8 87.3 123 313 [521
hQ, kJ/kg -124.6 -113.1 -103.5 -93.5 -83.3 -61.9 -50.3 -37.5 -22.0 1521
h,, kJ/kg 76.9 81.6 84.8 87.4 89.3 90.1 88.4 84.8 78.2 31.4 [521
ug,Q>  kJ/kg 201.5 194.7 188.3 180.9 172.6 152.0 138.7 122.3 100.2 1521
Cp,Q>  kJ/(kg K) 1.87 1.91 1.94 1.99 2.05 2.14 2.48 2 . 9 2 4.59 PI
cp,g,  kJ/&g  K) 1.05 1.07 1.09 1.13 1.26 1.56 1.92 2.46 3.38 r11
11Q. rNs/m2  183 142 116 91 82 63 55 48 41 (11
qg, rNs/m�  5.6 6.0 6.4 6.8 7.3 8.5 9.0 9.8 10.9 ill
hQ,(mW/m’)/(K/m)  1 4 8 137 128 120 111 94 85 71 66 111
Ag, (mW/m�  ~/~K/m~  7.4 7.8 8.4 9.2 10.1 12.5 13.9 15.2 17.4 r11
Pr  2.31Q 1.98 1.76 1.61 1.51 1.43 1.60 1.82 2.85 (121
%T 0.79 0.82 0.83 0.84 0.91 1.06 1.24 1.59 2.12 WI
u, mN/m 9.64 8.29 7.26 6.22 5.22 3.34 2.45 1.62 0.88 [541
&,a, IX-’ 5.5 6.0 6.6 7.3 8.4 12.5 16.0 21.5 33.0 1101

AMMONIA

Chemical formula: NH,
Molecular weight: 17.032
Normal boiling point: 239.75 K
Melting point: 195.45 K

Critical temperature: 405.55 K
Critical pressure: 11290 kPa
Critical density: 235 kg/m3

Taat,  K 239.75
Psat I kPa 101.3

-.

PQ, kg/m3 682

pg, kg/m� 0.86
hQ,  kJ/kg 808.0
h,, kJ/kg 2176

u&Q, kJ/k 1368
Cp,Q,  kJ/&tW 4.472
cpa, kJ/(kg K) 2.12
VP. dslm� 285
qg,  &/ma 9.25
AQ,  (mWm�V(K/m)  6 1 4
hg, (mW/m�)/(K/m) 1 8 . 8
PrQ 2.06

prg 1.04
u, mN/m 33.9
h,Q,  kK-� 1.90

250 270 290 310 330 350 370 390 400
165.4 381.9 775.3 1424.9 2 422 3870 5 891 8606 10 280

669 643 615 584 551 512 466 400
1.41 3.09 6.08 11.0 18.9 31.5 52.6 93.3
854.0 945.7 1 039.6 1135.7 1235.7 1341.9 1451.5 1591.4
2 192 2 219 2 240 2251 2255 2 251 2202 2099
1 338 1213 1 200 1115 1019 899 744 508
4.513 4.585 4.649 4.857 5.066 5.401 5.861 7.74
2.32 2.69 3.04 3.44 3.90 4.62 6.21 8.07
246 190 152 125 105 88.5 70.2 50.7
9.59 10.30 11.05 11.86 12.74 13.75 15.06 17.15
592 569 501 456 411 365 320 275
19.8 22.7 25.2 28.9 34.3 39.5 50.4 69.2
1.88 1.58 1.39 1.36 1.32 1.34 1.41 1.43
1.11 1.17 1.25 1.31 1.34 1.49 1.70 1.86
31.5 26.9 22.4 18.0 13.7 9.60 5.74 2.21
1.98 2.22 2.63 3.18 4.01 5.50 8.75 19.7

344
137
1675.3
1982
307

39.5
19.5
252
79.4

0.68
29.2

[II

VI
Ill
111
PI
VI
131
[L 91
[41
[l, 41
PI
[2,161
[121
WI
161
1101
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5.5.1-30

ARGON

5.5 PHYSICAL PROPERTY DATA TABLES / 5.5 .l Properties of Saturated Fluids

Chemical formula: Ar
Molecular weight: 39.944
Normal boiling point: 87.29 K
Melting point: 83.78 K

Critical temperature: 150.86 K
Critical 4 898 kPapressure:
Critical density: 536 kg/m3

T K 87.29sat> 94.4 101.4 108.5 115.5 122.6 129.7 136.7 143.8 150.9

Psat, @a 101.3 201.6 362.2 601.5 938.2 1 393 1987 2 138 3 702 4 898 VI

PQ, k/m”  1 393 1 348 1301 1251 1 197 1 137 1068 986.7 877.6 535.6 VI
pg, kg/m�  5.18 10.9 18.6 30.2 46.4 68.9 100.2 146.8 222.4 535.6 VI
hQ, kJ/kg  -116.1 -108.8 -101.1 -92.9 -84.2 -14.9 -64.5 -53.0 -40.2 -2.4 111
h,, kJ/kg  43.5 45.8 47.6 48.7 49.0 48.2 46.0 41.7 33.3 -2.4 111
Gg,Q, kJ/k 159.6 154.6 148.9 141.6 133.2 123.1 110.6 94.7 73.5 VI
cp,  Q, kJ/(k K) 1.083 1.168 1.200 1.218 1.257 1.358 1.559 1.923 2.011 [3,91
cp,g,  kJ/(kg  K) 0 . 5 4 8 0.569 0.626 0.665 0.745 0.866 1.067 1.509 2.951 PI
'IQ. &/ma  260.5 211.9 176.6 150.8 131.1 116.1 101.7 84.2 63.9 27.9 141
qg, pNs/m�  7.43 8.04 8.69 9.39 10.2 10.5 12.1 13.6 15.8 21.9 [41
AQ, (mW/m�)/(K/m)  1 2 3 . 2 114.9 106.5 98.7 90.1 81.1 71.9 63.4 53.6 30 PI
Ag, (mW/m*  )/(K/m) 6 . 0 9 6.63 1.23 7.92 8.70 9.67 11.1 12.9 15.4 30 PI
PrQ 2.29 2.15 1.99 1.86 1.83 1.94 2.21 2.55 2.40 WI
Q! 0.67 0.69 0.75 0.79 0.87 0.94 1.16 1.59 3.03 WI
u, mN/m 14.50 12.77 11.28 9.35 7.73 6.18 4.71 3.34 2.61 1.75 VI
&,a,  kK-�  4.58 5.01 5.50 6.41 7.80 9.61 12.6 16.8 23.1 41.8 1101

CARBON DIOXIDE

Chemical formula: CO,
Molecular weight: 44.011
Normal boiling point: 194.65 K
Melting point: 216.55 K

Critical temperature: 304.19 K
Critical pressure: 7 382 kPa
Critical density: 468 kg/m3

Tsat, K 216.55 230 240 250 260 270 280 290 300 304.19

Psat, kPa 518 891 1282 1787 2 421 3 203 4 159 5 315 6 712 7 382 VI

PQ, kg/m3 1 179 1130 1089 1 046 998 944 883 805 676 468 ill
Pg, kg/m3 15.8 20.8 32.7 45.9 63.6 88.6 121 172 268 468 111
hQ,  kJ/k -206.2 -181.5 -162.5 -142.6 -121.9 -99.6 -75.7 -47.6 -10.8 42.8 111
h,, kJ/k 141.1 148.5 151.7 151.1 148.6 142.9 134.9 122.8 96.3 42.8 111
+-,Q, kJ/k 347.3 330.0 314.2 293.1 270.5 242.5 210.6 170.4 107.1 [II
‘+,Q,  kJ/@g W 2.15 2.08 2.09 2.13 2.24 2.42 2.76 3.63 7.69 P,ll
cp,g,  kJ/(k  K) 0.89 0.98 1.10 1.20 1.42 1.64 1.94 3.03 9.25 FJ> 11
Q, ~Nslm� 250 200 166 138 117 102 90.8 79.0 59.6 31.6 [9,41
vg, IrNs/m* 11.0 12.0 12.7 13.5 14.3 15.2 16.5 18.7 22.8 31.6 141
AQ. (mW/m�)/Wm) 177 160 146 134 122 110 98 86.1 74.1 47.5 11921
hg, (mW/m2)/(K/m) 11.5 12.9 14.2 15.7 17.4 19.7 22.9 28.0 39.2 47.5 PI
PrQ 3.04 2.60 2.38 2.19 2.15 2.24 2.56 3.33 6.19 1121
p'g 0.85 0.91 0.98 1.03 1.17 1.27 1.40 2.02 5.38 [I21
u, mN/m 17.1 13.8 11.4 9.16 7.02 5.01 3.19 1.61 0.33 PI
Pe,Q, kK-' 2.86 3.60 4.18 4.91 6.00 7.63 10.2 18.2 57 1291
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids 5.5.1-31

CARBON MONOXIDE

Chemical formula: CO Critical temperature: 133.16 K
Molecular weight: 28.011 Critical pressure: 3 498 kPa
Normal boiling point: 8 1.66 K Critical density: 301 kg/m3
Melting point: 68.16 K

T K 81.66sat7 90 95 100 105 110 115 120 125 133.16

hat, kPa 101.3 245 437 548 776 1070 1433 1875 2 423 3 498 111

PQ, kg/m’ 789 751 728 702 675 646 613 514 526 301 [II
pg, klm3 4.40 9.99 15.4 22.4 31.0 42.6 57.2 77.5 153 301 111
hQ>  kJ/k  150.4 168.6 179.8 192.3 204.1 216.1 227.1 239.3 258.1 314.33 (11
h,, kJ/k  366.0 369.7 371.2 372.9 374.3 374.6 374.0 370.9 363.7 314.33 (11
bg,Q, kJ/kg  215.6 201.1 191.4 180.6 169.6 158.5 146.9 131.6 105.6 111
Cp,Q>  kJ/& K) 2.15 2.17 2.20 2.26 2.34 2.46 2.61 2.19 3.02 [51
cp,g,  kJ/& K) 1.22 1.35 1.52 1.60 1.79 2.03 2.42 3.18 5.25 ]13,201
qQ> Ds/m*  154 120 105 93.5 83.9 75.9 69.1 63.3 58.3 v51
qg, rNs/m�  7.08 7.51 7.80 8.11 8.44 8.80 9.23 9.78 11.7 (26,211
AQ, (mWm*  )/W/m)  1 4 1 125 116 107 98.2 89.3 80.3 71.4 62.5 PI
Ag, (mW/m�)/(K/m) 6 . 8 9 8.22 8.93 9.71 10.5 11.5 12.6 14.0 18.4 [2,221
RQ 2.35 2.08 1.99 1.97 2.00 2.09 2.25 2.47 2.82 1121
P% 1.25 1.23 1.33 1.34 1.44 1.55 1.77 2.22 3.34 (121
U, mN/m 9.47 7.73 6.71 5.71 4.13 3.18 2.86 1.97 1.13 161
&,a,  kK-�  5.46 6.65 7.52 8.44 9.63 11.6 14.9 20.7 31 IlO1

CARBON TETRACHLORIDE

Chemical formula: CCI,
Molecular weight: 153.8
Normal boiling point: 349.85 K
Melting point: 250.25 K

Critical temperature 556.35 K
Critical pressure: 4 560 kPa
Critical density: 588 kg/m3

Tsat K 349.9 370 390 410 430 450 470 495 525 556.35

Psat, kPa 101.3 184 307 413 701 1 020 1 390 2 020 3 160 4 560 111

PQ, kg/m” 1484 1442 1 397 1 351 1 303 1 250 1 199 1107 989 588

pg, kg/m3 5.44 9.40 15.2 23.4 34.8 50.3 71.2 108.5 184.5 588
hQ, kJ/kg - 3 6 -17 -1 16 38 53 72 92 123 177
hg> kJ/kg 159 169 179 188 197 205 212 218 221 177

M&Q,  kJ/k 195 188 180 172 159 152 140 126 98
Cp,Q, kJ/(k  K) 0.92 0.94 0.97 1.01 1.06 1.14 1.24 1.36 1.57

cp,g,  kJ/(kg K) 0.58 0.60 0.62 0.65 0.68 0.73 0.80 0.91 1.30
VP>  CtNslm� 494 407 352 309 274 241 205 154 98
ng, rNs/m� 11.9 12.5 13.3 14.1 14.9 15.7 16.7 18.9 21.0
AQ, (mW/m* YW/m) 92 87 83 78 74 70 65 57 45
%, @W/m*  )/W/m) 8.6 9.3 10.0 10.7 11.5 12.3 13.2 14.3 16.3
PrQ 4.94 4.40 4.16 4.08 3.93 3.92 3.91 3.67 3.42

P�s 0.80 0.81 0.82 0.85 0.88 0.93 1.01 1.20 1.67
u, mN/m 20.2 17.6 15.4 13.1 10.9 8.8 6.9 4.4 2.0
&,a, kK-� 1.36 1.50 1.68 1.90 2.19 2.58 3.14 4.30 7.83

63
63
25
25

111
1621
V71
[30,62,

691
WI
]51
[30,621
[25,331
[1,201
VI
11,221
VI
1121
ill
WI
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5.5.1-32 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

CHLORINE

Chemical formula: Cl, Critical temperature: 417.15 K
Molecular weight: 70.914 Critical pressure: 7 710 kPa
Normal boiling point: 239.11 K Critical density: 5 7 3 kg/m 3
Melting point: 172.65 K

Tsat> K

hat. kPa

239 261 283 305 328 350 372 394 411 416

101.3 241 501 928 1 575 2 501 3 769 5 452 7 036 7 634 PI

PP, k/m’ 1 563 1503 1439 1 370 1 295 1213 1 116 992.1
pg, k/m’ 3.69 8.20 16.2 28.9 48.5 78.1 123.8 202.0
hp, kJ/ks 237.7 258.8 280.5 302.6 325.6 349.9 377.0 409.7
hg. kJ/k 525.4 533.9 541.7 548.1 552.8 554.8 553.0 543.9
ug,p. kJ/kg 287.7 275.1 261.2 245.5 227.2 204.9 176.0 134.2
cp,p,  kJ/(k K) 0.949 0.954 0.962 0.973 1.01 1.10 1.40 1.93
cp,g, kJ/(kgW 0.497 0.528 0.579 0.644 0.748 0.985 1.40 1.98
w, ctNs/m� 496.5 428.6 372.6 331.3 285.5 270.5 248.5 230.0
ng, ds/m� 10.9 12.5 13.6 14.8 16.0 17.5 19.5 22.3
AQ, (mW/m2 )/Wm) 163 154 143 132 120 107 93.6 76.8
hg, (mWlm2  )/W/m) 6.9 7.8 8.7 10.0 11.5 13.1 15.7 19.5
Prfz 2.89 2.66 2.52 2.45 2.41 2.79 3.71 5.76

% 0.79 0.85 0.91 0.95 1.04 1.32 1.72 2.26
o, mN/m 26.90 23.58 19.96 16.53 13.14 9.64 6.34 3.13
&,a, kK-� 1.69 1.95 2.27 2.70 3.38 4.16 6.08 10.5

838.9 700.8
329.0 468.4
444.2 467.3
523.4 499.8
79.2 32.5

4.40
217.6
28.0
59.8
26.5

4.65
0.76
26.0

214.2
35.9
48.8
34.0

0.12

[ll
ill
[II
Ill
[II
[61
[3,201
[71
14,141
PI
P,221
WI
iI21
[61
[lOI

FLUORINE

Chemical formula: F, Critical temperature: 144 K
Molecular weight: 38.00 Critical pressure: 5 320 kPa
Normal boiling point: 85.2 K Critical density: 5 35 kg/m5
Melting point: 53 K

Tsat? K 85.2 95 100 105 110 117.5 122.5 127.5 132.5 142.5

Psat v kPa 101.3 278 428 634 903 1439 1 903 2470 3 159 4 987 [II

PP, kg/m3 1524 1435 1393 1 349 1 303 1 229 1 174 1112 1040
pg, kg/m3 8.30 14.4 21.7 31.7 44.9 72.0 97.2 130.5 176.8
h, kJ/k -359.8 -342.5 -333.8 -324.9 -316.1 -302.2 -292.4 -282.0 -270.9
h,, kJ/kl: -168.2 -164.2 -162.4 -161.1 - 160.5 - 160.9 - 162.3 -165.0 -169.5
Mg,p, kJ/k 191.6 178.3 171.4 163.8 155.6 141.3 130.1 117.0 101.4
Cp,Q, kJ/(k K) 1.55 1.60 1.65 1.72 1.83 2.04 2.23 2.47 2.75
cp,g, kJ/Wg  K) 0.795 0.881 0.945 1.03 1.14 1.35 1.60 2.22 3.61
VP,  rNs/m� 237 183 163 147 133 117 108 99.8 93.0
c, IrNs/m� 7.23 8.57 9.09 9.62 10.2 11.2 11.9 12.9 14.2
hp, (mW/m*YWlm~ 158 143 135 128 121 114 102 94 85
kg, (mW/m* )/W/m) 7.0 8.3 8.9 9.5 10.5 11.8 13.2 15.0 17.0
PrQ 2.33 2.77 1.99 1.98 2.01 2.09 2.36 2.62 3.01

% 0.82 0.91 0.97 1.04 1.11 1.28 1.44 1.91 3.01
(r, mN/m 14.25 12.13 11.03 9.92 8.79 7.06 5.87 3.91 3.38
&,a, kK-� 6.30 6.59 6.88 7.55 8.52 10.6 12.5 16.2 23.2

749.0
378.8
-236.8
-192.4
44.4
3.47

89.5
21.4
53
26.5
5.86

0.56

111
ill
111
PI
PI
[3,51
[30,201
WI
14,141
PI
[2,221
1121
[=I
[61
PO1
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5 .l Properties of Saturated Fluids 5.5.1-33

HELIUM

Chemical formula: He
Molecular weight: 4.002 6
Normal boiling point: 4.21 K
Melting point: 0.95 K

Critical temperature: 5.19 K
Critical pressure: 2 290 kPa
Critical density: 69.3 kg/m3

T Ksat>
Psat 9 kPa

4.21 4.3 4.4 4.5 4.6 4.7 4.8 4.9 5.0 5.19
101.3 111 120 132 144 157 169 184 199 229 [II

PP, kg/m3 125.0 123.6 122.0 119.5 117.0 114.4 111.0 106.5 101.0

pg, kg/m3 11.58 12.43 13.13 14.12 15.07 16.08 16.95 18.08 19.16

hp, kJ/kg 0.00 0.42 0.50 0.53 0.57 0.62 0.69 0.82 1.02

h,, kJ/ktz 20.9 20.72 20.20 19.33 18.57 17.42 16.29 14.62 13.62

dg,Q, kJ/k 20.9 20.3 19.7 18.8 18.0 16.8 15.6 13.8 12.0

cp,p,  kJ/(kg W 4.48 4.77 5.11 5.53 5.94 6.57 7.53 9.08 11.5
cp,g,  kJ/(k  K) 5.19 5.19 5.19 5.19 5.19 5.19 5.19 5.19 5.19
VP, Ds/m� 36.5 36.3 36.1 36.0 35.8 35.5 35.4 35.1 34.9
vg, dWm* 1.09 1.11 1.13 1.16 1.18 1.20 1.22 1.25 1.27
AQ, (mW/m�)/W/m) 31.2 32.4 33.9 35.4 37.0 38.7 40.5 42.3 44.3
kg, (mWW)/(Klm) 8.3 8.45 8.60 8.79 8.95 9.1 9.28 9.43 9.62
PQ 5.23 5.37 5.44 5.62 5.75 6.19 6.58 7.95 9.06

Prg 0.68 0.68 0.68 0.68 0.68 0.68 0.68 0.69 0.69
o, mN/m 0.111 0.099 0.087 0.075 0.063 0.061 0.040 0.028 0.019
Pe,Q,  kK-* 117 144 177 214 256 306 384 528 806

69.3 111
[1111
WI
I851
t11
[II
130,921
v51

1.31 14,931
171
[31,931
1121
112,931
161
1101

HYDROGEN

Chemical formula: H, Critical temperature: 33.23 K
Molecular weight: 2.016 0 Critical pressure: 1 316 kPa
Normal boiling point: 20.38 K Critical density: 3 1.6 kg/m3
Melting point: 13.95 K

T K 20.38sat> 21 23 25 27 29 30 31 32 33.23
Psat, kPa 101.3 121 204 321 479 685 808 946 1 100 1 316 Ill

PP, kg/m”  71.1 70.4 67.9 65.0 61.6 57.4 54.9 51.7 47.5 31.6 [II
pg, kg/m�  1.31 1.56 2.49 3.88 5.81 8.60 10.5 13.0 16.6 31.6 111
hQ, kJ/kg 262 268 291 317 348 384 406 431 463 561 [II
hg, kJ/k  718 721 729 732 730 719 710 6 9 4 671 561 [II
ug,p, kJ/k 456 453 438 415 382 335 304 263 208 111
Cp,Q, kJ/(kg K) 9.74 10.2 11.8 13.7 16.4 21.1 25.5 33.8 55.8 [II
cp,g, kJ/(kg K) 11.7 11.9 13.0 14.6 17.5 23.3 28.9 39.7 69.1 Ill
'?Q, rWm* 12.7 12.0 10.5 9.05 7.84 6.76 6.27 5.67 5.00 3.38 111
qg, t.Wm’  1.12 1.17 1.30 1.43 1.56 1.74 1.86 2.00 2.19 3.38 ill
AQ, (mW/m*  MKlm) 119 121 126 127 122 112 106 100 91 60 [31
Ag, (mW/m�)/(K/m)  1 6 . 3 16.9 19.2 22 25 29 31 35 40 60 131
PrQ  1.04 1.02 0.99 0.98 1.05 1.27 1.51 1.92 3.07 WI
p% 0.80 0.82 0.88 0.95 1.09 1.40 1.73 2.27 3.78 1121
o, mN/m 1.92 1.81 1.47 1.13 0.796 0.483 0.333 0.207 0.106 (11
Pe,n,  kK-�  15.9 16.8 20.6 26.3 35.1 52.0 68.4 95.3 172.9 [lOI
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5.5.1-34

HYDROGEN CHLORIDE

5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1 Properties of Saturated Fluids

Chemical formula: HCl
Molecular weight: 36.461
Normal boiling point: 188.05 K
Melting point: 158.93 K

Critical temperature: 324.6 K
Critical pressure: 8 309 kPa
Critical density: 450 kg/m3

Tsar9 K 188.05 200 215 230 245 260 275 290 305 324.65

Psat, kpa 101.3 180 370 670 1 100 1 800 2 700 3 800 5 500 8 309 1451

PQ, kg/m3 1 190 1 155 1115 1070 1020 970 925 845 755
pg,  kg/m3 2.5 5 10 15 25 40 55 90 140
hQ,  kJ/kg 0.0 20 45 71 99 130 164 203 247
hg, kJ/kg 442 452 461 467 473 478 480 478 465
ug,Q.  kJ/k 442 432 416 396 374 348 316 275 218
cp,Q, kJ/(k K) 1.61 1.66 1.74 1.84 1.95 2.15 2.34 2.67 3.28
cp,g,  kJ/(k K) 0.85 0.87 0.91 0.96 1.04 1.16 1.36 1.74 2.74
‘IQ, Ns/m* 407 332 259 204 160 126 101 77 60
qg, ~Ns/m* 9.0 9.6 10.4 11.2 12.1 13.0 14.1 15.1 16.8

AQ, (mW/m2)/(K/m) 337 323 305 285 264 242 219 195 169
Ag, (mW/m�  Y(K/m) 8.6 9.3 10.5 12.0 13.5 15.6 17.8 21.6 26.9

PrQ 1.94 1.71 1.48 1.32 1.18 1.12 1.08 1.05 1.16

Prg 0.89 0.90 0.90 0.90 0.93 0.97 1.06 1.22 1.71
o, mN/m 23.2 21.0 18.3 15.5 12.9 10.2 7.7 5.2 2.8
Pe,n,  kK-� 2.31 2.49 2.72 3.30 3.81 4.00 5.91 9.52 30.55

450 [451
450 ]451

]831
1841
1661
]5,70]
[30,621

34 [25,451
34 [ 26945,

211
61 ]7,451
61 ]31,22,

1071
WI
1121
161
1101

HYDROGEN FLUORIDE

Chemical formula: HF
Molecular weight: 20.063
Normal boiling point: 292.69 K
Melting point : 190 K

Critical temperature: 461.15 K
Critical 6pressure: 485 kPa
Critical density: 290.0 kg/m�

T K 292.69sat> 305 325 345 365 385 405 425 445 461.15

Psat, @a 101.3 152 285 500 820 1 320 2 100 3 150 4 800 6 490 ]451

PQ, kg/m3  968 945 905 862 816 765 710 640 545 290 [451
pg, kg/m3 2.0 3.5 5.0 10.0 14.0 20 28 45 88 290 1451
h& kJ/kg  0.0 37.9 101.6 168 239 316 400 493 598 1841
hg, kJ/kg  330 407.9 536.6 653 769 896 1 010 1068 993 ]851
h,Q, kJ/k  330 370 435 485 530 580 610 575 395 ]661
cp,Q> kJ/(kg  K) 3.04 3.12 3.26 3.44 3.68 4.00 4.41 4.92 5.56 ]51
cp,g,  kJ/(kg K) 1.46 1.46 1.46 1.46 1.46 1.46 1.46 1.46 1.46 r30,921
mz, dWm�  215 191 161 139 121 106 93 81.6 71.2 39.8 [25,451
vg, ccNs/m*  10.9 12.2 13.5 14.5 15.4 16.3 17.2 18.1 18.9 39.8 ]26,45,

931
AQ, (mW/m�)/(K/m)  402 387 362 335 310 283 255 227 199 ]7,451
Ag, (mW/m�)/(K/m) 2 1 . 0 21.8 23.0 24.3 25.6 26.9 28.3 29.6 30.9 32.0 [31,45,

931
Pre 1.63 1.54 1.45 1.43 1.44 1.50 1.61 1.77 1.99 2.22 [I21
% 0.76 0.82 0.85 0.87 0.88 0.88 0.88 0.89 0.89 112,931
O, mN/m  8.65 7.85 6.75 5.6 4.6 3.5 2.5 1.6 0.7 161
oe,Q,  Me’ 1.93 2.13 2.45 2.91 3.54 4.40 6.08 9.9s 27.6 1101
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5 .l Properties of Saturated Fluids

HYDROGEN SULFIDE

5.5.1-35

Chemical formula: H, S
Molecular weight: 34.08
Normal boiling point: 212.8 K
Melting point: 187.6 K

Critical temperature: 373.15 K
Critical pressure: 8 937 kPa
Critical density: 346 kg/m�

T K 212.8sat? 220 240 260 280 300 320 340 360 373.15
Psat.  kPa 101.3 140 325 680 1020 2000 3 250 4890 7 050 8937 (451

PP,  kg/m3  965 955 915 875 830 780 720 650 565 346 [41
pg, kg/m3 2.0 2.6 5.5 11.0 21.0 35.0 55.0 95.0 160.0 346 1451
h kJ/k -356 -341 -301 - 2 5 6 - 2 0 7 - 1 6 1  - 1 0 4 - 4 2 45 68 1671
hg, kJ/k  199 204 219 230 239 244 241 228 190 68 [63,  62,

691
ag,Q. kJ/k  555 545 520 485 445 405 345 270 145 1451
Cp,Q, kJ/(kg K) 1.83 1.85 1.91 2.00 2.13 2.35 2.64 3.10 4.38 r701
cp,g,  kJ/(kg  Q 1.02 1.03 1.08 1.16 1.28 1.45 1.77 2.48 6.45 [45,63,

621
rlQ, PNslm�  423 378 272 205 162 130 110 87 66 40.5 r45,331
vp Ds/m*  9.2 9.6 10.5 11.4 12.4 13.5 14.8 16.5 19.2 40.5 [45,211
AQ,  (mW/m2)/(Klm)  233 224 199 175 153 131 107 85 62 49.5 [45,221
kg, (mW/m�)/Wlm) 9 . 1 9.6 11.1 12.9 14.7 17.0 19.8 24.1 30.5 49.5 [45,22,

1071
PrQ  3.32 3.12 2.61 2.34 2.26 2.33 2.71 3.17 4.66 WI
R&T  1.03 1.03 1.02 1.03 1.08 1.15 1.32 1.70 4.06 PI
a, mN/m  29.0 27.5 23.5 19.6 16.0 12.5 9.2 5.5 2.2 (451
&,Q,  kK-�  1.86 1.98 2.31 2.69 3.34 4.40 6.10 8.99 31.5 1101

MERCURY

Chemical formula: Hg Critical temperature: 1 763.2 K
Molecular weight: 200.5 1 Critical pressure: 15 1 000 kPa
Normal boiling point: 630.1 K Critical density: 5 500 kg/m3
Melting point : 234.32 K

Tsat9 K 630.1 650 700 750 800 850 900 950 1000 1050
Psat* kPa 101.3 145 316" 620 1 120 1880 2990 4530 6580 9230 111

PQ, kg/m3

pg,  kg/m3

h, kJ/kg
h,, kJ/k
dg,Q,  kJ/k
Cp,Q>  kJ/(k  K)
cp,g,  kJ& K)
VP,  Ds/m�
vg, rNs/m�
AQ, (mWm* NKlm)
kg, W+�W  NK/m)
PrQ

prg
o, mN/m
Pe,Q,  I&�

12 737 12688 12 567 12 444 12 318 12 190 12059 11927 11791
3.91 5.37 10.9 20.1 34.2 54.6 82.7 119.9 167.7
91.8 94.5 101.3 108.2 115.2 122.3 129.5 136.9 144.4
386.7 388.7 393.6 398.4 403.0 407.4 411.6 415.5 419.1
294.9 294.2 292.3 290.2 287.8 285.1 282.1 278.6 274.7
0.136 0.136 0.137 0.138 0.140 0.142 0.144 0.146 0.149
0.104 0.104 0.105 0.106 0.107 0.108 0.109 0.111 0.113
884 870 841 816 794 776 760 746 736
61.7 63.5 68.6 73.5 78.4 83.5 88.4 93.2 98.0
121.9 123.6 128.0 131.9 135.1 137.8 141.8 144.5 146.9
10.4 10.8 11.7 12.6 13.5 14.4 15.3 16.2 17.2
0.987 0.957 0.900 0.854 0.823 0.800 0.772 0.754 0.744
0.617 0.612 0.616 0.618 0.621 0.626 0.630 0.637 0.644

0.194 0.193 0.195 0.203 0.212 0.221 0.230 0.241 0.253

11650 [l]
227.3 HI
153.8 [II
423.0 PI
269.2 [II
0.153 111
0.116 111
723 ill
103.0 111
147.9 [l, 481
18.1 VI
0.748 WI
0.660 WI

1501
0.269 1101
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5.5.1-36

NEON

5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1  Roperties of Saturated Fluids

Chemical formula: Ne
Molecular weight: 20.183
Normal boiling point: 27.09 K
Melting point: 24.5 K

Critical temperature: 44.4 K
Critical pressure: 2 654 kPa
Critical density: 483 kg/m�

&at, K 27.1 29 31 33 35 37 39 41 43 44.4

Psat, kPa 101.3 174 284 439 646 916 1 260 1688 2 216 2 654 111

PQ , kg/m3 1 205 1 170 1131 1089 1043 992 932 859 754 483 111
pg,  kg/m’ 9.57 15.7 25.0 38.0 56.0 80.8 115.3 164.5 243.5 483 [11
hp, kJ/kg 5.01 9.00 13.38 17.96 22.74 27.70 32.93 38.67 46.32 Ul
hg, kJFg 91.11 92.23 93.00 93.27 92.94 91.85 89.83 86.58 81.13 VI
Lvlg,p, kJ/kg 86.1 83.2 79.6 75.3 70.2 64.2 56.9 47.9 34.8 [ll
cp,n, kJ/(k K) 1.87 1.92 1.97 2.05 2.14 2.29 2.49 2.77 3.23 VI
cp,g,  kJ/W K) 1.31 1.42 1.61 1.84 2.02 2.42 3.06 4.45 8.08 [3,20,

371
TIP,  dWn’ 127 105 92.5 77.9 65.9 56.6 47.3 38.6 27.8 16.7 IL 41
vg, crNs/m� 4.63 5.04 5.43 5.83 6.12 6.82 7.43 8.47 11.9 16.7 [41
An, (mW/m’)/(K/m) 113 110 108 102 96.5 88.6 78.9 67.3 50.3 33 PI
hg, (mW/ma)/(K/m) 7.7 8.5 9.3 10.2 11.1 12.4 13.9 16.0 22.8 33 121
PrQ 2.10 1.83 1.69 1.57 1.46 1.46 1.49 1.59 1.69 1121
%f 0.79 0.84 0.94 1.05 1.11 1.33 1.64 2.36 4.22 [W
a, mN/m 4.78 4.15 3.50 2.87 2.26 1.69 1.15 0.65 0.20 [L 61
Pe,n, kK-� 1.47 1.66 1.91 2.23 2.68 3.32 4.47 7.10 31.0 [lOI

NITROGEN

Chemical formula: N,
Molecular weight: 28.016
Normal boiling point: 77.35 K
Melting point: 63.15 K

Critical temperature: 126.25 K
Critical pressure: 3 396 kPa
Critical density: 304 kg/m3

Tsatp K 77.35 85 90 95 100 105 110 115 120 126
Psat 9 kPa 101.3 290 360 540 718 1083 1467 1940 2 515 3 357 VI

PQ, kg/m” 807.10 771.01 746.27 719.42 691.08 660.5 626.17 583.43 528.54
pg, kg/m’ 4.621 9.833 15.087 22.286 31.989 44284 62.578 87.184 124.517
hi, kJ/k -120.8 -105.7 -95.6 -85.2 -74.5 -63.8 -51.4 -38.1 -21.4
h,, kJ/kg 76.8 82.3 85.0 86.8 87.7 87.4 85.6 81.8 74.3
ag,Q,  kJ/kg 197.6 188.0 180.5 172.2 162.2 150.7 137.0 119.9 95.7
Cp,Q,  kJ/W K) 2.064 2.096 2.140 2.211 2.311 2.467 2.711 3.180 4.347
cp,g, kJ/(k K) 1.123 1.192 1.258 1.350 1.474 1.666 1.975 2.586 4.136
1)Q,  IrNsh� 163 127 110 97.2 86.9 78.5 70.8 59.9 48.4
vg, ecNs/m� 5.41 5.60 6.36 6.80 7.28 7.82 8.42 9.25 10.68
AQ, (mW/m�)/Wm) 136.7 122.9 112.0 104.0 95.5 88.0 80.2 70.4 62.8
Ag, (mW/m�)/(K/m) 7.54 8.18 9.04 9.77 10.60 11.69 14.50 20.76 30.91
PrQ 2.46 2.17 2.10 2.07 2.10 2.20 2.39 2.71 3.35

% 0.81 0.82 0.89 0.94 1.01 1.11 1.15 1.16 1.43
o, mN/m 8.85 7.20 6.16 4.59 3.67 2.79 1.98 1.18 0.52
&,a, kK-� 5.65 6.46 7.26 8.47 9.69 12.1 15.7 23.0 37.5

379.22
237.925
17.4
49.5
32.1

19.1
19.1
52.8
51.11

0.01

PI
111
r11
111
[II
191
PI
[41
[4,91
[I, 91
PI
WI
[I21
[27,281
1101
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.1  Properties of Saturated Fluids 5.5.1-37

OXYGEN

Chemical formula: 0,
Molecular weight: 32.00
Normal boiling point: 90.18 K
Melting point: 54.35 K

Critical temperature: 154.77 K
Critical pressure: 5 090 kPa
Critical density: 405 kg/m3

T K 90.18sat* 97 104 111 118 125 132 1 4 0 146 154
Psat , kPa 101.3 196 352 583 908 1 348 1 924 2 782 3 591 3 939 [II

PQ, kg/m3 1135.72 1 102.05 1065.07 1025.64 982.32 934 .58  880 .28  808 .41 737.56 557.10 [l]
pg, kg/m3  4.48 8.23 14.14 22.79 35.03 52.05 75.81 116.12 163.34 304.41 [l]
h, kJ/kg  -133.4 -122.1 -110.3 -98.2 -85.4 - 7 1 . 8  - 5 7 . 8  - 3 8 . 9 -23.2 10.6 ill
hg, kJ/kg  78.9 83.8 88.0 91.2 93.3 93.9 92.8 88.4 81.4 56.7 111
Mg,Q.  kJ/kg  212.3 205.9 198.3 189.4 178.7 165.7 150.1 127.3 104.6 46.1 111
Cp,Q.  kJ/Oe K) 1.63 1.66 1.70 1.76 1.86 2.00 2.22 2.63 3.28 111
cp,g,  kJ/(kg  K) 0.96 1.00 1.05 1.12 1.23 1.36 1.68 2.27 3.63 PI
7)Q, pNs/m�  195.83 161.75 136.55 116.80 101.20 89.00 80.15 69.66 60.65 42.48 PI
qg, AWm�  6.85 7.50 8.35 9.36 10.6 11.24 13.35 15.8 18.5 26.9 191
hQ, (mW/m�)/(K/m) 1 4 8 139 130 121 111 102 92.5 82.0 71.2 [II
A,, (mW/m�)/(K/m) 8 . 5 9.5 10.5 11.7 13.4 14.8 16.9 20.1 23.6 35.2 PI
PrQ 2.16 1.93 1.79 1.70 1.70 1.75 1.92 2.23 2.79 1121
% 0.77 0.79 0.84 0.90 0.97 1.03 1.33 1.78 2.85 19.93 1121
U, mN/m 13.19 11.53 9.88 8.27 6.71 5.20 3.77 2.23 1.18 0.40 [61
@e,Q,  kK-�  4.26 4.71 5.39 6.30 7.38 9.65 11.9 17.6 29.0 545.0 WI

WATER

Chemical formula: H, 0 Critical temperature: 647.3 K
Molecular weight: 18.015 6 Critical pressure: 22 129 kPa
Normal boiling point: 373.15 K Critical density: 3 15 kg/m3
Melting point: 273.15 K

T Ksat, 373.15 400

Psat , kPa 101.3 247
430
571

460 490 520 550 580 610 647.3
1 172 2 185 3 773 6 124 9 460 14 044 2 2  1 2 9  [57]

PQ, kg/m3 958.3 937.5 910.3 879.4 844.3 803.8 756.1

pg,  kg/m3 0.597 1.370 3.020 5.975 10.95 18.90 31.52

hQ, kJ/kg 419.10 533.0 662.1 793.5 929.4 1 070.9 1 220.5

hg, Wkg 2 675.8 2 716 2 754.9 2 783.9 2 800.9 2 801.9 2 783.1

fig,11 , kJ/kg 2 256.7 2 183 2 092.8 1 990.4 1871.5 1731.0 1 562.6
Cp,Q,  kJ/oCg  K) 4.22 4.24 4.28 4.45 4.60 4.84 5.07

cp.g, W(kg K) 2.03 2.16 2.35 2.70 3.17 3.84 4.87
99, dWm� 277.53 218.9 175.73 147.24 126.6 111.05 99.21
qg, dWma 12.55 13.57 14.716 15.86 17.00 18.14 19.33
AQ, (mW/m�)/CK/m)  679.0 685.7 683.3 671.3 646.0 618.3 580.9
Q, (mW/m2)/(K/m)  2 5 . 0 28.1 31.6 36.6 42.3 50.1 60.2
fiQ 1.72 1.35 1.10 0.98 0.90 0.87 0.87

prg 1.02 1.04 1.09 1.17 1.27 1.39 1.56
u, mN/m 58.91 53.50 47.16 40.66 33.90 26.96 19.66
fle,Q, kK-� 0.78 0.91 1.02 1.24 1.89 2.00 2.70

697.2 619.5 315 [441
51.85 87.5 315 [441
1 384.0 1572.9 2 100 [441
2 734.3 2 637.1 2 100 [441
1 350.3 1064.2 0.0 (44 I
5.70 8.12 [441
6.71 11.2 111
89.40 78.60 23.1 I441
20.51 21.68 23.1 1441
536.6 464.0 914 r571
77.3 111.4 914 [571
0.950 1.38 WI
1.78 2.17 WI
12.71 6.26 0.0 ill
3.92 7.85 WI
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p=l- vz--1
vb p T, - j-1
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11. Erbar, J. H., CPA K & H Program, Gas Processors Association, Tulsa, Oklahoma, 1977. Calculated from the GPA K & H version of

the Soave-RedIich-Kwong equation of state.
12. Calculated by the equation:

CPU
K
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19. Watson, K. M., Thermodynamics of the Liquid State, Ind. Eng. Chem., vol. 35, pp. 398-400, 1943. Calculated by the Watson

relation
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20. Edmister, W. C., Applied Hydrocarbon Thermodynamics, p. 56, Gulf Publishing Co., Houston, Texas, 1961.
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22. Stiel, L. I., and Thodos, G., The Thermal Conductivities of Nonpolar Substances in the Dense Gaseous and Liquid Regions, AIChE
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23. Brock,  J. R., and Bird, R. B., Surface Tension and the Principle of Corresponding States, AK’hE  J., vol. 1, pp. 174-177, 1955.
24. Yuan, T. F., and Stiel, L. I., Heat Capacity of Saturated Nonpolar and Polar Liquids, Ind. Eng. Chem. Fundam.,  vol. 9, pp. 393-
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25. Miller, J. W., Jr., Gordon, R. S., and Yaws, C. L., Correlation Constants for Chemical Compounds-Liquid Viscosity, Chem. Eng.,
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28. Jasper, J. J., The Surface Tension of Pure Liquid Compounds, J. Phys. Chem. Ref: Data, vol. 1, pp. 841-1009, 1972.
29. Estimated from liquid density data by the equation:

VI - v,P-&--
m p  Tz -T,

where Vmp = liquid volume at melting point.
30. Borreson, R. W., Schorr, G. R., Yaws, C. L., Correlation Constants for Chemical Compounds-Heat Capacities of Gases, Chem.
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ing point.
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38. Stiel, L. I., and Thodos, G., The Viscosities of Polar Gases at Normal Pressures, AZChE  J., vol. 8, pp. 229-232, 1962.
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40. Chang, H.-Y., Thermal Conductivities of Gases at Atmosphere Pressure, Chem. Eng., vol. 80, no. 9, pp. 122-123, 1973.
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52, Perry, R. H., and Chilton, C. H., Chemical Engineer’s Handbook, 5th ed., McGraw-Hill,  New York, 1973.
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55. Estimated by fitting fourth-order polynomial for the liquid enthalpy data and using C, = AHL/AT.
56. Das, T. R., and Kuloor, N. R., Thermodynamic Properties of n-Butane, Indian J. of Tech., vol. 5, pp. 33-39,1967.
57. Eighth International Conference on The Properties of Steam, Giens, France, September 1974, Release on Thermal Conductivity of

Water Substance, December, 1977, International Association for the Properties of Steam, Brown Univ., Providence, Rhode Island.
58. Reid, R. C., Prausnitz, J. M., and Sherwood, T. K., The Properties of Gases and Liquids, 3d ed., McGraw-Hill, New York, 1977,

pp. 156-157.
59. Sakiadis, B. C., and Coates, J., Studies in Thermal Conductivity of Liquids, AIChE  J., vol. 1, pp. 275-288, 1955.
60. Calculated from Z = Z�  (T,, Pv) + wZ’(T,,  P,).
61. Reid, R. C., Prausnitz, J. M., and Sherwood, T. K., 77ze Properties of Gases and Liquids, McGraw-Hill  New York, 1977, pp. 519-

524.
62. Lee, B. I., and Kesler, M. G., A Generalized Thermodynamic Correlation Based on Three-Parameter Corresponding States, AIChE
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64. Yoor, P., and Thodos, G., Viscosity of Nonpolar Gaseous Mixtures at Normal Pressures, AIChE  J., vol. 16, pp. 300-304, 1970.
65. Reid, R. C., Prausnitz, J. M., and Sherwood, T. K., The Properties of Gasesand  Liquids, 3d ed., McGraw-Hi& New York, 1977, pp.

605608.
66. Gorin, C. E., and Yaws, C. L., Correlation Constants for Chemical Compounds-Heat of Vaporization, Chem. Eng.,  vol. 83, pp. 85-

87,1976.
67. Calculated by subtracting heat of vaporization from vapor enthalpy.
68. Misic, D., and Thodos, G., The Thermal Conductivity of Hydrocarbon Gases at Normal Pressure, AIChE J., vol. 7, pp. 264-267,

1961.
69. The enthalpy assumed zero for ideal gas at a temperature of �K.
70. Lyman, T. J., and Danner, R. P., Correlation of Liquid Heat Capacities with a Four-Parameter Corresponding States Method,

AZChE  J., vol. 22, pp. 759-765,1976.
71. Van Velzen, D., Cardozo, R. L., and Langenkamp, H., A Liquid Viscosity-TemperatureChemical Constitution Relation for

Organic Compounds, Ind. Eng. Chem. Fundam.,  vol. 11, pp. 20-25,1972.
72. Measured by Fluid Properties Research, Inc., Oklahoma State University, Stillwater, Oklahoma, 1979.
73. Lydersen, A. L., Estimation of Critical Properties of Organic Compounds, University of Wisconsin College of Engineering, Eng.

Exp. Stn. Rep. 3, Madison, April 1955.
74. Obtained by summing the atomic weights of all the atoms in the molecule.
75. Gomez-Nieto, M., and Thodos, G., Generalized Treatment for the Vapor Pressure Behavior of Polar and Hydrogen-Bonding Com-

pounds, Can. J. Chem. Eng., vol. 55,pp.445-449,1977.
76. Gomez-Nieto, M., and Thodos, G., Generalized Vapor Pressure Equation for Nonpolar Substances, Ind. Eng. Chem. Fundam.,  vol.

17, pp. 45-51,1978.
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1345,197l.

78. Rihani, D. N., and Doraiswamy, L. K., Estimation of Heat Capacity of Organic Compounds from Group Contributions, I&. Eng.
Chem. Fundam.,  vol. 4, pp. 17-21,1965.

79. Chen, N. H., Generalized Correlation for Latent Heat of Vaporization,J.  Chem. Eng. Dutu,  vol. 10, pp. 207-210,196s.
80. Bondi,  A., Estimation of the Heat Capacity of Liquids, Ind. Eng. Chem. Fundam.,  vol. 5, pp. 442-449,1966.
81. Stiel, L. I., and Thodos, G., The Viscosity of Polar Gases at Normal Pressures, AIChE J., vol. 8, pp. 229-232,1962.
82. Kudchadker, A. P., Alani,  G. H., and Zwolinski,  B. J., Critical Constants of Organic Substances, vol. 68, pp. 729-735,1968.
83. No data available.
84. Calculated by integrating the heat capacity equation, which is obtained by fitting the heat capacity data to a quadratic equation,

with temperature:

T

&!I=
I

Cp dT

TO

where T, = normal boiling temperature, and H at TO  is assumed to be zero. Larger errors may occur for a reduced temperature
greater than 0.8.

8.5. Calculated by the differences between vapor and liquid enthalpy.
86. Vines, R. G., and Bennett, L. A., The Thermal Conductivity of Organic Vapors. The Relationship Between Thermal Conductivity

and Viscosity, and the Significance of the Euken Factor, J. Chem. Phys., vol. 22, pp. 360-366,1954.
87. Dixon, J. A., and Schiesser, R. W., Viscosities of Benzened.6  and Cyclohexanedl2,J. Phys. Chem., vol. 58, pp. 430-432, 1954.
88. Geist, J. M., and Cannon, M. R., Viscosities of Pure Hydrocarbons, Znd. Eng. Chem. Anal. Ed., vol. 18, pp. 611-613,1946.
89. Chase, J. D., Private communication, May 1979.
90. Shah, P. N., and Yaws, C. L., Densities of Liquids, Chem. Eng., pp. 131-133, Oct. 25,1976.
91. Patel, P. M., Schorr, G. R., Shah, P. N., and Yaws, C. L., Vapor Pressure, Chem. Eng., pp. 159-161, Nov. 22,1976.
92. Ideal gas-heat capacities. No reliable method can be used to correct them to saturated pressure.
93. Low pressure (usually 1 atm) properties. No rehabile  method can be used to correct them to saturated pressure.
94. At a pressure of 26 atm, helium wilJ not solidify unless external pressure is applied.
95. Liquid enthalpies obtained by plotting the specific heat (liquid) and the temperature and integrating them numerically.
96. Mathews, J. F., Critical Constants of Inorganic Substances, C�hem. Rev., vol. 72, no. 1, 1972.
97. Chase, J. D., Private communication, June 1979.
98. Perry, J. H., Chemical Engineer’s Handbook, 3d ed., McGraw-Hill, New York, 1950.
99. Fugasi, P., and Rudi,  C. E. J., Specific Heats of Organic Vapors, Znd.  Eng. Chem., vol. 30, p. 1029,1938.

100. Chow, W. M., and Bright, J. A., Jr., Heat Capacities of Organic Liquids, Chem. Eng. Bog., vol. 49, pp. 175-180, 1953.
101. Livingston, J., Morgan, R., and Owen, F. T., The Weight of a Falling Drop and the Laws of Tate, J. Am. Chem. Sot., vol. 33, p.

1713,191l.
102. International critical tables.
103. Pennington, R. E., and K. A. Kobe, The Thermodynamic Properties of Acetone, J. Am. Chem. Sot., vol. 79, pp. 3OO-305,1957.
104. Calculated by the summation of liquid enthalpy and heat of vaporization.
105. Physical Data, Chemical Engineering Sub. Series, vol. 2a, Engineering Sciences Data, London, 1975.
106. The LeeResler  calculation was proposed for nonpolar or slightly polar substances. Large errors may occur when applied to highly

polar compounds.
107. Since there is no reliable generalized correlation to correct the pressure effect on gas thermal conductivity, the Stiel-Thodos corre-

lation, which is probably the best generalized correlation at present for nonpolar substances, is used for polar compounds also.
However large errors may occur when applied to highly polar compounds.

108. Dowtherm, A Heat Transfer Fluid, Form No. 176-1337-78, Functional Products and Systems Department, Dow Chemical Co.,
Michigan.

109. Dowtherm, A Heat Transfer Fluid, Form No. 176-1240-78R,  Functional Products and Systems Department, Dow Chemical Co.,
Michigan.

110. High temperature values are obtained by extrapolation.
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5.5 PHYSICAL PROPERTY DATA TABLES 5.5.2-l

5.52
Properties of superheated gases

R. N. Maddox

n The tables in this section provide information on tropy in kJ/(kg K), and u is internal energy in kJ/kg. These
several gases of industrial importance. In the tables, IJ is tables were excerpted from a very helpful manual, �Ther-
specific volume in m3/kg, h is enthalpy in kJ/kg,  s is en- modynamic Properties in SI� by W. C. Reynolds [ I] .

Table 1 Properties of gaseous helium-4’

Value at different temperatures, K
Pressure,
MPa Property 40 70 100 300 500 700 1000 1500

0.101 325 u, m�lkg 0.821 9
h, kJ/kg 219.62
s, kJ/&g  K) 19.465 0

0.20 u, m3 /kg 0.417 3
h, kJ/kg 219.59
s, kJ/(kg K) 18.047 0

0.50 u, d/kg 0.168 1
h, kJ/kg 219.49
s, kJ/&g  K) 16.127 1

1.0 0, m3 /kg 0.085 00
h, kJ/kg 219.35
s, kJ/Ocg  K) 14.660 0

2.0 v,m�lkg 0.043 50
h > kJ/kg 219.24
s, kJ/&g  J0 13.169 0

4.0 u, m3 Fg 0.022 88
ha kJ/kg 219.93
s, kJ/Ocg  K) 11.645 0

7.0 v, m3 /kg 0.014 21
h, kJ/kiz 223.35
s, kJ/Ocg  K) 10.4014

10 v, msFg 0.010 83
h, kJ/ks 228.94
s, kJ/OrgK) 9.617 3

(See footnote on page 5.5.2-2.)

1.438
375.63
22.375 5

0.729 8
375.81
20.961 6

0.293 6
376.35
19.054 2

0.148 1
377.25
17.607 6

0.075 44
379.06
16.154 6

0.039 10
382.80
14.689 7

0.023 55
388.84
13.495 3

0.017 35
395.47
12.729 3

2.053 6.153 10.25 14.35 20.50 30.75
531.50 1570.19 2 608.80 3 647.41 5 205.32 7 801.84
24.228 6 29.934 3 32.587 1 34.334 4 36.186 6 38.292 2

1.042 3.119 5.196 7.273 10.39 15.58
531.75 1570.51 2 609.12 3 647.72 5 205.62 7 802.12
22.815 7 28.522 0 31.174 7 32.922 0 34.774 2 36.879 8

0.418 4 1.249 2.080 2.911 4.157 6.234
532.51 1571.51 2 610.10 3 648.68 5 206.54 7 802.99
20.911 0 26.619 0 29.271 7 31.018 9 32.871 1 34.976 6

0.210 7 0.626 1 1.041 1.457 2.080 3.118
533.79 1573.16 2 611.74 3 650.27 5 208.07 7 804.45
19.469 0 25.179 7 27.832 3 29.579 5 31.431 6 33.537 1

0.106 8 0.314 6 0.522 1 0.729 6 1.041 1.560
536.33 1576.46 2 615.00 3 653.45 5 211.14 7 807.34
18.024 7 23.740 9 26.393 5 28.140 6 29.992 5 32.097 9

0.054 90 0.158 8 0.262 4 0.366 1 0.521 6 0.781 0
541.40 1583.04 2 621.51 3 659.80 5 217.25 7 813.13
16.576 2 22.303 2 24.955 7 26.702 5 28.554 1 30.659 2

0.032 64 0.091 97 0.151 1 0.210 3 0.299 1 0.447 1
549.09 1592.86 2 631.24 3 669.28 5 226.37 7 821.77
15.401 6 21.144 0 23.796 2 25.542 5 27.393 8 29.498 5

0.023 74 0.065 25 0.106 6 0.148 0 0.210 0 0.313 6
556.93 1 602.63 2 640.91 3 678.71 5 235.45 7 830.37
14.650 2 20.406 2 23.058 3 24.804 2 26.655 0 28.759 3
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5.5.2-2 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.2  Properties of Superheated Gases

Table 1 Properties of gaseous helium4 (Continued)

Value at different temperatures, K
Pressure,
MPa Property 40 70 100 300 500 700 1000 1500

20

50

100

u, m�  /kg 0.007 00
h, kJ/kg 255.08
s, kJ/(kg  K) 8.152 8

u, ma/kg 0.004 65
h, kJ/kg 350.04
s, kJ/OM) 6.404 2

u, m3Fg 0.003 70
h, kJ/k 504.52
s, kJ/kzK) 5.1517

0.010 17 0.013 36 0.034 05 0.054 62 0.075 21
420.70 584.25 1634.95 2 672.86 3 709.83
11.240 9 13.186 6 18.977 0 21.628 2 23.372 8

0.157 8
7 858.75
27.325 2

0.005 83 0.007 08 0.015 27 0.023 36 0.031 49
506.54 670.41 1 730.11 2 766.57 3 800.87
9.309 5 11.257 2 17.106 1 19.754 0 21.494 1

0.106 1
5 265.41
25.222 2

0.043 74
5 352.83
23.339 2

0.064 21
7 941.55
25.438 4

0.004 27 0.004 87 0.008 90 0.012 85 0.016 83 0.022 84 0.032 94
653.87 8 14.00 1 882.29 2 917.30 3 946.88 5 492.26 8 072.99
7.922 9 9.824 6 15.718 0 18.363 0 20.095 2 21.932 4 24.025 1

=Abridged by permission, from 7?zermodynamic  Properties in SI by W. C. Reynolds, Department of Mechanical Engineering, Stanford
University.

Table 2 Properties of gaseous carbon dioxide’

Value at different temperatures, K
Pressure,
MPa Property 300 400 500 600 700 800 900 1000

1.0
(233.0)

&;.6)

20

u, m3/kg
h, kJ/kg
s, kJ/&g K)
u, ma/kg
h, kJFg
s, kJ/(kg  W
u, ma/kg
h, kJ/kg
s, kJ/&gU

5 m3/k3
h, kJ/kg
s, kJ/(kgK)

u, m3/kg
h, kJ/kg
s, kJ/(kgK)

0.053 79
419.95
1.773 7

0.025 35
409.41
1.617 4

0.007 79
366.98
1.335 1

0.074 18 0.093 76 0.113 0 0.132 2 0.151 3
513.65 613.22 718.90 829.90 945.34
2.043 0 2.264 9 2.457 4 2.628 4 2.782 5

0.036 40 0.046 54 0.056 38 0.066 08 0.075 71
508.45 610.01 716.73 828.37 944.25
1.902 5 2.128 9 2.323 3 2.495 4 2.650 0

0.013 74 0.018 24 0.022 41 0.026 43 0.030 39
492.26 600.43 710.37 823.93 941.10
1.699 3 1.940 7 2.141 0 2.316 0 2.472 4

0.006 20 0.008 85 0.011 12 0.013 25 0.015 30
463.19 584.73 700.24 816.97 936.20
1.512 7 1.784 6 1.995 2 2.175 1 2.334 3

0.002 62 0.004 26 0.005 54 0.006 70 0.007 79
403.03 555.30 681.94 804.67 927.73
1.263 4 1.605 4 1.836 6 2.025 8 2.190 1

0.170 3
1 064.46
2.922 8

0.085 29
1 063.68
2.790 7

0.034 29
1061.45
2.614 1

0.017 31
1 058.02
2.477 7

0.008  85
1 052.23
2.336 7

0.189 3
1186.61
3.051 5

0.094 84
1 186.07
2.919 6

0.038 17
1 184.53
2.743 8

0.019 29
1 182.21
2.608 6

0.009 88
1 178.42
2.469 7

aAbridged  by permission, from thermodynamic hoperties in SI by W. C. Reynolds, Department of Mechanical Engineering, Stanford
University.

Table 3 Properties of gaseous ethane’

Value at different temperatures, K
Pressure,
MPa Property 300 340 380 420 460 500 540 580

0.070 u, m3 /kg 1.180 1.340 1.499 1.658 1.816
(177.8) h, kJ/k 764.36 838.62 919.15 1 006.11 1 099.55

s, kJ/(kg  K) 4.068 6 4.300 7 4.524 5 4.741 9 4.954 3

0.101 325 u, m3/kg 0.813 2 0.924 0 1.034 1.144 1.254
(184.3) h, kJ/kg 763.73 838.14 918.77 1 005.80 1 099.29

s, kJ/OsK) 3.964 8 4.197 4 4.421 4 4.639 0 4.851 6

0.40 u, m�/kg 0.201 2 0.230 5 0.259 2 0.287 7 0.316 0
(214.3) h, kJ/k 757.62 833.52 915.14 1 002.86 1 096.86

s, kJ/&g K) 3.570 6 3.807 9 4.034 7 5.254 1 4.467 7

0.70 u, m3 /kg 0.112 2 0.129 6 0.146 5 0.163 2 0.179 6
(229.8) h, kJ/kg 751.24 828.77 911.44 999.88 1 094.40

s,kJ/(kgK) 3.400 8 3.643 3 3.873 0 4.094 2 4.309 0

1.975
1 199.46
5.162 5

1.364
1 199.24
5.059 8

0.344 1
1 197.19
4.676 8

0.195 8
1195.12
4.518 9

2.134 2.292
1305.74 1418.27
5.366 9 5.567 9

1.474 1.583
1 305.56 1418.11
5.264 3 5.465 3

0.372 1 0.400 1
1 303.80 1416.60
4.881 8 5.083 3

0.212 0 0.228 1
1 302.04 1415.07
4.724 5 4.926 4

(See footnote on page X5.2-3.)
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.2 Properties of Superheated Gases 5.5.2-3

Table 3 Properties of gaseous ethane (Continued)

Value at different temperatures, K
Pressure,
MPa Property 300 340 380 420 460 500 540 580

1.0 u, m�  /kg 0.076 48 0.089 26 0.101 5 0.113 3 0.125 0 0.136 5 0.148 0 0.159 3
(240.9) h, kJ/kg 744.60 823.91 907.68 996.87 1091.93 1 193.05 1 300.27 1413.55

s, kJ/Ocg K) 3.286 5 3.534 5 3.767 3 3.990 4 4.206 4 4.417 1 4.623 4 4.825 7

2.0
(265.8)

u, ms Ikg
h, kJ/kg
s, kJ/(kg K)

(z&.5)

7.0

10

u, m�/k
h, kJ/kg
s, kJ/(kgK)

u, m3 /kg
h, kJ/kg
s, kJ/(kgK)

u, m3 /kg
h, kJ/kg
s, kJ/(kgK)

0.034 5 1 0.042 05
720.03 806.77
3.035 3 3.306 7

0.011 83 0.018 13
644.02 766.56
2.641 8 3.027 1

0.007 27
678.32
2.663 7

0.048 82 0.055 20 0.061 35 0.067 36 0.073 26 0.079 10
894.73 986.63 1083.58 1 186.08 1 294.36 1408.47
3.551 2 3.781 1 4.001 5 4.215 1 4.423 3 4.627 1

0.022 43 0.026 14 0.029 57 0.032 83 0.035 97 0.039 04
866.58 965.16 1 066.43 1171.98 1 282.52 1 398.37
3.305 4 3.552 0 3.782 3 4.002 2 4.214 8 4.421 8

0.011 06 0.013 74 0.016 04 0.018 12 0.020 09 0.021 97
817.80 930.66 1 039.90 1 150.64 1 264.88 1 383.51
3.053 1 3.335 7 3.584 1 3.814 9 4.034 7 4.246 6

0.003 97 0.006 72 0.008 92 0.010 74 0.012 35 0.013 83 0.015 23
589.90 764.34 894.94 1013.29 1 129.67 1 247.78 1 369.25
2.357 9 2.844 6 3.1719 3.441 1 3.683 7 3.910 9 4.127 9

20 u, m3 /kg 0.002 77 0.003 42 0.004 29 0.005 21 0.006 09 0.006 91 0.007 69
h, kJ/kg 532.36 668.78 808.21 941.97 1071.47 1 199.79 1 329.20
s, kJ/(kg K) 2.096 6 2.475 6 2.824 6 3.128 9 3.398 9 3.645 8 3.876 9

30 u, m31k 0.002 52 0.002 87 0.003 32 0.003 84 0.004 38 0.004 92 0.005 44
h, kJ/kg 526.36 646.92 774.99 905.97 1037.43 1 169.40 1 302.75
s, kJ/(kg K) 2.001 7 2.336 7 2.657 0 2.954 9 3.229 0 3.482 9 3.721 1

OAbridged  by permission, from ZYzermodynamic  Properties in SI by W. C. Reynolds, Department of Mechanical Engineering, Stanford
University.

Table 4 Properties of gaseous ethylene�

Pressure,
MPa Property 250 275

Value at different temperatures, K

300 325 350 375 400 425

0.101 325
(169.4)

0.20
(181.9)

0.50
(202.3)

1.0
(221.3)

2.0
(244.3)

5.0
(282.0)

u, m3 /kg
h > kJ/kg
s, kJ/OcgK)

u, m3 /kg
h, kJ/kg
s, kJ/(kgK)

u, m3 Fs
h,kJFg
s, kJ/(kg K)

u, m3 /kg
h, kJ/kg
s, kJ/(kg K)

u, m3 /kg
h, kJ/kg
s, kJ/(kg K)

u, m3 Fg
h, kJ/kg
s, kJ&gK)

0.723 9 0.798 3
636.60 672.44
3.659 2 3.795 8

0.363 0 0.401 5
634.30 670.58
3.451 4 3.589 6

0.140 6 0.156 9
627.07 664.76
3.159 9 3.303 6

0.066 16 0.075 20
614.02 654.54
2.917 8 3.072 3

0.028 09 0.034 02
581.93 631.43
2.617 6 2.806 5

0.872 5
710.12
3.926 9

0.439 5
708.57
3.721 8

0.172 8
703.78
3.439 3

0.083 77
695.48
3.214 7

0.039 12
677.50
2.966 8

0.011 37
602.17
2.502 1

0.946 4 1.020
749.81 791.63
4.053 9 4.177 8

0.477 4 0.515 1
748.50 790.50
3.849 6 3.974 1

0.188 4 0.203 9
744.46 787.04
3.569 5 3.695 7

0.092 04 0.100 1
737.54 781.16
3.349 4 3.478 7

0.043 79 0.048 22
722.94 768.96
3.112 3 3.248 7

0.014 54 0.017 00
670.35 727.99
2.720 8 2.891 8

1.094 1.167
835.64 881.87
4.299 3 4.418 6

0.552 6 0.590 1
834.66 881.00
4.095 9 4.215 5

1.241
930.30
4.536 0

0.627 5
929.53
4.333 2

0.219 2 0.234 4 0.249 6
831.65 878.36 927.19
3.818 8 3.939 4 4.057 7

0.108 1 0.115 9 0.123 7
826.57 873.91 923.25
3.603 9 3.726 1 3.845 8

0.052 49 0.056 65 0.060 72
816.15 864.87 915.31
3.378 9 3.504 7 3.627 0

0.019 17 0.021 16 0.023 04
782.62 836.57 890.92
3.042 5 3.181 8 3.313 6

QAbridged  by permission, from Thermodynamic Properties in SZ by W. C. Reynolds, Department of Mechanical Engineering, Stanford
University.
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5.5.24 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.2 Properties of Superheated Gases

Table 5 Properties of gaseous hydrogen (PARA)

Value at different temperatures, K
Pressure,
MPa Property 100 200 300 400 600 800 1200 1500

0.101 325 u, ms/kg
(20.28)

0.20
(22.81)

0.50
(27.12)

1.0
(31.26)

32.57
h, kJ/kg 11 806.0
s, kJ/CkK) 74.046

u, ms Ikg 16.51
h, kJ/kg 11 806.9
s, kJ/Rg  K) 71.242

u, m3 /kg 6.607
h, kJ/b 11 809.5
s, kJ/(kgK) 67.463

u, m’ /kg 3.307
h, kJ/kg 11 813.8
s, kJ/(kgW 64.605

u, m3/kg 1.658
h, kJ/kg 11 822.6
s, kJ/&gK) 61.747

u, m’k 0.832 9
h, kJ/kg 11 840.0
s, kJ/&g  K) 58.890

u, m3 Ikg 0.479 3
h, kJ/kg 11 866.0
s, kJ/C-ks  K) 56.584

u, m3 Fg 0.337 9
h, kJ/kg 11 892.0
s, kJ/Ck  K) 55.116

u, m3 /kg 0.172 9
h, kJ/kg 11 978.2
s, kJ/&W 52.265

u, m’Fg 0.073 91
h, kJ/kz 12 233.9
s, kJ/(kg  K) 48.508

u, m3 /kg 0.040 86
h,kJ/k 12 655.0
s, kJ/&g  K) 45.682

QAbridged  by permission, from Thermodynamic Boperties  in SZ by W. C. Reynolds, Department of Mechanical Engineering, Stanford
University.

2.0

4.0

7.0

10

20

50

100

4.070
1 399.8
42.689

2.061
1 398.3
39.869

0.824 1
1 393.6
36.046

0.4119
1 386.0
33.114

0.205 9
1371.4
30.114

0.103 4
1 345.2
26.993

0.060 19
1313.9
24.349

0.043 45
1 292.9
22.615

0.025 28
1281.7
19.291

0.015 51
1456.2
15.362

0.011 92
1 850.1
12.618

8.147
2 971.3
53.475

4.130
2 971.3
50.667

1.656
2 971.5
46.880

0.830 8
2 971.7
44.008

0.418 4
2 972.3
41.122

0.212 3
2 974.1
38.213

0.124 0
2 978.3
35.834

0.088 77
2 984.2
34.299

0.047 95
3 015.9
31.274

0.024 01
3 185.6
27.268

0.016 08
3 553.2
24.3 14

12.22
4 509.6
59.729

6.194
4 510.1
56.924

2.482
4 511.6
53.143

1.245
4 514.1
50.280

0.626 1
4 519.1
47.413

0.316 8
4 529.3
44.538

0.184 3
4 544.9
42.207

0.1312
4 561.0
40.715

0.069 45
4 617.9
37.794

0.032 57
4 816.6
33.906

0.020 31
5 192.3
30.983

16.29 24.43
5 976.6 8 880.9
63.952 69.840

8.257 12.38
5 977.3 8 881.7
61.147 67.035

3.307 4.957
5 979.4 8 884.2
57.367 63.257

1.658 2.483
5 982.8 8 888.4
54.507 60.398

0.832 8 1.245
5 989.7 8 896.7
51.645 57.539

0.420 4 0.626 8
6 003.5 8 913.3
48.781 54.681

0.243 6 0.361 6
6 024.2 8 938.1
46.465 52.374

0.172 9 0.255 6
6 045.1 8 962.9
44.987 50.904

0.090 43 0.131 8
6 115.4 9 045.0
42.105 48.047

0.040 97 0.057 51
6 336.4 9 290.7
38.282 44.275

0.024 48 0.032 72
6 725.3 9 700.6
35.397 41.433

48.85
17 833.5
80.146

24.75
17 834.3
77.342

9.906
17 836.9
73.563

4.957
17 841.3
70.705

2.482
17 850.1
67.847

1.245
17 867.6
64.990

0.7 14 6
17 893.8
62.685

0.502 5
17 920.0
61.217

0.255 1
18 007.0
58.367

0.106 6
18 265.8
54.614

0.057 08
18 692.0
51.794

61.06
22 547.2
83.650

30.94
22 548.0
80.846

12.38
22 550.6
77.067

6.194
22 554.9
74.209

3.101
22 563.5
71.351

1.554
22 580.8
68.494

0.891 1
22 606.6
66.188

0.626 0
22 632.3
64.720

0.316 7
22 718.0
61.869

0.131 1
22 973.9
58.113

0.069 23
23 396.7
55.291

Table 6 Properties of gaseous mercury”

Value at different temperatures, K
Pressure,
MPa 900 1 100 1 200 1 300

0.20 u, 0.186 1 0.206 9 0.227 7 0.248 4 0.269 2 0.289 9 0.310 7 0.331 4
(670.0) h, kJ/k 353.51 363.91 374.29 384.68 395.05 405.43 415.80 426.17

s, kJ/(kg  K) 0.537 5 0.548 4 0.558 3 0.567 4 0.575 7 0.583 4 0.590 5 0.597 2

0.50 u, m3 /kg 0.074 22 0.082 58 0.090 91 0.099 24 0.107 6 0.115 9 0.124 2 0.132 5
(733.2) h, kJ/kg 353.20 363.65 374.07 384.48 394.89 405.28 415.67 426.06

s, kJ/(k K) 0.499 3 0.510 3 0.520 2 0.529 3 0.537 6 0.545 3 0.552 5 0.559 2

&09.7) h, u,  m3 kJ/k  /kg 0.036 35 2.68 92 0.041 363.21 13 0.045 373.70 32 0.049 384.16 5 1 0.053 394.61 68 405.04 0.057 85 415.46 0.062 02 425.87 0.066 18

s, kJ/(hgK) 0.470 2 0.481 3 0.491 3 0.500 4 0.508 7 0.516 5 0.523 7 0.530 4

(%S) h, u,  m3 kJ/b  /kg 0.018 351.62 27 0.020 362.32 40 0.022 372.95 53 0.024 383.52 64 0.026 394.05 74 404.55 0.028 84 415.02 0.030 93 425.48 0.033 02

s, kJ/(kgK) 0.440 7 0.452 0 0.462 1 0.471 3 0.479 7 0.487 5 0.494 8 0.501 5

(See footnote on page 5.5.2-5.)
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.2 Properties of Superheated Gases

Table 6 Properties of gaseous mercury (Con hued)

5.5.2-S

Pressure,
MPa Property 900 1000

Value at different temperatures, K

1 100 1200 1 300 1400 1500 1600

$2.8) h,  u,  m3Fg kJ/kg 0.007 359.56 96 0.008 370.63 85 0.009 381.54 72 0.010 392.34 58 403.06 0.01143 0.012 413.71 28 424.32 0.013 13

s, kJ/(kg K) 0.412 2 0.422 8 0.432 3 0.440 9 0.448 9 0.456 2 0.463 0

::064) h, u,  ms  kJ/k  /kg 0.004 366.56 28 0.004 378.11 74 0.005 389.40 18 400.5 0.005 1 63 411.48 0.006 06 422.34 0.006 50

s, kJ/(kg K) 0.391 6 0.401 7 0.410 7 0.418 9 0.426 5 0.433 5

uAbridged  by permission, from i’lzermodynamic  Properties in SZ by W. C. Reynolds, Department of Mechanical Engineering, Stanford
University.

Table 7 Properties of gaseous nitrogen’

Value at different temperatures, K
Pressure,
MPa Property 200 300 400 500 600 800 1000 1200

0.101 325 u, m�  /kg
(77.35)

0.50
(93.98)

2.0
(115.6)

5.0

10

20

40

70

100

200

h, kJ/kg
s, kJ/(kg K)

v, m�  /kg
h, kJ/kg
s, k J/(kg K)

u, m3 /kg
h , k J/kg
s, kJ/(kg KI

u, m�  /kg
h, kJFg
s, kJ/Ocg K)
v, ma/kg
h, kJ/kg
s, kJ/&g  K)
u, m3/kg
h, kJ/kg
s, kJ/k K)
u, m’lkg
h , kJ/b
s, kJ/(kg K)

u, m3 /kg
h, kJ/k
s, kJ/(kg K)

u, d/b
h, kJFg
s, kJ/(kgK)

u, m3/kg
h, kJ/kg
s, kJ/@  K)
u, m’/kg
h, kJlkg
s, kJ/Ck$)

0.584 5 0.878 6
357.00 461.14
3.982 9 4.405 1

0.117 4 0.177 9
355.05 460.25
3.501 9 3.928 6

0.058 10 0.088 90
352.58 459.16
3.287 0 3.719 5

0.028 44 0.044 40
347.60 457.00
3.062 6 3.507 0

0.010 71 0.017 75
332.45 450.83
2.733 0 3.215 4

0.005 02 0.008 95
308.56 441.78
2.434 1 2.979 7

0.002 69 0.004 70
280.28 428.93
2.116 8 2.726 1

0.001 88 0.002 78
272.71 421.05
1.8614 2.466 4

0.001 56 0.002 04
287.71 431.56
1.682 0 2.267 6

0.00142 0.001 75
309.67 451.53
1.568 9 2.146 1

0.001 21 0.001 38
393.11 534.36
1.337 1 1.911 8

1.172
565.30
4.704 8

0.237 8
564.89
4.229 7

0.119 1
564.37
4.022 2

0.059 71
563.37
3.813 1

0.024 13
560.56
3.5314

0.012 32
556.63
3.310 6

0.006 49
551.48
3.079 5

0.003 68
550.24
2.838 9

0.002 54
562.23
2.644 2

0.002 09
582.06
2.522 2

0.001 55
664.90
2.287 8

1.465 1.758 2.344
670.20 776.59 995.91
4.938 8 5.132 7 5.447 9

0.297 4 0.356 9 0.475 8
670.03 776.59 996.10
4.464 3 4.658 5 4.973 9

0.149 0 0.178 8 0.238 4
669.84 776.60 996.33
4.257 5 4.452 1 4.767 9

0.074 81 0.089 80 0.119 7
669.47 776.62 996.81
4.049 9 4.245 2 4.561 6

0.030 31 0.036 40 0.048 43
668.48 776.77 998.29
3.772 2 3.969 6 4.288 0

0.015 51 0.018 61 0.024 70
667.31 777.34 1 000.90
3.557 6 3.758 2 4.079 6

0.008 15 0.009 75 0.012 85
666.60 779.54 1 006.65
3.336 5 3.542 5 3.869 0

0.004 53 0.005 35 0.006 94
670.61 787.47 1019.85
3.107 8 3.320 9 3.655 1

0.003 02 0.003 50 0.004 42
685.58 805.40 1042.66
2.919 7 3.138 2 3.479 4

0.002 43 0.002 76 0.003 41
706.35 827.54 1 067.65
2.799 7 3.020 8 3.366 2

0.001 72 0.001 89 0.002 22
790.06 912.85 1 157.26
2.567 3 2.791 2 3.142 8

2.930 3.516
1224.55 1461.29
5.702 8 5.918 5

0.594 6 0.713 4
1 224.84 1461.63
5.228 9 5.444 7

0.297 8
1 225.20
5.023 1

0.149 4
1 225.92
4.817 0

0.060 38
1 228.12
4.544 2

0.357 2
1.462.07
5.238 9

0.030 71
1 231.86
4.337 1

0.015 88
1 239.64
4.128 8

0.008 48
1 256.13
3.918 6

0.005 31
1 282.44
3.746 9

0.004 04
1 309.89
3.636 3

0.002 54
1404.11
3.418 1

0.179 1
1462.94
5.033 0

0.072 30
1465.57
4.760 6

0.036 69
1470.01
4.554 1

0.018 89
1479.06
4.347 0

0.009 99
1497.70
4.138 7

0.006 18
1526.54
3.969 4

0.004 66
1555.93
3.860 6

0.002 86
1654.43
3.646 2

OAbridged  by permission, from Thermodynamic Roperties in SZ by W. C. Reynolds, Department of Mechanical Engineering, Stanford
U n i v e r s i t y .

0 1983 Hemisphere Publishing Corporation
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5.5.2-6 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.2 Properties of Superheated Gases

Table 8 Properties of gaseous oxygen’

Value at different temperatures, K
Pressure,
MPa Property 200 300 400 500 600 700 800 1 000

0.050
(83.94)

0.101 325
(90.19)

0.20
(97.24)

0.50
(108.8)

1.0
(119.6)

$7)

,:;�,.4)

10

20

u, m3 /kg 1.038 1.558 2.079
h, kJ/kg 374.65 466.10 559.00
s, kJ/&g K) 4.127 5 4.498 2 4.765 3

v, m’ /kg 0.511 3 0.768 8 1.026
k kJ/kg 374.39 465.97 558.94
s, kJ/&gK) 3.943 1 4.314 3 4.581 6

v, m’lkg 0.258 3 0.389 3 0.519 7
h, kJ/kg 373.89 465.73 558.82
s, kJ/(kg  K) 3.764 7 4.137 0 4.404 7

u, m5 /kg 0.102 4 0.155 4 0.207 9
h , kJ/kg 372.35 464.99 558.44
s, kJ/OcgJQ 3.521 2 3.896 9 4.165 6

v, m3 /kg 0.050 39 0.077 49 0.103 9
h, kJ/kg 369.73 463.76 557.81
s, kJ/(kgK) 3.332 0 3.713 5 3.984 0

u, m’/kg 0.024 39 0.038 53 0.051 98
h, kJ/kg 364.33 461.29 556.57
s, kJ/&g K) 3.132 8 3.526 6 3.800 7

u, m’ /kg 0.008 76 0.015 16 0.020 82
h, kJ/kg 346.74 453.93 552.90
s, kJ/&g K) 2.831 0 3.268 4 3.553 3

u, m3 /kg 0.003 61 0.007 43 0.010 46
h , kJ/kg 313.19 442.21 547.14
s, kJ/& K) 2.523 9 3.055 9 3.358 2

v, m’/kg 0.001 73 0.003 70 0.005 34
h, kJ/kg 268.46 422.72 537.55
s, kJ/0cisK) 2.183 4 2.820 2 3.151 5

2.598
654.63
4.978 6

1.282
654.60
4.795 0

0.649 8
654.54
4.618 1

0.260 1
654.37
4.379 6

0.130 2
654.09
4.198 7

0.065 20
653.52
4.016 9

0.026 24
651.86
3.774 0

0.013 27
649.30
3.586 1

0.006 82
645.22
3.391 9

3.118 3.638 4.158 5.197
753.40 855.13 959.43 1 174.09
5.158 6 5.315 3 5.454 6 5.693 9

1.539 1.795 2.052 2.565
753.39 855.14 959.45 1174.11
4.975 0 5.131 8 5.271 0 5.510 4

0.779 8 0.909 8 1.040 1.300
753,38 855.15 959.48 1174.17
4.798 2 4.955 1 5.094 4 5.333 7

0.312 2 0.364 2 0.416 2 0.520 1
753.33 855.19 959.57 1 174.33
4.559 9 4.716 9 4.856 2 5.095 7

0.156 3 0.182 3 0.208 3 0.260 3
753.25 855.25 959.73 1 174.59
4.379 4 4.536 6 4.676 0 4.915 6

0.078 32 0.091 37 0.104 4 0.130 4
753.11 855.38 960.04 1 175.13
4.198 4 4.356 0 4.495 8 4.735 6

0.031 56 0.036 81 0.042 04 0.052 44
752.69 855.78 961.00 1 176.75
3.957 8 4.116 7 4.257 1 4.497 7

0.015 98 0.018 64 0.021 26 0.026 47
752.12 856.53 962.66 1 179.50
3.773 6 3.934 5 4.076 2 4.318 0

0.008 22 0.009 57 0.010 89 0.013 50
751.58 858.40 966.22 1185.16
3.585 8 3.750 5 3.894 4 4.138 6

OAbridged by permission, from Thermodynamic Roperties in SZ by W. C. Reynolds, Department of Mechanical Engineering, Stanford
University.

Table 9 Properties of gaseous propauea

Pressure,
MPa

0.050
(216.4)

0.101 325
(231.3)

0.20
(247.9)

Value at different temperatures, K

property 250 300 350 400 450 500 550 600

v, m3 /kg 0.929 1 1.123 1.315 1.505 1.695 1.885 2.074 2.263
h, kJ/kg 523.67 603.16 693.61 795.32 908.02 1031.20 1 164.24 1 306.49
s, kJ/&g K) 2.410 6 2.699 9 2.978 3 3.249 6 3.514 8 3.774 2 4.027 7 4.275 1

v, m3 /kg 0.450 9 0.549 4 0.645 5 0.740 4 0.834 7 0.928 6 1.022 1.116
h, kJ/kg 521.02 601.52 692.49 794.5 1 907.40 1 030.72 1 163.85 1306.17
s, kJ/&gK) 2.269 7 2.562 7 2.842 7 3.114 9 3.380 6 3.640 2 3.893 8 4.1414

u, m3 /kg 0.220 8 0.273 6 0.323 8 0.372 8 0.421 1 0.469 1 0.516 9 0.564 5
h, kJFg 515.70 598.29 690.32 792.93 906.21 1029.78 1 163.09 1 305.54
s, kJ/kz  K) 2.126 0 2.426 7 2.710 0 2.983 7 3.250 3 3.510 5 3.764 5 4.012 3

0.40 u, m3 /kg
(267.9) h, kJ/k

s, kJ/0cg K)
1.0 v, m3k

(300.3) h, kJ/kg
s, kJ/(kgK)

2.0 v, m3/kg
(330.4) h, kJ/k

s, kJ/&g K)
(See footnote on page 5.5.2-7.)

0.131 8 0.158 6 0.184 0 0.208 8 0.233 2 0.257 4 0.281 4
591.44 685.79 789.70 903.77 1027.87 1161.55 1 304.27
2.279 4 2.570 0 2.847 2 3.115 7 3.377 0 3.631 7 3.879 9

0.059 15 0.070 65 0.081 35 0.091 63 0.101 7 0.111 6
671.19 779.59 896.28 1 022.05 1 156.89 1 300.45
2.366 9 2.656 2 2.930 8 3.195 7 3.452 6 3.702 3

0.025 34 0.032 68 0.038 82 0.044 44 0.049 79 0.054 97
641.60 761.13 883.12 1012.06 1 148.99 1 294.01
2.172 3 2.491 6 2.778 8 3.050 4 3.311 3 3.563 5
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.2 Properties of Superheated Gases 5.5.2-7

Table 9 Properties of gaseous propane (Continued)

Value at different temperatures, K
Pressure,
MPa  Property 250 300 350 400 450 500 550 600

4.0 v, m3 /kg 0.013 16 0.017 45 0.020 85 0.023 89 0.026 73
(366.5) h, kJ/kg 7 1 4 . 1 7  8 5 3 . 8 4 990.91 1 132.70 1 280.98

s, kJ/Ocg K) 2.270 2 2.599 4 2.888 2 3.158 4 3.416 4
7.0 v, m3 /kg 0.004 18 0.008 22 0.010 80 0.012 88 0.014 73

h, kJ/kg 5 9 1 . 6 9  8 0 0 . 8 6 956.60 1 107.49 1261.33
s, kJ/&g  K) 1.906 4 2.401 9 2.730 3 3.017 9 3.285 6

10 v, m3/kg 0.002 98 0.004 95 0.006 97 0.008 62 0.010 05
h, kJ/k 5 4 4 . 1 4  7 4 6 . 9 6 921.77 1082.57 1 242.27
s, kJ/&g  K) 1.761 9 2.240 0 2.608 8 2.915 4 3.193 3

20 u, m�Fg 0.002 38 0.002 87 0.003 55 0.004 31 0.005 06
h, kJ/k 5 1 7 . 8 5  6 7 8 . 8 3 849.71 1021.44 1 192.46
s, kJ/&gW 1.6314 2.009 8 2.370 2 2.697 6 2.995 2

aAbridged  by permission, from 7%ermodynamic  Properties in SZ by W. C. Reynolds, Department of Mechanical Engineering, Stanford
University.

Table 10 Properties of gaseous propylene’

Pressure,
MPa Property 260 300

Value at different temperatures, K

340 380 420 460 500 540

0.070
(217.6)

0.101 325
(225.4)

0.20
(241.6)

0.40
(261.0)

0.70
(279.3)

(;!i.s)

2.0
(321.9)

4.0
(357.1)

7.0

10

v, m3 /kg
h, kJ/kg
s, kJ/OcgK)

v, m3 Fg
h > kJ/kg
s, kJ/fig K)
v, ma /kg
h, kJFg
s,kJ/hK)
v, m3 /kg
h, kJFg
s, kJ/&g  K)
u, m3/kg
h, kJ/kg
s, kJ/&g  K)
v, m3 Fg
h, kJ/kg
s, kJ/&g  K)
u, m3 /kg
h, kJ/kg
s, kJ/(kg  K)
v, m”Fg
h, kJ/kg
s, kJ/kK)
v, d/kg
h, kJ/kg
s, kJ/&g  K)
v, m3 /kg
h, kJ/k
s, kJ/CkgJQ

0.722 9 0.838 5
545.62 604.29
2.492 4 2.702 1

0.496 0 0.576 7
544.60 603.51
2.416 7 2.627 3

0.245 6 0.288 0
541.28 601.00
2.273 8 2.487 3

0.139 6
595.69
2.338 3

O&75  76
587.03
2.207 5

0.049 91
577.25
2.113 6

0.953 3 1.068
668.72 738.90
2.903 2 3.098 4

0.656 6 0.735 9
668.01 738.40
2.828 9 3.024 5

0.329 5 0.370 3
666.04 736.81
2.690 6 2.887 2

0.161 4
661.96
2.545 4

0.089 33
655.54
2.421 8

0.060 39
648.73
2.337 2

0.026 08
621.71
2.141 7

0.182 6
733.55
2.744 4

0.102 1
728.51
2.624 6

0.069 89
723.31
2.544 5

0.032 12
704.43
2.371 8

0.012 56
654.01
2.132 5

0.003 14
490.13
1.649 8

1.002 63
463.63
1.557 8

1.181 1.295
815.18 897.33
3.289 2 3.475 9

0.815 0 0.893 7
814.77 896.98
3.215 4 3.402 3

0.410 9 0.451 2
813.45 895.87
3.078 9 3.266 2

0.203 4 0.224 0
810.77 893.61
2.937 5 3.125 8

0.114 5 0.126 6
806.67 890.19
2.820 0 3.009 9

0.078 91 0.087 64
802.50 886.73
2.742 5 2.934 0

0.037 34 0.042 19
787.93 874.92
2.580 7 2.778 4

0.016 41 0.019 44
754.88 849.80
2.385 2 2.601 1

0.007 16 0.009 70
689.17 807.70
2.150 4 2.420 5

0.003 99 0.005 96
618.60 762.41
1.944 9 2.272 6

1.409 1.522
985.06 1078.00
3.658 7 3.837 5

0.972 4 1.051
984.75 1 077.73
3.585 2 3.764 0

0.491 3 0.531 4
983.80 1 076.91
3.449 5 3.628 5

0.244 4
981.87
3.309 7

0.138 5
978.96
3.194 9

0.096 19
976.03
3.120 1

0.046 81
966.15
2.968 6

0.022 15
945.84
2.801 3

0.011 64
914.06
2.642 2

0.007 56
881.75
2.521 6

0.264 6
1 075.23
3.489 3

0.150 3
1072.72
3.375 2

0.104 6
1 070.20
3.301 2

0.051 29
1061.76
3.152 5

0.024 67
1 044.76
2.991 5

0.013 34
1019.08
2.844 3

0.008 91
993.83
2.737 2

=Abridged  by permission, from Thermodynamic Boperties  in SZ by W. C. Reynolds, Department of Mechanical Engineering, Stanford
University.
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5.5.2-a 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.2 Properties of Superheated Gases

Table 11 Properties of gaseous aif

Value at different temperatures, K
Pressure,
MPa Property 200 300 400 500 600 700 800 900 1000

0.050 u, m�/kg 1.147 1.722 2.297 2.871 3.445 4.020 4.594 5.168 5.742
(76.24) h, kJ/kg 359.56 459.96 560.79 662.81 766.71 872.87 981.41 1 092.23 1205.16

s, kJ/&K) 4.329 8 4.736 8 5.026 9 5.254 4 5.443 8 5.607 4 5.752 3 5.882 8 6.001 8
u, kJ/kg 302.22 373.86 445.95 519.25 594.44 671.89 751.72 833.83 918.04

0.101 325 v, m3 /kg 0.565 3 0.849 7 1.133 1.417 1.701 1.984 2.267 2.551 2.834
(81.82)

0.20
(88.14)

0.40
(95.78)

0.70
(103.0)

1.0
(108.2)

2.0
(119.8)

5.0

7.0

10

20

50

70

h, kJFi
s, kJ/(k  K)
u, kJ/kg
v, m3 /kg
h, kJFg
s, kJ/(kg  K)
u, kJ/kg

v, m3 /kg
h, kJ/kg
3, kJ/&g K)
u, kJ/kg
v, m3 Fg
h, kJ/kg
s, kJ/&gW
u, kJ/kg
u, m’/kg
h, kJ/kg
s, kJ/Ocg K)
u, kJ/kg
v, m’/kg
h, kJFg
8, kJ/(kg  K)
u, kJ/kg
v, m3 /kg
h, kJFg
8, kJ/&g K)
u, kJ/kg
v, m’ /kg
h, kJ/kg
s, kJ/&g  K)
11,  kJ/kg

u, m3 /kg
h, kJ/kg
s, kJ/@g  K)
u, kJ/kg

v, ms /kg
h, kJ/kg
s, kJ/&s  K)
u, kJ/kg
v, m’lkg
h, kJ/kg
s, kJ/(kg  K)
u, kJ/kg
v, m3 /kg
h, kJ/kg
s, kJ/(kg  K)
u , kJ/kg

359.31 459.85 560.73 662.79 766.70 872.88 981.43 1 092.26 1 205.19
4.126 1 4.533 7 4.823 9 5.0516 5.241 0 5.404 6 5.549 5 5.680 0 5.799 0
302.03 373.75 445.88 5 19.20 594.40 671.86 751.69 833.81 918.03

0.285 7 0.430 4 0.574 4 0.718 2 0.861 9 1.006 1.149 1.293 1.436
358.83 459.63 560.62 662.74 766.70 872.90 981.47 1 092.31 1 205.25
3.929 1 4.337 9 4.628 4 4.856 2 5.045 7 5.209 3 5.354 3 5.484 8 5.603 8
301.68 373.55 445.75 519.11 594.32 671.80 751.65 833.77 918.00

0.142 2 0.215 1 0.287 3 0.359 3 0.431 3 0.503 1 0.575 0 0.646 8 0.718 6
357.85 459.18 560.40 662.64 766.68 872.94 981.54 1092.41 1 205.37
3.726 6 4.137 5 4.428 7 4.656 8 4.846 4 5.010 2 5.155 2 5.285 7 5.404 7
300.97 373.15 445.48 518.91 594.17 671.68 751.55 833.70 917.94

0.080 69 0.122 8 0.164 3 0.205 6 0.246 7 0.287 8 0.328 9 0.370 0 0.411 0
356.37 458.50 560.07 662.50 766.65 872.99 981.65 1 092.56 1 205.55
3.560 6 3.974 9 4.267 1 4.495 6 4.685 4 4.849 3 4.994 3 5.125 0 5.244 0
299.89 372.54 445.07 518.61 593.95 671.51 751.41 833.58 917.84

0.056 09 0.085 PO 0.115 1 0.144 0 0.172 9 0.201 7 0.230 5 0.259 2 0.288 0
354.89 457.83 559.74 662.36 766.63 873.04 981.76 1092.72 1 205.74
3.452 7 3.870 5 4.163 7 4.392 6 4.582 6 4.746 6 4.891 8 5.022 4 5.141 5
298.80 371.94 444.66 518.32 593.72 671.33 751.27 833.47 917.75

0.027 39 0.042 85 0.057 67 0.072 28 0.086 79 0.101 2 0.115 7 0.130 1 0.144 5
349.87 455.63 558.67 661.90 766.56 873.23 982.14 1 093.23 1 206.36
3.235 3 3.664 9 3.9614 4.191 7 4.382 4 4.546 8 4.692 2 4.823 0 4.942 2
295.09 369.92 443.32 517.34 592.98 670.75 750.81 833.10 917.45

0.010 22 0.017 07 0.023 26 0.029 24 0.035 13 0.040 97 0.046 77 0.052 56 0.058 34
334.39 449.26 555.63 660.66 766.43 873.86 983.31 1 094.80 1 208.24
2.914 2 3.382 4 3.688 7 3.923 0 4.115 8 4.281 4 4.427 5 4.558 8 4.678 3
283.27 363.91 439.34 5 14.46 590.79 669.04 749.44 832.00 916.55

0.007 01 0.012 19 0.016 72 0.021 05 0.025 29 0.029 49 0.033 6.5 0.037 80 0.041 94
323.93 445.27 553.77 659.93 766.41 874.33 984.12 1 095.88 1 209.51
2.777 6 3.273 4 3.585 9 3.822 8 4.016 9 4.183 2 4.329 8 4.461 4 4.581 1
274.89 359.96 436.75 512.58 589.36 667.91 748.55 831.27 915.96

0.004 68 0.008 55 0.011 83 0.014 92 0.017 92 0.020 88 0.023 82 0.026 73 0.029 64
308.87 439.71 551.23 659.00 766.50 875.11 985.40 1097.53 1211.45
2.616 9 3.153 4 3.474 7 3.715 2 3.911 2 4.078 6 4.225 8 4.357 9 4.477 9
262.09 354.16 432.96 509.82 587.26 666.26 747.22 830.20 915.09

0.002 44 0.004 44 0.006 18 0.007 80 0.009 35 0.010 86 0.012 35 0.013 83 0.015 29
277.13 425.39 544.95 657.23 767.64 878.29 990.07 1 103.34 1 218.14
2.296 7 2.905 3 3.250 1 3.500 8 3.702 1 3.872 7 4.021 9 4.155 3 4.276 3
228.33 336.54 421.27 501.25 580.66 661.04 743.02 826.78 912.29

0.001 59 0.002 26 0.002 95 0.003 62 0.004 26 0.004 89 0.005 50 0.006 10 0.006 70
269.73 414.72 542.54 661.80 777.54 892.28 1 007.28 1 123.10 1 239.97
1.979 7 2.570 6 2.939 2 3.205 5 3.416 6 3.593 5 3.747 0 3.883 4 4.006 5
190.47 301.91 395.05 480.91 564.45 647.89 732.23 817.86 904.89

0.001 43 0.001 89 0.002 37 0.002 85 0.003 31 0.003 76 0.004 20 0.004 64 0.005 07
279.48 421.23 549.50 670.41 787.92 904.27 1 020.66 1137.61 1 255.56
1.878 4 2.455 4 2.825 2 3.095 2 3.309 5 3.488 8 3.644 2 3.782 1 3.906 2
179.21 288.78 383.32 471.01 556.16 640.94 726.38 812.93 900.73

(See footnote on page 5.5.2-9.)
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.2 Properties of Superheated Gases 5.5.2-9

Table 11 Properties of gaseous air (Continued)

Pressure,
MPa Property 200

100 u, m3 Fg 0.001 31
h, kJ/kg 298.89
3, kJ/Ocg K) 1.7710
0, kJ/k 168.38

200 u, m3 /kg 0.001 12
h , kJ/k 374.30
s, kJ/h K) 1.550 7
u, kJ/k 151.20

Value at different temperatures, K

300 400

0.001 62 0.00195
438.15 566.11
2.337 7 2.706 4
275.91 370.94

0.001 28 0.001 45
512.21 639.81
2.111 8 2.479 4
255.87 350.61

500 600 700

0.002 28 0.002 60 0.002 92
687.97 806.89 924.73
2.978 5 3.195 3 3.377 0
459.94 546.51 632.61

0.001 61 0.001 77 0.001 93
762.39 882.84 1 002.71
2.753 0 2.972 7 3.157 5
440.54 528.59 616.37

800 900 1000

0.003 23 0.003 54 0.003 84
1 042.54 1 160.85 1 279.90
3.534 3 3.673 6 3.799 1
719.21 806.78 895.47

0.002 09 0.002 25 0.002 40
1 122.77 1243.39 1 364.71
3.317 8 3.459 8 3.587 6
704.70 793.94 884.22

=Abridged  by permission, from Thermodynamic Properties in SZ by W. C. Reynolds, Department of Mechanical Engineering, Stanford
University.

Table 12 Properties of gaseous watef

Value at different temperatures, K
Pressure,
MPa Property 400 450 500 550 600 650 700 750

0.070 u, m�  Ikg 2.617 2.953 3.287 3.619 3.950 4.281 4.612 4.942
(363.1) h, kJ/k 2 732.7 2 830.8 2 929.1 3 028.3 3 128.7 3 230.5 3 333.8 3 438.8

s, kJ/Ocs  JO 7.670 7 7.901 9 8.109 0 8.298 0 8.472 7 8.635 7 8.788 9 8.933 7
u,kJ/kg 2 549.5 2 624.1 2 699.0 2 774.9 2 852.1 2 930.8 3 011.0 3 092.9

0.101325 u, m3/kg 1.802 2.036 2.268 2.498 2.727 2.956 3.185 3.413
(373.1) h, kJ/kg 2 729.7 2 829.0 2 927.9 3 027.4 3 128.0 3 229.9 3 333.4 3 438.4

8, kJ/0cg  K) 7.494 2 7.728 1 7.936 5 8.126 1 8.301 2 8.464 4 8.617 7 8.762 7
u, kJ/kg 2 547.2 2 622.7 2 698.1 2 774.3 2 851.6 2 930.4 3 010.7 3 092.6

1.0 u, m3 Fg 0.220 6 0.246 4 0.271 2 0.295 5 0.319 4 0.343 2
(453.1) h, kJ/kg 2 890.2 3 000.9 3 108.0 3 214.2 3 320.7 3 428.0

s, kJ/&g  K) 6.822 3 7.033 3 7.219 8 7.389 8 7.547 6 7.695 6
u, kJ/kg 2 669.6 2 754.5 2 836.8 2 918.8 3 001.3 3 084.8

Value at different temperatures, K

800 850 900 950 1000 1 100 1 200

0.070 u, m3 /kg 5.272 5.602 5.932 6.262 6.592 7.251 7.911
(363.1) h, kJ/kg 3 545.4 3 653.8 3 763.8 3 875.6 3 989.1 4 221.5 4 460.7

s, kJ/OcgK) 9.071 3 9.202 7 9.328 4 9.449 3 9.565 8 9.787 2 9.995 3
u, kJ/kg 3 176.4 3 261.6 3 348.6 3 437.3 3 527.7 3 713.9 3 906.9

0.101 325 u, m3/kg
(373.1) h, kJ/kg

8, kJ/Ocg K)
u, kJ/kg

1.0 u, m3/kg
(453.1) h, kJ/ks

s, kJ/(kg  K)
u, kJFs

3.641 3.870
3 545.1 3 653.5
8.900 4 9.031 7
3 176.2 3 261.4

0.366 8 0.390 2
3 536.4 3 646.1
7.835 6 7.968 6
3 169.6 3 255.9

4.098 4.326 4.554 5.009
3 763.6 3 875.4 3 989.0 4 221.3
9.157 6 9.278 5 9.395 0 9.616 4
3 348.4 3 437.1 3 527.6 3 713.8

0.413 7 0.437 0 0.460 3 0.506 8
3 757.3 3 870.0 3 984.3 4 217.6
8.095 7 8.217 5 8.334 8 8.557 1
3 343.6 3 433.0 3 524.0 3 710.8

Value at different temperatures, K

5.465
4 460.6
9.824 5
3 906.8

0.553 2
4 457.6
8.765 9
3 904.4

600 650 700 750 800 900 1000 1 100

3.0 u, m3 /kg 0.086 28 0.095 32 0.104 0 0.112 4 0.120 6 0.136 7 0.152 6 0.168 4
(507.1). h, kJFs 3 059.6 3 177.3 3 291.3 3 404.0 3 516.5 3 743.1 3 973.7 4 209.4

s, kJ/OcgW 6.651 6 6.840 2 7.009 1 7.164 6 7.309 8 7.576 7 7.819 6 8.044 2
u, kJlkg 2 800.7 2 891.4 2 979.4 3 066.9 3 154.7 3 332.8 3 515.8 3 704.3

(See footnote on page 5.5.2-10.)
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5.5.2-10 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.2 Properties of Superheated Gases

Table 12 Properties of gaseous water (Continued)

Pressure,
MPa Property 600 650

Value at different temperatures, K

700 750 800 900 1000 1 100

(5 ;3!6)

6.0
(548.8)

10
(584.2)

$5.4,

(62309.0)

u, m3 /kg
h , kJ/kg
s , kJ/(kg  K)
u, kJ/kg
u, m3 Bs
h , kJ/kg
s, kJ/(kg  K)
u, kJ/kg
u, m3 /kg
h, kJ/kg
s, kJ/&g K)
u, kJ/kg
u, m3 Ikg
h,kJFg
s, kJ/(k  K)
u, kJ/kg
u, m3 /kg
h, kJ/kis
s, kJ/&g K)
u, kJ/kg
u, m3 Fg
h, kJ/b
s, kJ/&g K)
~1,  kJFs

0.063 04
3 033.0
6.484 7
2 780.8
0.039 58
2 973.8
6.220 1
2 736.3
0.027 59
2 904.1
5.993 8
2 683.3
0.020 08
2 818.3
5.772 2
2 617.5

0.070 24 0.076 99 0.083 49 0.089 81 0.102 1 0.114 2 0.126 1
3 157.8 3 276.1 3 391.6 3 506.3 3 735.8 3 968.3 4 205.3
6.684 6 6.860 0 7.019 4 7.167 4 7.437 8 7.682 7 7.908 5
2 876.8 2 968.1 3 057.7 3 147.0 3 327.4 3 511.7 3 701.1
0.045 07 0.049 98 0.054 59 0.059 01 0.067 50 0.075 71 0.083 75
3 116.3 3 244.4 3 366.3 3 485.5 3 721.2 3 957.5 4 197.0
6.448 6 6.638 5 6.806 7 6.960 5 7.238 2 7.487 2 7.715 4
2 845.9 2 944.5 3 038.8 3 131.4 3 316.2 3 503.3 3 694.5
0.032 39 0.036 43 0.040 11 0.043 59 0.050 18 0.056 48 0.062 60
3 071.1 3 210.9 3 340.0 3 464.0 3 706.2 3 946.6 4 188.7
6.261 7 6.469 1 6.647 2 6.807 3 7.092 7 7.345 9 7.576 6
2 812.1 2 919.5 3 019.1 3 115.3 3 304.8 3 494.8 3 687.8
0.024 68 0.028 25 0.031 41 0.034 34 0.039 79 0.044 94 0.049 92
3 021.4 3 175.6 3 312.6 3 442.0 3 691.0 3 935.6 4 180.3
6.098 3 6.327 0 6.516 2 6.683 3 6.976 7 7.234 4 7.467 6
2 774.6 2 893.1 2 998.5 3 098.7 3 293.1 3 486.2 3 681.2
0.014 04 0.017 23 0.019 75 0.021 96 0.025 93 0.029 56 0.033 01
2 868.5 3 077.4 3 239.6 3 384.3 3 652.0 3 907.7 4 159.4
5.719 2 6.029 5 6.253 6 6.440 4 6.755 9 7.025 4 7.265 3
2 658.0 2 818.9 2 943.5 3 054.9 3 263.0 3 464.3 3 664.3
0.007 90 0.011 56 0.013 86 0.015 75 0.019 00 0.021 88 0.024 56
2 625.1 2 961.0 3 159.4 3 323.0 3 611.7 3 879.3 4 138.5
5.2616 5.762 2 6.036 3 6.247 7 6.588 1 6.870 2 7.117 2
2 467.1 2 729.9 2 882.2 3 007.9 3 231.6 3 441.8 3 647.3

Value at different temperatures, K

700 750 800 850 900 950 1000 1 050 1 100

30

40

50

60

70

80

u, m3 /kg 0.005 43 0.007 86 0.009 5 1 0.010 87 0.012 08 0.013 18 0.014 21 0.015 18 0.016 12
h, kJ/kg 2 633.2 2 973.5 3 189.4 3 367.6 3 528.0 3 678.1 3 821.6 3 960.6 4 096.5
s, kJ/& K) 5.177 6 5.649 0 5.928 0 6.144 2 6.327 6 6.490 0 6.637 3 6.772 9 6.899 3
u, kJ/kg 2 470.4 2 737.6 2 904.0 3 041.4 3 165.7 3 282.8 3 395.4 3 505.1 3 612.8

u,ms/kg 0.002 60 0.004 83 0.006 40 0.007 60 0.008 63 0.009 54 0.010 39 0.011 17 0.011 92
h, kJ/kg 2 221.6 2 752.8 3 043.7 3 258.4 3 441.6 3 607.8 3 763.3 3 911.6 4 054.6
s,kJ/OcgK) 4.536 3 5.272 0 5.648 3 5.908 9 6.118 5 6.298 2 6.457 8 6.602 5 6.735 7
u, kJFg 2 117.4 2 559.5 2 787.8 2 954.3 3 096.4 3 226.0 3 347.9 3 464.7 3 577.8

u, m3 /kg 0.002 03 0.003 23 0.004 59 0.005 67 0.006 58 0.007 38 0.008 11 0.008 78 0.009 41
h, kJ/kg 2 074.8 2 535.1 2 893.2 3 147.2 3 354.5 3 537.3 3 705.1 3 862.8 4 013.2
s, kJ/h K) 4.294 3 4.929 3 5.392 6 5.700 9 5.938 0 6.135 8 6.308 0 6.461 9 6.601 9
u, kJ/k 1973.0 2 373.7 2 663.9 2 863.5 3 025.2 3 168.1 3 299.6 3 423.8 3 542.6

u, m3 Ikg 0.001 83 0.002 51 0.003 50 0.004 44 0.005 26 0.005 97 0.006 61 0.007 20 0.007 75
h, kJ/kg 2 013.6 2 387.9 2 754.9 3 039.5 3 269.1 3 468.0 3 647.8 3 814.7 3 972.3
s, kJ/(kg K) 4.179 5 4.695 4 5.169 7 5.515 2 5.777 9 5.993 0 6.177 6 6.340 5 6.487 2
u, kJ/kg 1903.6 2 237.5 2 544.7 2 772.8 2 953.8 3 109.9 3 251.2 3 382.7 3 507.3

u, m3 /kg 0.001 72 0.002 17 0.002 87 0.003 64 0.004 35 0.004 98 0.005 56 0.006 09 0.006 58
h, kJ/kg 1977.8 2 301.9 2 644.3 2 941.8 3 188.5 3 401.4 3 592.2 3 767.9 3 932.5
s, kJ/Ocg K) 4.103 1 4.549 8 4.992 0 5.353 0 5.635 3 5.865 6 6.061 5 6.232 9 6.386 1
u, kJ/kg 1 857.6 2 150.3 2 443.7 2 687.2 2 884.2 3 052.6 3 203.2 3 341.9 3 472.0

u, m�/kg 0.001 64 0.001 97 0.002 48 0.003 10 0.003 7 1 0.004 27 0.004 79 0.005 27 0.005 71
h, kJ/kg 1 953.8 2 248.4 2 563.0 2 858.7 3 115.3 3 339.0 3 539.4 3 722.9 3 893.9
8, kJ/(kg  K) 4.044 8 4.451 0 4.857 1 5.215 9 5.509 4 5.7514 5.957 1 6.136 2 6.295 3
u, kJ/kg 1 822.6 2 090.5 2 364.3 2 610.8 2 818.6 2 997.2 3 156.1 3 301.5 3 436.9

(See footnote on page 5.5.2-11.)
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.2 Properties of Superheated Gases 5.5.2-l  1

Table 12 Properties  of gaseous  water  (Continued)

Value at different temperatures, K
Pressure,
MPa Property 700 750 800 850 900 950 1000 1050 1 100

100 u, m3 /kg 0.001 53 0.001 76 0.002 07 0.002 47 0.002 91 0.003 35 0.003 77 0.004 16 0.004 53
h, kJ/kg 1923.7 2 186.1 2 461.2 2 736.7 2 995.5 3 230.7 3 444.2 3 640.0 3 821.8
s, kJ/(kgK) 3.956 7 4.318 6 4.673 5 5.007 7 5.303 7 5.558 1 5.777 2 5.968 4 6.137 5
u, kJ/kg 1 770.5 2 010.4 2 254.1 2 489.8 2 704.5 2 895.7 3 067.3 3 223.7 3 368.4

DAbridged  by permission, from l%ermodynumic  Properties in SZ by W. C. Reynolds, Department of Mechanical Engineering, Stanford
University.

REFERENCE  TO SECTION  5.5.2

1. Reynolds, W. C., Thermodynamic Properties in SI, Department of Mechanical Engineering, Stanford University, Stanford, Cali-
fornia 94305,1979.
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5.5 PHYSICAL PROPERTY DATA TABLES 5.5.3-l

5.53,
Properties of liquid water

K. Schwier

n Critical properties: pc = 221.20 bar; T, = 374.1TC;
T, = 647.30 K; pc = 3 15 kg/m�  ; Molecular weight: M =
18.016 kg/kmol.

Table 1 Properties  of liquid water  at p = 1 baf

T,
$cgK

P, A, I), v, K,
�C 10-3/K low3 W/mK 10e6 kg/ms low6 m�/s 10e6 ml/s Pr

0 999.8 4.217 -0.085 2 569 1 750 1.75 0.135 13.0
10 999.8 4.192 + 0.082 3 587 1300 1.30 0.140 9.28
20 998.4 4.182 0.206 7 604 1 000 1.00 0.144 6.94
30 995.8 4.178 0.305 6 618 797 0.800 0.148 5.39
40 992.3 4.179 0.389 0 632 651 0.656 0.153 4.30
50 988.1 4.181 0.462 3 643 544 0.551 0.156 3.54
60 983.2 4.185 0.528 8 654 463 0.471 0.159 2.96
70 977.7 4.190 0.590 0 662 400 0.409 0.162 2.53
80 971.6 4.196 0.647 3 670 351 0.361 0.164 2.20
90 965.2 4.205 0.701 8 676 311 0.322 0.166 1.94

‘T, Temperature, C; p, density; cp, pes cific heat capacity; p, thermal expansion coefficient; A, thermal conductivity; 11, dynamic vis-
cosity; Y, kinematic viscosity; K, thermal diffusivity; Pr, Prandtl number.

Reprinted from VDZ-Wirmeatlas,  2d ed., Diisseldorf, Verein
Deutscher Ingenieure, 1974.
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5 . 5 . 3 - 2 5 .S PHYSICAL PROPERTY DATA TABLES / 5.5.3 Properties of Liquid Water

Table 2 Density p of liquid water  as a function of pressure and temperature’

Temperature, �C
Pressure,
bar 0 20 50 100 150 200 250 300 350

1
5

10
20
30
40
50
60
70
80
90

100
150
200
250
300
350
400
450
500

700
800
900

1 000

999.9 998.4 988.1
1 000.1 998.6 988.3 958.4
1 000.2 998.8 988.5 958.6
1 000.7 999.2 988.9 959.0
1001.2 999.8 989.4 959.6
1 001.7 1 000.1 989.8 960.0
1 002.2 1 000.5 990.2 960.5
1 002.7 1 001.0 990.7 961.0
1003.2 1001.4 991.1 961.4
1 003.7 1 001.9 991.5 961.9
1004.2 1 002.3 991.9 962.4
1004.7 1 002.8 992.4 962.8
1 007.2 1 005.0 994.5 965.1
1 009.6 1 007.2 996.6 967.5
1 012.1 1 009.3 998.7 969.7
1 014.5 1011.5 1 000.7 971.9
1 016.9 1013.6 1 002.7 974.1
1019.2 1015.8 1004.7 976.2
1 021.5 1017.9 1 006.7 978.3
1 023.8 1019.9 1 008.7 980.5
1 028.4 1 024.0 1 012.6 984.5
1 032.9 1 028.1 1 016.4 988.5
1 037.2 1032.1 1 020.1 992.4
1041.4 1 036.0 1 023.8 996.3
1 045.5 1 039.9 1 027.4 1 000.0

916.8
917.1
917.7
918.3
918.8
919.4
920.0
920.5
921.1
921.7
922.2
925.0
927.7
930.4
933.0
935.6
938.1
940.5
943.0
947.7
952.3
956.7
961.1
965.3

865.0
865.8
866.6
867.3
868.1
868.9
869.6
870.4
871.1
874.7
878.2
881.6
884.9
888.1
891.3
894.3
897.3
903.1
908.6
914.0
919.2
924.2

799.2
800.4
801.6
802.7
803.8
804.9
806.0
811.4
816.5
821.3
826.0
830.4
834.7
838.8
842.8
850.3
857.5
864.2
870.6
876.7

713.1
715.4
725.8
735.0 600.3
743.4 624.9
751.0 643.4
758.1 658.5
764.7 671.4
771.0 682.7
776.9 692.9
787.7 710.7
797.5 725.9
806.7 739.3
815.2 751.5
823.2 762.5

�p  in kg/m�.

Table 3 Constant pressure specific  heat cP of liquid water  as a function of pressure’  and temperature

Temperature, �C
Pressure, -
bar 0 20 50 100 150 200 250 300 350

1 4.217 4.182 4.181
5 4.215 4.181 4.180

10 4.212 4.179 4.179
50 4.191 4.166 4.170

100 4.165 4.151 4.158
150 4.141 4.137 4.148
200 4.117 4.123 4.137
250 4.095 4.109 4.127
300 4.073 4.097 4.117
350 4.052 4.084 4.107
400 4.032 4.073 4.098
450 4.013 4.062 4.089
500 3.994 4.051 4.081
600 3.957 4.032 4.064
700 3.920 4.014 4.049
800 3.883 3.997 4.035
900 3.844 3.982 4.022

1000 3.800 3.968 4.010

4.215 4.310
4.214 4.308
4.205 4.296
4.194 4.28 1
4.183 4.266
4.173 4.252
4.163 4.239
4.153 4.226
4.144 4.214
4.135 4.202
4.126 4.190
4.117 4.179
4.100 4.157
4.084 4.137
4.068 4.117
4.054 4.099
4.039 4.081

4.477 4.855 3.299
4.450 4.791 5.703
4.425 4.735 5.495
4.402 4.685 5.332
4.379 4.639 5.201
4.358 4.598 5.091
4.338 4.560 4.999
4.319 4.525 4.919
4.301 4.493 4.848
4.284 4.463 4.786
4.252 4.410 4.681
4.222 4.362 4.595
4.195 4.320 4.523
4.169 4.282 4.462
4.145 4.248 4.410

4.042
8.863
8.103
7.017
6.451
6.084
5.820
5.616
5.451
5.200
5.014
4.871
4.757
4.663

=cp in kJ/kg K.
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.3 Properties of Liquid Water 5.5.3-3

Table 4 Thermal expansion coefficient fl= (l/u)(&$N’)~  of liquid water as a function of pressure and temperature’

Pressure,
bar

1
5

10
50

100
150
200
250
300
350
400
450
500
600
700
800
900

1 000

Temperature, �C

0 20 50 100 150 200 250 300 350

-0.085 2 0.206 I 0.462 3
-0.083 8 0.207 2 0.462 2 0.753 9 1.024
-0.082 0 0.207 9 0.462 0 0.753 0 1.022
-0.067 8 0.213 3 0.460 5 0.745 5 1.007 1.347 1.936
-0.049 9 0.220 1 0.458 9 0.736 6 0.990 2 1.312 1.848 3.189
-0.032 0 0.227 2 0.457 4 0.728 1 0.974 0 1.281 1.772 2.883
-0.014 2 0.234 3 0.456 2 0.720 0 0.958 I 1.251 1.704 2.648 6.923
+ 0.003 3 0.241 6 0.455 1 0.712 2 0.944 2 1.224 1.643 2.460 5.162

0.020 5 0.248 9 0.454 2 0.704 7 0.930 3 1.198 1.589 2.306 4.276
0.037 3 0.256 2 0.453 4 0.697 5 0.917 2 1.175 1.539 2.176 3.718
0.053 5 0.263 6 0.452 8 0.690 7 0.904 6 1.152 1.494 2.065 3.324
0.069 0 0.270 9 0.452 3 0.684 1 0.892 6 1.131 1.453 1.968 3.027
0.083 6 0.278 2 0.452 0 0.677 7 0.881 1 1.111 1.415 1.884 2.791
0.110 0 0.292 6 0.451 7 0.665 7 0.859 6 1.075 1.348 1.742 2.439
0.131 7 0.306 5 0.451 8 0.654 5 0.839 7 1.042 1.290 1.626 2.186
0.147 5 0.319 6 0.452 3 0.644 1 0.821 3 1.012 1.238 1.530 1.994
0.156 5 0.331 7 0.453 0 0.634 3 0.804 2 0.984 4 1.193 1.448 1.843
0.157 6 0.342 6 0.454 0 0.625 2 0.788 2 0.959 4 1.152 1.377 1.720

=fl in lo-�  /K.

Table 5 Thermal conductivity X of liquid water as a function of pressure and tempera-
ture”

Pressure,
bar 0 20 50

Temperature, �C

100 150 200 250 300 350

1 569 604 643
10 570 604 644 681 687
50 573 608 647 684 690 668 618

100 577 612 651 688 693 672 625 545
150 581 616 655 691 696 676 633 559
200 585 620 659 695 700 681 639 571 454
250 589 623 662 698 703 685 646 582 476
300 592 627 666 701 706 689 652 592 496
350 596 630 669 704 710 693 657 601 514
400 599 634 672 707 713 697 662 609 529
450 603 637 675 710 716 701 667 616 541
500 606 640 678 713 720 704 671 622 552

ah in lo-�  W/m K.
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5.5.3-4 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.3 Properties of Liquid Water

Table 6 Dynamic  viscosity ‘17 of liquid water  as a function of pressure and temperature’

Pressule,
bar

Temperature, �C!

0 20 50 100

1 1 750.0 1 000.0 544.0
10 1 750.0 1 000.0 544.0 279.0
50 1 750.0 1 000.0 545.0 280.0

100 1 750.0 1 000.0 545.0 281.0
150 1 740.0 1 000.0 546.0 282.0
200 1 740.0 999.0 546.0 283.0
250 1 740.0 999.0 547.0 284.0
300 1 740.0 998.0 547.0 285.0
350 1 730.0 997.0 548.0 286.0
400 1 730.0 997.0 548.0 287.0
450 1 730.0 996.0 549.0 288.0
500 1 720.0 996.0 549.0 289.0

150 200 250 300 350

181.0
182.0
183.0
184.0
185.0
187.0
188.0
189.0
190.0
191.0
192.0

135.0 107.0
136.0 109.0
137.0 110.0
138.0 111.0
139.0 112.0
141.0 113.0
142.0 115.0
143.0 116.0
144.0 117.0
145.0 118.0

90.5
91.7
93.0 73.0
94.3 75.9
95.5 78.5
96.8 80.2
98.1 82.1
99.3 83.6

101.0 84.8

�q in 10e6 kg/m s.

Table 7 Kinematic viscosity v of liquid water as a function of pressure and temperature”

Pressure,
bar 0 20 50

Temperature, �C

100 150 200 250 300 350

1 1.75 1.00 0.551
10 1.75 1.00 0.550
50 1.75 1.00 0.550

100 1.74 0.998 0.549
150 1.73 0.995 0.549
200 1.72 0.992 0.548
250 1.72 0.990 0.548
300 1.72 0.987 0.547
350 1.70 0.984 0.547
400 1.70 0.981 0.545
450 1.69 0.978 0.545
500 1.68 0.977 0.544

0.291 0.197
0.292 0.198
0.292 0.198
0.292 0.199
0.293 0.199
0.293 0.201
0.293 0.202
0.294 0.202
0.294 0.203
0.294 0.203
0.295 0.204

0.156 0.134
0.156 0.135
0.157 0.136
0.157 0.136
0.158 0.136
0.159 0.137
0.160 0.138
0.160 0.139
0.161 0.139
0.162 0.140

0.126
0.126
0.127 0.122
0.127 0.121
0.127 0.122
0.128 0.122
0.128 0.122
0.129 0.122
0.130 0.122

% in low6  m�/s.

Table 8 Prandtl number of liquid water as a function of pressure and temperature

Temperature, �C
Pressure,
bar 0 20 50 100 150 200 250 300 350

1 13.0 6.94 3.54
10 13.0 6.93 3.53 1.73 1.14
50 12.8 6.86 3.51 1.72 1.13

100 12.6 6.79 3.48 1.71 1.13
150 12.4 6.72 3.46 1.71 1.13
200 12.3 6.65 3.43 1.70 1.13
250 12.1 6.59 3.41 1.69 1.13
300 11.9 6.52 3.38 1.69 1.12
350 11.8 6.47 3.36 1.68 1.12
400 11.6 6.40 3.34 1.68 1.12
450 11.5 6.35 3.32 1.67 1.12
500 11.4 6.30 3.31 1.67 1.12

0.902 0.842
0.899 0.831
0.896 0.820
0.893 0.812
0.891 0.805
0.888 0.799
0.886 0.795
0.885 0.791
0.884 0.788
0.883 0.786

0.940
0.899
0.866 1.31
0.840 1.12
0.819 1.02
0.803 0.950
0.790 0.903
0.779 0.867
0.771 0.832
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5.5 PHYSICAL PROPERTY DATA TABLES / 5 .S .3 Properties of Liquid Water 5.5.3-S

Table 9 Thermal  diffusivity  K of liquid water  as a function of pressure and temperature’

Temperature, �C
Pressure,
bar 0 20 50 100 1 5 0 200 250 300 350

1
10
50

100
150
200
250
300

0.135 0.144 0.156
0.135 0.144 0.156
0.137 0.146 0.157
0.138 0.147 0.158
0.140 0.148 0.159
0.140 0.149 0.160
0.142 0.150 0.161
0.145 0.151 0.162
0.145 0.152 0.163
0.147 0.153 0.163
0.147 0.154 0.164
0.147 0.155 0.164

0.168 0.173
0.170 0.175
0.171 0.175
0.171 0.176
0.172 0.176
0.173 0.178
0.173 0.180
0.175 0.180
0.175 0.181
0.176 0.181
0.177 0.182

0.173 0.159
0.174 0.162
0.175 0.166
0.176 0.167
0.177 0.169
0.179 0.171
0.181 0.174
0.181 0.178
0.182 0.178
0.183 0.178

0.134
0.140
0.147 0.093
0.151 0.108
0.155 0.120
0.159 0.128
0.162 0.135
0.166 0.141
0.169 0.147

=K in 10-e  m2 /s.

BIBLIOGRAPHY  FOR SECTION 5.5.3

1. Grigull, U., and Bach, J., Die Oberfl&henspamnmg  und verwandte Zustandsgrcssen  des Wassers.  Brennst. Wuerme-Kmft,  vol. 18, pp.
73-75,1966.

2. Grigull, U., Mayinger, P., and Bach, J., Viskositiit,  Wiirmeleitfahigkeit  und Prandtlzahl von Wasser und Wasserdampf. Wuerme  Stof
fuebertrug., vol. 1, pp. 15-34,196s.

3. Grigull, U., Bach, J., and Reimann, M., Die Eigenschaften  von Wasser und Wasserdampf nach  der �1968 IFC-Formulation.� Private
communication.
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2.2 SINGLE-PHASE FLUID FLOW 2.2.4-l

22.4
Banks of plain and finned tubes

A. hkauskas  and R. Ulinskas

A. Introduction

In cross flow of real fluids over a single tube, a laminar
boundary layer is developed from the front stagnation
point and separates at some point around the circum-
ference. This gives rise to a symmetric steady-state pair
of vortices and a recirculation zone in the rear. When
the Reynolds number? is greater than about 40, the
flow in the recirculation zone becomes unstable and
periodic vortex shedding commences in the rear, with
separation of the laminar boundary layer at 4 = 82�,
where I#I is the angle subtended at the tube axis by the
stagnation and separation points. With a further
increase of Re, a critical flow regime is reached at
Re>2 X lo�, characterized by a laminar-turbulent
transition in the boundary layer preceding the separa-
tion point, which is shifted downstream to $J = 140�.
The frequency of vortex shedding is determined from the
Strouhal number Sr = fd/u, where f is the frequency of
vortex shedding and d is the tube diameter. For
practical purposes, Sr for a single tube may be taken as
0.2 in the Reynolds number range 300 to 2 X 105.  In
the critical region, the value of Sr increases to 0.46
and then decreases to 0.27 [I] at Re = 3.5 X 106.  For
an incompressible fluid, velocity and pressure variations
outside the boundary layer are conveniently described
by the Bernoulli equation:

�The  Reynolds number is defined as ud/v,  where d is the
tube diameter, v is the kinematic viscosity, and u is the upstream
velocity (=ub) for single tubes and the maximum intertube
velocity for tube banks.

0 1983 Hemisphere 1 lblishing Corporation

2 2

pb + q = px + y = const

The quantities are defined in Fig. 1; U, is the peri-
pheral local velocity on the tube, px and Pb are the
local and main flow pressures, and p is the fluid mass
density. Thus,

u, = t‘b J 1 -Px -Pb
(4

If a tube is placed in a bank, the pattern of flow
around it is by no means similar to that on a single
tube. The detailed differences of the flow pattern are
determined by the bank arrangement, bank geometry,
tube location, and Reynolds number. The two most
common arrangements are in line or staggered (see Fig.
2). The geometry is described by the parameters

St
a=--

d

where a and b are the relative transverse and longi-
tudinal pitches, respectively (see Fig. 2). Throughout
the tube bundle, the pressure gradients, velocity distri-
butions, and the recirculation zones in the rear of the
tubes are affected by flow fluctuations.

The velocity distribution outside the boundary
layer may be determined using the Bernoulli equation,
Eq. (2), from the measured pressure distribution values
around the tube. A comparison in Fig. 1 illustrates the
different pressure distributions (which give rise to
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Figure 1 Pressure coefficient distribution around a tube at
Re = 104. (1) In-line bank, inner row. (2) Single tube. (3) Stag-
gered bank, inner row.

different velocity distributions) on a single tube and on
a tube in a bank in cross flow. In banks of in-line
arrangement, a maximum pressure is observed at
r$ = 40”, which is the point at which the flow from the
upstream tube impacts. In staggered banks, the
pressure on the front part of each separate tube is
similar to that on a single tube. A pressure coefficient
for a tube in a bank may be defined as

where u is the mean velocity in the minimum intertube
space [see Eq. (4)J, poEo is the pressure at the front
stagnation point, and p0 is the pressure at angle $.

The flow pattern surrounding a tube in a tube

bank is a function of Reynolds number Re. In the
lower range of Re, the laminar boundary layer devel-
ops similarly to that on a single tube, with a separation
at q3 z 90� and with circulation vortices in the rear.
Intertube spaces are occupied mainly by a laminar flow
and by macroscale vortices in the recirculation zones.
The effects of these macroscale vortices on the laminar
layers on the front parts of the neighboring tubes are
fully eliminated by viscous forces and by the negative
pressure gradients. Such a pattern of flow, which is
observed at Re < 10�)  is described as a predominantly
laminar one.

With a further increase of Re, the intertube flow
becomes highly turbulent. The degree of turbulence is
a function of bank configuration geometry (a and b)
and Re. Turbulence increases with distance into the
bank, becoming fully developed in about the third or
fourth row. Notwithstanding the surrounding turbu-
lence, a laminar boundary layer still develops on the
tubes in the inner rows. This pattern of flow may be
observed up to Re = IO5 and higher.

In tube banks characterized by (2b2 - 0.5) <a, a
separation bubble and reattachment of the laminar
boundary layer may be observed at Reynolds numbers
as low as 104.  This causes intensive turbulence in the
boundary layer in the rear zone. With a further
increase of Re, to the range lo�-2  X 10�  (depending
on the geometry), a laminar/turbulent  transition occurs
in the boundary layer before i ts  separation at
Q!J = 140�. Here we have the so-called critical flow
regime. Increasing Re to lo6 leads to the creation of
the supercritical regime, with a highly turbulent flow
and a developed turbulent boundary layer. Significant
changes are also noted in the distribution of pressures
in the supercritical regime. At Re > 106, the flow
patterns and the pressure distributions are similar in

a=s,/d b=s,/d

(a)

“b

pb

Figure 2 Tube arrangements in banks. (a) Plain tubes.
(b)  Finned tubes.

0 1983 Hemisphere Publishing Corporation
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both staggered and in-line banks (Fig. 3). A decrease of
P is noted in the region from the impact point to 90°,
accompanied by flow acceleration outside the bound-
ary layer. In the rear, P increases (with a decrease of
outer velocity), leading to the separation of the turbu-
lent boundary layer. No significant changes of pressure
are noted in the recirculation zone.

The increase in intertube velocity is determined
mainly by the relative transverse pitch a. The value of
u increases significantly with a decrease of a. Mean
velocity in the minimum intertube space is determined

by

if a d 2b2  - 0.5. In compact banks, the minimum
intertube space may occur in the diagonal direction
(see Fig. 2) if a > 2bZ - 0.5. In this case,

a
u=u,,,

A d(a2/4)  + b2 - 1

and in an arbitrary position by

(5)

(6)

B. Drag and pressure drop in banks of tubes

In flow through tube banks, there occur irreversible
energy changes due to friction. These energy changes
are manifested as pressure losses over the bank. The
calculation of these pressure changes is vital to the
design of the circulation system (pumps, fans, natural
circulation). Conversely, the energy changes are associ-
ated with forces in the individual tubes in the bank.
These forces are important in assessing and calculating
phenomena such as tube vibration. Although the pres-
sure losses and forces on the tubes are clearly linked, it

00
0 6 0 1 2 0 1 8 0

Figure 3 Pressure coefficient distribution around a tube. (1) ln-
line bank, Re = 6 X 10�.  (2) Staggered bank, Re = 106. (3) In-
line bank. Re = 106, inner rows.

is convenient to treat them separately in the present
context, dealing first with the forces on the tubes.

(a) Drag on a tube in a bank

Flow of a fluid through a tube bank generates a force
on each separate tube, the direction of which is not
necessarily coincident with that of the flow. The total
drag force is the sum of the skin friction and the form
drag. Its longitudinal component is known as the drag
force F, and the transverse component as the lift force
F,,. The forces on a tube in a bank may be described
in terms of the skin friction coefficient cr and the drag
coefficient CD. The skin friction coefficient is defined

[2,31 by

27 w.x
Cf = -

PU2
(7)

where T,, is the mean horizontal component of the
shear stress on the tube surface. The local shear stress
is given by

al.4
?-w=q  -0av y = o

where n is the dynamic (absolute) viscosity and (au/
ay),,=o  is the velocity gradient at the wall (see Fig. 1).
If the velocity distribution in the boundary layer is
known, r,, may be obtained by integration along the
perimeter from the front stagnation point either to the
rear stagnation point or to the separation point:

r,,, dX (9)

where dX = cos $ ds, $ being the angle of the main
flow direction to the tube surface tangent (see Fig. l),
and s is peripheral distance. For nonseparating flows,
integration is performed from the impact point up to
the rear stagnation point. For separating flows, the
integration terminates at the separation point. The
point at which &lay = 0 is defined as the point of
separation. To determine shear stress from Eq. (9) for
Re from 2 to 10�) the impact point is assumed for
staggered banks at 4 = O�,  and for in-line banks is
determined from experimental data (Fig. 4).

To assist in solving Eq. (9)  a correlation of local
friction cf = 27,/pu2 may be used as illustrated in Fig.
5.

Skin friction accounts for nearly all of F, at low
Re. With increasing Re, the skin friction contribution
decreases as a fraction of F,, the remaining force being
form drag. In the critical flow regime the skin friction
might contribute typically OS-276  of the total force. It
is convenient to define a drag coefficient CD in terms

0 1983 Hemisphere publishing Corporationr YMD4L A
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2 -4 6 810’ 2 14 6 8102 2 4 6 8103 2 4 6 8104 2 4 6 8
Re

Figure 4 The point of flow impact.

of the total force F, (i.e., including both skin friction
and form drag) as follows:

2Fx
CD =-

~u’-%r
(10)

where A,, is the tube cross-sectional area transverse to
the flow (= L X d, where L is the tube length and d is
the tube diameter). In order to determine F, for a
given tube, the pressure p is measured at the surface at
a number (no, say) of uniformly distributed points. F,
is then given by

no

F, =  A A
1

Pc$ cos @
i=l

where

uzndL
n0

(11)

(12)

where L is the length of the tube and d is the tube
diameter.

Figure 6 gives the drag coefficient for the first row
for in-line and staggered banks of plain tubes with

0

- 1
0 60 120 180

d

Figure 5 Skin friction coefficient in staggered banks as a
function of angle. (0) Analytical to the separation point.
(1) Experimental, bank 1.50 X 1.50 with Re = 1 017 (authors).
(2) Re = 1.3 X 105. (3) Re = 1.4 X 106,  bank 2.0 X 1.4 [2].

0 1983 Hemisphere I lblishing  Corporation

II X b = 2.0 X 2.0 (curves 1 and 2), together with the
drag coefficient of a compact bank a X b  =

1.65 X 1.53 of helical-finned tubes for the first row
(curves 3 and 4) and one of the inner rows (curves 5
and 6).

The following equations are recommended for co.

In-line banks, IO2 < Re < 4 X 1 O3  :

CD = 0.535 exp (5.378 Re-0.345) (13)

Staggered banks, IO2 < Re < 4 X I O3  :

1.4

0.6

0.2
lo4
Re

Re

Figure 6 Drag coefficient of a tube as a function of Re. (1) In
line. (2) Staggered bank, 2.0 X 2.0, plain tubes, first row.
(3,4) Staggered bank, 1.65 X 1.53, first row. (5, 6) Staggered
bank, 1.65 X 1.53, inner row. Q = 25, d= 15, It =5, s = 3,
6, = 0.4, 6 2 = 3.0 mm. The attack angle of fins equals 3�.
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CD = 0.417 exp (4.932 Re-���j)

In-line banks, 4 X lo3 < Re < 6 X lo4 :

CQ = 0.735-o 411 X 10m6  Re

Staggered banks, 4 X lo3 < Re < 6 X lo4 :

CD = 0.647-0.5 X 10e6  Re

(14)

(15)

(16)

In-line banks, 6 X lo4 < Re < 1 O6  :

CD = 0.621 + 0.169 X 10e5  Re - 11.343

X lo-l2 Re2 + 16,656 X 10-l�  Re3

- 7.377 X lOeM  Re4

Staggered banks, 6 X 104 < Re < lo6 :

CD = 0.618 + 0.491 X 10T6 Re - 6.303

X IO-l2 Re2 + 10.694 X IO-�s  Re3

(17)

- 5.2 X lO-24  Re4 (18)

Typical results for CD in a finned-tube bank are
illustrated in Fig. 6. The values depend on the defini-
tion of Arr in the formula for calculating CD [Eq.
(IO)] ; either the fin tip diameter may be used or the
base tube diameter.

For the first row of tubes, the value CD based on
the fin tip diameter is given by (curve 3 of Fig. 6)

1 908.9
CD =  1 . 4 5 1  +  - -

275.6 X lo3
Re Re2

and CD based on the base tube diameter (curve 4) is
given by

11909
CD = 0.706 + d - 215.4 X lo3

Re Re2
wo

For an inner row of a bank of finned tubes, the value
of CD based on fin tip diameter is given by (curve 5)

CD = 16.03 Re-0.256 (21)

and CD based on base tube diameter (curve 6) is given
by

CD = 24.37 Re-o.388

(b) Pressure drop in banks of tubes

(22)

I. Form of correlating equations

The pressure drop Ap for flow through a bank of
tubes is a function of the geometry (expressed in terms
of Sl, s2, and d-see Fig. 2), the number of tube rows
in the bank z, the flow velocity U, and the physical
properties of the fluid:

(23)

where TJ is the dynamic (absolute) viscosity. It is
convenient, in what follows, to define u as the velocity
at the minimum intertube gap. That is, u is the
maximum velocity attained by the fluid as it passes
through the various gaps between the tubes. Suppose
that ub is the superficial velocity through the tube
bank (i.e., the volume flux of the fluid per unit face
area-including tubes and intertube spaces-of the tube
bank). It then follows that u = UPS, /(s, - d) for in-
line banks and that u is either uhsI/(s,  -d) or ubsl/

2(s:  -d) (see Fig. 2 for definitions), depending on
which is greater, for staggered banks. The velocities are
expressed in terms of a and b through Eqs. (4) and
(5).

Equation (23) may be written in dimensionless
form:

Eu = f-(Re, a, b, z) (24)

where Re = ud/v,  a = s,/d, and b = s,/d.  The Euler
number, ELI, is related to pressure drop by

(25)

where z is the number of tube rows. The relation
between friction factor f and Euler number is

where ti is the mass flux, given by ti = pu = il$/,S,
where &I is the mass flow rate of flow and S is the
cross-sectional area for flow corresponding to the mini-
mum intertube gap.

Data from a variety of sources [l, 4-101  have
been plotted in Figs. 7 and 8 for in-line and staggered
banks of tubes, respectively. These plots are in the
form Eu/k, versus Re, where kl is a parameter
accounting for geometry that will be introduced later.
It will be seen from Figs. 7 and 8 that good agreement
is obtained among the various data sources.

Traditionally, the most widely used form of rela-
tionship is of the power law form:

ELI  = k2 Re� (27)

where k2 and Y are constants that are functions of
system geometry. Examples of this type of relationship
are as follows.

1. Equations for in-line banks for the Reynolds
number range 104-2  X IO5

For (b - 0.8)/@  - 1) > 1:

1’5 ReY

0 1983 Hemisphere Publishing CorporationI 1t6DiL A
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IO’
8
6
4

;:;;;,:;I  BERGELIN [ 41

2 4 6 8 IO’ 2 4 6 8 IO* 2 4 68103 2 4 68104 2 4 6 810’ 2 4 68 IO6

Re=ud/J

For (b - 0.8)&z  - 1) < 1:

Figure 7 Pressure drop of in-line banks.

H A M M E K E  [6]

(29)

2. Equations for staggered, equilateral triangular
banks

For6X  102<Re<7X  103:

The exponent r is given by

(30)

0.33
Re-0.15

For7X  103<Re<2X  IO�:

(31)

8
6
4

IO'
8
6
4

6
4

$ - 1.25 x1.08 1

+ - 1.50x 1.30 ’
B E R G E L I N  et al [4]

a - 2.00x1.40 ACHENBACH [8]

q - 2 . 0 6 x 1 . 3 8  H A M M E K E  et al r61
8-
e-
CD-
x-
I-

L 2

;;;f;‘$ NIGGESCHMIDT  [9]

1 . 5 8 x 1 . 3 ;  D W Y E R  e t  al [7]

1.25x1.25
1.50x1.50

1”
,ZUKAUSKAS  [1,5,10]

2 4 6 810’ 2 4 68102 2 4 68103 2 4 6 8104 2 4 6 8105 2 4 68106 2

Re = ud/?

Figure 8 Pressure drop of staggered banks.
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(32)

To compare Eqs. (28)-(32)  with the experimental data
shown in Figs. 7 and 8, Eu values were calculated from
the equations and Eu/kr estimated using the relation-
ships for kl to be given below (note that kl z 1 for
the examples cited above). The resultant lines are
shown in the figures and demonstrate the good agree-
ment between Eqs. (28)-(32)  and the experimental
data. However, equations of the form of Eq. (27) can
cover only limited ranges of data and are not recom-
mended here. The recommended equations (to be
introduced later) are in the form of an inverse power
series, and separate ranges of equations are given for
in-line and staggered banks, respectively. These equa-
tions are for banks with many transverse flows; correc-
tions for lower members of rows are introduced later,
as is a general rule to the utilization of the equations.

II. Recommended relationships for in-line tube banks

The recommended [5] curves for Eu/k, versus Re are
shown graphically in Fig. 9. These curves are for tube
banks having many rows (correction factors for banks
with small numbers of rows are given later) and are
fitted by inverse power series relationships, different
relationships being used depending on the value of b
(ratio of longitudinal pitch to diameter) and on the
Reynolds number range. The appropriate equations are
as follows:

Forb=1.25,3<Re<2X  103:

g = o 272 + 0.207 X lo3 +  0 . 1 0 2  X  lo3
kl . Re Re2

0.286  X lo3-
Re3

(33)

For b = 1.25, 2 X lo3 < Re < 2 X 10�:

Eu_ = o.267  + 0.2492  lo4 _ 0.92ke;  lo7
k,

+ 0.10 x 10�

Re3
(34)

For b = 1 SO, 3 < Re < 2 X lo3 :

@ = o 263 + 0.867 X lo2 _ 0 . 2 0 2  X  1 0
k, � Re Re2

(35)

Forb=l.S0,2X 103<Re<2X  106:

E�=023S+0.197X  104-0.124X  10s
kl � Re Re*

+ 0.312 X 10� 0 274  X lOI-2- -
Re3 Re4

(36)

For b = 2.0, 7 < Re < 800:

& = o 188 + 0.566  X lo2 _ 0.646 X lo3
k, � Re Re2

+ 0.601 X lo4 _ 0.183 X 10�
Re3 Re4

(37)

6
2 4

10’8 2
6 2
4 10"

8
< \

6 " I I III
w�  2, \I I \ I I ’ ” I I

�r
4 6 8 1 0 "  2 4 6

Figure 9 Pressure drop of in-line banks as referred to the relative longitudinal pitch b.
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Forb=2.0,800<Re<2X  IO�:

EU
k, = 0.247 -

0.595 Re + 0.15 Re� _ 0.137 Re31o6
10� 10 �

+ 0.396 Re4
lOti

(38)

For b = 2.5, 600 < Re < 2 X 105:

F = 0.177 - 0.311 X 10m6  Re + 0.117 X lo-�  Re2

(39)

To utilize these equations in calculating Euler
numbers, values of the geometry parameter kr are
needed, and curves for kr are also included in Fig. 9.
It should be noted from that figure that kr = 1 when
a = b, that is, when the longitudinal and transverse
pitches are equal (a square array). For a #b, the values
of k, is a function of (a - l)/(b - l), the relationship
being dependent on Reynolds number as follows (for
the range 0.06 < (a - I)/(b - 1) < 6):

- 0 . 7 4 4

for Re = lo3 (40)

-0,655

for Re = lo4 (41)

for Re = IO5 (42)

6

4

2

I O '
8

6

- 4
i
w’

2

kl = 1.218-0.297(+)+0.0265($

for Re = lo6

For Re = IO�,  kl should be taken as unity.

(43)

III. Recommended relationships
for staggered tube banks

For staggered tube banks, the recommended [S]  curves
for banks with many rows of tubes are shown in Fig. 10
with the ratio of the transverse pitch to tube diameter
(a) as a parameter. These curves are fitted by inverse
power series whose constants depend on the value of a
and on the Reynolds number range as follows.

For a = 1.25, 3 < Re < 103:

Eu
k, = 0.795 +

0.247 X lo3Re + 0.335 x IO3
Re2

0.155 x lo4-
Re3

+ 0.241 X lo4
Re4

For a = 1.25, lo3 < Re < 2 X 106:

5 = o 245  + 0.339 x IO4 0.984 X IO7
k, . Re - Re2

+ 0.132 X 10� 0.599 x 10�3
Re3 - Re4

(44)

(45)

I x I II
\ NH

I I I ! !I
Sl

J&t

a / b
L

Re

Figure 10 Pressure drop of staggered banks as referred to the relative transverse pitch a.
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For a = 1.5, 3 < Re < 103:

F = 0.683 + O.l 1 lR; lo3 _ 0.97ie;  lo2
1

+ 0.426 X lo3 _ 0.574 X lo3

Re3 Re4

Fora= 1.5, lo3 <Re<2 X 106:

E = o 203

kl .

+ 0.248 X lo4 _ 0.758 X IO7
Re Re�

+ 0.104 X 10�  _ 0.482 X 1O�j

Re3 Re4

For a = 2.0, 7 < Re < 102:

@ = o 713 + 0.448 X lo2 0.126 X lo3
kl � Re - Re2

_ 0.582 X lo3

Re3

For a = 2.0, 10�  < Re < 104:

& = o.343 + 0.303 x IO3 0.717 x IO5
kl Re - Re2

+ 0.88 X lo7 _ 0.38 X 10�
Re3 Re4

For a = 2.0, lo4 < Re < 2 X 106:

Eu 0.181 X lo4

%=�*162+  Re
+ 0.792 X lo8

Re2

0.165 X 1Or3-
Re3

+ 0.872 X 1016
Re4

For a = 2.5, IO2 < Re < 5 X 103:

& = o 33 + 0.989 X IO2 0.148 x IO5

k, ’ Re - Re2

+ 0.192 X lo7 _ 0.862 X IO8
Re3 Re4

For a = 2.5, 5 X lo3 < Re < 2 X 106:

& = o 119 + 0.498 X lo4 0.507 x IO8

k, ’ Re - Re2

+ 0.251 X 1012 0.463 X 1015
Re3 - Re4

(46)

(47)

(48)

(49)

(50)

(51)

(52)

Curves for the staggered array geometry factor k,
are shown in the inset in Fig. 10. It is seen that the

value of k, depends on the ratio of the transverse to
longitudinal pitch (a/b). Note that for an equilateral
triangular array (a/b = 1.155) k, = 1. For other geom-
etries, the following equations may be used:

For 0.5 < a/b < 1.2, Re = lo3 :

0-0.048

k,= ;

For 0.45 <a/b < 3.5, Re = 104:

kl = 1.28 0.708 ; o.55  0.113
WI (a/b)2  (a/b)3

(53)

(54)

For 0.45 <a/b < 3.5, Re = 10�  and 0.45 <a/b < 1.6.
Re = 106:

k, =2.016-1.675(;)+0.948($

- 0.234($ + 0.021 0)’

For 1.25 < a/b < 3.5, Re = lo2 :

0
0.48

kl = 0.93 ;

For 1.25 < afb < 3.5, Re = 103:

0.284

k, zO.951  50

(55)

(56)

(57)

IV. Correction factors for pressure drop with small
numbers of rows

The equations given above for Eu are for tube banks
with large number of transverse rows. The pressure
drop per tube row in the first few rows of tubes may
be significantly different, and this effect has to be
allowed for in banks with small numbers of tube rows.
Defining an equivalent Euler number per tube row Eu�
as ELI: = Ap’/ [(�%)pu2  1, where Ap’ is the pressure drop
over tube row z, we may define a factor c, such that
ELI:, = c, Eu, where Eu is given by the recommended
equations. We may also define a factor C, that relates
the average Euler number Eu, for a bank of z rows
with the Euler number calculated from the recom-
mended equations; thus,

z
Eu, = C, Eu and c, = +

c
c,

,?=1

Curves for c, are given in Figs. 11 and 12 for in-line
and staggered banks, respectively. These curves are
fitted by the following equations:
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Figure 11 Factor for the number of rows for in-line bank,
2.0 X 2.0, of plain tubes.

For in-line banks:

For Re = 10,

3.879
cz = z + 0.091 -0.215 c, = l,z>3

For Re = 102,

c, = 0.409 +
5.049

z+5.006 �
= l,z>3

For Re = 104,

c, = 7.9 - 7.532 + 2.73~~  - 0.305~~

c, = l,z>4 (60)
For Re = 106,

c, = 8.16 - 8.3142 + 3.30322  - 0 . 5 2 2 3 + 0.025 3z4

c, = l,z>6 (61)

0.1 III
1 2 3

z

Figure 12 Factor for the number of rows for staggered banks,
2.0 X 2.0, of plain tubes.

1 2 3 4

z

Figure 13 Pressure drop through the rows of a staggered bank,
2.0 X 2.0 (1) Re = 10, aviation oil at Tb = 25"C, pb = 892.4,
~b = 671.8 X 10e6.  (2) Re = 104, transformer oil at Tb = SO�C,
pb = 879.9, vb =
SO�C,  pb = 988.1,

7.4 X 10e6. (3) Re = 1O6,  water at Tb =
vb=0.556  X 10-6.

For staggered banks:

For Re = 10,

c, = 1.065 -
0.180

z - 0.297

For Re = 102,

1.798 -
3.497

c, =
z + 1.273

For Re = lo�,

c, = 1.149 -
0.411

z - 0.412

For Re = 104,

c, = 0.924 +
0.269

z + 0.143

For Re = 10�  and 106,

c, = 0.62 +
I .467

z + 0.667

c,= 1,223 (62)

c, = l,z>4 (63)

c, = 1,223 (64)

c, = l,z>3 (65)

c, = 1,224 (66)

The above equations are suitable for computer calcula-
tion, but for hand calculations it is preferable to use
the table of values given as Table 1.

(c) Influence of fluid-property variation on
pressure drop

I. Effect of wall-to-bulk viscosity variations

Since fluid physical properties depend on temperature,
the fluid near the heated or cooled tube wall has
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2.2 SINGLE-PHASE FLUID FLOW / 2.2.4 Banks of Plain and Finned Tubes 2.2.4-l 1

Table 1 Correction factors for row-to-row variations

Number  of rows z

1 2 3 4 5 6 I 8 9 10

In-line banks:
Re= 10

Re = 10�

Re = 10�

Re = lo6

Staggered banks:
Re= 10

Re = 10�

Re = 10�

Re = 10�

Re = lo�,  lo6

3.357 1.640 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
3.357 2.499 1.999 1.749 1.599 1.499 1.428 1.375 1.333 1.299

1.250 1.130 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
1.250 1.190 1.127 1.09s 1.076 1.063 1.054 1.048 1.042 1.038

1.895 0.420 0.745 1.000 1.000 1.000 1.000 1.000 1.000 1.000
1.895 1.157 1.020 1.015 1.012 1.010 1.009 1.008 1.007 1.006

2.658 0.993 0.958 0.953 1.000 1.000 1.000 1.000 1.000 1.000
2.658 1.826 1.536 1.392 1.313 1.261 1.224 1.196 1.174 1.157

0.809 0.959 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.809 0.884 0.923 0.942 0.954 0.961 0.967 0.971 0.974 0.977

0.260 0.730 0.980 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.260 0.495 0.657 0.743 0.794 0.838 0.853 0.871 0.886 0.897

0.450 0.890 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.450 0.670 0.780 0.835 0.868 0.890 0.906 0.917 0.927 0.934

1.159 1.050 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
1.159 1.105 1.070 1.052 1.042 1.035 1.030 1.026 1.023 1.021

1.500 1.170 1.020 1.000 1.000 1.000 1.000 1.000 1.000 1.000
1.500 1.335 1.230 1.173 1.138 1.115 1.099 1.086 1.077 1.069

different properties than the bulk fluid. This affects
the pressure drop and the Euler number EuT for the
case where there is a temperature drop may be calcu-
lated from the Euler number (Eu) for uniform temper-
ature as follows:

EuT = Eu 20
n

(67)

where n,,, and nb are the dynamic (absolute) viscosities
at the tube wall and at the bulk flow temperature. The
power index n depends on the Reynolds number and
the heat flow direction (Fig. 14). For Re > 103, n = 0
and there is no appreciable effect of temperature
difference on Eu. When n, > nb (e.g., in cooling a
liquid), the exponent n is given by

n = 0.776 exp (- 0.545 Re�.256) (68)

and when 77, < v6 (e.g., in heating a liquid), n is given

by

n = 0.968 exp (- 1.076 Re�.�%) (69)

II. Effect of property variations through bank

An evaluation of the pressure drop must take into
account the bulk temperature dependence of the fluid
physical properties. For liquids, an arithmetic mean of
the density may be chosen for the entrance and exit

conditions, the variation being low. When larger varia-
tions occur, the bank may be considered as a group of
several smaller banks, each with a limited number of
rows. Density values for each of the elementary banks
are calculated from their average local temperatures. A
subsequent summation yields the total value of
pressure drop, which takes account of density varia-
tion. The effect of bulk temperature dependence of
viscosity is evaluated similarly.

III. Accelerational pressure drop arising from
temperature rise

Nonisothermal gaseous flows in banks undergo varia-
tions of density and velocity. Acceleration involves

Figure 14. The value of n, the power index of q,,,/qb,  as a
function of Rc. (1) Cooling.  (2) Heating.
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2.2.4-l 2 2.2 SINGLE-PHASE FLUID FLOW / 2.2.4 Banks of Plain and Finned Tubes

additional pressure drop, which may be described for a
constant channel cross section by

Tz - T,
Ap, = pzu; - pluf = -~

2

Gl
Pm% (70)

where Ap, is the pressure drop due to acceleration,
TI,  P I, UI and Tz, PZ, u2 are the gas temperatures,
density, and velocity in the inlet section and in the
outlet section, respectively. Th = 273.15 + T,, T, is
the mean temperature in the bank, pm is the density
of the gas at T,, and u, is the mean velocity,
referred to T,,,. The value of Ap, is positive in heating
and negative in cooling.

IV. Net gravitational pressure drop due
to density difference

In addition to the frictional and accelerational pressure
drops, there is a gravitational pressure drop pgH  sin
0, where p is the mean density in the bundle, H is
the height, g is the acceleration due to gravity, and 0 is
the angle of inclination of the flow to the horizontal.
If the bundle is surrounded by and connected to fluid
of density p,,, there is a net driving pressure drop
(draft) given by

Apd=(pO-p)gHsine (71)

This pressure drop should be added to the frictional
and accelerational pressure drops to give the total
pressure drop. Note that in natural draft systems the
total pressure drop is zero.

(d) Pressure drop of yawed banks of tubes

For banks that are yawed with respect to the flow
direction by an angle J/ (see Fig. 15),  the Euler
number Eu+ is related to the Euler number for pure
cross flow Eu by a yaw factor k,+ :

Eu$ = kQ  E u (72)

Curves for k$ are given in Fig. 15 for staggered and
in-line banks, respectively, for the ranges of Re from
lo4 t o  2 x  105. These curves are fitted by the
equations

kJ,  = 1.245 exp (- 0.4781C/-�*n3)

for staggered banks and

(73)

k+ = 1.107 exp (- 0.30111/-2.412) (74)

Figure 15 The value of yaw factor k as a function of yaw angle
$. (1) For staggered banks. (2) For in-line banks with LI from
1.26 to 2.0 and b = 2.0.

for in-line banks, where $ is in radians. Further
information on yaw effects for banks of either circular
or elliptic tubes is given in [ Ill.

(e) Summary of calculation procedure
for pressure drop

To calculate the pressure drop in a bank of z rows of
tubes, the following procedure is adopted based on the
recommendations given earlier.

1. Estimate the mean bulk fluid physical proper-
ties at the arithmetic mean of the inlet and outlet
temperatures.

2. Calculate the maximum intertube velocity u
using Eqs. (4)-(6).

3. Calculate the Reynolds number, Re = WI/V.
4. Calculate the value of Eu/kI for an infinite

bank using Eqs. (33)-(39)  for in-line banks or Eqs.
(44)-(54)  for staggered banks.

5. Calculate the value of kl from Eqs. (40)-(43)
(in-line banks) or Eqs. (53)-(57)  (staggered banks) and
calculate Eti from Eu = (Eu/k,).  Interpolate the values
of kl logarithmically for the appropriate value of
Reynolds number.

6. Calculate the value of Euler number for z rows,
Eu, = C, Eu, interpolating Table 1 logarithmically in
terms of Reynolds number for C,. Alternatively, C,
may be calculated via Eqs. (58)-(66)  for c, and taking
c, = (l/z) Zi=, c,.

7. Correct for wall-to-bulk temperature viscosity
variation via Eq. (67),  calculating the exponent n from
Eq. (68) (cooling) or Eq. (69) (heating).

8. Check effects of large-scale bulk property varia-
tions, acceleration, and net gravitational pressure drop
[see Sec. B(c)].

9. Correct for the effect of yaw using Eq. (72),
with k+ calculated from Eq. (73) or (74).
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2.2 SINGLE-PHASE FLUID FLOW / 2.2.4 Banks of Plain and Finned Tubes 2.2.4-13

C. Pressure drop in banks of finned
and rough-surfaced tubes

(a) Pressure drop in banks of finned tubes

Pressure drop in banks of finned tubes is a function of
the tube geometric parameters as illustrated in Fig. 2.
The velocity profiles and boundary-layer thicknesses
around the tubes are determined by the parameters
illustrated and, of course, by fluid properties and
velocity. Significant differences are noted between
fluid flows on the first-row tubes and those in the
inner rows. A high degree of turbulence exists inside
the bank, in the intertube and intertin  spaces. In the
first two rows, separation of the boundary layer at
@ = 90� (see Fig. 1) is followed by a circulation zone.
Effects of the turbulence on boundary-layer separation
are observed from the third or fourth row onward.
Comparisons with tubes in the first and the second
rows suggests that the separation point for an inner
tube is shifted downstream, and that the circulation
zone is smaller in volume and more complex in
structure. The lower the fin height h and the longer
the fin spacing, the more is the flow on a finned tube
similar to that on a plain tube. Conversely, the higher
and closer the fins, the more the flow is similar to that
in a slot.

Pressure drop over a finned-tube bank is a func-
tion of flow velocity, bank geometry, fin geometry,
and fluid physical properties:

& =f+> 4 s, h, 61, 629 $1, $29  z, rl,  P+ (75)

Fin thickness is often found to have no significant
effect on the pressure drop, and a simplified dimen-
sionless form of Eq. 2.2.4(75) may be written:

Eu4-4
t

h s S1  S2

pu2z
= f  Re,;,~,;,~,z (76)

In what follows, the correlations of Yudin and Tokhta-
rova [12]  are stated and recommended. Alternative
correlations are available in the literature [e.g., Jame-
son (13)]  , but it is beyond the scope of this present
short section to give details of these.

I. Correlation for staggered banks of tubes
with annular (ring-shaped) fiis

The correlation of Yudin and Tokhtarova [12]  for this
case is as follows:

For 2.2 X IO3 < Re$ < 1.8 X 10�:

Eu = 2 Red: 25 C, (77)

For Red* > 1.8 X 10�:

Eu = 0.26 5
0.30 C,

e
(78)

where d* is a relative diameter given by

dA 4,

d*=F+r-  J
0.785(D2 - d2) (79)

total total

where  d is the base tube diameter, D is the fin
diameter (see Fig. 2) Atube  is the bare tube surface
area per unit tube length (= nd), Afin is the tin surface
area per unit length, and Atotal is the total surface
area per unit length. The hydraulic mean diameter d,

is given by

d = 4 x flow area = 21~01 - d) - 26Kl
e flow perimeter 2h + s (80)

(refer to Fig. 2 for definitions of s, si, h, and F). The
Reynolds number Red*  is defined as ud*/v,  where u is
the maximum intertube velocity calculated for plain
tube banks of tubes with diameter d and spacings si
and s2 from Eq. (4) or (5).

In Eqs. (77) and (78) the correction factor C,
takes account of the number of rows of tubes in the
bundle and is given by C, = (l/z) C& i c,, where c, is
the factor by which the pressure drop over the zth row
differs from the average pressure drop per row in an
infinite bundle. The variation of c, with z is illustrated
in Fig. 16 and is given by

c, = 0.934 +
0.355

z - 0.667
c, = l,z>6

The appropriate values of C, and c, are also given in
Table 2.

Figure 16 Factor for the number of rows of finned tubes.
(1) In-line bank. (2) Staggered bank.
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Table 2 Correction factor for row-to-row variations for staggered banks of annular fins

No. of rows 1 2 3 4 5 6 7 8 9 10

cz 2.000 1.200 1.086 1.040 1.016 1.000 1.000 1.000 1.000 1.000
cz 2.000 1.600 1.429 1.332 1.268 1.224 1.192 1.168 1.149 1.134

II. Correlation for in-line banks of tubes with annular
(ring-shaped) and square fins

The Yudin and Tokhtarova [ 121 correlation for in-line
banks of annular and square-shaped fins is as follows:

where d, is defined from Eq. (80),  a = s,/d, b = s2 Jd
(see Fig. 2), Red*  = ud*/v,  and d* is given by

A d Afin
d*=P+-total A total

(83)

where Atube is the bare tube surface area per unit
tube length (= rrd),  Afh is the fin surface area per unit
length, Atotal  is the total surface area per unit length,
A;i, is the fin-side surface area, and nfin is the number
of fins per unit length. Equation (82) applies over the
ranges 4 X lo3 < Re,. < 1.6 X 10� with 0.85 <
d*/d,  < 11.5 and 0.5 <(b  - l)/(a - 1) < 2.

The value of CZ = (l/z) Z& 1 c, is calculated
using the relationship

= 0.738 +
1 so9

CZ z - 0.250 c, = l,z> 6

where C, is the correction coefficient to Eq. (82) for
the pressure drop across the zth tube row. Values of
C, and c, calculated from Eq. (84) are given in Table

III. Correlation for staggered banks of tubes
with helical fins

For multirow (i.e., z > 6) banks of staggered tubes
with helical fins, StasiuleviEius and Skrinska recom-
mend the following correlation.

For lo4 < Re < 105:

Eu = 13.10(1 - s/d)1.sRe-0~25
ao.55b�5(1  - h/d)�.4

For lo5 < Re < IO�:

Eu = 0.74(1 - s/d)l*’
aypyl  - ~/d)l.4

(85)

(86)

where Re = ud/v  and the other parameters are defined
in Fig. 2. Equations (85) and (86) apply over the
ranges 2.2 <a<4.13,  1.27<b  <2.14,0.12  <s/d <
0.28, 0.12 < h/d < 0.59, helix angle 2-4�,  and with
62161 = 2.

(b) Pressure drop for banks of rough-
surfaced tubes

Tube surface roughness may increase the momentum
transfer in the vicinity of the wall. In turbulent flows,
tube roughness increases resistance when the elements
of the roughness are higher than the viscous sublayer,
that is, when k* (the dimensionless height of the
roughness elements) is greater than 5. Here, k+ =
u*k/v,  where k is the actual height of the elements, U*
is the friction velocity (given by a, where 7, is
the wall shear stress and p is the fluid density), and v
is the kinematic viscosity. At k’ > 70, the roughness
effect is dominant, and the shear stress at the wall is
determined by the form drag of separate elements of
roughness. The effect of roughness on Euler number
for staggered banks is illustrated in Fig. 18, where ELI,
is the Euler number for rough tubes and Eu is the
value for plain tubes. For each relative roughness value
(k/d), the effect of roughness begins to be important
above a given value of Reynolds number (this is similar
to the situation for flow in tubes). The curves in Fig.
18 are represented by the following equations.

Table 3 Correction factors for row-to-row variations for in-line banks of annular (ring-shaped) or
square fins

No. of rows 1 2 3 4 5 6 I 8 9 10

CZ 2.750 1.600 1.287 1.140 1.056 1.000 1.000 1.000 1.000 1.000
CZ 2.750 2.175 1.879 1.694 1.567 1.472 1.405 1.354 1.315 1.283
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r Axisztube 1

I t-
s, - d , d/2

I -

Figure 17 Determination of the equivalent diameter.

EL
Eu -

2.013 exp (- 189.29 Re-0.459) (87)

For k/d = 5 X 10e3,  2 X lo4 < Re < 106:

Eu
2 = 2.185 exp (- 90.477 Re-0.458)
Eu

For k/d = 15 X 10m3,  IO4 < Re < 10�:

Ey!!-
Eu -

1.115 X 10m4  exp (- 7.12 Re�.0266)

(88)

(89)

For in-line banks, the effects of roughness is
somewhat less than in staggered banks.

D. Hydrodynamic parameters of separated For symmetric (a = b) in-line banks, for the first
flows in banks of tubes and inner rows, and for 1.25 <a < 3.5,

When a fluid flows in a cross flow over a tube, vortices
are shed from the downstream side. The frequency f of
vortex shedding is characterized by the Strouhal
number, Sr = fd/u,  where d is the tube diameter and u
is the fluid velocity. In tube banks [where u is
normally defined from Eqs. (4) and (5)],  the pattern
of vortex shedding is complex and gives rise, in some
geometries, to much higher values of Sr than for single
tubes. An analysis of the results for Sr for a wide
range of Re, a, and b for in-line and staggered banks
suggests that there is usually no significant effect of Re
on Sr. However, results obtained by the present

2.0
I= 1.6 1.8

>2 1.4
u 1.2

104 2 4 6 8105 2 4 68106 2 4 6 8
Re

Figure 18 The value of ratio Eu,/Eu  versus Re number for
different roughness parameters k/d for a staggered bank,
2.0 X 2.0, inner row.

0.6

a=b

Figure 19 Strouhal number as a function of a for symmetric
staggered banks. Curve 1, first row. Curve 2, inner row.

authors for staggered banks with the relative longi-
tudinal pitch b = 2.5 indicate that Sr decreases by 50%
with increasing Re.

Figures 19 and 20 present values of Sr obtained
by the present authors and others [14, 151 for sym-
metric in-line (a = b) and staggered (sl = s2) banks
with a in the range 1.25-3.5. They suggest that Sr
decreases with increasing a (or b) and approaches a
constant value at high values of a. The following
relationships fit the curves shown in Figs. 19 and 20.

For the first row of symmetric (sl = s2) staggered
banks,for  1.25<a<2.0andRe<l.5X  103,

Sr = 0.195 + a�~o~71~6 (90)

For the inner rows of symmetric (sl = ~2) stag-
gered banks, for 1.25 <a < 2.0 and Re < 1.5 X 103,

Sr = 0.21 + a ��,�tl,

Sr = 0.138 + a�~o~~~7

For any given value of a, the value of Sr is highly
affected by changes of the longitudinal pitch. The
value of Sr increases sharply with decreasing b.

The difference of the front and rear pressures on a
tube gives rise to a constant force directed down-
stream. Another force is generated by vortex shedding,
fluctuating in the longitudinal and in the transverse
direction alternatively, and causing the tube to vibrate
in the same manner. The amplitude F,, of the fluctuat-
ing force, transverse to the flow direction, on tube

1.5 2.0 2.5 3.0 3.5

a = b

Figure 20 Strouhal number as a function of a for symmetric
in-line banks.
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2.2.4-16 2.2 SINGLE-PHASE FLUID FLOW / 2.2.4 Banks of Plain and Finned Tubes

length L may be expressed in terms of the lift
coefficient cL ,

2FYCL =-
pu2Ap

(93)

where A, is the cross-sectional area of a tube parallel
to the flow direction (Ap = Ld). Values of cL for
in-line banks are given by Chen [15]  for the Reynolds
number range 1.36 X lo3 to 2.66 X lo4 and are shown
in Fig. 21. Local turbulence also generates pressure
fluctuations of a wide spectrum of frequencies, and
those approaching the natural frequency f, of the tube
itself are amplified. The volume of fluid in the inter-
tube space also oscillates with its own acoustic
frequency f,, in the transverse direction.

2 . 0 3 . 0 4 . 0
b

Figure 21 Lift coefficient versus longitudinal pitch b, for in-line
banks, for different transverse pitches a.

The frequency of vortex shedding is determined avoidable with 0.75 <.f/f,, < 1.25. Acoustic resonance is
from Sr and is compared with the natural frequency of possible with l/2 < flf, < 2 and unavoidable with
the tubes, f,,, and with the fluid acoustic frequency, 0.75 < f/f0 < 1.25. Resonance implies much noise and
f,. By avoiding similar values of the frequencies in- additional load on the tubes and the shell. More
volved, resonance vibrations can be excluded. Resonance information is given by Blevins [16] and also in Sec.
vibration is found possible with l/3 < flf, < 3 and un- 4.6.

a
b

Cf
CD
CL
d
Eu
f

H
kz
L
II2
riz
Pb
PX
P
Pr
r
Re
Sl

Sl

NOMENCLATURE FOR SECTION 2.2.4

relative transverse pitch, s,/d
relative longitudinal pitch, sz/d
skin friction coefficient, 27,/puz
drag coefficient, 2Fx/puz  Ld
lift coefficient, 2Fy/pu2  Ld
diameter of tube, m
Euler number, 2 Ap/pu2
friction factor, ELI/~
height, m
geometric constant, Eq. (27)
length, m
mass flow rate, kg/s
mass velocity (mass flow per unit area), kg/m2 s
main flow pressure, [Eq. (l)] , Pa
local pressure, Pa
,pressure coefficient [Eq. (3)]
Prandtl number, qc,/X
power index of Re [Eq. (27)]
Reynolds number, udfv
transverse pitch of a bank of tubes, [Fig. (l)] , m
longitudinal pitch of a bank of tubes [Fig. (l)]  ,

lagonal  pitch of a staggered bank [Fig. (l)]  , m

s
Sr
T, T’

ub
u

X

Y
Z

np

77

V

P

;

cross-sectional area, m2
Strouhal number, fd/u
temperature, �C,  K
main flow velocity [Fig. (I)], m/s
mean velocity in the minimum intertube space,
4s
linear distance from front stagnation point, m
distance normal to the wall, m
number of tube rows in a bank
pressure drop, Pa
dynamic (absolute) viscosity, kg/m s
kinematic viscosity, m2 /s
density, kg/m3
shear stress, Pa
angular distance from the front stagnation point,

d%

Subscripts

b conditions in the main flow
W conditions on the wall
m mean value
X local conditions
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5.5 PHYSICAL PROPERTY DATA TABLES 5.5.4-l

5.5.4
Constants for binary mixtures

R. N. Maddox

H This section supplies the constants necessary for
prediction of nonideal behavior using the Analytical
Solution Of Groups (Table l), UNIFAC (Table 2) and

Parameters From Group Contributions (Table 3). Meth-
ods discussed in Section 5.2.2B.

Table la Parameters for use in the analytical solution of groups

Alcohol-hydrocarbon-water systems at 60°C  (1)

Assignments

Group pair

CH,
OH

Compounds CH, OH FH

Hexane 6.0 6.0
Water 1.4 1.0
Water 1.4 1.0
Pentane 5.0 5.0
Methanol 1.0 1.0 2.0
Water 1.4 1.0
Heptane 7.0 7.0
Butanol 4.0 1.0 5.0

Parameters

CH, 1.0 0.305
OH cl.0147  1 . 0
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5.5.4-2 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.4 Constants for Binary Mixtures

Table lb Parameters for use in the analytical solution of groups

Methanol-glycerol systems (1)

Assignments

Group pair Compounds CH, OH GOH FH

CH,-
Glycerol
OH-
Glycerol
talc.

Glycerol 6.0 6.0
6.0 6.0

Methanol 1.0 1.0 2.0

Water 1.4 1.0
Glycerol 6.0 6.0

Parameters

CH, 1.0 0.305 0.353
OH 0.0147 1.0 1.095
Glycerol 0.0153 0.991 1.0

Table lc Parameters for use in the analytical solution of groups

Ketone-alcohol-water systems at 60°C  (1)

Assignments

Group pair Compounds CH, OH C=O FH

CH, Heptane 7.0 7.0
C=O Acetone 2.0 1.0 3.0
OH- Methanol 1.0 1.0 2.0
c - o MEK 3.0 1.0 4.0

Water 0 1.4 1.0

Parameters

CH, 1.0 0.305 1.333
OH 0.0147 1.0 0.668
c - o 0.0503 0.840 1.0

Table Id parameters for use in the analytical solution of groups

Ether-alcohol-water systems at 60°C (1)

Assignments

Group pair Compounds CH, OH -0- FH

CH, -0

CH-OH
OH-O

talc.

Heptane
Diethyl ether

Diethyl ether
Ethanol
Water
Dioxane
Methylal
Methanol

7.0 7.0
4.0 1.0 5.0

4.0 1.0 5.0
2.0 1.0 3.0

1.4 1.0
4.0 2.0 6.0
3.0 2.0 5.0
1.0 1.0 2.0

Parameters

CH, 1.0 0.305 1.711
OH 0.0147 1.0 0.355
-o- 0.341 1.03 1.0
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.4 Constants for Binary Mixtures 5.5.4-3

Table le Parameters for use in the analytical solution of groups

Aqueous nitrile systems at 7S°C  (1)

Assignments

Group pair Compounds CH, CH CN OH FH

CH-CN

CN-OH

Acetonitrile
Acrylonitrile
Acetonitrile
Water

1.0 1.0 3.0
1.0 1.0 1.0 4.0

1.4 1.0

Parameters

CH, 1.0 0.825 0.4455 0.315
C H 1.17 1.0 0.0338 0.680
CN 0.047 0.385 1.0 0.291
OH 0.021 0.025 0.549 1.0

Table If Parameters for use in the analytical solution of groups

Ester-alcohol systems at 5O�C  (1)

Assignments

Group pair Compounds CH, COO OH FH

CH, -COO Propylformate 3.0 3.0 6.0
Hexane 6.0 6.0
Decane 10.0 10.0
Ethylpropionate 5.0 3.0 8.0

COO-OH Methylacetate 2.0 3.0 5.0
Methanol 1.0 1.0 2.0

Parameters

CH, 1.0 0.072 0.305
c o o 1.096 1.0 1.1179
OH 0.0147 0.165 1.0

Table lg parameters for use in the analytical solution of groups

Aromatiealcohol systems at 80°C (1)

Assignments

Group pair Compounds CH, CA OH FH

CH, -CA Heptane 7.0 7.0
Benzene 6.0 6.0

CA-OH Ethanol 2.0 1.0 3.0
Benzene 6.0 6.0

talc. Toluene 1.0 6.0 7.0
Isoamyl alcohol 5.0 1.0 6.0

Parameters

CH, 1.0 0.734 0.32
CA 1.24 1.0 0.534
OH 0.0245 0.045 1.0
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5.5.4-4 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.4 Constants for Binary Mixtures

Table lh Parameters for use in the analytical solution of groups

Chloride systems (1)

Assignments

Group pair Compounds CH, OH Cl HBH FH

CH, -Cl Cyclohexane 4.0 1.0 4.0
al, 1.0 4.0 5.0

OH-Cl Methanol 1.0 1.0 2.0
CC!, 1.0 4.0 5.0

OH-HBH Methanol 1.0 1.0 2.0
Chloroform 1.0 3.0 1.0 4.0
Ethanol 2.0 1.0 3.0

Parameters

CH, 1.0 0.29 0.837 1.0
OH 0.007 1.0 0.0112 0.0722
Cl 1.128 0.591 1.0 1.0
HBH 1.0 5.077 1.0 1.0

Table li Parameters for use in the analytical  solution of groups

Fluorocompounds (1)

Assignments

Group pair Compounds CH, CF, 0 FH

CH,-0

CH, -CF

CF,-0

HBH-0

Cyclohexane
Dioxane
Hexane
Perfluorohexane
Perfluoroheptane
Dioxane
HPDFH
Dioxide

6.0 4.0
4.0 2.0 4.65
6.0 6.0

18.0 9.8
12.0 11.4

21.0 11.4
4.0 2.0 4.65

Parameters

CH, CF, 0 HBH

CH, 1.0 0.424 0.00153 1.0
CF, 1.541 1.0 0.604 1.0
0 0.495 0.334 1.0 0.0015
HBH 1.0 1.0 3.126 1.0
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.4 Constants for Binary Mixtures 5.5.4-5

Table lj Parameters for use in the analytical solution of groups

Aromatic-ketone mixtures (1)

Assignments

Group pair

CI-4
c = o

CH-

CA-

C=O

talc.

Compounds

Heptane

Acetone

Heptane

Benzene

Benzene

Acetone

Xylene
Diisobutyl ketone

Temp.,�C  CH, CA

I 7.0
60
25 2.0
60
25 7.0
60
25 6.0
60
25 6.0
60
25 2.0
60
60 2.0 6.0
60 8.0

C=O FH

7.0

1.0 3.0

6.0

6.0

1.0 3.0

8.0
1.0 9.0

Parameters

CH, 25 L O 0.705 0.899
60 1.0 0.709 1.33

150 1.0 0.66 2.10
CA 25 1.24 1.0 1.418

60 1.266 1.0 1.578
150 1.52 1.0 1.9

c = o 25 0.0480 0.144 1.0
60 0.0503 0.162 1.0

150 0.075 0.21 1.0
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55.46 5.5 PHYSICAL PROPERTY DATA TABLES / 5.54 Constants for Binary Mixtures

Table lk Parameters  for use in the analytical solution of groups

Anhydrid+carboxylic  acid mixtures (2)

Assignments

Compound S i z e g r o u p s  C H ,  O H Benzene Acid Anhydride

Acetic acid 2 1 1
Acetic anhydride 4 2 1
Benzene 6 6
Benzoic acid 7 6 1
n-Butanol 5 4 1
o-Cresol 8 1 1 6
Cyclohexane 6 6
Ethanol 3 2 1
Ethylbenzene 8 2 6
Formic acid 2 1
*Octane 8 8
Phenol 7 1 6
Phthalic  acid 8 6 2
Phtlmlic  anhydride 8 6 1
Propionic acid 3 2 1
Toluene 7 1 6
o-Toluic acid 8 1 6 1
Water 1 1.4

Parameters

-CH, -OH
Benzene Acid Anhydride
(=CH-)  (-COOH)(-OCOO-)

C% 1.0 0.305 0.734 1.1333 0.7703
OH 0.0147 1.0 0.045 0.1960
Benzene 1.24 0.534 1.0 1.1372 0.9841
Acid 0.0340 2.3518 0.0442 1.0 0.6205
Anhydride 0.0249 0.1876 0.5369 1.0

Table 2a Parameters  for use with UNIFAC

Group name Rk Qk Sample group assignment

CH,
CH,
CH,
CH
C

C=C
CH, =CH
CH=CH
CH=C
CH, =C

ACH
ACH
AC

ACCH,
ACCH,
ACCH,
ACCH

0.9011 0.848
0.6744 0.540
0.4469 0.228
0.2 195 0.000

1.3454 1.176 I-Hexene: 1 CH, ,3 CH, , 1 CH, =CH
1.1167 0.867 ZHexene: 2 CH, ,2 CH, , 1 CH=CH
0.8886 0.676 2-Methylbutene-2: 3 CH, , 1 CH=C
1.1173 0.988 2-Methylbutene-1:  2 CH, , 1 CH, , 1 CH, =C

0.5313 0.400 Benzene: 6 ACH
0.3652 0.120 Styrene: 1 CH, =CH, 5 ACH, 1 AC

1.2663 0.968 Toluene: 5 ACH, 1 ACCH,
1.0396 0.660 Ethylbenzene: 1 CH, ,5 ACH, 1 ACCH,
0.8121 0.348 Cumene: 2 CH, ,5 ACH, 1 ACCH

Butane: 2 CH, ,2 CH,

i-Butane: 3 CH,, 1 CH
2,2-Dimethylpropane 4 CH, , 1 CH
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.4 Constants for Binary  Mixtures 5.5.4-7

Table 2a Parameters for use with UNIFAC (Continued)

Group name Rk Qk Sample group assignment

CCOH
CH,CH,OH
CHOHCH,
CHOHCH,
CH,CH,OH
CHCH, OH

CH, OH
Ha0
ACOH

CH,CO
CH, CO
CH, CO

CHO

coot
CH,COO
CH, COO

CH,O
CH, 0
CH,O
CH-0
FCH, 0

CNH,
CH, NH,
CH, NH,
CHNH,

CNH
CH, NH
CH, NH
CHNH

ACNH,

CCN
CH, CN
CH, CN

COOH
COOH
HCOOH

cc1
CH,CI
CHCl
cc1

ccl,
CH,CI,
CHCl,
ccl,

ccl,
CHCI,
ccl,

ccl,
ACCl

CNO,
CH, NO,
CH, NO,
CHNO,

ACNO,
cs,

1.8788 1.664
1.8780 1.660
1.65 13 1.352
2.1055 1.972
1.6513 1.352
1.4311 1.432
0.92 1.40
0.8952 0.680

1-Propanol: 1 CH, , 1 CH, CH, OH
2-Butanol:  1 CH, , 1 CH, , 1 CHOHCH,
3-Octanol:  2 CH,, 4 CH, , 1 CHOHCH,
Ethanol: 1 CH, CH, OH
Isobutanol: 2 CH, , 1 CHCH, OH
Methanol: 1 CH, OH
Water: 1 H,O
Phenol: 5 ACH, 1 ACOH

1.6724 1.488 Ketone group is 2nd carbon; 2-Butanone:  1 CH, , 1 CH, , 1 CH, CO
1.4457 1.180 Ketone group is any other carbon; 3-Pentanone:  2 CH, , 1 CH, , 1 CH, CO
0.9980 0.948 Acetaldehyde: 1 CH, , 1 CHO

1.9031 1.728 Butyl acetate: 1 CH, , 3 CH, , 1 CH,COO
1.6764 1.420 Butyl propanoate: 2 CH, ,3 CH, , 1 CH,COO

1.1450 1.088 Dimethyl ether: 1 CH, , 1 CH, 0
0.9183 0.780 Diethyl ether: 2 CH,, 1 CH, , 1 CH, 0
0.6908 0.468 Diisopropyl ether: 4 CH, , 1 CH, 1 CH-0
0.9183 (1.1) Tetrahydrofuran:  3 CH, , 1 FCH, 0

1.5959 1.544 Methylamine: 1 CH, NH,
1.3692 1.236 n-Propylamine: 1 CH, , 1 CH,,  1 CH,NH,
1.1417 0.924 Isopropylamine: 2 CH, , 1 CHNH,

1.4337 1.244 Dimethylamine: 1 CH, , 1 CH, NH
1.2070 0.936 Diethylamine: 2 CH, , 1 CH, , 1 CH, NH
0.9795 0.624 Diisopropylamme: 4 CH, , 1 CH, 1 CHNH
1.0600 0.816 Aniline: 5 ACH, , 1 ACNH,

1.8701 1.724 Acetonitrile: 1 CH, CN
1.6434 1.416 Propionitrile: 1 CH, , 1 CH, CN

1.3013 1.224 Acetic acid: 1 CH, , 1 COOH
1.5280 1.532 Formic acid: 1 HCOOH

1.4654 1.264 Butylchloride: 1 CH, ,2 CH, , 1 CH, Cl
1.2380 0.952 Isopropyl chloride: 2 CH, , 1 CHCl
1.0106 0.724 tert-Butyl  chloride: 3 CH, , 1 CC1

2.2564 1.988 Dichloromethane: 1 CH, Cl,
2.0606 1.684 l,l-Dichloroethane: 1 CH, , 1 CHCl,
1.8016 1.448 2,2-Dichloropropane: 2 CH, , 1 Ccl,

2.8700 2.410 Chloroform: 1 CHCl,
2.6401 2.184 l,l,l-Trichioroethane: 1 CH,, 1 Ccl,
3.3900 2.910 Carbon tetrachloride: 1 Ccl,
1.1562 0.844 Chlorobenzene: 5 ACH, 1 ACCl

2.0086 1.868 Nitromethane: 1 CH, NO,
1.7818 1.560 I-Nitropropane: 1 CH, , 1 CH, , 1 CH, NO,
1.5544 1.248 ZNitropropane:  2 CH, , 1 CHNO,
1.4199 1.104 Nitrobenzene: 5 ACH, 1 ACNO,
2.057 (1.65) Carbon disuhide: 1 CS,
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5.5.4-8 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.4 Constants for Binary Mixtures

Table 2b Interaction parameters0

C% C=C ACH ACCH, CCOH CH, OH HsO ACOH

CH,
C=C
ACH
ACCH,
CCOH
CH, OH
Ha0
ACOH
CH, CO
CHO
cocx
CH,O
CNH,
CNH
ACNH,
CCN
COOH
CC1
CC4
ccl,
cc%
ACCI
CNO,
ACNO,
css

0
2520
- 11.12
- 69.70
- 87.93

16.51
580.6

(311.0)
26.76

(505.7)
114.8
83.36

- 30.48
65.33

5339
35.76

315.3
(9 1.46)
(34.01)
36.70

- 78.45
- 141.3
- 32.69

(5541)
(11.46)

- 200.0
0

- 94.78
- 269.7

(121.5)
(- 52.39)

511.7
n.a.
- 82.92

na.
na

76.44
(79.40)

-41.32
n a

26.09
(349.2)

(- 24.36)
(- 52.71)

(-- 185.1)
(- 293.7)
n.a
(- 49.92)

na.
n.a.

61.13
340.7

(-- 14z.8)
-64.13
- 50.00

362.3
(2043)

140.1
na

85.81
52.13

- 44.85
- 22.31
650.4

(- 22.97)
62.32
(4.680)

n.a.
288.5
- 4.700

(- 237.7)
10.38

(1825)
- 18.99

76.50
4102

167.0
0

- 99.38
- 44.50
(377.6)

(6245)
365.8

aa
- 170.00

65.69
na.

(223.0)
3399
- 138.4

268.2
(122.9)

na.
(33.61)
134.7

n.a.
- 97.05

n.a.
na

737.5
(535.2)
477.0
469.0

0
- 80.78
- 148.5
(- 455.4)

129.2
na.

109.9
42.00

(- 217.2)
- 2 4 3 . 3

(-245.0)
n.a
- 17.59

368.6
601.6
491.1
570.7

(134.1)
na
n a

442.8

697.2 1318
(1509) 599.6
637.4 903.8
603.3 (5695)
127.4 285.4

0 - 1 8 1 . 0
289.6 0

na. - 5 4 0 . 6
108.7 605.6

- 340.2 (-155.7)
249.6 1135

(339.7) 634.2
(-481.7) - 5 0 7 . 1
(-500.4) - 5 4 7 . 7
n.a. - 339.5

(168.8) 242.8
1020 - 292.0
529.0 698.2

(669.9) 708.7
649.1 826.8
860.1 1201

na. 920.4
(252.6) 614.2

n.a. 360.7
914.2 1081

(2789)
n.a.
(1397)

(726.3)
(257.3)

n.a.
442.0

0
na.
n.a.

853.6
n.a.
n.a.
ha.
na.
na.
n.a.
n.a.
n.a.
n.a.
(1616)
n.a.
na.
n.a.
n.a.

CH,CO CHO coot CH,O CNH, CNH ACNH, CCN

CH, 476.4 (677.0)
C=C 524.5 n.a.
ACH 25.77 na.
ACCH, -52.10 n.a
CCOH 48.16 na.
CH, OH 23.39 306.4
H,O - 2 8 0 . 8 (649.1)
ACOH n.a. n.a.
CH,CO 0 - 3 7 . 3 6
CHO 128.0 0
coot 372.2

:;CH, 0 (52.38)
CNH, na. n.a.
CNH n.a n.a
ACNH, na n.a
CCN -275.1 n.a
COOH - 297.8

::cc1 (286.3)
CCI, ( 4 2 3 . 2 )  na
ccl, 552.1 n.a.
ccl, 372.0 na
ACCl

Tf'l42.6)
n.a

CNO, n.a.
ACNO, n a . n a
-2 298.7 n a

232.1
na

5.994
5688

76.20
- 10.72

- 4 5 5 . 4
- 7 1 3 . 2
- 2 1 3 . 7

na.
0

461.3
na.

(136.0)
na.
- 297.3
- 2 5 6 . 3

na.
(- 132.9)

176.5
129.5

- 299.2
n.a
n.a

233.7

251.5 391.5
289.3 (396.0)

32.14 161.7
213.1 n.a.

70.00 (110.8)
(- 180.6) (359.3)
- 4 0 0 . 6 357.5
na na.

(5.202) na.
n.a. n.a.
- 2 3 5 . 7 n.a.

0 n.a.
na. 0
(- 49.30) (108.8)

na. na
na na.
-338.5 n.a.

225.4 n.a.
(- 197.7) n.a.
- 20.93 n.a

n a n a
n.a 203.5
( - 9 4 . 4 9 )  n a

n.a n.a
79.79 n.a

255.7 1245
273.6 na.
122.8 668.2

(- 49.29) 612.5
188.3 (412.0)

(266.0) n.a.
287.0 213.0

n.a n.a.
n.a. n.a.
n.a. n.a.
(- 73.50) n.a.
(141.7) n.a.

( 6 3 . 7 2 )  n . a .
0 na.

n.a. 0
n.a n.a.
n.a. na.
n.a. n.a.
n.a. n.a.
n.a n.a.

91.13 (1302)
- 1 0 8 . 4 n.a
n.a n.a.
n.a (5250)
n.a n.a.

612.0
370.9

(212.5)
6096
n.a.

(45.54)
112.6

n.a.
428.5

na.
533.6

n.a.
n.a.
n.a.
na.

0
n.a.
n.a.
n.a.

(74.04)
(492.0)
n.a.
n.a.
n.a
n.a.
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.4 Constants for Binary Mixtures 5.5.4-9

Table 2b Interaction  parameters  (Continued)

COOH cc1 ccl, ccl, ccl, ACCl CNO, ACNO, C%

CH,
C=C
ACH
ACCH,
CCOH
CH, OH
Hz0
ACOH
CH, CO
CHO
coot
CH,O
CNH,
CNH
ACNH,
CCN
COOH
cc1
ccl,
CCL,
ccl,
ACCl
CNO,
ACNO,
cs,

663.5
(730.4)
537.4
603.8

77.61
- 289.5

225.4
n.a.

669.4
na

660.2
664.6

n.a
n.a
n.a
n.a

0
326.4

1821
n.a

689.0
n.a.
n.a.
n.a
n.a

(35.93)
(99.61)

(- 18.8 1)
(- 114.1)
- 38.23
- 38.32

325.4

Ffl91.7)
n.a
n.a.

301.1
n.a.
n.a.
n.a
n.a.

44.42
0

- 84.53
(- 157.1)

11.80
n.a.
n a
n.a.
n.a

(53.76)
(337.1)

n.a.
n.a.
- 185.9

(- 102.5)
370.4

n a
(- 284.0)
n.a.

(108.9)
(137.8)

n.a
n.a.
n.a
n.a
- 183.4

108.3

(:I
(17.97)

n.a.
n.a.
n.a.
n.a.

24.9
(4583)
- 231.9
(- 12.14)
- 170.9
- 139.4

353.7
n.a.
- 354.6
n.a.
- 209.7
- 154.3
n.a.
n.a
n.a.
- 15.62

n.a
(249.2)

(0)
0

5 1.90
n.a
n.a
n.a
- 125.8

104.3 321.5
(5831) n.a.

3.000 (538.2)
- 141.3 n.a.
- 98.66 (290.0)
- 67.80 n.a.
497.5 678.2

(4894) n.a.
- 39.20 n.a

n.a. n.a.
54.47 808.7

n.a. n.a.
n.a 68.81

71.23 (4350)
(8455) n.a.
(- 54.86) na

212.7 n.a.
62.42 n.a

(56.33) n.a.
- 30.10 n.a

0 (475.8)
(- 255.4)

( -  34 .68)  -(79:.4)
(5 14.6) n.a.
- 60.71 n.a.

66 1.5 (543.0)
(542.1) n.a.
168.1 (194.9)

3629 na.
n.a. . .

(75.14) :.:.
- 19.44 399.5

n.a. n.a.
(137.5) n.a.

n.a. n.a.
n.a.

(95.18) :::
n.a. n.a.
n.a n.a.
n.a (- 62.73)
n.a. n.a.
n.a n.a
n.a. n.a.
n.a n.a.
n.a. n.a.

(490.9) (534.7)
( -  1 5 4 . 5 )  n.a.

0 n.a.
n.a 0
n.a. n.a

(114.1)
n.a.

97.53
n.a.

73.52
- 31.09

887.1
n.a

162.3
n.a.

162.7
151.1

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

256.5
132.2

n.a
n.a.
n.a.

0

�n.a.,  not available. Parameters in parentheses are based on limited data
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5.5.410 5.5 PHYSICAL  PROPERTY DATA TABLES / 55.4 Constants for Binary Mixtures

Table 3 Summary of group contniution  parameters  for use with PFGC

Group E(�J/R,  OR E(l)/R, OR b, ft�  /lb-mole
s, degree of freedom
per lattice site

CH, - 4 1 0 - 7.5 0.325 1.75
CH, - - 405 - 2 5 0.285 1.00
-CH, - - 2 8 1 - 6 5 0.275 0.25

- C L - - 5 -65 0.275 -0.75

-A- 580 - 8 0 0.265 - 2.25
I

-OH - 2880 - 1175 0.140 1.00
-CHO - 1250 - 70 0.280 1.25

0

-;- - 1259 - 245 0.290 0.50
0

-E-O - 860 - 250 0.420 0.75
co* - 799.1 -151 0.270 2.00
H,S - 931.5 - 106 0.295 2.00
Hz0 - 2150 - 1500 0.192 1.25

Group
-A-

0 0

CH, -CL- 1 -OH -CHO -i- -:-O- H,S

CH,- 0.995 1.00 1.00 0.44 0.65 0.58 0.73 0.88
-CH,- 0.995 1.00 1.00 0.44 0.65 0.58 0.73

c/bH = 12.0

REFERENCES  FOR SECTION 5.5.4

1. Derr, E L. and Deal, C. H., Analytical Solution of Groups: Correlation of Activity Coefficients Through Structural Group, Int.
Symp. Distillation, Brighton, England, 1969, Pmt. Inst. Chem  Eng., London.

2. Palmer, D. A., Predicting Equilibrium Relationships for Maverick Mixtures, C/rem Eng., p. 80, June 9, 1975.
3. Fredenslund, A., Gmehling, J., Michelson, M. L., Rasmussen, P., and Prausnitz,  J., Computerized Design of Multicomponent

Distillation Columns Using the UNIFAC Group Contribution Method for Calculation of Activity Coefficients, Z&ECProcess  Design
Develop., VOL  16, p. 450, 1977.

4. Cunningham, J. R., Calculation of Parameters from Group Contributions for the PFGC Equation of State, M.Sc. thesis, Brigham
Young University, 1974.
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5.5 PHYSICAL PROPERTY DATA TABLES 5.5.5-l

5.55
Emissivity data for gases

D. K. Edwards and Robert Matavosian

n Tables la and lb present the total emissivity of
water vapor and carbon dioxide gas as a function of
P,L and T,, respectively. The quantity Pa is the partial
pressure of the absorbing gas, Hz0 or COs  ; L is the
beam length of concern; and Tg is the gas temperature.
The tables are presented for an equivalent broadening
pressure ratio Pe equal to 1. The ratio is defined in the
footnote to Table la and accounts for the fact that
collisions between absorbing molecules and foreign gas

molecules are less effective in broadening the absorp
tion lines than absorber-absorber collisions.

The tables are computed based upon the informa-
tion contained in Table 1 of Section 2.9.5 in the
manner illustrated there in the sample calculations.
Also given in Section 2.9.5 are Hottel�s and Penner�s
Rules (for low P, and high Pe, respectively) whereby
total absorptivity can be estimated from total emissiv-
ity.

Table la Total emkivityofHpOatPe=ln

Partial-pressure Total emissivity, es
path-length product
P&, atm m TB=400K 800 K 1200K 1600 K 2000K

0.001 0.0196 0.0060 0.0030 0.0017 0.0010
0.002 0.0318 0.0108 0.0057 0.0032 0.0020
0.004 0.0488 0.0187 0.0106 0.0062 0.0038
0.01 0.0786 0.0368 0.0273 0.0144 0.0091
0.02 0.1057 0.0638 0.0458 0.0291 0.0172
0.04 0.1435 0.0925 0.0726 0.0533 0.0319
0.10 0.2037 0.1481 0.1242 0.1035 0.0781
0.20 0.2574 0.2042 0.1800 0.1588 0.1303
0.40 0.3062 0.2708 0.2460 0.2213 0.1881
1.00 0.3757 0.3585 0.3389 0.3106 0.2740

=Notes to Tables la, lb, 2a, 2b: Tg is gas temperature in K. L is beam length
in meters P, is the partial pressure of the absorbing species (H,O or CO,) in
atm. P, is effective broadening pressure defined by

where P is total pressure, PO is one atmosphere, and xcr is the mole fraction of
the absorbing species b = 8.6(To/T)��  + 0.5, n = 1 for H,O,  b = 1.3,n = 0.8
for CO,. To = 100 K.

Q 1983 Hemisphere  Publish@  Coqoaation
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5.5.5-2 5.5 PHYSICAL PROPERTY DATA TABLES / 55.5 Emissivity Data for Gases

Table lb Total  emissivity  of COz at P, = la

Partial-pressure
path-length product

Total emissivity, es

PJ,, atm m Ta=400K 800 K 1200K 1600 K 2000K

0.001 0.0131 0.0195 0.0133 0.0068 0.0036
0.002 0.0182 0.0289 0.0211 0.0130 0.0072
0.004 0.0268 0.0376 0.0305 0.0204 0.0127
0.01 0.0437 0.0560 0.0460 0.0306 0.0202
0.02 0.0552 0.0725 0.0593 0.0415 0.0282
0.04 0.0737 0.0880 0.0769 0.0556 0.0394
0.10 0.0940 0.1131 0.1063 0.0815 0.0605
0.20 0.1114 0.1348 0.1269 0.1017 0.0775
0.40 0.1251 0.1566 0.1511 0.1228 0.0957
1.00 0.1529 0.1901 0.1894 0.1562 0.1230

?Jee footnote to Table la.

The emissivity grows with P,L because at constant
7� the number of absorbing molecules increases as P,L

increases. At low values of P,L the absorption is weak,
and each additional molecule adds equally to the
absorption; hence ea is linear in P,L.  At higher values,
the addition of greater opacity at the spectral centers
of the lines has little additional effect there, and eg
integrated over the lines grows as a. At still higher
values of P,L, the addition of greater opacity at the
centers of the bands has little additional effect there,
and es grows primarily in the tails of the bands, in
total even more slowly. Thus logarithmic rather than
linear interpolation in P,L is indicated, to wit:

where subscripts 1 and 2 refer to table values.

Table 2a Effect of broadening  pressure  on total
emissivity  of H2 W

PllL,
El?

Tg, K atm m Pe = 0.1 0.3 3 10

400 0.001 0.0063 0.0112 0.0357 0.0468
0.01 0.0264 0.0462 0.1206 0.1605
0.10 0.0813 0.1320 0.2753 0.3362
1.00 0.2058 0.2898 0.4637 0.5273

1200 0.001 0.0021 0.0026 0.0035 0.0069
0.01 0.0113 0.0174 0.0263 0.0392
0.10 0.0442 0.0721 0.1837 0.2086
1.00 0.1397 0.2316 0.4171 0.4438

2000 0.001 0.0009 0.0009 0.0011 0.0019
0.01 0.0065 0.0079 0.0106 0.0130
0.10 0.0356 0.0551 0.0837 0.0937
1.00 0.1246 0.1984 0.2999 0.3016

4See  footnote to Table la.

0 1983 Hemisphere I
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The emissivity varies with Tg at fured P,L pri-
marily due to the change in the Planck spectral
distribution with respect to the futed spectral locations
of the absorption bands, but secondarily because the
bands become wider and some become stronger, but
the number of molecules becomes fewer at elevated
temperatures.

Tables 2a and 2b show the effect of broadening
pressure ratio upon the total emissivity of the two
gases. When the lines are weak and grow in strength
linearly with P,L, there is no collision broadening
effect. When they are strong and grow as a, there
is a fi effect. At high temperatures, the band shape
assumes more importance than the line shape, and the
effect of P, is slight. Again logarithmic interpolation is
recommended.

Table 3a shows the total emissivity of hydro-
carbon-air combustion gas mixtures for a total pressure
of P = 1 atm. Tables 3b and 3c give the values for
P = 0.3 and 3.0 atm. As stated in the footnote, the

Table 2b Effect of broadening  pressure  on total
emissivity  of COza

%
PC&,

Tg, K atm m P,=O.l 0.3 3 10

400 0.001 0.0087 0.0093 0.0175 0.0218
0.01 0.0198 0.0281 0.0546 0.0704
0.10 0.0645 0.0763 0.1097 0.1194
1.00 0.1175 0.1336 0.1652 0.1734

1200 0.001 0.0109 0.0131 0.0137 0.0137
0.01 0.0402 0.0421 0.0461 0.0461
0.10 0.0949 0.1044 0.1070 0.1070
1.00 0.1704 0.1841 0.1891 0.1891

2000 0.001 0.0035 0.0035 0.0036 0.0036
0.01 0.0199 0.0201 0.0202 0.0202
0.10 0.0600 0.0603 0.0605 0.0605
1.00 0.1225 0.1230 0.1230 0.1230

%ee footnote to Table la.
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5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.5 Emissivity Data for Gases 5 . 5 . 5 - 3

Table 3a Total emissivity of H2 O-CO2 -N2 mixtures, P = 1 atma

E&z

L, m XH,  0 xco, Tg=400K 800 K 1200 K 1600K 2000K

0.1 0.08 0.16 0.123 0.102 0.076 0.045 0.028
0.13 0.13 0.137 0.112 0.084 0.05 1 0.028
0.19 0.10 0.149 0.117 0.089 0.057 0.030

0.3 0.08 0.16 0.190 0.160 0.131 0.093 0.058
0.13 0.13 0.215 0.175 0.143 0.105 0.069
0.19 0.10 0.234 0.189 0.151 0.114 0.079

1.0 0.08 0.16 0.294 0.244 0.211 0.170 0.131
0.13 0.13 0.315 0.267 0.235 0.193 0.153
0.19 0.10 0.344 0.291 0.256 0.214 0.171

3.0 0.08 0.16 0.397 0.350 0.314 0.266 0.213
0.13 0.13 0.430 0.380 0.345 0.296 0.242
0.19 0.10 0.434 0.403 0.373 0.322 0.266

�Notes  to Tables 3a, 3b, 3c: Tg  is gas temperature in K. L is beam length in meters. P
is totd  pressure in atm. x&O, xco, are mole fractions. The fractions 0.08/0.16,
0.13/0.13,  0.19/0.10  correspond to stoichiometric combustion in air of C,H,
(�coal�), C,Hzx  (�oil�), and C&H,,  (�gas�), respectively.

compositions correspond to �coal,� �oil,� and �gas�
fuels burned with stoichiometric air. Again logarithmic
interpolation in L and P is recommended.

The data base for Table 1 in Section 2.9.5 does
not go beyond 1400 K for CO2 and 1100 K for H20.
However, the band absorption correlations are based

upon the fairly accurate harmonic oscillator functions,
and the Planck spectrum is very well known; thus
extrapolation is felt to be warranted to the tempera-

ture values shown. The uncertainty in the tabulated
1 values is +lO% within the data base and perhaps twice
1 that uncertainty at the elevated temperatures.

Table 3b Total emissivity  of H2 O-CO2 -N2 mixtures, P = 0.3 atm”

%

L, m XH,O xco, Tg=400K 800 K 1200K 1600 K 2000K

0.03 0.08 0.16 0.020 0.025 0.018 0.010 0.005
0.13 0.13 0.022 0.025 0.018 0.009 0.004
0.19 0.10 0.023 0.022 0.016 0.007 0.004

0.1 0.08 0.16 0.038 0.047 0.035 0.024 0.015
0.13 0.13 0.044 0.048 0.037 0.024 0.014
0.19 0.10 0.050 0.046 0.036 0.024 0.012

0.3 0.08 0.16 0.073 0.076 0.063 0.044 0.029
0.13 0.13 0.082 0.077 0.063 0.048 0.031
0.19 0.10 0.088 0.08 1 0.064 0.049 0.033

1.0 0.08 0.16 0.134 0.125 0.111 0.084 0.061
0.13 0.13 0.144 0.127 0.115 0.088 0.066
0.19 0.10 0.153 0.133 0.117 0.091 0.069

QSee  footnote to Table 3a
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5.5.5-4 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.5 Emissivity Data for Gases

Table 3c Total emissivity  of Hz O-CO, -N2 mixtures, P = 3.0 atm=

L. m XH,O xco, Tg=400K 800 K 1200K 1600 K 2000K

0.03 0.08 0.16 0.167 0.118
0.13 0.13 0.187 0.132
0.19 0.10 0.201 0.147

0.1 0.08 0.16 0.261 0.200
0.13 0.13 0.290 0.226
0.19 0.10 0.310 0.247

0.3 0.08 0.16 0.363 0.299
0.13 0.13 0.400 0.331
0.19 0.10 0.418 0.355

1.0 0.08 0.16 0.465 0.425
0.13 0.13 0.488 0.456
0.19 0.10 0.498 0.488

0.072 0.045
0.080 0.052
0.091 0.058

0.146 0.095
0.169 0.110
0.190 0.127

0.247 0.183
0.280 0.216
0.308 0.242

0.376 0.300
0.415 0.336
0.444 0.365

0.030
0.030
0.033

0.063
0.070
0.080

0.120
0.153
0.177

0.226
0.262
0.290

%ee footnote to Table 3a.
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5.5 PHYSICAL PROPERTY DATA TABLES 5 . 5 . 6 - l

5.5.6
Thermal conductivity of solids

P. E. Liley

n In the tables that follow an attempt is made to give,
as comprehensively as possible, a tabulation of the tem-
perature dependence of thermal conductivity of ele-
ments, alloys, and other solids. In addition, a further
tabulation is given of typical room temperature values
of this property for other solids. In using the tables the
following remarks should be kept in mind:

1. In structured materials such as crystals, wood,
mica, etc., the property may be an acute function of
direction of heat transfer.

2, Impurities, thermal history of the specimen,
environmental effects (such as applied magnetic field)
can sometimes markedly affect the property.

3. For low density insulation, thermal radiation
should also be considered.

4. Exposure of the material to the actual environ-
ment can markedly affect the property due to such
factors as contact resistance, degradation, oxidation,
moisture seepage, etc.

5. At low temperatures, the thermal conductivity
can vary rapidly (see Fig. 1) and also be a sensitive func-
tion of specimen purity. The tabulated values for the
pure elements are for materials of highest purity that
are generally available. The actual property for real sub-
stances may be much less.

6. Where there may be more than one state of the
material, the tabulation given is for the polycrystalline
state. Limitations of space have prevented a more de-
tailed tabulation. Readers interested in exploring the
subject further may find the publications given in [I-
61 helpful.

o 1983 Hemisphere I blishing  Corporation
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Figure 1 Relationship between thermal conductivity and tem-
perature for copper and lead.
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Conductivity at different temperatures, K

Material 10 20 40 60 80 100 150 200 250 300 400 500 600 800 1000 1200 1400 1500

Alumina
Aluminum
Antimony
Argon
Arsenic
Barium
BaTiO,
Beryllium
Beryllia
Bismuth
B0rCnl
Brass
Cadmium
Calcium
CaF,
CaO
Carbon
Cerium
Cesium
Chromium
Cobalt
Constantan
Copper
Duralumin
Dysprosium
Erbium
Eureka
Gadolinium
German silver
Germanium
Gold
Hafnium
Hohnium
Iridium
Iridium
Iron
Lanthanum
Lead
Lithium
LiF
Limestone
Lutetium
Magnesium
Manganese
Manganin
Mercury
Magnesium oxide
Molybdenum

3 000 12 so0 13 500 3 100 1 100
38 000 13 000 2 400 850 430

480 230 110 75 58
5.6 1.5 0.7 0.3 -

10 18 21 19 16
1 800 3 480 4 620 2 980 1 620

225 100 46 30 24
175 250 430 360 260

5 12 24 33 40
1 200 270 140 115 106

2 800 2 500 800 125 60

0.07 0.16 0.31 0.44 0.56
1.1 1.9 3.2 4.3 5.2

69 55 47 43 41
385 595 425 250 185
265 440 375 250 195

24 500 10 800 2 170 830 560
16 30 56 74 88
10 14 14 13 12

7.1 7.8 9.3 9.8 11

31 32 23 18 15
4.8 7.5 11.5 13.8 15.3

1 770 1490 800 490 325
3 250 1 580 515 374 332

10 18 24 26 26
12 14 16 16 15

590 190 170 100 99
1270 1 900 750 330 210
1480 1 540 625 285 175

18 17 10 9 9
180 60 45 43 41
610 720 345 175 120

11000 13 500 1300 280 146

36 41 32 30 29
5 600 2 700 720 325 200

1.6 2.4 3.6 4.5 5.3

46 40 36 34

150 285 355 260

33

210

520 155 80
300 250 237
46 36 30

69
20.5 19.4

13 8 5.9
890 450 300

19 12 9.7
190 94 55
46 62 74

103 101 99
220

40 23 18

0.67 0.94 1.18
6.0 7.7 9.0

40 38 37
160 130 110
165 140 120

19 20 21
480 429 413
101 123 138

10 9 10
12 14 15

20
15 13 12
17 19 21

230 130 97
327 325 323

26 25 24
14 14 15
98 93 90

172 159 153
134 104 94

10 11 12
39.7 37.9 36.7

105 95 90
95 42 27

3.2 2.7 2.3
28 26 25

169 161 159
5.8 6.6 7.2

14
32 30 29

180 149 143

Table 1 Thermal conducti  tity of solids as a function of temperature, W/m K

60 42
235 237

26.7 24.3
-

58 50
18.6 18.2

4.8 4.1
235 200

8.6 7.9

92 114
98 97

210 201
15 12

1.40 1.60
10.3 11.4
36 36

100 94
110 100
22 23

406 401
151 174

10 11
15 14
21 22
11 10
23 24
75 60

321 317
24 23
16 16
86 82

150 147
87 80
13 14
36.0 35.3
87 85

2.0 1.8
24 23

157 156
7.5 7.8

18 21
-

140 138

27 20 16
240 236 231

21.3 19.5 18.3
-
41 35 -

10 7.6
218 -

16.8 -
- -

6.3 5.7 5.4
-

-

-
3.5 3.0

160 139 126
198 153 114

7.0 6.6 -

106 91
60 33

- -

150
- -
153 116

79 74
2.37 2.5

79
22

134 143 146
95 92 -

189 182 178

129 99 85
1.87 2.06 2.19

13.3 15.0 16.5
-

91 -86 81
85 75 67
27

393 386 379
187 188

11 12 12
14 14 14
24 25

-
-

19.3

71
58

366

14
15

21.8
-
65
52

352

15
16

72
2.8

-
-
62
49

339

17
17

25 27
43 34 27

311 304 298
23 22 21
17 18
75 - -

144 141 138
70 61 55
15 16 18
34.0 32.8 31.4
80 - -

20 17 17
284 270 255

21 21 21

-

132
43
21

-
-

126
32
23

-

120
28

-

-

1.6 1.5
22 22

153 151 149
7.9 8.0

23 27

146

- - - -
32.4 25.5 19.9 12.8 9.2 7.2

134 130 126 118 112 105

-
-
-
-
-

-

69 64
17 17

- -

- -
-

70 69
3.2 3.5

- -
- -

59 57
42 42

- -

18 19
19 19

- -

21 21

-

114
31

Ill
32

-

6.2 5.9
100 98



I

Monel

Naphthalene
Nickel
Nimonic 75
Niionic 80
Niionic 90
Nimonic 95
Nimonic 100
Niobium
Nylon
Osmium
Palladium
Phosphorus
Platinum
Plutonium
Porcelain
Potassium
KC!l
Praseodymium
Pyrex
QUtiZ
Rhenium
Rhodium
Rubber
Rubidium
Ruby
Ruthenium
salt
Sapphire
Scandium
Silicon
Sihrmin
Silver
Silver solder
Sodium
NaF
Sulfur
Tantalum
Technetium
Teflon
Terbium
Thallium
ThOria

Thorium
Thulium
l-m
Titanium
Titanium oxide
Tungsten
Uranium
Vanadium
Yttrium
Zinc
Zirconium
Zirconium oxide

3.5 7.1

1810 1 650

295 250
0.033 0.099

1020 1 600
1 150 600

7 27
1 230 500

95 66
0.170 0.206

640 220
175 98
44 40

140 95

58 55 53 53
0.230 0.242

140 115 96 91
81 77 73 72
35 31 23 18
82 78 74.0 72.6

3.1 3.3 4.0 4.8

460 165 115 110
440 400 105 52

8 000 3 600 850
3 550 1 150 155
2 780 3 650 1 020

0.34
410

77
380

108
32

7
0.46

240
63

240

150 69 64 62 61
650 1 335 1700 1 000 500

1500 2 260 950 310 185
770 330 82 44 30

2 600 14 600 16 500 4 400 1 175
7 I2 14 14 14

2 330 4 980 3 530 2 110 1 340

16 800 5 100 1050 550 470
1650 720 179 85 54
2 200 610 190 145 135
4 500 3 100 560 240 120

8.2 2.4 1.1 0.8 0.72
107 142 87 65 60

0.094 0.142 0.194 0.220 0.23
19 23 19 17 15

190 80 65 61 58

470 170 85 69 63
23 18 11 11 13

1900 320 135 104 92
14 28 39 36 33

I 000 850 130 60 31
9 700 4 050 690 310 230

10 16 18 20 21
14 26 39 41 39

7 13 15 16 16
4 750 1 000 280 160 130

99 108 59 44 37

11.0

580

13.3

310

14.9 16 18 20
1.20 0.96 0.62 0.50

210 165 120 105

107 105 104
25 13 11

8 9 10
0.57 0.76 0.89

200
59 54 51

190 158 154
0.14 0.15 0.15

60 59 59
290
155 128 118

24 15 11
480 150 82

14 15 15
884 410 260

450 432 420
39 23 16

136 140 142
85 55 45
0.56 0.43 0.36

59 58 58

0.23 0.24 0.25
14 12 10
56 52 49

60 56 55
14 15 16
85 78 73
31 27 25
20 11 9

208 192 185
22 24 25
36 32 31
16 16 17

117 117 118
33 28 25

22 23
0.42 0.35

98 91
13

12

53 54

25 27
0.29 0.27

80 72 66
15 17 18
12 14 15
13 15 16
13 15 16
12 13 14
55 57 58

89 88
72 72
14 12
71.8 71.6

5.7 6.7

87
74

71.8
9.6

104 102
8 7

12 13
0.95

6
14

49 48
152 150

0.16 0.16
59 58

46 45 44 44 45 46 47 48
146 141 136 127 121 116 112 110

117 117 114
8.9 7.1 4.4

58 46 32
16 16 16

190 150 99

429 429
13 10

143 141
38 36
0.3 1 0.27
57 58

51
0.25 0.26

10 11
48 46
16 13
54 54
17 17
70 67
23 21
8.5 8

180 174
26 28
31 31
17 17

118 116
24 23

425
7.6

-

- - -

58 59 59
50 50 50

44 42 -
10 8 6
55 55 56

62
20

6
159

30
31
18

111
22

87
76 80

- -

72.3 73.2

1.45 1.7

5
15 16

111 108
3.4

24
17
76 62

177 181
419 412

6.0
- -

60
20 19

5 4
146 137
33 34
32 33
19 21

107 103
21 21

2.1 2.1

68 72
21 25
18 23
19 23
18 22
16 20
61 64

76 80 83

68 71 72

87
-

75.6

2.0

94

79

2.2

102
-

83

2.4

107
-

87

110

90

18 22 -

102 98 94 91 90

42 31 24 23

396 379

26

361 -

- - -

- -

59 60
52 55

-
61 62 62

- -
5 4

57 58
3

59

-
3

60
2

61

19 21
3 3

125 118
39 44
36 38
23 25

22 24
3 3

112 108
49 56
41 43

2s
3

106

45

-
21

2.2
23 26
2.2 2.3

- -
28 29

2.3 2.4
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Table 2 ‘Ikmal conductivity of materials at room temperature, W/m K

Material Value Material Value

Stainless steel 201 16.3
202 16.3
301 16.2
302 16.2
304 16.3
304L 16.3
309 13.8
310 13.8
316 16.3
318L 16.3
321 15.8
330 13.0
347 15.8
410 24.9
414 24.9
420 24.9
430 25.9
431 20.2
446 20.9

cast staidm? CA15 24.5
CA40 24.5
CB30 22.1
cc50 21.8
CF8 15.9
CWM 16.2
CF20 15.9
CK20 14.2
CNIM 20.9
HU 15.4
Hw 13.3
HA 29.4
H C 30.9
HD 30.9

Hastelloy B 10.4
C 8.8
D 20.9
G 10.8
X 9.0

Incoloy 800 12.2
901 13.4

Nimonic 80A 12.2
lnconel 600 15.0

610 15.0
625 10.8
700 12.4
705 15.0
722 14.7
x750 14.7

Monel 400 25.1
401 19.2
R405 25.9
404 25.0
411 26.8
505 19.6
506 20.9

Aluminum alloy 1100 340
3003 192
5052 137
5086 135
6063 186
7075 120

REFERENCES TO SECTION 5.5.6
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5.5 PHYSICAL PROPERTY DATA TABLES 5.5.7-l

5.5.7
Ernissizf solids

P. E. Liley

n Two tables of the emissivity of metals and other
materials are presented. One is a temperature-dependence
table covering the range 100 to 1 SOOK.  The other is a
room temperature tabulation. Both tables only tabulate
the total normal (nt), hemispherical total (ht) or unde-
fined total emissivity. No attempt has been made to list
other dependence, such as on wavelength, or other pro-
perties, such as absorptivity or reflectivity. The selection
of materials also requires comment. While the selected
references kted below tabulate properties for many

more materials and surface conditions the surfaces have
been found to be very sensitive to thermal history,
method of preparation, and the effect of the environ-
ment. Topographical, chemical, and structural charac-
teristics all influence the surface and hence the emis-
sivity. Large variations in the properties occur with little
or no apparent change in the preparation of the speci-
men. The tables presented here should therefore be
regarded as giving an approximate guide to the actual
behavior which one may encounter.

Table 1 Emissivities of metals and compounds as a function of temperature

Emissivity at different temperatures, K

Material Tw 100 200 4otl 600 800 1000 1200 1400 1500 Remark(s)

Aluminum
4 0,
Al alloy 245T
BN
CdS
Carbon
Copper
Copper
Cd0
Gold
HfB,
HfC
Hfo,
Iron
Iron oxides
MdJ
Molybdenum
Monel
NaCl
Niobium

ht 0.02 0.03 0.05 0.06 0.07
nt 0.78 0.69 0.61 0.54 0.49 0.42 0.40
ht 0.02 0.03 0.04 0.05 0.06 0.08
nt 0.75 0.75 0.74 0.74 0.74
nt 0.62 0.56 0.27 0.16
nt 0.85 0.84 0.83 0.83 0.82 0.82 0.82
ht 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.06
ht 0.50 0.58 0.80
nt 0.35 0.29 0.25 0.16 0.13
ht 0.01 0.02 0.03 0.05 0.06 0.07 0.08
nt 0.41 0.46 0.52 0.72 0.76
nt 0.98 0.98 0.98 0.98
nt 0.80 0.81 0.82 0.83
ht 0.02 0.05 0.09 0.14 0.20 0.25 0.30 0.35 0.42
nt 0.84 0.84 0.82
nt 0.72 0.72 0.73 0.62 0.52 0.47 0.41 0.36 0.31
ht 0.03 0.05 0.07 0.08 0.10 0.12 0.14 0.17 0.18
ht 0.14 0.14 0.15 0.17 0.19 0.22 0.26 0.34
ht 0.64 0.44 0.24
ht 0.03 0.04 0.06 0.08 0.10 0.13 0.15 0.17 0.18

Polished foil

Polished

Polished
Oxidized at 1 000 K

Polished foil

Polished

Polished
Polished

Polished
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5.5.7-2 5.5 PHYSICAL  PROPERTY DATA TABLES  / 5.5.7  Emissivity  of Solids

Table 1 Emissivities  of metals  and compounds as a function of temperature  (Continued)

Emissivity at different temperatures, K

Material Type 100 200 400 600 800 1000 1200 1400 1500 Remark(s)

NbC ht
NbC nt
Nickel ht
Platinum ht
Rhenium ht
Silver ht
Sapphire ht
SE nt
Si, N, nt
SiO, (fused) ht
Tantalum ht
TaC ht
TaC nt
TaN nt
l-h0 nt
TiC ht
TiC nt
TiN nt
TiO, nt
Ti alloy A 11 O-AT ht
Tungsten ht
Uranium ht
ZrB, nt
ZIG ht
ZrO, nt
ZnS ht
ZnSe ht

0.33 0.64
0.07 0.08 0.10 0.11 0.12 0.15
0.03 0.05 0.07 0.09 0.11 0.13
0.10 0.12 0.13 0.15 0.16 0.18
0.01 0.02 0.02 0.03 0.03 0.03

0.48 0.58
0.86 0.86 0.85 0.85
0.93 0.90 0.86 0.84

0.73 0.72 0.79
0.01 0.03 0.05 0.08 0.11

0.29 0.32 0.35
0.38 0.52
0.70 0.75

0.29
0.49 0.54
0.54 0.68
0.43 0.54
0.50 0.47

0.12 0.14 0.17 0.21 0.23 0.26
0.03 0.05 0.07 0.09

0.30 0.32 0.36
0.35 0.47

0.54
0.88 0.86 0.74 0.63 0.51 0.44
0.54 0.56 0.30
0.54 0.43 0.22

0.74
0.17
0.15
0.19
0.04

0.43 0.44
0 . 8 4  0 . 8 4
0.21 0.23
0.17 0.18
0.20 0.21
0.04 0.05

0.85 0.85 0.84
0.81 0.72 0.70

0.13
0.38
0.65
0.78
0.29
0.60
0.75
0.63
0.42
0.28
0.12
0.38
0.56
0.50
0.42

0.16 0.18
0.41 0.42
0.73 0.75
0.81 0.83
0.28
0.62 0.64
0.86 0.87
0.75 0.71
0.39 0.38
0.29 0.30
0.16 0.17

0.69 0.72
0.46 0.42
0.40 0.41

Polished
Polished
Polished
Polished

Polished

Polished
Polished
Polished

Table 2 Emissivity  of miscellaneous materials  at room temperature

Material Type Value Material Type Value

Al alloy 245T n 0.09 Chromium
Al hydroxide powder n 0.28 clay, fued
Al rooting n 0.22 Co alloy NlSS
Alumina nt 0.06-0.75 Coal, ground
Asbestos, board nt 0.96 Coatings
Asbestos, cloth nt 0.90 Concrete, rough
Asbestos, paper nt 0.94 Corundum, rough
Asbestos, slate nt 0.97 Cu plate, oxidized
BaCl, , powder n 0.65 Cupric oxide
Beechwood nt 0.94 Dow metal
Bismuth n 0.05 Earthenware, glazed
Brass, oxidized ht 0.60 Earthenware, matte
Brass, polished ht 0.04 Ebonite
Brick, rough nt 0.93 Enamels
Brick, smoothed nt 0.93 Everdur alloy
CaCO, powder n 0.30 Frost, rime
Carbon n 0.80 Glass, polished
Ceria ht 0.40-0.70 Glass, smooth

n
nt
n
nt

nt
nt
n
n
n

n
n
n

nt
nt

0.08
0.91
0.09
0.80
0.03-0.85
0.94
0.86
0.78
0.10
0.15
0.90
0.93
0.89
0.90
0.11
0.99
0.90-0.95
0.94
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Material Type Value

Granite
Graphite powder
Gravel
Gypsum
Ice, crystal
Ice, smooth
Inconel B
Inconel X
Iron, ARMCO
Iron, ARMCO, oxidized
Iron, cast, oxidized
Iron, cast, polished
Iron, electrolytic, oxidized
Iron, electrolytic, polished
Iron, rusted
Iron, wrought, duII
Iron, wrought, polished
Kaolin, powder
Kieselguhr
Lacquers
Lampblack
Lead oxide powder
Lead, red
Leather
Lime, dolomitic
Limestone
Lmeoleum
Magnesia
Manganin, polished
Marble, polished
Marble, smooth
Marble, white
Monel KS 700
Mortar, lie
Mold
Mica
NickeIin, oxidized
Oak, planed
Paints, aluminum
Paints, bronze
Paints, Bat white

5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.7 Emissivity of Solids

Table 2 Emissivity  of miscellaneous materials  at room temperature  (Continued)

Material

nt Paints, flat black
n Paints, gloss black
nt Paints, gray
nt Paints, green
nt paints, oil
nt Paper, roofing
n Paper, white
n Plaster of Paris
n Plaster, rough
n Porcelain, glazed

Quartz
Quartz, flour
Quartz, rough
Refractory, black

n Refractory, light
n Refractory, white

Resins
n Rubber, hard
n Rubber, soft

Sand
nt Sandstone, red
n Sawdust
nt Shellac, duII
n Shellac, polished
nt Slag, boiler
nt Skte
nt Slate, dark gray
nt Slate, silver gray
n Snow, fine
nt soil
nt soot, lamp
nt Spruce, sanded
n SteIlite
nt Stonework
nt Talc powder
nt Ti aBoy Al 1OAT
n Ti aIloy AMS 4901
nt Tungsten

Varnish, black, dull
Varnish, shiny
Wood, planed

0.44
0.07
0.28
0.80-0.90
0.99
0.97
0.20
0.21
0.10
0.30
0.57
0.21
0.79
0.05
0.85
0.94
0.29
0.30
0.25
0.05-0.96
0.95
0.29
0.93
0.77
0.40
0.95
0.89
0.71
0.05
0.92
0.56
0.95
0.22
0.92
0.64
0.75
0.26
0.91
0.27-0.80
0.50-0.55
0.91

Type

nt
nt
nt
nt
nt
nt
nt
nt

nt
nt
nt
nt
nt
n
n
n
nt
nt
nt

nt
nt
nt
n
nt
n
n
n
n

nt

5.5.7-3

Value

0.88
0.90
0.95
0.95
0.90-0.96
0.91
0.80-0.95
0.92
0.92
0.92
0.89
0.90
0.89
0.94
0.92
0.90
0.79-0.83
0.92
0.86
0.76
0.59
0.75
0.91
0.82
0.95
0.65-0.85
0.90
0.80
0.82
0.38
0.95
0.82
0.18
0.93
0.24
0.59
0.19
0.02
0.91
0.82
0.78

BIBLIOGRAPHY  TO SECTION 5.5.7
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5.5 PHYSlCAL PROPERTY DATA TABLES 5.5.8-l

5.58
Elastic properties of solids

S. F. Pugh

H Comparison of the values for an elastic property of
a particular metal or alloy quoted in the various data
books and published in original papers indicates a re-
markably wide spread. For any given material, values
differing by 2% are quite common. Therefore any
calculation using elastic properties as input data should
explicitly declare the values that have been taken.

The sources of error in measurement of elastic
properties arise partly from difficulties in measurement
of elastic strain. The quantity to be measured is at most
a few parts per thousand change in length and to be
measured with two to three figure accuracy. Other
sources of error are more fundamental. For example, in
the preparation of specimens for measurement of elastic
properties, a certain degree of preferred orientation of
the individual grams is introduced, thus affecting the
properties in the ways described in Sec. 5.45. It should
also be realized that data for isotropic material may not
best represent the properties of components that might
have developed preferred orientation of the grams during
fabrication. Finally, both at room temperature and to a
greater extent at elevated temperatures and at high stress
levels stress-strain response of a specimen is time de-
pendent and structure sensitive.

Where high accuracy is required as for example, in
attempting to understand the performance of a particu-
lar fabricated heat exchanger, the best procedure would
be to measure the elastic properties on samples of the
actual materials at the appropriate temperature and
strain rate.

Tables 1 and 2 show single crystal elastic coeffi-

0 1983 Hemisphere I
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cients for hexagonal and cubic metals, respectively [l,
21. They are included here to indicate the extent to
which elastic anisotropy can be expected in wrought
polycrystalline materials with preferred orientation of
the grains.

The only values for Young�s modulus tabulated here
are derived from [3],  which was produced specifically
for tubular heat exchanger designers in the U.S.

Some of the reference books containing tabulated
elastic constants data for structural materials are listed
below with an indication of the types of data available,
[4 to lo].

The data in Tables l-3 are in the SI units, pascals
(Pa), where 1 Pa = 1 N/m�;  1 pound per square
inch = 6.894757 X lo3 Pa; and 1 dyne/cm2 = 0.1
Pa.

Table 1 Single  crystal elastic  constants  of some hexa-
gonal  metals  in gigapascd.9

Shear constants

Metal

Beryllium 299 342 28 11 166 136 161
Zinc 161 66 34 50 40 63 21
Magnesium 57 62 23 19 17 17 21
Zirconium 144 165 13 65 33 36 41
Titanium 163 180 93 62 47 35 62
Cadmium 115 51 40 40 20 38 16

uFrom  Tang et al. [ 11. (Giga = 109  .)
bc = c,, + c,* + zc,, - 4c,,

lblishing  Corporation

H
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5 . 5 . 8 - 2 5.5 PHYSICAL PROPERTY DATA TABLES / 5.5.8 Elastic Properties of Solids

Table 2 “c” Coefficients for some cubic metals  in giga-
pascals’

Metal CL, Cl, c,,

Silver 120 90 44
Aluminum 112 66 28
Copper 168 121 75
Brass, 28% Zn 141 111 72
a-Iron (ferrite) 23-l 141 116
Molybdenum 455 176 110
Nickel 251 157 121

aFrom Smithells [ 21.

Anisotropy ratio

0.34
0.82
0.31
0.25
0.41
1.27
0.39

Table 3 Quasistatic Young’s modulus values in gigapascals  as a function of temperature”

Value at different temperatures, K

Material 300 325 350 425 415 525 575 650 700 750 800 850 925

Carbon steel
Aust. stainless steel
Carbon-MO and low chrome steels

(through 3% chrome)
Intermediate Cr-MO steels

(S-9% Cr)
Straight chrome steels (12,17,

27% Cr)
Gray cast iron
Nickel-copper alloy 400
Cupro nickels (70-30,80-20,90-10)
Alwninum
NiCr-Fe  alloy 600
Ni-FeCr  alloy 800
Ni-FeCr-MoCu  alloy 825
Ni-Mo alloy B
Ni-Mo-Cr alloy C-276
Nickel
Copper
Commercial brass
Leaded tin bronze
Phosphor bronze
Muntz
Admiralty
Titanium grade 2
Zirconium
Cr-Mo alloy KM-27
Cr-Ni-Fe-MoCuCb alloy 20 Cb

200 197 194 190 185 180 169 159 145 128 - -
193 - 187 183 179 174 170 164 159 154 150 - -

206 - 203 200 197 193 190 183 171 169 161 145 108

189 - 187 185 182 180 176 172 167 162 158 153 143

201 - 197 195 191 187 180 171 159 145 131 113 84
92 - 91 89 87 84 81 76 70

179 - 179 178 177 175 171 159 145 128 113 102 90
130 - 127 124 121 119 116 112 105

13 - 73 72 70 66 59
219 - 213 210 207 204 201 197 192 - 174 - 138
196 - 191 188 185 181 178 174 170
195 - - - 185 - - 114
203 _ _ _ - _ 190

205 - - 188 - - - 175
207 - 204 201 197 193 189 185 181 177 173 169 163
110 109 108 106 104 101 98 94
97 96 94 93 90 88 85 81
90 89 87 85 83 81 18 15

103 102 99 96 93 89 82 72 60
105 103 96 89 81 75
110 - 107 101 93 86 76 66 52
- 117 100 - 90 - 19
- 99 - 92 - 80 - 68
215 - 198 188 187
193

�From i3].

REFERENCES FOR SECTION 5.5.8�
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2. Smith&r,  C. J., ed., Metals Reference Book, 4th ed., vol. 3, pp. 709-710, Buttenvorths, London, 1967.
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tSeealsoSection5.4.5,refs.  [44].
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6. Miner, D. F., and Seastone, J. B., eds., Handbook of Engineering Materials, pp. 2-05-2-07, Wiley, New York, and Chapman and Hall,
London, 1955. [Gives a graph of the effect of temperature on elasticity of stainless steels and states that if the room temperature
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modulus for chemical elements and alloys.]

0 1983 Hemisphere Publishing Corporation





5.5 PHYSICAL PROPERTY DATA TABLES 5.5.9-l

5.5.9
Properties ofliquid heavy water

G. Ulrych

W Critical properties: pc = 2 16.59 bar; T, = 370.66"C;
T, = 643.81 K; pc = 350 kg/m3; molecular weight:
h? = 20.028 kg/kmol;  triple point: Tt = 3.82"C.

Table 1 Properties of liquid heavy water at p = 1 bara>  b

r,
“C

P, CP’ 0, A, % u, 4
kg/m’ kJ/kg  K 10-�/K 10m3 W/m K 10h6  kg/m s 10T6  mZ/s 10e6 ml/s Pr

3.82 1 105.5 4.210 -0.132 564 2 058 1.861 0.121 15.35
10.00 1 106.0 4.231 -0.027 570 1 689 1.527 0.122 12.53
20.00 1 105.4 4.242 0.121 580 1 253 1.133 0.124 9.17
30.00 1 103.3 4.240 0.242 589 972 0.881 0.126 7.00
40.00 1 100.0 4.232 0.343 597 785 0.713 0.128 5.56
50.00 1 095.7 4.220 0.428 605 648 0.591 0.131 4.52
60.00 1 090.6 4.207 0.502 611 545 0.5 00 0.133 3.75
70.00 1 084.7 4.194 0.569 617 468 0.432 0.136 3.18
80.00 1 078.2 4.181 0.631 621 409 0.379 0.138 2.75
90.00 1071.0 4.170 0.689 625 363 0.339 0.140 2.42

‘T, temperature; p, density; cp, specific heat capacity; 0, thermal expansion coefficient; h, thermal conductivity; n,
dynamic viscosity; U, kinematic viscosity; K, thermal diffusivity; Pr, Prandtl number.

bProperties according to 16, 91.

Table 2 Density p of liquid heavy water as a function of pressure and temperature”

Pressure,
bar 3.82 20 50

Temperature, �C

100 150 200 250 300 350

1 1 105.5 1 105.4 1 095.7 1 063.4
10 1 106.0 1 105.9 1 096.1 1 063.8 1017.6
50 1 108.3 ! 108.0 1098.1 1 065.9 1 020.1 961.2 885.1

100 1 111.1 1 110.6 1 100.5 1 068.5 1 023.2 965.3 891.5 788.3
150 1113.9 1113.1 1 102.9 1071.0 1 026.3 969.4 897.5 800.3
170 1 115.0 1 114.1 1 103.9 1 072.0 1 027.5 970.9 899.9 804.7 625.8

ap in kg/m�.
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Table 3 Constant pressure specific heat cr, of liquid heavy water as a function of pressure and temperature’

Temperature, �C
Pressure,
bar 3.82 20 50 100 150 200 250 300 350

1 4.210 4.242 4.220 4.161
10 4.207 4.239 4.218 4.159 4.172
50 4.189 4.225 4.209 4.151 4.160 4.295 4.630

100 4.167 4.208 4.197 4.140 4.145 4.269 4.571 5.424
150 4.145 4.192 4.186 4.130 4.131 4.246 4.518 5.218
170 4.136 4.186 4.182 4.126 4.126 4.237 4.499 5.151 9.933

�cp  in kJ/kg K.

Table 4 Thermal expansion coefficient 0 = (l/u)@u/aQ of liquid heavy water as a function of pressure and
temperature’

Temperature, �C
Pressure,
bar 3.82 20 50 100 150 200 250 300 350

1 -0.132 1 0.121 2 0.428 0 0.745 4
10 -0.130 0 0.122 9 0.428 1 0.743 8 1.032 9
50 -0.119 8 0.1305 0.428 5 0.737 0 1.018 1 1.375 8 1.977 5

100 -0.105 5 0.140 1 0.429 1 0.728 9 1.000 6 1.340 3 1.886 4 3.288 5
1 5 0 -0.089 8 0.149 6 0.429 6 0.721 1 0.984 0 1.307 4 1.807 0 2.956 2
170 -0.083 2 0.153 4 0.429 9 0.718 1 0.977 6 1.294 9 1.778 0 2.848 5 11.0377

�l]  in 10e3/K.

Table 5 Thermal conductivity X of liquid heavy water as a function of pressure and temperature0

Temperature, �C
Pressure,
bar 3.82 20 50 100 150 200 250 300 350

1 564 580 605 628
10 565 580 605 628 620
50 567 583 608 630 624 591 536

100 571 586 610 632 628 594 541 471
150 574 589 613 635 632 597 546 478
170 575 591 614 635 634 598 548 481 368

�,I  in lo-�  W/m K.

Table 6 Dynamic viscosity n of liquid heavy water as a function of pressure and temperature’

Temperature, �C
Pressure,
bar 3.82 20 50 100 150 200 250 300 350

1 2 057.9 1 252.9 647.8 325.4
10 2 056.9 1 252.9 648.1 325.6 207.6
50 20525 1252.5 649.1 326.6 209.3 150.1 116.7

100 2 046.6 1251.9 650.4 327.9 211.5 151.2 118.0 94.2
150 2 040.4 1 251.2 651.7 329.3 213.7 152.3 119.3 95.7
170 2 837.8 1 250.9 652.2 329.8 214.6 152.8 119.9 96.4 68.3

07) in 10T6  kg/m s.
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Table 7 Kinematic viscosity u of liquid heavy water as a function of pressure and temperature’

5.5.9-3

Pressure,
bar 3.82 20 50

Temperature, �C

100 150 200 250 300 350

1 1.861 1.133 0.591 0.306
10 1.860 1.133 0591 0.306 0.204
50 1.852 1.130 0.591 0.306 0.205 0.156 0.132

100 1.842 1.127 0.591 0.307 0.207 0.157 0.132 0.119
150 1.832 1.124 0.591 0.307 0.208 0.157 0.133 0.120
170 1.828 1.123 0.591 0.308 0.209 0.157 0.133 0.120 0.109

Qv in 10m6  mz/s.

Table 8 Prandtl number of liquid heavy water as a function of pressure and temperature

Pressure,
bar 3.82 20 50

Temperature, �C

100 150 200 2.50 300 350

1 15.35 9.17 4.52 2.16
10 15.32 9.15 4.52 2.15 1.40
50 15.15 9.08 4.50 2.15 1.40 1.09 1.01

100 14.94 8.99 4.47 2.15 1.40 1.09 1.00 1.08
150 14.74 8.90 4.45 2.14 1.40 1.08 0.99 1.05
170 14.66 8.87 4.44 2.14 1.40 1.08 0.98 1.03 1.85

Table 9 Thermal diffusivity K of liquid heavy water as a function of pressure and temperature’

Pressure,
bar 3.82 20 50

Temperature, �C

100 150 200 250 300 350

1 0.121 0.124 0.131 0.142
10 0.121 0.124 0.131 0.142 0.146
50 0.122 0.125 0.131 0.142 0.147 0.143 0.131

100 0.123 0.125 0.132 0.143 0.148 0.144 0.133 0.110
150 0.124 0.126 0.133 0.143 0.149 0.145 0.135 0.114
170 0.125 0.127 0.133 0.144 0.149 0.145 0.135 0.116 0.059

�K in 10e6  ml/s.
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5.5 PHYSICAL PROPERTY DATA TABLES 5.5.10-l

5.510
Physical properties

of liquids at temperatures
below their boiling point

Clive F. Beaton

n Section 5.5.1 gives data for saturated liquids and
vapors at temperatures and corresponding pressures
along the saturation curve. The tables in Section 5.5.1
have a lower limit corresponding to the normal boiling
point of the fluids concerned (i.e., the saturation tem-
perature at 101.3 kPa). Since the properties of liquids
are relatively insensitive to pressure, the tables given in
Section 5.5.1 can be used to estimate values of the liq-
uid physical properties over the temperature range cov-
ered and for pressures above the saturation pressure.
The tables in this section supplement the saturation
property tables by giving values for liquid physical
properties at temperatures below the boiling point.

The tables given in the present section are derived
from the tables of physical properties given in the Whir-
meatlas  and supplemented from other data collections
(Refs. l-6). In preparing these tables, the following
rules and procedures have been observed:

1. Following the precedent of Sections 5.5.1 and
5.5.2, all of the physical properties for a given sub-
stance have been grouped together. In the Wiirmeatlas
tables, the data were grouped under the specific prop-
erty rather than under the substance.

2. An extensive search has been made to discover
reported values for each property, but when no values
were found an estimated value has been given based on
well-tried prediction procedures such as those reported
in the earlier sections of this Handbook (see Sections
5.1.3 and 5.1.4). These values are indicated in paren-
theses in the present tables.

3. The tables are nominally for atmospheric pres-
sure. Conditions in which the fluid is in the vapor form

0 1985 Hemisphere P

at this pressure are indicated by V in the tables. Condi-
tions in which the substance is in the solid form are
indicated by S.

4. For convenience, data for the chemical formula,
molecular weight, melting point, boiling point, critical
temperature, and critical pressure are included in the
tables for each substance. The values for these proper-
ties given in the VDI tables are in close agreement with
the values given in the saturation property tables (Sec-
tion 5.5.1),  but where there are slight differences, and
to avoid confusion, the values from Section 5.5.1 are
repeated here where appropriate.

Data are included in the present tables for the fol-
lowing substances:

NORMAL PARAFFINS
Methane
Ethane
Propane
Butane
Pentane
Hexane
Heptane
Octane
Nonane
Decane
Undecane
Dodecane
Tridecane
Tetradecane
Pentadecane
Hexadecane
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Heptadecane
Octadecane
Nonadecane
Eicosane

ISOPARAFFINS
2-Methylpropane
2-Methylbutane
2-Methylpentane
3-Methylpentane
2,2-Dimethylpropane
2,2-Dimethylbutane
2,3-Dimethylbutane

OLEFINS
Ethylene
Propylene
Butene- 1
Pentene- 1
Hexene- 1
Heptene- 1
Octene-  1
Propadiene
Butadiene- 1,2
Butadiene- 1,3
Pentadiene- 1,2
Pentadiene- 1 Jrans 3
Pentadiene- 1,4
Pentadiene-2,3

ACETYLENES
Acetylene
Methyl acetylene
Ethyl acetylene
Dimethyl  acetylene

NAPHTHENES
Cyclopropane
Cyclobutane
Cyclopentane
Methylcyclopentane
Ethylcyclopentane
Propylcyclopentane
Butylcyclopentane
Pentylcyclohexane
Hexylcyclohexane
Cyclohexane
Methylcyclohexane
Ethylcyclohexane
Isopropylcyclohexane
Butylcyclohexane
Pentylcyclohexane
Hexycyclohexane
Cyclopentene
Cyclohexene

AROMATICS
Benzene
Toluene
Ethylbenzene

0 1985 Hemisphere P
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Vinylbenzene
Propylbenzene
Isopropylbenzene
Butylbenzene
Pentylbenzene
Hexylbenzene
o-Xylene
m-Xylene
p-Xylene
1,2,3-Trimethylbenzene
1,2,4-Trimethylbenzene
1,3,5-Trimethylbenzene
1,2,3,4-Tetramethylbenzene
1,2,3,5-Tetramethylbenzene
1,2,4,5-Tetramethylbenzene
Pentamethylbenzene
Hexamethylbenzene
Diphenyl
Diphenylmethane
Triphenylmethane
Naphthalene
1 -Methylnaphthalene
2-Methylnaphthalene
1 -Ethylnaphthalene
2-Ethylnaphthalene

ALCOHOLS
Methanol
Ethanol
1 -Propanol
1 -Butanol
1 -Pentanol
1 -Hexanol
1 -Heptanol
1-Octanol
Isopropanol
Isobutanol
Isopentanol
tButy1  alcohol
Ethylene glycol
1,3-Propylene  glycol
Glycerol
C yclohexanol
Benzyl alcohol

PHENOLS
Phenol
o-Cresol
m-Cresol
pCresol

ESTERS
Methyl formate
Ethyl formate
Propyl formate
Methyl acetate
Ethyl acetate
Propyl acetate

blishing Corporation Rev. 1986
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Methyl propionate
Ethyl propionate
Propyl propionate
Methyl butanoate
Ethyl butanoate
Methyl benzoate
Ethyl benzoate
Methyl salicylate

ALDEHYDES
Formaldehyde
Acetaldehyde
Paraldehyde
Furfural
Benzaldehyde
Salicylaldehyde

KETONES
Ketene
Acetone
Methyl ethyl ketone
Diethyl ketone
Dipropyl ketone
Acetophenone
Benzophenone

CARBOXYLIC ACIDS
Formic acid
Acetic acid
Propionic acid
Butyric acid
Pentanoic acid
Hexanoic acid
Acetic anhydride
Propionic anhydride

ETHERS
Dimethyl ether
Diethyl ether
Methyl propyl ether
Ethyl propyl ether
Methyl t-butyl ether
Dipropyl ether
Ethylene oxide
Propylene oxide
Furan
1,4-Dioxan

HALOGENATED HYDROCARBONS
Chloromethane
Dichloromethane
Trichloromethane
Carbon tetrachloride
Bromomethane
Dibromomethane
Tribromomethane
Tetrabromomethane
Chlorodifluorometbane (Refrigerant 22)
Chlorotrifluorometbane (Refrigerant 13)
Dichlorofluorometbane (Refrigerant 2 1)

0 1985 Hemisphere I
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Dichlorodifluoromethane (Refrigerant 12)
Trichlorofluoromethane (Refrigerant 11)
1 , 1 , 1-Trifluoroethane
Chloroethane
1,l -Dichloroethane
1,2-Dichloroethane
1 , 1,l -Trichloroethaue
1,1,2,2-Tetrachloroethane
Pentachloroethane
Bromoethane
1,2-Dibromoethane
Tetrachlorodifluoroethane (Refrigerant 112)
Trichlorotrifluoroethane (Refrigerant 113)
Dichlorotetrafluoroethane (Refrigerant 114)
Chloropropane
Chlorobutane
Chloropentane
Vinyl chloride
1,l -Dichloroethylene
Trichloroethylene
Tetrachloroetbylene
Fluorobenzene
Chlorobenzene
Bromobenzene
Iodobenzene
Benzyl chloride
m-Chlorotoluene

AMINES
Methylamine
Dimethylamine
Trimethylamine
Ethylamine
Dietbylamine
Triethylamine
Isopropylamine
Piperidine
Pyridine
Aniline
Methylaniline
Dimethylaniline
Diethylaniline

NITRILES
Acetonitrile
Propionitrile
Butyronitrile

AMIDES
Formamide

NITRO DERIVATIVES
Nitromethane
Nitrobenzene
o-Nitrotoluene
m-Nitrotoluene
p-Nitrotoluene

ORGANIC SULFUR COMPOUNDS
Methyl mercaptan
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Ethyl mercaptan
Dimethyl  sulfide
Diethyl sulfide
Thiophene

INORGANIC SUBSTANCES
Hydrogen fluoride
Hydrogen chloride
Hydrogen bromide
Hydrogen iodide
Hydrogen cyanide
Hydrogen sulfide
Air
Ammonia
Nitrogen dioxide
Carbon monoxide
Carbon dioxide
Carbonyl sulfide

Carbon disulfide
Sulfur dioxide
Phosgene

ELEMENTS
Nitrogen
Oxygen
Agon
Fluorine
Chlorine
Bromine
Iodine
Sulfur
Mercury

HEAT TRANSFER MEDIA
Dowtherm A
Dowthenn J

REFERENCES FOR SECTION 5.5.10
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NORMAL PARAFFINS

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 - 1 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature. K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

METHANE

ETHANE

PROPANE

BUTANE

PENTANE

Chemical formula: CH, Density, p, (kg/m3)
Molecular weight: 16.04 Specific heat capacity,
Melting point: -182.49�C cp.r &J/kg K)
Boiling point: -161.73 Thermal conductivity,
Critical temperature: A, [(W/m2)/(K/m)]

-82.6�C Dynamic viscosity,
Critical pressure: 4.641 MPa 7, (10e5  Ns/m*)

Chemical formula: C,H, Density, p, (kg/m�)
Molecular weight: 30.07 Specific heat capacity,
Melting point: -183.27�C cp., NJ/kg K)
Boiling point: -88.63 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]

-32.35�C Dynamic viscosity,
Critical pressure: 4.913 MPa 7, (lo-�  Nslm*)

Chemical formula: C,H, Density, p, (kg/m�)
Molecular weight: 44.10 Specific heat capacity,
Melting point: -187.68�C cp.r @J/kg  K)
Boiling point: -42.05 �C Thermal conductivity,
Critical temperature: A, [(Wlm�)/(K/m)]

96.85�C Dynamic viscosity,
Critical pressure: 4.264 MPa 9, (10F5 Ns/m*)

Chemrcal formula: CIH,, Density, p, (kg/m3)
Molecular weight: 58.12 Specific heat capacity,
Melting point: -138.33�C cp,r @J/kg  K)
Boiling point: -0.49�C Thermal conductivity,
Critical temperature: X, W/mZYWm)l

152.01 �C Dynamic viscosity,
Critical pressure: 3.796 MPa 7, (lop5 Ns/m2)

Chemical formula: CSH,, Density, p, (kg/m�)
Molecular weight: 72.15 Specific heat capacity,
Melting point: -129.75 �C cp.r @J/kg  K)
Boiling point: 36.05 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]

196.45�C Dynamic viscosity,
Critical pressure: 3.369 MPa q (lo-�  Ns/m�)

409

3.517

0.175

8.8

666

2.319

0.199

42.2

696

1.959

0.198

134.1

S

S

S

S

S

S

S

S

V

V

V

V

561

2.403

0.155

22.2

646

2.056

0.164

43.3

698

2.001

0.166

74.7

737

1.972

0.155

125.0

V V V V V

V V V V V

V V V V V

V V V V V

V V V V V

V V V V V

V V V V V

V V V V V

619 590 V V V

2.119 2.202 V V V

0.148

30.1
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0.153

49.7
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0.151

66.0

(0.133)
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V V V

V V V

652 627 V V
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48.4

670

2.123
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NORMAL PARAFFINS (Continued)

Temperature, �C
- 1 5 0 -100 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data h=tY
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

HEXANE

HEPTANE

OCTANE

NONANE

DECANE

Chemical formula: C6H,., Density, pr (kg/m�)
Molecular weight: 86.18 Specific heat capacity,
Melting point: -95.32�C cp,r W/kg  W
Boiling point: 68.73 �C Thermal conductivity,
Critical temperature: A, [(W~m*YWmN

234.29�C Dynamic viscosity,
Critical pressure: 3.031 MPa 7, (lo-�  Ns/m*)

Chemtcal formula: C,H,,
Molecular weight: 100.20
Melting point: -90.55�C
Boiling point: 98.45 �C
Critical temperature:

267.46�C
Critical pressure: 2.736 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp.r  &J/kg K)
Thermal conductivity,

A, [W/m*VW.Wl
Dynamic viscosity,

7, (10m5  Ns/m2)

Chemical formula: CsH,,
Molecular weight: 114.23
Melting point: -56.8�C
Boiling point: 125.65�
Critical temperature:

295.65 �C
Critical pressure: 2.486 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp,r W/kg  K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

TJ,  (lo@  Ns/m*)

Chemrcal  formula: C,H,
Molecular weight: 128.26
Melting point: -53.45�C
Boiling point: 150.82 �
Critical temperature:

321.48�C
Critical pressure: 2.289 MPa

Chemical formula: C,&-12*
Molecular weight: 142.29
Melting point: -2964°C
Boiling point: 174.25�
Critical temperature:

344.45 �C
Critical pressure: 2.096 MPa

Density, p, (kg/m�)
Specific heat capacity,

q.r Wk K)
Thermal conductivity,

A, [W/m*YWm)l
Dynamic viscosity,

7, (10m5  Ns/m2)

Density, p, (kg/m*)
Specific heat capacity,

cp,r  @J/kg  K)
Thermal conductivity,

A, IW~m*YWm)l
Dynamic viscosity,

7, (10-r Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

742

1.993

0.156

92.0

761

2.104

0.156

129.0

S

S

S

S

S

S

S

S

S

S

S

S

721

2.035

0.146

68.5

741

2.035

0.148

96.6

757

2.043

0.152

137.0

769

2.047

0.150

193.0

S

S

S

S

7cxl

2.093

0.137

51.5

721

2.081

0.139

72.5

738

2.064

0.144

102.0

751

2.060

0.142

143.1

762

2.085

0.143

200.0

678

2.165

0.127

38.3

701

2.144

0.131

52.6

719

2.131

0.137

71.4

733

2.127

0.136

96.4

145

2.127

0.132

129.2

659

2.227

0.120

30.8

684

2.198

0.124

41.3

703

2.186

0.131

54.6

718

2.177

0.132

71.3

730

2.173

0.126

92.1

631 V

(2.37) V

0.110 V

22.9 V

658 V

2.307 V

0.114 V

30.2 V

678 635

2.303 (2.51)

0.122 0.107

38.9 24.4

694 653

(2.29) (2.48)

0.124 0.111

49.2 30.1

707 661

2.265 2.474

0.117 0.104

61.5 36.4
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V

V

V

V

V

V

V

V
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V

V
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(2.74)

0.096
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DODECANE

TRIDECANE

TETRA-
DECANE

PENTA-
DECANE

HEXA-
DECANE

Chemical formula: C,,HU Density, pr (kg/m*)
Molecular weight: 156.31 Specific heat capacity,
Melting point: -25.55 �C cp., @J/kg  K)
Boiling point: 195.95 �C Thermal conductivity,
Critical temperature: h W/dWm)l

344.45 �C Dynamic viscosity,
Critical pressure: 1.97 MPa q, ( lop5  Ns/m*)

Chemical formula: C,,H,,
Molecular weight: 170.34
Melting point: -9.55 �C
Boiling point: 216.35 �C
Critical temperature:

385.15�C
Critical pressure: 1.82 MPa

Chemical formula: C,,H,,
Molecular weight: 184.37
Melting point: -5.35 �C
Boiling point: 235.45 �C
Critical temperature:

402.65�C
Critical pressure: 1.72 MPa

Chemical formula: C,,H,, Density, pI (kg/m�)
Molecular weight: 198.39 Specific heat capacity,
Melting point: 5.85 �C cp,, @J/kg  K)
Boiling point: 253.55 �C Thermal conductivity,
Critical temperature: A, UJ/m*YWm)l

420.85 �C Dynamic viscosity,
Critical pressure: 1.62 MPa qr (10e5 Ns/m*)

Chemical formula: C,,H,, Density, p, (kg/m�)
Molecular weight: 212.42 Specific heat capacity,
Melting point: 9.85�C cp,l  @J/kg  K)
Boiling point: 207.65 �C Thermal conductivity,
Critical temperature: h W/m*YWm)l

433.85�C Dynamic viscosity,
Critical pressure: 1.52 MPa 7, (lop5 Ns/m*)

Chemical formula: Cn,H, Density, p, (kg/m�)
Molecular weight: 226.45 Specific heat capacity,
Melting point: 17.85 �C cp.r &J/kg K)
Boiling point: 286.85 �C Thermal conductivity,
Critical temperature: A, [W~m*YWm)l

443.85�C Dynamic viscosity,
Critical pressure: 1.42 MPa TJ,  ( 10e5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp.r W/kg  K)
Thermal conductivity,

X, W/m*YWm)l
Dynamic viscosity,

7, (lop5 Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp,r @J/kg  W
Thermal conductivity,

h W~m*YWm)l
Dynamic viscosity,

7, ( 10e5 Ns/m*)
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S
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S
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S
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S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

172 754 740 718 619 638 V

2.114 2.123 2.173

(0.154)

280.0

0.146 0.141

(2.29) (2.45) (2.67)

0.134 0.124 0.113

V

V

171.7 117.6 75.7 43.3 27.9 V

-

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

756 751 727 689 648 605

2.148 2.173

0.147 0.143

(2.27) (2.43) (2.66) (2.94)

0.137 0.128 0.118 0.109

226.8 148.9 02.2 51.1 32.3 21.7 V

770 756 735 698 658 615 V

1.971 2.160

0.148 0.146

(2.27) (2.43) w4) (2.91)

0.141 0.132 0.123 0.115

297.6 186.5 111.0 59.5 37.2 24.8 V

S

S

S

S

S

S

S

S

S

S

S

S

763 742 705 666 624 579

2.186

0.145

(2.27) (2.43) (2.63) (2.89) (3.26)

0.140 0.130 0.120 0.102 0.093

231.9 132.4 70.1 43.1 28.7 20.8

768 748 712 673 631

2.151

0.141

(2.27) (2.43) (2.62) (2.86)

0.135 0.125 0.115 0.105

286.3 156.7 78.7 47.9 31.6

175 753 717 679 638

2.144 2.272

0.150

350.6

0.144

184.1

(2.43) (2.62) (2.86)

0.134 0.124 0.108

89.5 53.6 35.2

V

V

V

V

V

V

594

(3.18)

0.099

(25.3)

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



NORMAL PARAFFINS (Continued)

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

HEPTA-
DECANE

OCTA-
DECANE

NONA-
DECANE

EICO-
SANE

Chemical formula: C,,Hj6 Density, pI (kg/m�)
Molecular weight: 240.47 Specific heat capacity,
Melting point: 21.85�C cp.r  &J/kg K)
Boiling point: 302.5 �C Thermal conductivity,
Critical temperature: A, [W~m2YWm)l

459.85�C Dynamic viscosity,
Critical pressure: 1.32 MPa q, (lop5 Ns/m*)

Chemical formula: C,sH,,
Molecular weight: 254.50
Melting point: 28.15 �C
Boiling point: 316.25 �C
Critical temperature:

471.85�C
Critical pressure: 1.2 1 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp,r Wkg K)
Thermal conductivity,

Xl ~(W~m*~Wm)l
Dynamic viscosity,

�I,  (lop5 Ns/m*)

Chemical formula: C,sH, Density, p, (kg/m�)
Molecular weight: 268.52 Specific heat capacity,
Melting point: 31.85�C cp.r  @J/kg  K)
Boiling point: 329.95 �C Thermal conductivity,
Critical temperature: h [W~m*YWW

482.85�C Dynamic viscosity,
Critical pressure: 1.12 MPa T, (lop5 Ns/m*)

Chemtcal formula: C,oH,, Density, p, (kg/m�)
Molecular weight: 282.56 Specific heat capacity,
Melting point: 36.85 �C Q,,I  #J/kg  K)
Boiling point: 343.85 �C Thermal conductivity,
Critical temperature: hi [W/m*YWm)l

493.85�C DynHmic viscosity,
Critical pressure: 1.11 MPa 7, (low5  Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

758

2.274

0.139

214.4

762

2.276

0.141

248.5

766

(2.28)

0.143

286.1

769

(2.28)

0.145

327.6

722

2.427

0.129

101.1

727

2.428

0.132

113.5

731

(2.43)

0.134

126.7

742

(2.43)

0.136

140.8

684

(2.61)

0.120

59.7

689

(2.61)

0.122

66.2

694

(2.61)

0.125

73.1

698

(2.61)

0.127

80.1

644

(2.85)

0.111

39.0

649

w4)

0.113

43.1

654

(2.83)

0.116

47.2

659

(2.83)

0.118

51.5

600 555

(3.16) (3.60)

0.102 0.094

27.2 19.9

606 561

(3.14) (3.56)

0.105 0.096

30.1 21.9

612 567

(3.12) (3.50)

0.107 0.099

32.2 23.5

617 572

(3.11) (3.47)

0.109 0.101

34.6 25.2



Substance

2-METHYL-
PROPANE

2-METHYL-
BUTANE

2.METHYL-
PENTANE

3-METHYL-
PENTANE

2,2-DIMETHYL-
PROPANE

Data Property

Temperature, �C
- 1 5 0 - 1 0 0 -15 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

Chemical formula: C,H,,
Molecular weight: 58.12
Melting point: -159.55�C
Boiling point: -11.75 �C
Critical temperature:

134.95 �C
Critical pressure: 3.65 MPa

Chemical formula: C5H,, Density, pr (kg/m*)
Molecular weight: 72.15 Specific heat capacity,
Melting point: -159.9O�C cp,/ NJ/kg  K)
Boiling point: 27.85 �C Thermal conductivity,
Critical temperature: h, [(W/m*)/(K/m)]

187.25 �C Dynamic viscosity,
Critical pressure: 3.38 MPa 7, (lo@ Ns/m*)

Chemical formula: C6H,4
Molecular weight: 86.18
Melting point: -153.65 �C
Boiling point: 60.25 �C
Critical temperature:

224.35�C
Critical pressure: 3.01 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp,r  @J/kg  K)
Thermal conductivity,

X, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (10m5 Nslm*)

Chemical formula: C,H,, Density, p, (kg/m�)
Molecular weight: 86.18 Specific heat capacity,
Melting point: -118.15 �C cp,r @J/kg  K)
Boiling point: 63.25 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]

231.25�C Dynamic viscosity,
Critical pressure: 3.12 MPa 7, (10e5  Ns/m*)

Chemical formula: C5H12 Density, p, (kg/m3)
Molecular weight: 72.15 Specific heat capacity,
Melting point: -16.57 �C cp,l  &J/kg K)
Boiling point: 9.5 �C Thermal conductivity,
Critical temperature: h, [(W/m*)/(K/m)]

160.63 �C Dynamic viscosity,
Critical pressure: 3.196 MPa v1 (10m5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp,/ @J/kg  K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

9, (lop5 Ns/m*)

724

1 .I29

0.182

1100

(760)

1.725

0.182

1720

(779)

1.712

(0.180)

2820

S

680

1.884

0.155

659

1.968

0.143

634 609 V

2.060 2.177 V

0.130 0.118 V

112 61.7 39.1 28.3

727 706 687 663

1.838 1.905 1.980 2.068

0.159 0.148 0.137 0.127

154 84.4 55.0 37.8

(752) (734) (714) (693

1.813 1.884 1.955 2.043

0.160 0.151 0.140 0.132

204 110 68.1 48.0

(76% (751) 725 705

1.800 1.859 1.926 2.010

0.159 0.149 0.140 0.131

(95) (76) (61) (46)

S S S S

S S S S

S S S S

S S S S

V

V

V

V V V

639 620 V

2.169 2.265 V

0.117 0.110 V

27.9 22.5 V

672 653 625

2.139 2.227

0.122 0.115

(2.39)

0.103

37.0 30.0 22.5

683 665 637

2.131 2.190

0.122

39.4

615

2.19

0.105

32.9

0.115

(2.34)

0.105

32.4 25.3

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



ISOPARAFFINS (Continued)

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data Property
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

2,2-DIMETHYL- Chemical formula: C,H,, Density, p, (kg/m3) S S (737) (714) (690) 665 647 (639) V V V V V
BUTANE Molecular weight: 86.18 Specific heat capacity,

Melting point: -99.85 �C cp.r &J/kg K) S S 1.809 1.892 1.976 2.081 2.169 (2.31) V V V V V
Boiling point: 49.75 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]  S S 0.138 0.129 0 .120  0 .112 0.106 0.095 v V V V V

215.55�C Dynamic viscosity,
Critical pressure: 3.08 MPa TJ,  (10e5  Ns/m*) S s - (1W (67) 47.8 37.6 (31) v v V V V

2,3-DIMETHYL- Chemical formula: C,H,, Density, p, (kg/m*) S (759) (741) (722) (701) 681 663 635 V V V V V
BUTANE Molecular weight: 86.18 Specific heat capacity,

Melting point: -128.55�C cp.r  @J/kg  K) S 1.754 1.821 1.901 1.985 2.077 2.165 (2.35) V V V V V
Boiling point: 58.05 �C Thermal conductivity,
Critical temperature: A ,  [(W/m*)/(K/m)]  S 0.148 0.139 0.130 0.121 0.113 0.107 0.099 v V V V V

225.85�C Dynamic viscosity,
Critical pressure: 3.13 MPa 7, (10m5 Ns/m*) S (152) (114) (86) (65) 49.5 38.5 27.6 V V V V V



OLEFINS

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 -75 -50 -25 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

ETHYLENE

PROPYLENE

BUTENE-1

PENTENE-1

HEXENE-1

Chemical formula: C*H, Density, p, (kg/m�)
Molecular weight: 28.05 Specific heat capacity,
Melting point: -169.15�C cp,r  @J/kg  K)
Boiling point: -103.72 �C Thermal conductivity,
Critical temperature: X, W/m*YWm)l
9.5"C Dynamic viscosity,

Critical pressure: 5.06 MPa ?I (1O-5  Ns/m*)

Chemical formula: C,H, Density, p, (kg/m*)
Molecular weight: 42.08 Specific heat capacity,
Melting point: -185.25 �C cp., @J/kg  W
Boiling point: 47.7�C Thermal conductivity,
Critical temperature: A, KY~m*YWm)l

91.65�C Dynamic viscosity,
Critical pressure: 4.61 MPa 7, (10e5 Ns/m*)

Chemical formula: CIH,
Molecular weight: 56.11
Melting point: ,-185.35�C
Boiling point: -6.25 �C
Critical temperature:

-146.4�C
Critical pressure: 4.02 MPa

Chemical formula: C5H,, Density, p, (kg/m3)
Molecular weight: 70.13 Specific heat capacity,
Melting point: -165.25 �C cp.r @J/kg  K)
Boiling point: 29.95 �C Thermal conductivity,
Critical temperature: X, [(W/m*)/(K/m)]

191.55�C Dynamic viscosity,
Critical pressure: 4.05 MPa 7, (lop5 Ns/m*)

Chemical formula: C6H,,
Molecular weight: 84.16
Melting point: -139.85�C
Boiling point: 63.45 �C
Critical temperature:
230.85"C

Critical pressure: 3.17 MPa

Density, p, (kg/m*)
Specific heat capacity,

cp,r  @J/kg  K)
Thermal conductivity,

X, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (10e5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp.r @J/kg  W
Thermal conductivity,

A, W~m*WW
Dynamic viscosity,

q, (lo@  Ns/m*)

630

2.433

0.242

41.0

729

2.098

0.217

129.1

(755)

1.888

0.204

242

@�W

(1.84)

0.196

56.9

S

S

S

S

V

V

V

V

671

2.085

0.179

37.0

712

1.909

0.175

64.0

155

1.859

0.172

99.1

770

1.857

0.169

166

V

V

V

V

641

2.123

0.160

26.5

691

1.959

0.161

42.0

734

1.901

0.160

64.0

750

1.882

0.159

94

V

V

V

V

612

2.117

0.145

19.2

668

2.022

0.147

30.0

711

1.955

0.149

43.1

732

1.941

0.149

63.1

V

V

V

V

V

V

V

V

645

2.102

0.135

22.5

681

2.026

0.138

31.0

713

2.004

0.139

44.0

V

V

V

V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

662 642

2.119 2.219

0.127 0.119

24.0 20.9

693

2.090

0.130

33.0

673

2.161

0.122

28.0

V

V

V

V

V

V

V

V

V

V

V

645

(2.28)

0.112

23.0

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

/i



OLEFINS (Continued)

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data Property
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

HEFl�ENE-1

OCTENE-1

PROPA-
DIENE

BUTADIENE
W)

Chemical formula: C,H,, Density, p, (kg/m*)
Molecular weight: 98.195 Specific heat capacity,
Melting point: -118.85�C cp.l #J/kg  K)
Boiling point: 93.65 �C Thermal conductivity,
Critical temperature: 1, [(W/m*)/(K/m)]

264.05�C Dynamic viscosity,
Critical pressure: 2.84 MPa TJ, (lop5 Ns/m*)

Chemical formula: CsH,6 Density, p, (kg/m*)
Molecular weight: 112.21 Specific heat capacity,
Melting point: -101.7�C cp.l Wk K)
Boiling point: 121.3�C Thermal conductivity,
Critical temperature: X, [(W/m*)/(K/m)]

293.5�C Dynamic viscosity,
Critical pressure: 2.53 MPa q, (10m5 Ns/m*)

Chemical formula: C3H4
Molecular weight: 443.06
Melting point: -136.25�C
Boiling point: -34.45 �C
Critical temperature:

119.85�C
Critical pressure: 5.47 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp,r W/kg K)
Thermal conductivity,

AI W/m*YWm)l
Dynamic viscosity,

TV, (lop5 Ns/m*)

Chemical formula: C,H, Density, p, (kg/m�)
Molecular weight: 54.09 Specific heat capacity,
Melting point: -136.15�C cp.r @J/kg  K)
Boiling point: 10.85 �C Thermal conductivity,
Critical temperature: h [(W/m*YWW

170.55 �C Dynamic viscosity,
Critical pressure: 4.50 MPa �I,  (10e5  Ns/m*)

Chemtcal formula: C,H, Density, p, (kg/m3)
Molecular weight: 54.09 Specific heat capacity,
Melting point: -108.91�C cp,r @J/kg  K)
Boiling point: 4.46�C Thermal conductivity,
Critical temperature: h IW~m*YWm)l

152.O�C Dynamic viscosity,
Critical pressure: 4.33 MPa 7, (10F5  Ns/m*)

S (788) (770) (752)

S 1.842 1.880 1.922

S 0.167 0.158 0.149

S 296 150 89.4

S S S (773)

S S S 1.943

S S S 0.150

S S S 133

S (791) (712) 682

S (1.87) (1.94) (2.02)

S (0.206) (0.187) (0.170)

S (46) (32) (23)

S (785) (760) (730)

S 2.035 2.041 2.086

S (0.196) (0.181) (0.167)

S (75) (50) (36)

S 155 728 701

S 2.002 2.068 2.171

S 0.190 0.175 0.161

S (72) (48) (34)

(733)

1.989

0.140

61

(744)

1.992

0.142

86

V

V

V

V

(704)

2.136

(0.153)

(27)

673

2.217

0.147

(26)

713 697

2.072 2.148

0.132 0.125

44.0 35.0

732 715

2.067 2.129

0.134 0.128

61.3 47.0

V V

V V

V V

V V

(676) V

2.208 V

(0.140) v

(22)  v

V V

V V

V V

V V

671

(2.26)

0.115

27.0

689

(2.24)

0.119

34.7

V

V

V

V

V

V

V

V

V

V

V

V

V

(646)

(2.45)

0.105

23.4

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



PENTA-
DIENE
W)

PENTA-
DIENE
(1,trans 3)

PENTA-
DIENE
(194)

PENTA-
DIENJ?
(23)

Chemical formula: C,H,
Molecular weight: 68.12
Melting point: -137.25 �C
Boiling point: 44.85 �C
Critical temperature:

229.85 �C
Critical pressure: 4.07 MPa

Chemical formula: C,H,
Molecular weight: 68.12
Melting point: -87.45 �C
Boiling point: 42.05 �C
Critical temperature:

222.85�C
Critical pressure 3.99 MPa

Chemtcal formula: C5H8
Molecular weight: 68.12
Melting point: -148.5�C
Boiling point: 25.95�C
Critical temperature:

187°C
Critical pressure: 3.62 MPa

Chemical formula: C5Hs
Molecular weight: 68.12
Melting point: -125.7�C
Boiling point: 48.2 �C
Critical temperature:

226 �C
Critical pressure: 41.97 MPa

Density, p, (kg/m*)
Specific heat capacity,

cp,/ NJ/kg K)
Thermal conductivity,

X, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (lop5 Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

q,.r W/kg  K)
Thermal conductivity,

X, [(W/m*)/(K/m)]
Dynamic viscosity,

q, (10e5 Ns/m*)

Density, p, (kg/m*)
Specific heat capacity,

c,n.r @J/kg  K)
Thermal conductivity,

X, [(W/mZ)/(Klm)]
Dynamic viscosity,

8, (10e5 Ns/m*)

Density, p, (kg/m*)
Specific heat capacity,

cp./ &J/kg K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (10m5  Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(8�31)

1.934

(0.174)

(115)

S

S

S

S

VW

1.863

(0.174)

(115)

(807)

1.999

(0.174)

(115)

(778)

1.960

(0.163)

(72)

(76%

1.919

(0.163)

(72)

(758)

1.880

(0.163)

(72)

(783)

2.019

(0.163)

(72)

(755) (733) (710)

2.002 2.059 2.132

(0.152) (0.141) (0.131)

(48) (36) (27)

(740) (718) (695)

1.953 2.009 2.089

(0.152) (0.141) (0.131)

(48) (36) (27)

(733) (708) (683)

1.926 1.993 2.085

(0.152) (0.141) (0.131)

(48) (36) (27)

(759) (736) (713)

2.052 2.100 2.162

(0.152) (0.141) (0.131)

(48) (36) (27)

621 V

2.20 v

(0.123) V

(22) v

676 V

2.169 V

(0.123) V

(22) v

660 V

2.165 V

(0.123) V

(22) v

695 V

2.221 v

(0.112) v

(22)  v

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



ACETYLENES

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data Property
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

ACETYLENE

METHYL-
ACETYLENE

ETHYL-
ACETYLENE

DIMETHYL-
ACETYLENE

Chemical formula: C,H,
Molecular weight: 26.04
Melting point: -80.75 �C
Boiling point: -83.95 �C
Critical temperature:

35.55 �C
Critical pressure: 6.24 MPa

Chemtcal formula: C,H,
Molecular weight: 40.06
Melting point: -102.65�C
Boiling point: -23.15 �C
Critical temperature:

129.25 �C
Critical pressure: 5.62 MPa

Chemtcal formula: C,H, Density, Q,  (kg/m*)
Molecular weight: 54.09 Specific heat capacity,
Melting point: -130°C cp., &J/kg K)
Boiling point: 8.7 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]

190.5�C Dynamic viscosity,
Critical pressure: 4.71 MPa q, ( 10d5  Ns/m*)

Chemnxl  formula: C,H,
Molecular weight: 54.09
Melting point: -32.3�C
Boiling point: 27.2 �C
Critical temperature:

212°C
Critical pressure: 5.13 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp,r  W/kg  K)
Thermal conductivity,

XI [(W/m*)/(K/m)]
Dynamic viscosity,

7, (lo-�  Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp.r  &J/kg K)
Thermal conductivity,

h W/m*)Wm)l
Dynamic viscosity,

�I,  (10d5  Ns/m*)

Density, p, (kg/m*)
Specific heat capacity,

cp,/ @J/kg  W
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (10e5 Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(770)

(2.17)

(0.19)

(44)

(780)

2.125

(0.226)

S

S

612 V V

(3.1) v v

(0.54) v v

(16) V V

(740) 710 673

(2.24) (2.32) (2.42)

(0.175) (0.16) (0.145)

(31) (24) (19)

(755) (730) 705

2.158 2.218 2.300

(0.197) (0.172) (0.151)

(53) (40) (35)

S S (742)

S S 2.190

V V

V V

V V

V V

V V

V V

V V

V V

678 V

2.398 V

(0.133) v

(24) v

(715) 691

2.257 2.311

V

V

V

V

V

V

V

V

V

V

V

V

V

V

S S S (0.167) (0.146) (0.133) V

S S S (35) (27) (23) v

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



NAPHTHENES

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data Property
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

CYCLO-
PROPANE

CYCLO-
BUTANE

CYCLO-
PENTANE

METHYL-
CYCLO-
PENTANE

ETHYL-
CYCLO-
PENTANE

Chemical formula: C,H, Density, p, (kg/m3)
Molecular weight: 42.08 Specific heat capacity,
Melting point: -127.45 �C cp.i Wk K)
Boiling point: -32.75 �C Thermal conductivity,
Critical temperature: Xi W~m*YWm)l

124.65�C Dynamic viscosity,
Critical pressure: 5.49 MPa 7, (10e5  Ns/m*)

Chemical formula: CIH, Density, p, (kg/m�)
Molecular weight: 56.11 Specific heat capacity,
Melting point: -90.75 �C cp.i @J/kg  K)
Boiling point: 12.55 �C Thermal conductivity,
Critical temperature: A, W~m*YWmN

186.75�C Dynamic viscosity,
Critical pressure: 4.99 MPa 7, (10m5 Ns/m*)

Chemical formula: C5H,, Density, p, (kg/m3)
Molecular weight: 70.13 Specific heat capacity,
Melting point: -93.9�C q,,r W/kg  K)
Boiling point: 49.3 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]

238.65 �C Dynamic viscosity,
Critical pressure: 4.508 MPa TJ,  (10m5 Ns/m*)

Chemical formula: C6H,, Density, p, (kg/m�)
Molecular weight: 84.16 Specific heat capacity,
Melting point: -142.45 �C cp.r W/kg K)
Boiling point: 7 1.85 �C Thermal conductivity,
Critical temperature: A, W/m*YWm)l

259.55 �C Dynamic viscosity,
Critical pressure: 3.79 MPa 7, (lop5 Ns/m*)

Chemical formula: C,H,,
Molecular weight: 98.19
Melting point: -138.45�C
Boiling point: 103.45 �C
Critical temperature:

296.35 �C
Critical pressure: 3.39 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp,r W/k K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

q, (10e5  Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

740 716 693 V V

1.779 1.809 1.863 V V

S (0.166) (0.145) V V

S (40) (30) V V

S 791 769 747 724

S 1.617 1.688 1.756 1.842

S (0.171) (0.154) (0.140) (0.127)

S (6�3) (45) (34) (26)

S (825) (81�3 (790) 765

S 1.444 1.507 1.591 1.696

S 0.165 0.156 0.148 0.139

S (135) (105) 78.1 55.5

(85% (833) (811) (78% 767

1.516 1.545 1.612 1.696 1.719

0.157 0.149 0.142 0.135 0.129

(300) (190) (130) 93.1 65.0

(863) (843 (823) (803) (783

1.521 1.569 1.630 1.701 1.110

V V

V V

V V

V V

V V

V V

V V

V V

745 V

1.800 V

0.133 V

43.8 V

749 720

1.863

0.123

(2.01)

0.111

50.7

763

1.873

36.5

739

(2.01)

V

V

V

V

V

V

691

(2.22)

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

(0.155) (0.148) (0.141) (0.134) (0.127) (0.122) (0.114) (0.102) V

- (150) (101) 12.4 56.7 41.2 27.0 V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



NAPHTHENES (Continued)

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 1.50 200 250 300

Substance Data Property
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

PROPYG
CYCLO-
PENTANE

BUTYL-
CYCLO-
PENTANE

PENTY-
CYCLO-
PENTANE

HEXYL-
CYCLO-
PENTANE

CYCLO-
HEXANE

Chemtcal formula: C,H,, Density, p, (kg/m�) S
Molecular weight: 112.22 Specific heat capacity,
Melting point: -117.35�C cp.r @J/kg  K) S
Boiling point: 130.95�C Thermal conductivity,
Critical temperature: X1 [(W/m�)/(K/m)]  S

329.85�C Dynamic viscosity,
Critical pressure: 3.00 MPa t), (lo@  Ns/m*) S

Chemical formula: C,H,,
Molecular weight: 126.25
Melting point: -108.2�C
Boiling point: 156.8 �C
Critical temperature:

343.5�C
Critical pressure: 2.58 MPa

Chemical formula: C,,H,
Molecular weight: 140.28
Melting point: (-92)�C
Boiling point: 18O.O�C
Critical temperature:

366°C
Critical pressure: 2.37 MPa

Chemical formula: C,,H,,
Molecular weight: 154.30
Melting point: (-79) �C
Boiling point: 203.15 �C
Critical temperature:

386.95�C
Critical pressure: 2.14 MPa

Chemical formula: C6H,,
Molecular weight: 84.16
Melting point: 6.55 �C
Boiling point: 80.72 �C
Critical temperature:

281.O�C
Critical pressure: 4.075 MPa

Density, pI (kg/m�) S
Specific heat capacity,

cp.r  @J/kg  K) S
Thermal conductivity,

h W/m*YWm)l  S
Dynamic viscosity,

7, (1O-5  Ns/m*) S

Density, p1 (kg/m*) S
Specific heat capacity,

cp.r  Wkg K) S
Thermal conductivity,

A, [(W/m*)/(K/m)]  S
Dynamic viscosity,

7, (10m5 Nslm*) S

Density, p, (kg/m*) S
Specific heat capacity,

cp.r  W/kg K) S
Thermal conductivity,

A, [(W/m*)/(K/m)]  S
Dynamic viscosity,

q, (10F5  Ns/m*) S

Density, p, (kg/m3) S
Specific heat capacity,

cp,, &J/kg K) S
Thermal conductivity,

X, [(W/m*)/(Wm)]  S
Dynamic viscosity,

q1 (10e5  Ns/m*) S

(864) (846) (828) 810 792 777 752 710 v V V

(1.48) (1.57) (1.66) 1.749 1.840 1.915 2.031 2.331 V V V

(0.155) (0.149) (0.143) (0.137) (0.132) (0.127) (0.121) (0.109) V V V

-

(867)

1.446

(0.152)

S

S

S

S

S

S

S

S

S

S

S

S

- (215) 140 89.8 68.3 48.8 33.0 v V V

(850) (833) 816 799 784 762 723 (681) v v

1.480 1.528 1.592 1.664 1.732 1.840 2.026 (2.22) V V

(0.144) (0.139) (0.134) (0.128) (0.125) (0.118) (0.108) (0.098) V V

- G=J) (175) 120.7 89.0 60.8 38.0 (26) V V

(862) (844) (825) (807) 791 (770) (733) (695) V V

- - (1.62) (1.69) (1.76) (1.86) (2.05) (2.25) V V

(0.146) (0.141) (0.136) (0.131) (0.127) (0.121) (0.111) (0.101) V V

- (430) 255 163.1 115.5 75.3 45.0 (30) v v

W6) (848) (830) (813) 797 (778) (742) (705) (665) v

- - (1.66) (1.72) (1.78) (1.88) (2.06) (2.25) (2.45) V

(0.147) (0.142) (0.137) (0.132) (0.127) (0.123) (0.113) (0.104) (0.095) V

- (560) 350 215.1 149.4 93.8 54.0 (33) - v

S S S S 779 750 v V V V

S S S S 2.081 2.119 V V V V

S S S S 0.120 0.113 v V V V

S S S S 98.0 60.6 v V V V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



METHYL-
CYCLO-
HEXANE

ETHYL-
CYCLO-
HEXANE

ISOPROPYL-
CYCLO-
HEXANE

BUTYL-
CYCLO-
HEXANE

PENTYL-
CYCLO-
HEXANE

HEXYL-
CYCLO-
HEXANE

Chemical formula: C,H,,
Molecular weight: 98.19
Melting point: -126.55�C
Boiling point: 100.95 �C
Critical temperature:

298.95 �C
Critical pressure: 3.48 MPa

Chemical formula: CsH,,
Molecular weight: 112.22
Melting point: -111.35 �C
Boiling point: 13 1.75 �C
Critical temperature:

335.85�C
Critical pressure: 3.03 MPa

Chemical formula: CgH,,
Molecular weight: 126.24
Melting point: -89.75�C
Boiling point: 154.55�C
Critical temperature:

366.85 �C
Critical pressure: 2.84 MPa

Chemical formula: C,,H,,
Molecular weight: 140.27
Melting point: -74.75�C
Boiling point: 180.95 �C
Critical temperature:

415.1�C
Critical pressure: 2.41 MPa

Chemical formula: C,,H,,
Molecular weight: 154.30
Melting point: -57.5 �C
Boiling point: 202.8 �C
Critical temperature:

394°C
Critical pressure: 2.21 MPa

Chemical formula: C,2H2,
Molecular weight: 168.34
Melting point: (-40) �C
Boiling point: (228) �C
Critical temperature:

412°C
Critical pressure: 2.04 MPa

Density, p, (kg/m*)
Specific heat capacity,

cp., &J/kg K)
Thermal conductivity,

h, [(W/m*)/(K/m)]
Dynamic viscosity,

q, (lop5 Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp,/ &J/kg K)
Thermal conductivity,

X, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (1O-5  Nslm*)

Density, p, (kg/m3)
Specific heat capacity,

cp,r &J/kg W
Thermal conductivity,

X, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (10m5 Nslm*)

Density, p, (kg/m�)
Specific heat capacity,

cp,r &J/kg K)
Thermal conductivity,

X, [(W/m*)/(K/m)]
Dynamic viscosity,

9, (lop5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp,, NJ/kg  K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

1, (lop5 Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp,/ &J/kg K)
Thermal conductivity,

X1 [W/m*YWm)l
Dynamic viscosity,

7, (1O-5  Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

870 850

1.470 1.537

0.135 0.130

@W

(876)

1.470

(0.128)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(360)

(858)

1.537

(0.124)

(450)

(876)

(1.56)

(0.115)

S

S

S

S

828 808 787 769 142 697 V V V

1.608 1.687 1.779 1.863 (1.97) (2.23) V V V

0.125 0.121 0.116 0.112 0.107 0.098 V V V

(235) 155.0 99.3 13.5 50.0 30.0 v V V

(840) (822) (803) 787 (780) (722) V V V

1.604 1.691 1.779 1.863 (1.98) (2.22) V V V

(0.120) (0.117) (0.114) (0.111) (0.107) (0.100) v V V

(290) 180.0 114.2 84.2 58.2 37.0 v V V

(856) (837) 817 803 VW (739) V399)  V V

(1.63) (1.70) (1.79) (1.86) (1.99) (2.21) (2.49) V V

(0.112) (0.109) (0.106) (0.104) (0.101) (0.096) (0.090) V V

(400) 235.1 140.8 100.6 61.2 42.0 (29) v V

NW (843 (825) 811 (790) (754) (718) V V

1.630 1.695 1.778 1.897 1.960 2.160 2.37 V V

(0.117) (0.114) (0.112) (0.109) (0.107) 0.101 (0.096) V V

(500) (310) 191.0 131.4 83.1 50.1 (30) v V

(855) (837) (819) 805 (783) (746) (708) (670) V

(1.68) (1.75) (1.84) (1.92) (2.04) (2.25) - - V

(0.116) (0.113) (0.111) (0.109) (0.106) (0.101) (0.095) (0.090) V

(850) (470) 264.1 172.3 102.7 57.0 (31) - v

S (838) (825) 810 (790) (755) (718) (681) v

S (1.77) (1.85) (1.93) (2.05) (2.25) - - V

S (0.115) (0.113) (0.110) (0.107) (0.101) (0.096) (0.091) V

S (620) 352.1 222.0 126.8 66.0 (34) - v

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



NAPHTHENES (Continued)

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data Property
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

CYCLO- Chemical formula: CsH,
PENTENE Molecular weight: 68.12

Melting point: -135.05�C
Boiling point: 44.25�C
Critical temperature:

232.85�C
Critical pressure: 4.97 MPa

CYCLO-
HEXENE

Chemical formula: C6Hla
Molecular weight: 82.15
Melting point: -103.45 �C
Boiling point: 82.95 �C
Critical temperature:

287.25 �C
Critical pressure: 4.35 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp.r @J/kg  K)
Thermal conductivity,

A, [(W~m*YWW
Dynamic viscosity,

7, (10-s  Ns/m�)

Density, p, (kglm3)
Specific heat capacity,

cp,r  W/kg  K)
Thermal conductivity,

A, [(W/m2)/(K/m)]
Dynamic viscosity,

7, (10m5  Ns/m�)

(892) (867) w9

1.453 1.470 1.532

0.181 0.173 0.165

- (75)

(925) (900) (875)

1.419 1.478 1.537

0.158 0.154 0.149

(500) (300) WV

(817) 792 770

1.608 1.696 1 .I79

0.158 0.150 0.145

(56) 43.6 34.7

852 830 811

1.616 1.708 1.792

0.145 0.140 0.134

(128) (84 65.0

V

V

V

V

780

(1.91)

0.125

45.5

V V V V V

V V V V V

V V V V V

V V V V V

V V V V V

V V V V V

V V V V V

V V V V V



AROMATICS

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
Substance Data Property 123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

BENZENE

TOLUENE

ETHYL-
BENZENE

VINYL-
BENZENE

PROPYL-
BENZENE

Chemical formula: C+,H, Density, p1 (kg/m3)
Molecular weight: 78.11 Specific heat capacity,
Melting point: 5.55 �C cp.l  W/kg  K)
Boiling point: 80.11 �C Thermal conductivity,
Critical temperature: h, W/m*YWm)l

289.45 �C Dynamic viscosity,
Critical pressure: 4.924 MPa � I, (lO-5 Ns/tr?)

Chemical formula: C,Hs Density, p, (kg/m3)
Molecular weight: 92.14 Specific heat capacity,
Melting point: -94.99�C cp.r W/kg  K)
Boiling point: 110.63 �C Thermal conductivity,
Critical temperature: A, W/dWm)l

320.85 �C Dynamic viscosity,
Critical pressure: 4.05 MPa vr (lo-�  Ns/m�)

Chemical formula: CsH,, Density, p, (kg/m3)
Molecular weight: 106.17 Specific heat capacity,
Melting point: -95.05 �C cp,r  Wkg  K)
Boiling point: 136.15�C Thermal conductivity,
Critical temperature: A, [W/dWm)l

343.95 �C Dynamic viscosity,
Critical pressure: 3.61 MPa q, (10-s  Ns/m*)

Chemical formula: CsHs Density, p, (kg/m�)
Molecular weight: 104.15 Specific heat capacity,
Melting point: -30.65�C cp.t  &J/kg K)
Boiling point: 145.15 �C Thermal conductivity,
Critical temperature: A, w~dw~N

373.85�C Dynamic viscosity,
Critical pressure: 3.99 MPa q, (lO-5 Ns/m�)

Chemical formula: CsH,,
Molecular weight: 120.19
Melting point: -99.45 �C
Boiling point: 159.25 �C
Critical temperature:

365.15�C
Critical pressure: 3.20 MPa

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

Density, p, (kg/m3)
Specific heat capacity,

q,,r W/kg  K)
Thermal conductivity,

h KWmwm)l
Dynamic viscosity,

8, (lo-�  Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

955

1.465

0.156

500

951

1.503

0.151

560

S

S

S

S

937

1.540

0.148

-

S

S

S

S

932

1.507

0.152

212

929

1.549

0.147

246

S

S

S

S

918

1.617

0.143

(320)

S S

S S

S S

S S

908 885

1.553 1.612

0.148 0.144

117.0 77.3

907 885

1.612 1.675

0.142 0.137

135.0 89.5

(942) 922

1.595 1.654

0.148 0.142

mw 104.7

898 879

1.652 1.715

0.137 0.132

191.0 118.3

879 847

1.729 1.821

0.144 0.134

64.9 43.6

867 839

1.717 1.800

0.141 0.136

58.6 41.9

866 840

1.738

0.131

67.9

907

1.717

0.137

74.9

860

1.769

0.128

85.7

1.880

0.126

48.2

881

1.834

0.131

50.2

833

1.858

0.122

58.4

V

V

V

V

793

1.968

0.128

26.9

797

2.219

0.110

30.8

838

2.052

0.119

30.9

793

(2.03)

0.112

36.0

V

V

V

V

V

750

(2.25)

0.102

25.0

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



AROMATICS (Continued)

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

ISOPROPYL-
BENZENE

BUTYL-
BENZENE

PENTYL-
BENZENE

JCIEXYL-
BENZENE

o-XYLENE

Chemical formula: C9Hh Density, p, (kg/m3)
Molecular weight: 120.19 Specific heat capacity,
Melting point: -96.05�C cp,r  @J/kg  K)
Boiling point: 152.45 �C Thermal conductivity,
Critical temperature: A, W/dWm)l

357.85 �C Dynamic viscosity,
Critical pressure: 3.21 MPa q, (lO-5  Ns/m*)

Chemical formula: C,r,H,4 Density, p, (kg/m�)
Molecular weight: 134.22 Specific heat capacity,
Melting point: -87.95�C cp.i @J/kg  K)
Boiling point: 183.25 �C Thermal conductivity,
Critical temperature: A, W/m*YWm)l

387.35 �C Dynamic viscosity,
Critical pressure: 2.89 MPa q, (lo-�  Ns/m*)

Chemical formula: C,,Hn
Molecular weight: 148.24
Melting point: -78.3�C
Boiling point: 23 1 �C
Critical temperature:

452.1 �C
Critical pressure: 29.89 MPa

Chemical formula: CL2H,s
Molecular weight: 162.26
Melting point: -66.8�C
Boiling point: 263 �C
Critical temperature:

423.6�C
Critical pressure: 25.54 MPa

Chemical formula: CsHlo Density, p, (kg/m�)
Molecular weight: 106.17 Specific heat capacity,
Melting point: -25.15 �C cp,/  &J/kg K)
Boiling point: 144.45 �C Thermal conductivity,
Critical temperature: h [(w~~*YWm)l

357.25 �C Dynamic viscosity,
Critical pressure: 3.73 MPa 7, (lo-�  Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

qz.t W/kg  K)
Thermal conductivity,

A, [(W~m%Kwl
Dynamic viscosity,

q, (lO-5  Ns/n?)

Density, p, (kgltn3)
Specific heat capacity,

cp.i  @J/kg  K)
Thermal conductivity,

A, W/m*YWm)l
Dynamic viscosity,

� I, (lO-5 Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(937)

(1.53)

0.141

-

934

1.507

0.147

(2700)

(926)

(1.59)

0.147

(917)

(1.58)

0.136

(340)

914

1.566

0.142

601

(908)

(l.fw

0.142

(550)

(905)

(1.65)

0.142

VW

S

S

S

S

(897)

(1.W

0.131

(180)

895

1.629

0.137

250.0

(890)

(1.70)

0.138

(333)

G39�3

(1.72)

0.137

(450)

(918)

1.633

(0.146)

(1�30)

878

(1.71)

0.126

862 837

1.762 1.853

0 .122  0 .116

107.4

877

1.712

0.132

78.9 54.0

869 838

1.767 1.896

0 .128  0 .123

146.6

873

(1.76)

0.134

103.6 68.5

859 837

(1.82) (1.90)

0 .130  0 .125

201.0

875

133.5 85.3

861 844

(1.775) (1.830) (1.92)

0.133 0 .130  0 .125

260.1

905

1.683

0.138

167.6 103.6

881 854

1.733 1.839

0 .134  0 .129

110.0 80.7 55.6

(795)

(2.03)

0.106

(33.9)

798

2.050

0.113

41.1

799

(2.07)

0.117

49.2

(811)

(2.09)

0.117

57.4

808

WV

0.122

34.4

(747)

(2.25)

0.097

(23.5)

756

(2.21)

0.104

28.0

(758)

(2.29)

0.108

32.0

(780)

(2.29)

0.108

36.0

V

V

V

V

V

V

V

V

V

(716)

(2.55)

0.100

(21)

(748)

(2.55)

0.101

(23)

V

V

V

V

(716)

(2.81)

0.093

(15)

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



m-XYLENE

p-XYLENE

1,2,3-
TRIMETHYL-
BENZENE

l,w-
TRIMETHYL-
BENZENE

1,3,5-
TRIMETHYL-
BENZENE

1,2,3,4-
TETRA-
METHYL-
BENZENE

Chemical formula: CsHlo Density, p, (kg/m�)
Molecular weight: 106.17 Specific heat capacity,
Melting point: -47.65 �C cp,/ Wkg  K)
Boiling point: 139.15�C Thermal conductivity,
Critical temperature: X, [(W/m*)/(K/m)]

343.85�C Dynamic viscosity,
Critical pressure: 3.543 MPa 7, (10e5 Nslm�)

Chemical formula: CsH,,
Molecular weight: 106.17
Melting point: 13.25 �C
Boiling point: 138.35�C
Critical temperature:

343.05 �C
Critical pressure: 3.52 MPa

Chemical formula: CsH,,
Molecular weight: 120.19
Melting point: -25.45 �C
Boiling point: 176.05 �C
Critical temperature:

391.35�C
Critical pressure: 3.46 MPa

Chemical formula: C~,r
Molecular weight: 120.19
Melting point: -46.15 �C
Boiling point: 169.35 �C
Critical temperature:

375.95 �C
Critical pressure: 3.23 MPa

Chemical formula: &HI,
Molecular weight: 120.19
Melting point: -44.75 �C
Boiling point: 164.75 �C
Critical temperature:

364.15�C
Critical pressure: 3.13 MPa

Chemical formula: C,,H,, Density, p, (kglm3)
Molecular weight: 134.22 Specific heat capacity,
Melting point: -1.8 �C cp,r  (W/kg  K)
Boiling point: 204.4�C Thermal conductivity,
Critical temperature: X, [(W/m*)/(K/m)]

426.9�C Dynamic viscosity,
Critical pressure: 3.22 MPa 7, (lO-5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp.c &J/kg K)
Thermal conductivity,

A, Wh*YWn)l
Dynamic viscosity,

7, (lO-5  Ns/n?)

Density, p, (kg/m3)
Specific heat capacity,

cp./ W/k K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (lo@ Nslm�)

Density, p, (kg/m�)
Specific heat capacity,

cp,c &J/kg K)
Thermal conductivity,

X1 [(W/m*)/(K/m)]
Dynamic viscosity,

TJ,  (lo-�  Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp,l W/kg  K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

t)[ ( lO-5 Ns/n?)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

902 881

1.587 1.650

0.144 0.138

125 80.2

S

S

S

S

(92%

1.656

0.143

(215)

(913)

1.641

0.141

(215)

(900)

1.578

0.144

(140)

S

S

S

S

S

S

910

1.733

0.137

(135)

(892)

1.704

0.136

(135)

(881)

1.667

0.141

(98)

(921)

1.739

866

1.717

0.132

61.5

861

1.700

0.133

64.3

894

1.787

0.133

(101)

876

1.758

0.132

101

865

1.729

0.136

73.5

905

1.790

838

1.806

0.126

44.5

833

1.784

0.126

45.6

(871)

(1.86)

0.127

(81)

(852)

1.837

0.126

81

841

(1.82)

0.129

51.4

(882)

(1.87)

795

(1.98)

0.114

29.0

790

1.959

0.114

29.0

(830)

(2.02)

0.117

(52)

(811)

2.006

0.115

(52)

(799)

(1.97)

0.116

37.1

(843)

(2.02)

V

V

V

V

V

V

V

V

(787)

(2.17)

0.107

(34)

(770)

(2.19)

0.105

(34)

(753)

(2.14)

0.108

(20)

(805)

(2.21)

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

(767) V

G-4) V

S (0.143) (0.139) (0.133) (0.127) (0.114) (0.105) V

S (180) (130) (83) (49) (33) (23) v

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



AROMATICS (Continued)

Temperature, �C
- 1 5 0 - 1 0 0 -75 -50 -25 0 20 50 100 150 200 250 300

Substance Data Property
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

1,2,3,5-
TETRA-
METHYL-
BENZENE

1,2,4,5-
TETRA-
METHYL-
BENZENE

PENTA-
METHYL-
BENZENE

HEXA-
METHYL-
BENZENE

Chemical formula: C,J-I,,
Molecular weight: 134.22
Melting point: -24.O�C
Boiling point: 197.9�C
Critical temperature:

413.6�C
Critical pressure: 3.27 MPa

Chemical formula: C,&, Density, p, (kg/m3)
Molecular weight: 134.22 Specific heat capacity,
Melting point: 78.85 �C cp./ @J/kg  W
Boiling point: 196.85 �C Thermal conductivity,
Critical temperature: h t(w~dWWl

401.85�C Dynamic viscosity,
Critical pressure: 2.94 MPa 9, (lO-5  Ns/m*)

Chemical formula: C,,Hn
Molecular weight: 148.24
Melting point: 54.3 �C
Boiling point: 231 �C
Critical temperature:

452.l�C
Critical pressure: 2.99 MPa

Chemical formula: C,,H,s
Molecular weight: 162.26
Melting point: 165.5 �C
Boiling point: 265 �C
Critical temperature:

481 �C
Critical pressure: 2.72 MPa

Density, p, (kg/m3)
Specific heat capacity,

cp./ W/kg W
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

�I!  (lO-5  Ns/n?)

Density, p, (kg/m�)
Specific heat capacity,

cp., &J/kg K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

q, (10m5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp.r Wkg K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

�I,  (lO-5  Nsln?)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

-

1.729

-

-

S

S

S

S

S

S

S

S

S

S

S

S

-

1.779

-

-

S

S

S

S

S

S

S

S

S

S

S

S

-

-

-

S

S

S

S

S

S

S

S

S

S

S

S

-

-

-

-

(819)

2.068

0.123

(37)

859

2.031

0.122

W)

S

S

S

S

-

-

(779)

2.198

0.114

(26)

(821)

2.236

0.113

W)

S

S

S

S

V

V

V

V

V

(782)

(2.55)

0.105

(27)

WQ

2.458

0.110

(32)

V

V

V

V

V

V

V

V

V

V

V

V

w4)

0.103

(23

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



DIPHENYL

DIPHENYL-
METHANE

TRIPHENYL-
METHANE

NAPH-
THALENE

I-METHYL-
NAPH-
THALENE

2-METHYL-
NAPH-
THALENE

Chemical formula: C,rH,,,
Molecular weight: 154.21
Melting point: 69.25 �C
Boiling point: 255.25 �C
Critical temperature:

515.85�C
Critical pressure: 3.85 MPa

Chemical formula: C3H,*
Molecular weight: 168.24
Melting point: 26.85�C
Boiling point: 264.35 �C
Critical temperature:

499.3�C
Critical pressure: 2.98 MPa

Chemical formula: t&H,,
Molecular weight: 244.32
Melting point: 93.1 �C
Boiling point: 359 �C
Critical temperature:

(657) �C
Critical pressure: (3.2) MPa

Chemical formula: C,aHs
Molecular weight: 128.17
Melting point: 80.35 �C
Boiling point: 217.95 �C
Critical temperature:

475.25�C
Critical pressure: 4.05 MPa

Chemical formula: C,,Hn,
Molecular weight: 142.20
Melting point: -30.45�C
Boiling point: 244.65 �C
Critical temperature:

498.85�C
Critical pressure: 3.57 MPa

Chemical formula: C, ,H,,
Molecular weight: 142.20
Melting point: 34.55�C
Boiling point: 241.05 �C
Critical temperature:

487.85�C
Critical pressure: 3.51 MPa

Density, p, (kg/m3)
Specific heat capacity,

cp.l NJ/kg K)
Thermal conductivity,

h KW~m*Yw~)l
Dynamic viscosity,

7, (lO-5  Nsln?)

Density, p, (kg/m3)
Specific heat capacity,

cp,r  @J/kg  K)
Thermal conductivity,

A, W/dWm)l
Dynamic viscosity,

� I, (lO-5  Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp,l @J/kg  K)
Thermal conductivity,

h KY/mZMKW
Dynamic viscosity,

q, (lO-5  Nsln?)

Density, p, (kg/m�)
Specific heat capacity,

cp.l Wkg K)
Thermal conductivity,

h w~dwm)l
Dynamic viscosity,

7, (lo-�  Ns/n?)

Density, p, (kg/m�)
Specific heat capacity,

cp.l @J/kg  K)
Thermal conductivity,

x, Iw~~zYw~)l
Dynamic viscosity,

7, (lo-�  Ns/n?)

Density, p, (kg/m�)
Specific heat capacity,

cp., &J/kg K)
Thermal conductivity,

A, [(W/m*)/(K/m)l
Dynamic viscosity,

9, (lO-5  Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(1053)

1.424

(0.136)

(1400)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

1035

1.509

(0.133)

(571)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

1020

1.564

S

S

S

S

984

1.631

0.132

180.1

S

S

S

S

S

S

S

S

998

1.661

970 930

1.779 1.968

0.134 0.127

97.0 55.6

944 904

1.760 (1.91)

0.127 0.121

93.1 56.0

1014 975

1.851 1.913

(0.136) (0.132)

322.1 (155)

963 922

1.805 1.993

0.137 0.130

77.4 52.0

962 (924

(1.82) (1.95)

888 848

2.190 2.407

0.119 0.112

37.2 26.9

864 824

(2.06) (2.20)

0.115 (0.109)

37.5 27.0

(937) (89%

(1.98) (2.04)

(0.129) (0.125)

(85) (53)

(878) V

2.139 V

0.123 V

37.5 v

(884)  V

( 2 . 1 1 )  v

(0.130) (0.127) (0.120) (0.114) (0.107) V

333 167 (85) (50) (32) v

S 984 947 908 (868) v

S 1.632 1.805 (1.98) (2.17) V

S 0.127 0.120 (0.114) (0.107) v

S 136.1 (72) (43) (30) v

V

V

V

V

V

V

V

V

(860)

(2.10)

(0.121)

(40)

V

V

V

V

V

V

V

V

V

V

V

V



AROMATICS (Continued)

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

l-ETHYL-
NAPH-
THALENE

Chermcal  formula: C,*H,, Density, p, (kg/m�) S S S S (1.039) 1.022 1008 987 950 (913) (874) (832) V
Molecular weight: 156.22 Specific heat capacity,
Melting point: -27.O�C cp,r @J/kg  K) S S S S (1.52) (1.58) (1.63) (1.71) (1.85) (1.98) (2.10) (2.22) V
Boiling point: 258.3 �C Thermal conductivity,
Critical temperature: A, [(W/n?)/(K/m)]  S S S S (0.134) (0.131) (0.129) (0.126) (0.121) (0.115) (0.110) (0.104) V

502.4�C Dynamic viscosity,
Critical pressure: 3.99 MPa �I!  (lO-5 Ns/n?) S S S S (1400) (571) (333) (167) (85) (50) (32) (19)  v

2-ETHYL- Chemical formula: C,2H,z Density, pI (kg/m�) S S S S S 1008 992 (971) (935) (896) (855) (810) V
NAPH- Molecular weight: 156.22 Specific heat capacity,
THALENE Melting point: -7.4 �C cp.i @J/kg  K) S S S S S (1.58) (1.63) (1.71) (1.85) (1.98) (2.10) (2.22) V

Boiling point: 257.9�C Thermal conductivity,
Critical temperature: A, [(w~~*Yw~)l  s S S S S (0.131) (0.129) (0.126) (0.121) (0.115) (0.110) (0.104) V

498.6�C Dynamic viscosity,
Critical pressure: 3.17 MPa � I, (lO-5 Ns/n?) S S S S S (350) (240) (136) (72) (43) (30) (17)  v



ALCOHOLS

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

METHANOL

ETHANOL

l-PROPANOL

l-BUTANOL

l-PENTANOL

Chemical formula: CH,O Density, p, (kg/m�)
Molecular weight: 32.04 Specific heat capacity,
Melting point: -98.O�C cp,l  @J/kg  K)
Boiling point: 64.7 �C Thermal conductivity,
Critical temperature: X, [(W/m*)/(K/m)]

240 �C Dynamic viscosity,
Critical pressure: 7.95 MPa 7, ( lO-5 Ns/n?)

Chemical formula: C,H,O Density, p! (kg/m�)
Molecular weight: 46.07 Specific heat capacity,
Melting point: -114.5�C cp., @J/kg  K)
Boiling point: 78.3�C Thermal conductivity,
Critical temperature: A, [(W/n?)/(K/m)]

243.lO�C Dynamic viscosity,
Critical pressure: 6.39 MPa TJ, ( lO-5 Ns/n?)

Chemical formula: C,HsO
Molecular weight: 60.10
Melting point: -127 �C
Boiling point: 97.8 �C
Critical temperature:

263.7�C
Critical pressure: 5.05 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp,r &J/kg W
Thermal conductivity,

A, [(W/n?)/(K/m)]
Dynamic viscosity,

q, (1O-5  Ns/m*)

Chemical formula: C4H1s0
Molecular weight: 74.12
Melting point: -89.95 �C
Boiling point: 117.5 �C
Critical temperature:

288.O�C
Critical pressure: 4.42 MPa

Chemical formula: C5H,,0
Molecular weight: 88.15
Melting point: -78.15 �C
Boiling point: 137.85 �C
Critical temperature:

312.85�C
Critical pressure: 3.85 MPa

Density, p, (kg/m3)
Specific heat capacity,

cp.r @J/kg  K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

q, (lO-5  Ns/tt?)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

Density, p, (kg/m�)
Specific heat capacity,

cp,/  (M/kg K)
Thermal conductivity,

A, Kw~~2Yw~N
Dynamic viscosity,

� I, (lO-5  Ns/n?)

S 905

S 2.194

S 0.235

S 479

892 870

1.901 1.947

0.197 0.193

4 701 1 526

(872) (862)

1.805 1.855

0.172 0.170

(61000) 7 562

S (854)

S 1.859

S 0.170

S (9400)

S (89%

S 1.863

S 0.171

S w3w

900

1.240

0.225

230.6

850

2.014

0.188

640

WV

1.955

0.167

2 020

(845)

1.947

0.165

3 471

(874)

1.930

0.167

G3OW

858

2.294

0.215

128.0

825

2.093

0.183

324.1

(835)

2.077

0.164

820

835

2.056

0.162

1 250

(853)

2.026

0.163

(290�3

810 792 765 V

2.386 2.495 2.680 V

0.208 0.202 0.193 V

81.7 58.4 39.6 V

806 789 763 V

2.232 2.395 2.801 V

0.177 0.173 0.165 V

1768.6 120.1 70.1 V

818 804 779 V

2.219 2.345 2.571 V

0.160 0.157 0.153 V

413.7 223.1 112.6 V

825 810 791 753

2.202 2.345 2.621

0.158 0.155 0.149

(2.84)

0.138

530 295.1 142.0 53.1

829 814

2.161 2.315

(786) (734)

2.625 3.287

0.159

1 110

0.156 0.142

510

0.151

200.1 60.3

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



ALCOHOLS (Continued)

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

I-HEXANOL

I-HEPTANOL

I-OCTANOL

ISOPROPANOL

Chemical formula: C,H,.,O Density, p, (kg/m�)
Molecular weight: 102.18 Specific heat capacity,
Melting point: -43.95 �C cp,/ &J/kg W
Boiling point: 157.05 �C Thermal conductivity,
Critical temperature: A, [(W/n?)/(K/m)]

336.85 �C Dynamic viscosity,
Critical pressure: 3.485 MPa v, (IO-�  Ns/n?)

Chemical formula: C,H,,O Density, p, (kg/m3)
Molecular weight: 116.20 Specific heat capacity,
Melting point: -32.8�C cp,/ Wkg W
Boiling point: 175.9�C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]

368.7 �C Dynamic viscosity,
Critical pressure: 3.04 MPa � I, ( lO-5  Ns/m*)

Chemical formula: C,H,,O
Molecular weight: 130.23
Melting point: -15.45 �C
Boiling point: 179.75�C
Critical temperature:

363.85�C
Critical pressure: 2.74 MPa

Density, p, (kg/m3)
Specific heat capacity,

cp./ @J/kg  K)
Thermal conductivity,

A, UY�~dW~)l
Dynamic viscosity,

� I, (lO-5  Ns/n?)

Chemical formula: C3H30 Density, p, (kg/m�)
Molecular weight: 60.10 Specific heat capacity,
Melting point: -79°C cp.r  &J/kg K)
Boiling point: 82.5 �C Thermal conductivity,
Critical temperature: A, [(W/mZ)/(K/m)]

235.6�C Dynamic viscosity,
Critical pressure: 5.37 MPa �I,  (lO-5  Nsln?)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

WV

1.830

0.158

S

S

S

832

1.930

0.153

852 833 820

1.813 1.976 2.173

0.150 0.146 0.143

(3200) 1 079 542.7

(863) 839 822

2.031 2.220 2.358

0.145 0.140 0.137

(4809) (1490) 701.1

S 842 829

S 2.156 2.219

S 0.140 0.137

S 1 980 893.3

818 801 785

2.073 2.265 2.496

0.149 0.144 0.141

(797)

(2.57)

0.140

216.0

795

(2.91)

0.133

268.1

809

(2.55)

0.133

321.7

764

2.956

0.135

(758) (715) v

(3.10) (3.46) V

0.131 0.128 V

79.4 36.7 V

756 722 V

(3.46) (3.54) V

(0.126) (0.120) V

80.0 41.5 v

773 (734) v

(2.92) (3.25) V

(0.126) (0.119) V

106 46 V

V V V

V V V

V V V

(11000) 3 761 1 250 460.1 243.2 106.3 v V V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



ISOBUTANOL

ISOPENTANOL

t-BUTYL
ALCOHOL

ETHYLENE
GLYCOL

1,3-
PROPYLENE
GLYCOL

GLYCEROL

Chemical formula: CIH,,O
Molecular weight: 74.12
Melting point: -107.95 �C
Boiling point: 107.85 �C
Critical temperature:

274.55 �C
Critical pressure: 4.30 MPa

Chemical formula: C,H,,O
Molecular weight: 88.15
Melting point: -117.2�C
Boiling point: 130.6�C
Critical temperature:

306.65�C
Critical pressure: 3.85 MPa

Chemical formula: C,H,,O
Molecular weight: 74.12
Melting point: 25.7�C
Boiling point: 82.34�C
Critical temperature:

233.1 �C
Critical pressure: 3.97 MPa

Chemical formula: C2H60
Molecular weight: 62.07
Melting point: -12.95�C
Boiling point: 197.25 �C
Critical temperature:

371.85C
Critical pressure: 7.7 MPa

Chemical formula: C,H,Or
Molecular weight: 76.10
Melting point: -26.75 �C
Boiling point: 214.45 �C
Critical temperature:

384.85 �C
Critical pressure: 5.98 MPa

Chemical formula: C,H,O,
Molecular weight: 92.09
Melting point: 17.85�C
Boiling point: 290°C
Critical temperature:

452.85�C
Critical pressure: 6.69 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp., W/kg  K)
Thermal conductivity,

AI W/&Wm)l
Dynamic viscosity,

7, (lop5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp.l @J/kg  W
Thermal conductivity,

A, w~~ZM~~)l
Dynamic viscosity,

q, (lO-5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp.l &J/kg K)
Thermal conductivity,

h W/m*YWm)l
Dynamic viscosity,

7, (lO-5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp,r &J/kg K)
Thermal conductivity,

h WMWm)l
Dynamic viscosity,

7, (lO-5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp.r  &J/kg  K)
Thermal conductivity,

A, w~~ZYw~)l
Dynamic viscosity,

�I~  (lO-5 Nslm*)

Density, p, (kg/m3)
Specific heat capacity,

cp,/ @J/kg  W
Thermal conductivity,

A, [(w~~*YW~)l
Dynamic viscosity,

�I,  (lO-5 Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(887)

1.736

0.157

WJ)

(1.76)

0.157

-

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(870) (853) (835) 817 806 794 732 V

1.786 1.875 2.052 2.156 2.311 2.684 (3.40) v

0.152 0.147 0.142 0.137 0.133 0.127 0.119 v

- (13000) 2300.6 800 390.1 162.0 52.0 V

(891) (870)

(1.81) (1.88)

0.152 1.147

(12ooo)  (5000)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

WO) 824

(2.00) (2.16)

0.141 0.137

(2100) 860.2

S S

S S

S S

S S

S 1 128

S 2.261

S 0.254

S 5 701

(1083) (1066)

2.240 2.361

0.193 0.198

(97500) 17160

S S

S S

S S

S S

810

2.345

0.133

430.1

S

S

S

S

1 115

2.357

0.256

2041

1 053

2.469

0.201

5260

1260

2.366

0.286

149900

(782) (730)

(2.66) (3.17)

0.128 0.120

185.1 62.0

750 v

3.18 V

0.106 v

144 v

1091 1 055

2.500 2.847

0.260 0.265

707 202

1033 1003

2.647 2.950

0.203 0.203

1 540 360

1 242 1 154

2.512 2.805

0.290 0.297

(18000) 1300

V V

V V

V V

V V

V V

V V

V V

V V

1 016 V

(2.94)

(0.252)

85.9

V

V

V

964

3.242

0.195

130

1090

3.06

0.300

170

(920)

(3.51)

0.179

W)

(1007)

3.34

0.295

22.0

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

(3.74)

0.282

(3.0)

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



ALCOHOLS (Continued)

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

CYCLO- Chemical formula: C,H,,O Density, p, (kg/m�) S S S S S S S 925 874 821 V V V
HEXANOL Molecular weight: 100.16 Specific heat capacity,

Melting point: 24.85 �C cp.r  &J/kg K) S S S S S S S (2.03) (2.32) (2.56) V V V
Boiling point: 161.15�C Thermal conductivity,
Critical temperature: 4 [w~~Zwml s S S S S S S 0.132 0.124 0.117 V V V

351.15�C Dynamic viscosity,
Critical pressure: 3.75 MPa � I, (lo&  Ns/n?) S S S S S S S 1 181 185.1 68.9 V V V

BENZYL Chemical formula: C,H,O Density, p, (kg/m�) S S S S S 1061 1045 1 022 983 940 893 V V
ALCOHOL Molecular weight: 108.14 Specific heat capacity,

Melting point: -15.35�C q,.r @J/kg  W S S S S S 1.860 1.972 2.135 (2.37) (2.53) (2.60) V V
Boiling point: 205.45 �C Thermal conductivity,
Critical temperature: h W/dWm)l  s S S S S ( 0 . 1 6 1 )  0 . 1 6 0  ( 0 . 1 5 8 )  0 . 1 5 6  0 . 1 5 2  ( 0 . 1 5 1 )  V V

403.85�C Dynamic viscosity,
Critical pressure: 4.66 MPa q, (lO-5  Ns/m*) S S S S S (1200) 558.4 257.4 102 56 35 V V



PHENOLS

Substance Data Property

Temperature, �C
- 1 5 0 - 7 5 - 2 5 0 20 50 100 150 200 250 300

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 523.15 573.15

PHENOL

o-CRESOL

p-CRESOL

C,H60 p, (kg/m�)
Specific heat capacity,

40.75�C cp., W/kg  K)
Boiling point: 18 1.8 �C Thermal conductivity,

A, [(W/m*)/(K/m)]
420.05 �C Dynamic viscosity,

Critical pressure: 6.13 MPa 7, lO-5 Ns/n?)

C,HsO p, (kg/m�)S
Specific heat capacity,

Melting point: 30.95 �C cp,, Wkg K)
Boiling point: 191.05 �C Thermal conductivity,
Critical temperature: 1, W~dKK~~)l

424.45 �C Dynamic viscosity,
Critical pressure: 5.01 MPa � I, (lO-5  Ns/n?)

Chemical formula: C,HsO
Molecular weight: 108.14
Melting point: 12.25�C
Boiling point: 202.25 �C
Critical temperature:

432.65 �C
Critical pressure: 4.56 MPa

Density, p, (kg/m�)
Specific heat capacity,

q,,, @J/kg  K)
Thermal conductivity,

A, [(W/n?)/(K/m)]
Dynamic viscosity,

v, (lO-5  Ns/n?)

Chemical formula: C,H,rO Density, p, (kg/m3)
Molecular weight: 108.14 Specific heat capacity,
Melting point: 34.75 �C cp., @J/kg  K)
Boiling point: 201.95 �C Thermal conductivity,
Critical temperature: A, [(W/n?)/(K/m)]

426 �C Dynamic viscosity,
Critical pressure: 5.15 MPa 7, (lop5 Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S S S S S S

S S S S S S

S S S S S S

S S S S S S

S S S S S 1 020

S S S S S S

S S S S S S

S S S S S S

S S S S S 1 034

S S S S S 2.010

S S S S S 0.150

S S S S S 1 691

S S S S S S

S S S S S S

S S S S S S

S S S S S S

1 050

2.244

0.156

342.1

979

2.20

0.153

300

1009

2.158

0.148

420.1

1011

2.162

0.141

465.1

973

2.382

0.135

105.0

934

2.28

0.143

loo.0

973

2.303

0.143

120.0

973

2.310

0.135

130.0

931 v V

(2.42) V V

(0.130) v V

67.0 V V

V V V

2.35 V V

0.138 V V

50.4 v V

(930) (882) V

(2.40) (2.51) V

0.135 (0.130) v

57.4 34.7 v

931 (883) V

(2.43) (2.50) V

(0.130) (0.126) V

61.2 37.1 v

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



ESTERS

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data Property
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

METHYL
FORMATE

ETHYL
FORMATE

PROPYL
FORMATE

METHYL
ACETATE

ETHYL
ACETATE

Chemical formula: C,H,O, Density, p, (kg/m3)
Molecular weight: 60.05 Specific heat capacity,
Melting point: -98.95 �C q,.r @J/kg  W
Boiling point: 3 1.75 �C Thermal conductivity,
Critical temperature: 4 I(w~~*YW~)l

214.05�C Dynamic viscosity,
Critical pressure: 6.004 MPa 7, ( lO-5 Ns/m*)

Chemical formula: C,H,O,
Molecular weight: 740.08
Melting point: -79.35�C
Boiling point: 54.25 �C
Critical temperature:

235.25 �C
Critical pressure: 4.74 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp.r Wk W
Thermal conductivity,

A, w~~*Ywm)l
Dynamic viscosity,

� I, (lO-5  Ns/tt?)

Chemical formula: C,HsO, Density, p, (kg/m3)
Molecular weight: 88.11 Specific heat capacity,
Melting point: -92.85�C cp,/ @J/kg  K)
Boiling point: 80.55 �C Thermal conductivity,
Critical temperature: A, [(W/n?)/(K/m)]

264.85 �C Dynamic viscosity,
Critical pressure: 4.06 MPa 7, (10e5  Ns/m*)

Chemical formula: C,&O,
Molecular weight: 74.08
Melting point: -98.7�C
Boiling point: 57.15 �C
Critical temperature:

233.65 �C
Critical pressure: 4.687 MPa

Chemtcal formula: C,H,Or
Molecular weight: 88.11
Melting point: -83.6�C
Boiling point: 77.1 �C
Critical temperature:

250.1 �C
Critical pressure: 3.83 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp.l &J/kg K)
Thermal conductivity,

h IW/m*YWm)l
Dynamic viscosity,

q, (lO-5  Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp,r Wk K)
Thermal conductivity,

A, KW~d4W~)l
Dynamic viscosity,

7, (10m5 Ns/m�)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(1.102)

(1.80)

(0.228)

(115)

(1020)

(1.72)

0.195

(115)

(1013)

(1.91)

0.175

-

(1045)

(1.757)

0.190

(118)

(999)

1.821

0.171

(150)

(1.069) (1.036) 1003

(1.84) (1.89) (1.95)

0.217 0.206 0.195

(83) (59) 43.1

(998) (976) 948

(1.74) (1.76) (1.80)

0.186 0.177 0.168

(86) (65) 50.5

(98% (957) 929

(1.92) (1.93) (1.96)

0.167 0.160 0.153

cw 66.7

1018 989 959

(1.822) (1.887) 1.953

0.182 0.173 0.164

(87) W) 47.7

(976) (951) 924

1.821 1.838 1.880

0.164 0.156 0.150

uw (80) 58.1

975

2.026

0.186

34.5

923

1.989

0.161

40.8

906

(1.98)

0.147

51.5

934

2.119

0.157

38.9

901

1.922

0.144

45.2

V

V

V

V

883

2.177

0.152

30.6

871

(2.05)

0.139

37.0

894

(2.18)

0.148

28.6

864

1.968

0.135

34.5

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V
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ESTERS (Continued)

Temperature, �C
- 1 5 0 - 1 0 0 - 1 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Data
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

METHYL
BENZOATE

ETHYL
BENZOATE

METHYL
SALICYLATE

Chemical formula: C,H,O,
Molecular weight: 136.15
Melting point: -12.35�C
Boiling point: 199.05 �C
Critical temperature:

418.85�C
Critical pressure: 3.65 MPa

Chemical formula: C,H,,O, Density, p, (kg/m�)
Molecular weight: 150.18 Specific heat capacity,
Melting point: -34.85 �C cp,r &J/kg K)
Boiling point: 212.75 �C Thermal conductivity,
Critical temperature: h W~m*YWm)l

423.85 �C Dynamic viscosity,
Critical pressure: 3.24 MPa 7, ( low5 Ns/mr)

Chemical formula: CsHsO,
Molecular weight: 152.14
Melting point: -8.6�C
Boiling point: 223.3 �C
Critical temperature:

436°C
Critical pressure: 4.09 MPa

Density, p1 (kg/m�)
Specific heat capacity,

cp,r @J/kg  K)
Thermal conductivity,

4 W/dWm)l
Dynamic viscosity,

7, ( 10m5  Ns/m�)

Density, p, (kg/m�)
Specific heat capacity,

cp,r  NJ/kg K)
Thermal conductivity,

h W/m*YWm)l
Dynamic viscosity,

7, (lop5 Ns/m*)

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S

S

S

S

(1083)

(1.46)

0.151

1108 1088

1.520 (1.58)

0.151 0.147

(86) 66.7

1064 1046

(1.54) (1.60)

0.146 0.142

206.7

(1162) 1 180

(1.54) (1.58)

(0.152) (0.149)

348.0 222.0

(1059) (1011)

(1.66) (1.80)

0.141 0.131

46.4 (31)

1 020 (974)

(1.68) (1.84)

0.136 0.127

110 67

1 152 1 105

(1.63) (1.76)

(0.143) (0.133)

110.0 82.0

(963)

(1.95)

0.121

-

(930)

(1.99)

0.118

49.1

1 055

(1.83)

(0.124)

50.2

V V V

V V V

V V V

V V V

(884) V V

(2.14) V V

0.109 v V

(42) V V

1004 v V

(1.92) V V

(0.115) v V

34.7 v V



ALDEHYDES

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data Property
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

FOBMAL-
DEHYDE

ACETAL-
DEHYDE

PABAL-
DEHYDE

FUBFUBAL

BENZAL-
DEHYDE

Chemical formula: CHzO
Molecular weight: 30.03
Melting point: -117.15 �C
Boiling point: -19.15 �C
Critical temperature:

134.85�C
Critical pressure: 6.59 MPa

Chemical formula: C*H,O Density, p, (kg/m3)
Molecular weight: 44.05 Specific heat capacity,
Melting point: -124°C cp.r @J/kg  W
Boiling point: 20.45 �C Thermal conductivity,
Critical temperature: h W/dWm)l

187.85�C Dynamic viscosity,
Critical pressure: 5.57 MPa 7, (lop5 Ns/m*)

Chemical formula: C,H,,O,
Molecular weight: 132.15
Melting point: 12.6�C
Boiling point: 124.O�C
Critical temperature:

290 �C
Critical pressure: 5.51 MPa

Chemical formula: C5H402
Molecular weight: 96.08
Melting point: -36.5 �C
Boiling point: 160.55 �C
Critical temperature:

397°C
Critical pressure: 5.89 MPa

Chemical formula: C7H60
Molecular weight: 106.12
Melting point: -57.15 �C
Boiling point: 178.85 �C
Critical temperature:

421.85�C
Critical pressure: 4.66 MPa

Density, p, (kglmr)
Specific heat capacity,

cp.r W/k  K)
Thermal conductivity,

h, [(W/m*)/(K/m)]
Dynamic viscosity,

�1,  (lO-5  Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp,/ @J/kg  K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (lO-5  Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp,, @J/kg  K)
Thermal conductivity,

h [W/m*YWm)l
Dynamic viscosity,

q, (lop5 Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp., @J/kg  W
Thermal conductivity,

h [(W/m2)Wm)l
Dynamic viscosity,

7, (10m5 Ns/m�)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(932)

(2.30)

0.315

(920)

(1.97)

0.238

-

S

S

S

S

S

S

S

S

S

S

S

S

(895)

(2.39)

0.293

(892)

G-3)

0.224

-

S

S

S

S

S

S

S

S

S

S

S

S

(858)

(2.47)

0.271

(24)

(863)

(2.05)

0.211

(46)

S

S

S

S

S

S

S

S

(1106)

1.474

0.167

-

821 V V

(2.62) V V

0.250 V V

(19) v v

(834) 804 783

(2.13) 2.20 2.28

0.197 0.184 0.180

(35) 26.8 22.2

S S 994

S S 1.933

S S 0.145

S S 117.9

(1201) 1 181 1 160

(1.47) 1.541 1.636

(0.184) (0.178) 0.172

(410) 247.6 163.1

(1084) 1 062 1046

1.515 1.565 1.610

0.162 0.157 0.154

(330) 230.1 160.1

V

V

V

V

V

V

V

V

956

(2.03)

0.142

69.0

1 128

1.750

0.167

(120)

1 017

1.632

0.148

(95)

V

V

V

V

899

(2.22)

0.135

37.0

1 077

(1.87)

(0.155)

w

971

1.804

0.139

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

( 1 0 2 0 )  v

( 2 . 0 0 )  v

(0.142) V

(38) V

924 V

1.926 V

0.129 V

- V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



ALDEHYDES (Continued)

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data Property
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

SALICYAL- Chemical formula: C,H,O, Density, p, (kg/m�) S S S S S S 1 150 1 132 1084 1 034 v V V
DEI-IYDE Molecular weight: 122.12 Specific heat capacity,

Melting point: 1.6�C cp.r @J/kg  K) S S S S S S 1.608 (1.71) (1.89) (2.07) V V V
Boiling point: 196.5 �C Thermal conductivity,
Critical temperature: A, W/m*YWm)l  S S S S S S (0.154) (0.148) (0.139) (0.129) V V V

(423) �C Dynamic viscosity,
Critical pressure: (5.4) MPa 7, (10e5  Ns/m2) S S S S S S 320.1 150.0 80.0 49.1 v V V

KETONES

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

KETENE Chemical formula: CrH,O Density, p, (kg/m�)
Molecular weight: 42.04 Specific heat capacity,
Melting point: -135.15�C cp.r  Wkg K)
Boiling point: -41.15 �C Thermal conductivity,
Critical temperature: AI W/dWm)l

106.85 �C Dynamic viscosity,
Critical pressure: 6.48 MPa 7, ( 10m5  Ns/m*)

ACETONE Chemical formula: C,H,O Density, p, (kg/m3)
Molecular weight: 58.08 Specific heat capacity,
Melting point: -93.2 �C cp.r  &J/kg K)
Boiling point: 56.1 �C Thermal conductivity,
Critical temperature: h IW~m*YWm)l

235 �C Dynamic viscosity,
Critical pressure: 4.761 MPa 7, (10m5 Ns/m*)

(1080)

(1.79)

(0.267)

(1030) (979) v

(1.92) (2.02) V

(0.250) (0.233) V

- (110) v

893 868 840

2.010 2.039 2.072

0.179 0.175 0.170

134.1 82.0 56.0

V V

V V

V V

V V

812 791

2.102 2.156

0.165 0.160

39.8 32.5

V

V

V

V

756

2.252

0.154

24.9

V V V

V V V

V V V

V V V

V V V

V V V

V V V

V V V



METHYL-
ETHYL
KETONE

DIETHYL
KETONE

DIPROPYL
IcElYmE

ACETO-
PHENONE

BENZO-
PHENONE

Chemical formula: C,HsO
Molecular weight: 72.11
Melting point: -86.65 �C
Boiling point: 79.65 �C
Critical temperature:

262.45�C
Critical pressure: 4.15 MPa

Chemical formula: C5Hlo0
Molecular weight: 86.13
Melting point: -38.95 �C
Boiling point: 101.95�C
Critical temperature:

287.85�C
Critical pressure: 3.74 MPa

Chemical formula: C,H,40
Molecular weight: 114.18
Melting point: -34.O�C
Boiling point: 143.5�C
Critical temperature:

331 �C
Critical pressure: 3.0 MPa

Chemical formula: C,H,O
Molecular weight: 120.14
Melting point: -19.6�C
Boiling point: 203.7 �C
Critical temperature:

431°C
Critical pressure: 3.8 MPa

Chemical formula: C,3H,00
Molecular weight: 128.21
Melting point: 48.1 �C
Boiling point: 306.O�C
Critical temperature:

(554) �C
Critical pressure: (2.07) MPa

Density, p, (kg/m�)
Specific heat capacity,

cp,/ Wk K)
Thermal conductivity,

h W~m*YWm)l
Dynamic viscosity,

7, (10m5  Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

c,,,r @J/kg  K)
Thermal conductivity,

h W~m2YWm)l
Dynamic viscosity,

7, (low5 Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp,r  &J/kg K)
Thermal conductivity,

A, W/dWm)l
Dynamic viscosity,

7, (lop5 Ns/mr)

Density, p, (kg/m�)
Specific heat capacity,

cp.r  @J/kg  K)
Thermal conductivity,

h W/mzYWm)l
Dynamic viscosity,

7, (10M5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp,/ @J/kg  K)
Thermal conductivity,

h [W/mWKWl
Dynamic viscosity,

TJ~  (lop5 Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(893)

2.071

0.169

(125)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(870)

2.091

0.163

(94)

S

S

S

S

S

S

S

S

S

S

S

(847) 826 803

2.120 2.155 2.219

0.156 0.150 0.145

(70) 54.0 42.3

(858) 834 914

2.139 2.171 2.214

0.153 0.147 0.142

(77) 59.4 47.0

(853 832 817

(2.10) (2.14) (2.18)

0.148 0.144 0.140

- (1W 75.1

S S 1 028

S S 1.88

S S 0.142

S S 185.1

S S S

S S S

S S S

S S S

(773) V V

2.311 V V

0.137 V V

31.0 V V

787 (740) v

2.268 2.418 V

0.135 (0.123) V

34.4 22.5 V

790 748 V

2.198 2.407 V

0.133 (0.122) v

(52) (33) v

1002 958 914

1.93 1.968 (2.03)

0.140 0.132 (0.123)

124.1 62.0 (41)

1 085 1 042 (998)

(1.55) (1.68) (1.81)

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

(865) V

( 2 . 0 9 )  v

(0.115) v

(30) v

(955) (911)

(1.96) (2.10)

V

V

V

V

V

V

V

V

V

V

(866)

(2.24)

(0.136) (0.130) (0.124) (0.119) (0.113) (0.107)

560.2 180.1 96.0 62.0 42.0 (28)



CARBOXYLIC ACIDS

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

FORMIC
ACID

ACETIC
ACID

PROPIONIC
ACID

BUTYRIC
ACID

Chemical formula: CHrO, Density, p, (kg/m�)
Molecular weight: 46.02 Specific heat capacity,
Melting point: 8.35 �C cp,r &J/kg K)
Boiling point: 100.65�C Thermal conductivity,
Critical temperature: A, [(W/mr)/(K/m)]

306°C Dynamic viscosity,
Critical pressure: 5.5 MPa 8, (lO-5  Ns/m�)

Chemical formula: C,H,02 Density, p, (kg/m3)
Molecular weight: 60.05 Specific heat capacity,
Melting point: 16.7 �C cp.l @J/kg  K)
Boiling point: 118 �C Thermal conductivity,
Critical temperature: A, W/m2YWm)l

321.6�C Dynamic viscosity,
Critical pressure: 5.79 MPa 7, (10m5 Ns/m*)

Chemical formula: C3H602 Density, p1 (kg/m�)
Molecular weight: 74.08 Specific heat capacity,
Melting point: -20.65 �C cp.i &J/kg K)
Boiling point: 140.85 �C Thermal conductivity,
Critical temperature: h, L(w/m2MW

338.85 �C Dynamic viscosity,
Critical pressure: 5.37 MPa 7, (low5  Ns/m*)

Chemical formula: C,H,O, Density, p, (kg/m�)
Molecular weight: 88.15 Specific heat capacity,
Melting point: -5.25 �C cp.r  &J/kg K)
Boiling point: 163.25 �C Thermal conductivity,
Critical temperature: h W�~mzYWm)l

354.85 �C Dynamic viscosity,
Critical pressure: 5.27 MPa 7, (10m5 Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

1 015

2.077

0.153

154.1

977

1.947

0.153

228.1

1 220 1 184

2.169 2.202

0.261 0.250

179.1 103.1

1049 1 018

1.997 2.156

0.161 0.155

121.0 79.2

993 963

2.165 2.299

0.150 0.144

169.4 73.8

958 927

2.010 2.156

0.150 0.144

154.1 98.0

1 108 V

2.282 V

0.232 V

54.2 V

960 V

2.349 V

0.142 V

45.8 V

911 V

2.516 V

0.136 V

45.0 V

882 829

2.36

0.136

w4)

0.127

55.0 34.0

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



PENTANOIC
ACID

HEXANOIC
ACID

ACETIC
ANHYDRIDE

PROPIONIC
ANHYDRIDE

Chemical formula: C,H,,O* Density, p, (kg/m3)
Molecular weight: 102.13 Specific heat capacity,
Melting point: -34.15 �C cp.r  NJ/kg K)
Boiling point: 185.55 �C Thermal conductivity,
Critical temperature: h, [(W/m2)/(K/m)J

377.85�C Dynamic viscosity,
Critical pressure: 3.85 MPa qr (lop5 Ns/m*)

Chemical formula: C,H,,O,
Molecular weight: 116.15
Melting point: -3.9�C
Boiling point: 205.2 �C
Critical temperature:

392 �C
Critical pressure: 4.0 MPa

Chermcal  formula: C,H,03
Molecular weight: 102.09
Melting point: -74.15 �C
Boiling point: 138.85 �C
Critical temperature:

295.85�C
Critical pressure: 4.67 MPa

Chemical formula: C,H,aO, Density, p, (kg/m3)
Molecular weight: 130.14 Specific heat capacity.
Melting point: -45.O�C cp., &J&z K)
Boiling point: 167.O�C Thermal conductivity,
Critical temperature: A, [(W/mr)/(K/m)]

357 �C Dynamic viscosity,
Critical pressure: 3.40 MPa T), (lop5 Ns/m*)

Density, pI (kg/m�)
Specific heat capacity,

cp.r  W/k K)
Thermal conductivity,

X, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (10e5  Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp.r  @J/kg  K)
Thermal conductivity,

X, [(W/m�)/(K/m)]
Dynamic viscosity,

q, (lop5 Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(1161)

(1.61)

0.186

(270)

S

S

S

S

(980) 957 942

1.87 1.95 2.04

(0.153) 0.149 0.146

WV 355.1 223.1

S 945 929

S (2.09) 2.15

S 0.149 0.146

S 540.2 319.9

(1133) 1 105 1 082

(l.fw (1.68) (1.71)

0.178 0.171 0.165

(18�3) 123.5 90.5

(1062) (1034) 1012

(1.71) (1.74) (1.77)

(0.135) (0.133) (0.131)

Pm 160.0 112.0

(915)

2.17

0.140

131.0

900

2.156

0.140

175.0

1044

1.750

0.158

62.0

978

(1.83)

(0.129)

73.1

(868) (823) V V V

(2.38) (2.60) V V V

0.132 0.123 V V V

66.0 (40) v V V

(861) (816) (771) V V

(2.43) (2.60) (2.76) V V

0.132 0.123 0.117 V V

86.0 (50) (34) V V

(979) v v V V

1.905 v V V V

0.143 v V V V

38.6 V V V V

921 864 V V V

(1.95) (2.10) v V V

(0.127) (0.125) V V V

43.0 28.0 V V V



ETHERS

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data fioperty
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

DIMETHYL-
ETHER

DIETHYL
ETHER

METHYL-
PROPYL
ETHER

ETHYL-
PROPYL
ETHER

METHYL
r-BUTYL
ETHER

Chemical formula: C,H60 Density, p, (kg/m�)
Molecular weight: 46.07 Specific heat capacity,
Melting point: -141.5�C cp,r  @J/kg  K)
Boiling point: -24.85�C Thermal conductivity,
Critical temperature: A, W~m*YWm)l

126.85�C Dynamic viscosity,
Critical pressure: 5.27 MPa q, (W5 Ns/mr)

Chemical formula: C4H,,,0
Molecular weight: 74.12
Melting point: -114.25�C
Boiling point: 34.65 �C
Critical temperature:

193.85�C
Critical pressure: 3.64 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp.i @J/kg  K)
Thermal conductivity,

h W/m*YWm)l
Dynamic viscosity,

�I,  (1O-5  Ns/m*)

Chemical formula: C,Hn,O Density, p, (kg/m�)
Molecular weight: 74.12 Specific heat capacity,
Melting point: -150°C cp.r  @J/kg  K)
Boiling point: 39.1 �C Thermal conductivity,
Critical temperature: AI I(W~mZYWm)l

203 �C Dynamic viscosity,
Critical pressure: 3.80 MPa q1 (lo-�  Ns/m�)

Chemical formula: C,H,,O Density, p, (kg/m3)
Molecular weight: 88.15 Specific heat capacity,
Melting point: -126.75�C cp,r @J/kg  K)
Boiling point: 63.65�C Thermal conductivity,
Critical temperature: 4 W~mZYWmN

227.45 �C Dynamic viscosity,
Critical pressure: 3.25 MPa 7, (1O-5  Ns/m*)

Chemical formula: C5H,*0
Molecular weight: 88.1
Melting point: -110.75 �C
Boiling point: 58.05 �C
Critical temperature:

230.25 �C

S

S

S

S

S

S

S

S

(875)

(1.W

0.202

S

S

S

S

S

S

S

S

Density, p, (kg/m�)
Specific heat capacity,

cp,r Wk K)
Thermal conductivity,

h W/m*YWm)l
Dynamic viscosity,_ -

OW (812) (773)

2.139 2.148 2.181

0.228 0.211 0.194

- - (30)

842 816 790

2.014 2.093 2.135

0.180 0.170 0.159

171.0 88.1 55.0

(850) (825) @W

1.942 1.980 2.028

0.181 0.171 0.161

- - -

(844) (821) 0�98)

1.958 2.000 2.060

0.170 0.161 0.152

- - -

W-0 (833 (810)

1.766 1.821 1.886

(0.171) (0.163) (0.154)

735

2.219

0.178

(23)

764

2.190

0.150

38.7

(775)

2.085

0.151

(40)

(775)

2.112

0.144

(52)

0�85)

1.949

(0.146)

747

2.154

0.141

31.4

(752)

2.169

0.136

40.2

(760)

2.039

(0.138)

714

2.336

0.138

24.3

(723

2.216

0.134

26.0

733

2.223

0.129

32.4

741

2.105

(0.132)

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

V V

(704)  v

( 2 . 3 0 )  V

0.120 v

24.5 V

(710) v

( 2 . 2 2 )  v

(0.122) v

Critical pressure: 3.411 MPa 7, (lo-�  Ns/m�) s - - (70) (53) (38.7) (31.3) ( 2 3 . 9 )  V

V

V

V

V

736

2.261

0.140

29.6

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



DIPROPYL
ETHER

ETHYLENE
OXrnE

PROPYLENE
OXIDE

1 &DIOXANE

Chemical formula: C,H,,O
Molecular weight: 102.18
Melting point: -85.45 �C
Boiling point: 68.3 �C
Critical temperature:

226.85 �C
Critical pressure: 2.88 MPa

Chemical formula: C,H40
Molecular weight: 44.05
Melting point: -112.15 �C
Boiling point: 10.35�C
Critical temperature:

195.85�C
Critical pressure: 7.19 MPa

Chemical formula: C3s0
Molecular weight: 58.08
Melting point: -112.15 �C
Boiling point: 34.35 �C
Critical temperature:

209.1 �C
Critical pressure: 4.92 MPa

Chemical formula: C4H40
Molecular weight: 68.07
Melting point: -85.65 �C
Boiling point: 3 1.35 �C
Critical temperature:

217.05�C
Critical pressure: 5.50 MPa

Chemical formula: C4H802 Density, p, (kg/m�) S
Molecular weight: 88.11 Specific heat capacity,
Melting point: 11.1 �C cp.r @J/kg  K) S
Boiling point: 101.35 �C Thermal conductivity,
Critical temperature: h Wlm*YWm)l S

313.85�C Dynamic viscosity,
Critical pressure: 5.21 MPa 7, (lop5 Ns/m*) S

Density, p, (kg/m3) S
Specific heat capacity,

cp.i Wkg  K) S
Thermal conductivity,

h W/m2YWm)l  S
Dynamic viscosity,

7, (lop5 Ns/m*) S

Density, p, (kglm3) S
Specific heat capacity,

cp.r  &J&t  K) S
Thermal conductivity,

Ai [W/m*YWm)l  S
Dynamic viscosity,

7, (lop5 Nslm�) S

Density, pr (kg/m�) S
Specific heat capacity,

cp.i &J/kg W S
Thermal conductivity,

h [W~m*YWm)l  S
Dynamic viscosity,

8, (10e5 Ns/mr) S

Density, pI (kg/m�) S
Specific heat capacity,

cp,r W/kg  K) S
Thermal conductivity,

h tW/m*YWm)l  S
Dynamic viscosity,

7, (10e5  Nslmr) S

S (822) @W

S 1.825 1.892

S 0.144 0.139

s - -

(1026) (994) 962

1.859 1.859 1.859

(0.261) (0.248) 0.235

- (82) 57.0

(970) (941) 912

1.890 1.880 1.906

(0.205) (0.194) 0.183

- - (140)

S (1040) (1018)

S 1.463 1.512

S (0.186) (0.178)

s - (65)

S S S

S S S

S S S

S S S

(777) 756 736

1.968 2.052 2.119

0.134 0.129 0.128

(72) 54.2 42.0

929 897 V

1.892 1.951 v

0.222 0.208 V

40.0 32.0 V

883 854 829

1.947 1.997 2.051

0.172 0.162 (0.153)

(77) 45.5 31.5

(996) 965 937

1.550 1.616 1.670

(0.169) (0.161) (0.154)

(53) (44.7) 38.2

S S 1 034

S S 1.721

S S 0.163

S S 126.0

(707)

2.244

0.120

30.3

V

V

V

V

V

V

1008

1.800

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

(96%

(1.96)

(0.161) (0.159)

77.9 (42)

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

v

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



HALOGENATED HYDROCARBONS

Substance Data Property

Temperature, �C

- 2 0 0 - 1 8 0 - 1 6 0 - 1 4 0 - 1 2 0 -100 -50 0 20 50 100 150 200

Temperature, K
73.15 93.15 113.15 133.15 153.15 173.15 223.15 273.15 293.15 323.15 373.15 423.15 473.15

CHLORO-
METHANE

DICHLORO-
METHANE

ITUCHLORO-
METHANE

CARBON
TETRA-

BROMO-
METHANE

Chemical formula: CH,CI Density, p, (kg/m�) S
Molecular weight: 50.49 Specific heat capacity,
Melting point: -97.7�C cp,r  @J/kg  K) S
Boiling point: -24.25 �C Thermal conductivity,
Critical temperature: X, [(W/m*)/(K/m)]  S

143.15�C Dynamic viscosity,
Critical pressure: 6.68 MPa 7, ( 1O-5  Ns/m*) S

Chemical formula: CHrCI, Density, p, (kg/m�) S
Molecular weight: 84.93 Specific heat capacity,
Melting point: -95.95 �C cp,r @J/kg  K) S
Boiling point: 39.85 �C Thermal conductivity,
Critical temperature: h W/m2YWm)l  S

236.85 �C Dynamic viscosity,
Critical pressure: 6.08 MPa qI (1O-5  Ns/m*) S

Chemical formula: CHCI, Density, p, (kg/m�) S
Molecular weight: 119.38 Specific heat capacity,
Melting point: -63.25�C cp,r @J/kg  K) S
Boiling point: 61.55 �C Thermal conductivity,
Critical temperature: h UY/dWm)l  S

263.25 �C Dynamic viscosity,
Critical pressure: 5.47 MPa TJ,  (lop5 Ns/m*) S

Chemical formula: Ccl4 Density, pI (kg/m�) S
Molecular weight: 153.82 Specific heat capacity,
Melting point: -22.9�C cp.l @J/kg  K) S
Boiling point: 76.7 �C Thermal conductivity,
Critical temperature: h IW/m*YWm)l  S

283.21 �C Dynamic viscosity,
Critical pressure: 4.56 MPa y1 (lop5 Ns/mr) S

Chemical formula: CH,Br
Molecular weight: 94.94
Melting point: -93.65�C
Boiling point: 3.55�C
Critical temperature:

190.85 �C
Critical pressure: 6.61 MPa

Density, p, (kg/m�) S
Specific heat capacity,

cp./ W/kg K) S
Thermal conductivity,

h [W/m*)Wm)l  S
Dynamic viscosity,

ql (10m5 Ns/m*) S

S S S S S 1 050

S S S S S 1.499

S S S S S 0.199

S S S S S 39.7

S S S S S 1 450

S S S S S 1.126

S S S S S 0.163

S S S S S 118

S S S S S 1 618

S S S S S 0.959

S S S S S 0.156

S S S S S (120)

S S S S S S

S S S S S S

S S S S S S

S S S S S S

S S S S S 1 857

S S S S S 0.816

S S S S S 0.114

S S S S S (61)

V

V

V

V

1 362

1.143

0.148

53.9

1 526

0.971

0.145

70.6

1 633

0.842

0.107

134.9

1 729

0.829

0.103

37.7

V

V

V

V

1 336

1.156

0.141

44.2

1490

0.992

0.128

56.3

1 594

0.850

0.106

96.1

V

V

V

V

V V

V V

V V

V V

V V

V V

V V

V V

1433 v

1.034 v

0.115 v

42.4 V

1534 v

0.862 V

0.105 v

65.4 V

V V

V V

V V

V V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



DIBROMO-
METHANE

TRIBROMO-
METHANE

TETRA-
BROMO-

CHLORO-
DIFLUORO-
METHANE
(Refrigerant
22)

CHLORO-
TRIFLUORO.
METHANE
(Refrigerant
13)

DICHLORO-
FLUORO-
METHANE
(Refrigerant
21)

Chemical formula: CH,Br*
Molecular weight: 173.84
Melting point: -52.55�C
Boiling point: 98.65 �C
Critical temperature:

309.85�C
Critical pressure: 7.17 MPa

Chemical formula: CHBr,
Molecular weight: 252.77
Melting point: 7.9�C
Boiling point: 150.5�C
Critical temperature:

411.9�C
Critical pressure: 5.65 MPa

Chemical formula: CBr.,
Molecular weight: 331.67
Melting point: 90.1 �C
Boiling point: 187 �C
Critical temperature:

439°C
Critical pressure: 4.25 MPa

Chemical formula: CHClF,
Molecular weight: 86.47
Melting point: -159.95 �C
Boiling point: -40.82 �C
Critical temperature:

96.15�C
Critical pressure: 4.986 MPa

Chemical formula: CCIF,
Molecular weight: 104.47
Melting point: -181.15C
Boiling point: -8 1.4 �C
Critical temperature:

28.8�C
Critical pressure: 3.86 MPa

Chemical formula: CHClrF
Molecular weight: 102.92
Melting point: -135.15 �C
Boiling point: 8.75 �C
Critical temperature:

178.1 �C
Critical pressure: 5.181 MPa

Density, p, (kg/m3)
Specific heat capacity,

cp./ &J/kg K)
Thermal conductivity,

A, [(w/m2YWmN
Dynamic viscosity,

7, (10e5  Ns/m�)

Density, p, (kg/m�)
Specific heat capacity,

cp,l @J/kg  K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

9, ( lop5  Ns/m�)

Density, p, (kg/m�)
Specific heat capacity,

cp.r  NJ/kg K)
Thermal conductivity,

X, [(W/m�)/(K/m)]
Dynamic viscosity,

7, ( 10e5 Nslmr)

Density, p, (kg/m�)
Specific heat capacity,

c,v,/ NJ/kg K)
Thermal conductivity,

AI [W~m2YWm)l
Dynamic viscosity,

7, (10m5 Ns/m�)

Density, p, (kg/m3)
Specific heat capacity,

cp./ &J/kg K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

f~,  (lop5 Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp,r @J/kg  K)
Thermal conductivity,

AI tW/m2YWmN
Dynamic viscosity,

7, (10m5  Ns/m�)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(1870)

(0.81)

0.141

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

WW

(0.82)

0.130

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(1730)

(0.84)

0.118

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

1664

(0.86)

0.107

S

(1700)

0.842

0.155

(270)

S (2680)

S 0.600

S 0.120

S (26�3

S S

S S

S S

S S

S S

S S

S S

S S

1 565 1 438

1.061 1.093

0.150 0.125

72.8 36.5

1 593 v

( 0 . 8 8 )  v

0.097 v

(40) v

(1624) 1 534

0.846 0.892

0.150 0.131

186.7 72.4

2 549 2 497

0.601 0.605

0.111 0.108

134.0 102.5

S 2 890

S

S

(0.48)

0.099

S 210.9

S

S

S

S

V

V

V

V

V

V

V

V

1 426

1.017

0.112

39.7

S

S

S

S

V

V

V

V

V

V

V

V

V

V

V

V

2 413

0.610

0.102

78.7

2 793

(0.50)

0.095

150.0

S

S

S

S

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

2 676

(0.52)

0.088

89.5

2 955

0.452

0.083

24.3

V

V

V

V

V

V

V

V

V

V

V

(2540)

(0.56)

0.081

(62)

2 828

(0.48)

0.077

13.0

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



HALOGENATED HYDROCARBONS (Continued)

Temperature, �C
- 2 0 0 - 1 8 0 - 1 6 0 - 1 4 0 - 1 2 0 - 1 0 0 - 5 0 0 20 50 100 150 200

Substance Data Property
Temperature, K

73.15 93.15 113.15 133.15 153.15 173.15 223.15 273.15 293.15 323.15 373.15 423.15 473.15

DICHLORO-
DIFLUORO-
METHANE
(Refrigerant
12)

TRICHLORO-
FLUORO-
METHANE
(Refrigerant
11)

l,l,l-
TRIFLUORO-
ETHANE

CHLORO-
ETHANE

l,l-
DICHLORO-
ETHANE

Chemical formula: CCl,F2 Density, p, (kg/m3)
Molecular weight: 120.91 Specific heat capacity,
Melting point: -155.15�C cp.r Wk W
Boiling point: -29.95 �C Thermal conductivity,
Critical temperature: A, [(W/dWm)l

111.65�C Dynamic viscosity,
Critical pressure: 4.132 MPa qr (IO-�  Ns/m�)

Chemical formula: CCl,F
Molecular weight: 137.37
Melting point: -111.15�C
Boiling point: 23.8 �C
Critical temperature:

198.O�C
Critical pressure: 4.40 MPa

Density, 0, (kg/m�)
Specific heat capacity,

cp,, Wk K)
Thermal conductivity,

h [(w~mW~m)l
Dynamic viscosity,

qr (lo-�  Nslmr)

Chemical formula: C*H,F, Density, p, (kg/m3)
Molecular weight: 84.04 Specific heat capacity,
Melting point: -111.25 �C cp,/  Wkg K)
Boiling point: -47.65�C Thermal conductivity,
Critical temperature: h W/m2YWmN

73.05�C Dynamic viscosity,
Critical pressure: 3.76 MPa 7, (10m5  Ns/m*)

Chenucal formula: &H,Cl
Molecular weight: 64.51
Melting point: -136.35 �C
Boiling point: 12.25 �C
Critical temperature:

187.25�C
Critical pressure: 5.27 MPa

Chemical formula: C2H,Cl,
Molecular weight: 98.96
Melting point: -96.95�C
Boiling point: 57.25 �C
Critical temperature:

249.85 �C
Critical pressure: 5.07 MPa

Density, p, (kglm3)
Specific heat capacity,

cp.r  &J/kg K)
Thermal conductivity,

A, [(W/mr)/(K/m)J
Dynamic viscosity,

q, (1O-5  Nslm�)

Density, p, (kg/m3)
Specific heat capacity,

cp.r  W/kg  K)
Thermal conductivity,

A, W/m2YWm)l
Dynamic viscosity,

7, (lO-5  Ns/mr)

S S S 1 798

S S S 0.842

S S S 0.129

S S s (130)

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

S S S S

1 743

0.842

0.122

(W

S

S

S

S

S

S

S

S

1 688

0.846

0.115

630)

1760

0.800

0.123

(210)

(1300)

1.227

0.145

1 082 1 056

1.344 1.486

0.164 0.158

1 546 V V

0.871 V

0.0966 V

46.7 V

1642 1 534

0.829 0.862

0.109 0.0945

108.2 54.3

1 176 V

1.315

0.118

(43)

991

1.495

0.143

(50)

(1276)

1.226

0.131

V

V

V

V

V

V

1 488

0.883

0.0889

44.1

V

V

V

V

924 V V

1.566 V

0.128 V

32.3 V

1209 1 174

1.257 1.276

0.118 0.114

V

V

V

V

(1128)

(1.32)

0.107

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

S S (120) (61.7) 48.0 (35) v

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



1,2-
DICHLORO-
ETHANE

l,l,l-
TRICHLORO-
ETHANE

1,1,2,2-
TETRA-
CHLORO-
ETHANE

PENTA-
CHLORO-
ETHANE

BROMO-
ETHANE

1,2-
DIBROMO-
ETHANE

Chemical formula: C,H,C12
Molecular weight: 98.96
Melting point: -35.65 �C
Boiling point: 83.45 �C
Critical temperature:

287.85�C
Critical pressure: 5.37 MPa

Chemical formula: C,H3C13
Molecular weight: 133.40
Melting point: -33.O�C
Boiling point: 74.O�C
Critical temperature:

255 �C
Critical pressure: 4.15 MPa

Chemical formula: CIH,Cl,
Molecular weight: 167.88
Melting point: -42.5 �C
Boiling point: 146.2 �C
Critical temperature:

377°C
Critical pressure: 5.13 MPa

Chemical formula: C,HCl,
Molecular weight: 202.33
Melting point: -29.O�C
Boiling point: 160.5 �C
Critical temperature:

396 �C
Critical pressure: 4.58 MPa

Chemical formula: C,H,Br Density, p, (kg/m�)
Molecular weight: 108.97 Specific heat capacity,
Melting point: -118.55�C cp,, &J/kg K)
Boiling point: 38.35 �C Thermal conductivity,
Critical temperature: A, [(W~mZYWm)l

230.65 �C Dynamic viscosity,
Critical pressure: 6.23 MPa 7, (lop5  Ns/mr)

Chemical formula: C,H,Br, Density, p, (kg/m�)
Molecular weight: 187.87 Specific heat capacity,
Melting point: lO.O�C cp,/  W/kg  K)
Boiling point: 13 1.7 �C Thermal conductivity,
Critical temperature: h W/mZMKWl

377°C Dynamic viscosity,
Critical pressure: 5.69 MPa t), (10e5  Ns/m�)

Density, p, (kg/m�)
Specific heat capacity,

cp,r @J/kg  K)
Thermal conductivity,

X, [(W/mr)/(K/m)]
Dynamic viscosity,

7, (10e5  Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp,r Wkg K)
Thermal conductivity,

A, [(W/mZYWm)l
Dynamic viscosity,

7, (10m5 Ns/mr)

Density, p, (kg/m3)
Specific heat capacity,

cp.r  &J/kg K)
Thermal conductivity,

h [W~dWm)l
Dynamic viscosity,

7, (10e5  Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp,r &J&z  K)
Thermal conductivity,

A, [Wh*YWm)l
Dynamic viscosity,

7, (10m5 Ns/m*)
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1 697

0.816

0.126
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1600

0.846

0.115

185

1 287 1 258

1.223 1.260

0.140 0.135

113.7 84.0

1 371 1 338

1.063 1.076

0.106 0.102

(130)

1 633

84.0

1600

0.944 0.952

0.118

265.7

1709

(0.85)

0.104

(390)

1 501

0.888

0.105

81

0.114

177.0

1 678

(0.86)

0.100

258

1 462

0.909

0.100

39.6 V V

2 180 2 118

0.729 0.733

0.102

173

1 209

1.319

0.128

58.4

(1290)

(1.11)

0.096

(48)

(1550)

0.973

0.108
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(1630)

(0.87)

0.095

(180)
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0.098
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(1555)
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HALOGENATED HYDROCARBONS (Continued)

Substance Data Property

Temperature, �C
- 2 0 0 - 1 8 0 - 1 6 0 - 1 4 0 - 1 2 0 - 1 0 0 - 5 0 0 20 50 100 150 200

Temperature, K
73.15 93.15 113.15 133.15 153.15 173.15 223.15 273.15 293.15 323.15 373.15 423.15 473.15

TETRA-
CHLORO-
DIFLUORO-
ETHANE

TRICHLORO-
TRIFLUORO-
ETHANE
(Refrigerant
113)

DICHLORO-
TETRA-
FLUORO-
ETHANE
(Refrigerant
114)

CHLORO-
PROPANE

CHLORO-
BUTANE

Chenucal formula: C2Cl~F2 Density, p, (kg/m�)
Molecular weight: 203.83 Specific heat capacity,
Melting point: 24.85 �C cp,, @J/kg  K)
Boiling point: 93 �C Thermal conductivity,
Critical temperature: h [OY~dWm)l

278 �C Dynamic viscosity,
Critical pressure: 3.86 MPa 7, (lop5 Ns/m�)

Chenucal formula: C,Cl,F, Density, p, (kg/m�)
Molecular weight: 187.38 Specific heat capacity,
Melting point: -34.96�C cp.l W/kg  K)
Boiling point: 47.6�C Thermal conductivity,
Critical temperature: h W/m*N~m)l

214.l�C Dynamic viscosity,
Critical pressure: 3.412 MPa 7, (lop5 Ns/mr)

Chemical formula: C,Cl,F, Density, p, (kg/m3)
Molecular weight: 170.92 Specific heat capacity,
Melting point: -93.85 �C cp.l &J/kg W
Boiling point: 3.75�C Thermal conductivity,
Critical temperature: A, Whn*YWm)l

145.75 �C Dynamic viscosity,
Critical pressure: 3.26 MPa q, (10e5  Ns/m*)

Chemical formula: C,H,Cl Density, p, (kg/m3)
Molecular weight: 78.54 Specific heat capacity,
Melting point: -122.75 �C Q,,I  &J/kg K)
Boiling point: 46.45 �C Thermal conductivity,
Critical temperature: A, [(W/mr)/(K/m)]

229.85 �C Dynamic viscosity,
Critical pressure: 4.58 MPa 7, (10m5 Nslm*)

Chenucal formula: C,H,Cl
Molecular weight: 92.57
Melting point: -25.35 �C
Boiling point: 50.8�C
Critical temperature:

233.85 �C
Critical pressure: 3.95 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp.i &J/kg K)
Thermal conductivity,

A, W/m2YWm)l
Dynamic viscosity,

7, (lop5 Ns/mr)
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S 0.0802 0.0761
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S 97.8 72.7 V

1 678

0.929
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0.963 V
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V

0.0841 0.0710 V

107.2
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(1.55)

0.135

(74)
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S
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CHLORO-
PENTANE

VINYL
CHLORIDE

l,l,-
DICHLORO-
ETHYLENE

TRICHLORO-
ETHYLENE

TETRA-
CHLORO-
ETHYLENE

FLUORO-
BENZENE

Chemical formula: C,H,,Cl
Molecular weight: 106.59
Melting point: -99.O�C
Boiling point: 108.3 �C
Critical temperature:

289 �C
Critical pressure: 3.42 MPa

Chemical formula: C,H,Cl
Molecular weight: 62.60
Melting point: -153.75�C
Boiling point: -13.35�C
Critical temperature:

156.55�C
Critical pressure: 5.60 MPa

Chemical formula: C2H,Cl, Density, p, (kg/mj)
Molecular weight: 96.95 Specific heat capacity,
Melting point: -122.5�C cp,r  @J/kg  K)
Boiling point: 3 1.7 �C Thermal conductivity,
Critical temperature: A, [(W/m�)/(K/m)]

215.9�C Dynamic viscosity,
Critical pressure: 4.39 MPa T,J,  (lop5 Ns/m�)

Chemical formula: C2HCI, Density, p, (kg/m�)
Molecular weight: 131.39 Specific heat capacity,
Melting point: -87.O�C q,r @J/kg  W
Boiling point: 87.25 �C Thermal conductivity,
Critical temperature: h, [(W/m�)/(K/m)]

297.85�C Dynamic viscosity,
Critical pressure: 4.91 MPa q, ( lop5  Ns/m*)

Chemical formula: CICl, Density, p, (kg/m3)
Molecular weight: 165.83 Specific heat capacity,
Melting point: -22.15�C q,/ @J/kg  K)
Boiling point: 12 1.15 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]

346.85�C Dynamic viscosity,
Critical pressure: 4.46 MPa II, ( W5 Ns/m�)

Chemical formula: C6H,F
Molecular weight: 96.10
Melting point: -39.15 �C
Boiling point: 85.35�C
Critical temperature:

286.95 �C
Critical pressure: 4.55 MPa

Density, p, (kg/m3)
Specific heat capacity,

cp,r @J/kg  K)
Thermal conductivity,

X, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (10-s Ns/m�)

Density, pI (kg/m�)
Specific heat capacity,

q,,/ W/kg K)
Thermal conductivity,

XI [(W/m�)/(K/m)]
Dynamic viscosity,

7, (10-s Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

c,,.I  &J/kg W
Thermal conductivity,

X, [(W/m�)/(K/m)]
Dynamic viscosity,

7, (lop5 Ns/m*)
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(1.60)

0.135

902 882 853

(1.71)
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57.8 46.7 V
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0.938 0.950
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0.110
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1 656 1 621 1 574
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0.114
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1.503
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0.110 0.104
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1 024 985
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HALOGENATED HYDROCARBONS (Continued)

Temperature, �C
- 2 0 0 - 1 8 0 - 1 6 0 - 1 4 0 - 1 2 0 - 1 0 0 - 5 0 0 20 50 100 150 200

Substance Data Property
Temperature, K

73.15 93.15 113.15 133.15 153.15 173.15 223.15 273.15 293.15 323.15 373.15 423.15 473.15

CHLORO-
BENZENE

BROMO-
BENZENE

IODO-
BENZENE

BENZYL
CHLORIDE

m-CHLORO-
ToLUJ3NE

Chemical formula: C,H,Cl Density, p, (kg/m�)
Molecular weight: 112.56 Specific heat capacity,
Melting point: -45.55�C cp., @J/kg  K)
Boiling point: 131.75 �C Thermal conductivity,
Critical temperature: A, W/m*YWm)l

359.25 �C Dynamic viscosity,
Critical pressure: 4.52 MPa 7, (1O-5  Ns/m�)

Chemical formula: C,H,Br Density, p, (kg/ms)
Molecular weight: 157.01 Specific heat capacity,
Melting point: -30.7�C cp.r  @J/kg  K)
Boiling point: 156.2�C Thermal conductivity,
Critical temperature: A, [(W/m�)/(K/m)]

397 �C Dynamic viscosity,
Critical pressure: 4.56 MPa q, (lop5 Ns/m*)

Chemical formula: C,H,J
Molecular weight: 204.01
Melting point: -3 1.35 �C
Boiling point: 188.25 �C
Critical temperature:

447.85�C
Critical pressure: 4.52 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp.r @J/kg  K)
Thermal conductivity,

A, [(W/m2)/(K/m)]
Dynamic viscosity,

7, (1O-5  Ns/m�)

Chemical formula: C,H,CI Density, p, (kg/m�)
Molecular weight: 126.58 Specific heat capacity,
Melting point: -39.2�C cp.r Wk K)
Boiling point: 179.4�C Thermal conductivity,
Critical temperature: X, L(w/m*YWm)l

412°C Dynamic viscosity,
Critical pressure: 3.85 MPa 7, (lop5 Ns/m�)

Chemrcal  formula: C,H,Cl Density, p, (kglm3)
Molecular weight: 126.58 Specific heat capacity,
Melting point: -47.8�C cp., Wkg W
Boiling point: 161.6�C Thermal conductivity,
Critical temperature: A, W/m2YWm)l

389°C Dynamic viscosity,
Critical pressure: 3.85 MPa 7, (lop5 Ns/m�)

S S S S S S S 1 128

S S S S S S S 1.264

S S S S S S S 0.133

S S S S S S S 105

S S S S S S S 1 522

S S S S S S S 0.950

S S S S S S S 0.116
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S S S S S S S 1 861

S S S S S S S 0.770

S S S S S S S 0.103
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S S S S S S S 1 103

S S S S S S S 1.403

S S S S S S S 0.141

S S S S S S S (180)

S S S S S S S 1 088

S S S S S S S (1.35)

S S S S S S S 0.130

S S S S S S S 117.7
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1.298

0.129
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0.112

112.4

1 832

0.775

0.101

170.5

1 082

1.432

0.137

138.0

1 072

(1.39)

0.126

87.7

1 074 1 019

1.348 1.507

0.122 0.112

58 37

1 455 1 386
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0.106 0.098

80.0 51.8
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0.791 (0.W

0.098 0.092

112.1 69.0
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0.131 0.120
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AMINES

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

METHYL-
AMINE

DIMETHYL-
AMINE

TRIMETHYL-
AMINE

ETHYL-
AMINE

DIETHYL-
AMINE

Chemical formula: CH,N Density, p, (kg/m3)
Molecular weight: 3 1.06 Specific heat capacity,
Melting point: -93.45 �C cp,, W/kg  K)
Boiling point: -6.35 �C Thermal conductivity,
Critical temperature: X, [(W/m*)/(K/m)]

156.85 �C Dynamic viscosity,
Critical pressure: 7.46 MPa �I,  (10m5  Ns/m�)

Chemical formula: CZH,N Density, p, (kg/m�)
Molecular weight: 45.08 Specific heat capacity,
Melting point: -92.15 �C cp.r @J/kg  K)
Boiling point: 6.85 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]

164.45�C Dynamic viscosity,
Critical pressure: 5.31 MPa TJ, (lop5 Ns/m�)

Chemical formula: C,H,N
Molecular weight: 59.11
Melting point: -117.15�C
Boiling point: 2.95 �C
Critical temperature:

160.05�C
Critical pressure: 4.07 MPa

Chemical formula: C,H,N
Molecular weight: 45.08
Melting point: -81.15 �C
Boiling point: 16.55�C
Critical temperature:

182.85�C
Critical pressure: 5.62 MPa

Chemical formula: C,H, ,N Density, p, (kg/m3)
Molecular weight: 73.14 Specific heat capacity,
Melting point: -48.00  �C q.1 @J/kg  K)
Boiling point: 55.45 �C Thermal conductivity,
Critical temperature: A, [(W/m2)/(K/m)]

223.45 �C Dynamic viscosity,
Critical pressure: 3.71 MPa 7, (10m5  Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp,r &J/kg K)
Thermal conductivity,

X, [(W/m�)/(K/m)]
Dynamic viscosity,

7, (10e5 Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp.r W/kg  K)
Thermal conductivity,

X, [(W/m*)/(K/m)]
Dynamic viscosity,

7, (10e5  Ns/m*)
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AMINES  (Continued)

Substance Data

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

TRIETHYL-

ISOPROPYL-
AMINE

PIPERIDINE

PYRIDINE

Chemical formula: C6H15N
Molecular weight: 101.19
Melting point: -114.75 �C
Boiling point: 89.55�C
Critical temperature:

261.85�C
Critical pressure: 3.03 MPa

Chemical formula: C,H,N
Molecular weight: 59.11
Melting point: -95.25 �C
Boiling point: 32.45�C
Critical temperature:

202.85 �C
Critical pressure: 5.07 MPa

Chemical formula: CsH,,Cl Density, p, (kg/m3)
Molecular weight: 85.15 Specific heat capacity,
Melting point: -10.45�C cp,r &J/kg W
Boiling point: 106.55�C Thermal conductivity,
Critical temperature: A, KW/m*YWm)l

320.85 �C Dynamic viscosity,
Critical pressure: 4.76 MPa 7, ( 10e5 Ns/m�)

Chemrcal  formula: C5H5N
Molecular weight: 79.10
Melting point: -41.65�C
Boiling point: 115.35 �C
Critical temperature:

356.85 �C
Critical pressure: 5.63 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp,r  Wkg K)
Thermal conductivity,

A, [W/m*YWm)l
Dynamic viscosity,

qI (10m5 Ns/m*)

Density, pi (kg/m�)
Specific heat capacity,

cp.r  &J/kg K)
Thermal conductivity,

Al W~m2Yo<Wl
Dynamic viscosity,

7, (10m5 Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp,, @J/kg  K)
Thermal conductivity,

A, W/m2YWm)l
Dynamic viscosity,

7, (lop5 Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(830)

(1.56)

0.151

-

S

S

S

S

S

S

S

S

S

S

S

S

(810)

(1.70)

0.145

(150)

(822)

2.507

0.161

(78%

(1.79)

0.140

(102)

6�96)

2.642

0.155

768 746 726

(1.88) 2.092 2.208

0.133 0.126 0.121

70.5 51.0 36.2

(768) (740) 719

2.690 2.737 2.770

0.150 0.146 0.143

(67) 46.05 35.0

S 880 861

S ww 2.136

S 0.131 0.125

S (400) 148.6

1 028 1003 983

(1.60) 1.645 1.696

(0.176) 0.168 0.162

(223) 136 95.8

699 V

2.367 V

0.111 V

27.0 V

V V

V V

V V

V V

834 787

2.202 (2.33)

0.118 0.105

84.5 47.5

953 901

1.767 (1.W

0.152 0.138

63.9 40.0

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



ANILINE

METHYL-
ANILINE

DIMETHYL-
ANILINE

DIETHYL-
ANILINE

Chemical formula: C,H,N
Molecular weight: 93.06
Melting point: -6.1 �C
Boiling point: 184.4�C
Critical temperature:

425.85�C
Critical pressure: 5.301 MPa

Chemical formula: C,HsN
Molecular weight: 107.15
Melting point: -57 .O �C
Boiling point: 196.3 �C
Critical temperature:

428.6 �C
Critical pressure: 5.20 MPa

Chemical formula: CsH, ,N
Molecular weight: 12 1.18
Melting point: -2.45�C
Boiling point: 193.55 �C
Critical temperature:

413.85�C
Critical pressure: 3.63 MPa

Chemical formula: C,aH,5N
Molecular weight: 149.24
Melting point: -21.3�C
Boiling point: 217.1 �C
Critical temperature:

422 �C
Critical pressure: 3.2 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp./ &J/kg K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

9, (10m5 Ns/m�)

Density, p, (kg/m3)
Specific heat capacity,

cp./ NJ/kg K)
Thermal conductivity,

X, [(W/m�)/(K/m)]
Dynamic viscosity,

Q (10e5  Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp.r @J/kg  K)
Thermal conductivity,

A, [W/dWm)l
Dynamic viscosity,

7, (lo-�  Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp.i @J/kg  K)
Thermal conductivity,

A, W/d/Wm)l
Dynamic viscosity,

7, ( 10m5  Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(1042)

(1.98)

0.173

S

S

S

S

(1022)

(2.W

0.167

(920)

S

S

S

S

s

S

S

S

1 039

2.030

0.200

1 020

1002

(2.02)

0.163

435.1

S

S

S

S

951

(1.77)

0.140

390.1

1 022

2.068

0.195

440

986

(2.04)

0.159

230

956

1.792

0.143

138.7

935

(1.82)

0.137

218.6

996

2.121

0.174

185

963

(2.07)

0.153

124

930

1.876

0.138

91.0

910

2.010

0.132

119.1

951

2.209

0.167

82

922

2.127

0.143

63.1

891

2.022

0.129

57.2

871

2.024

0.129

62.6

905

2.293

0.159

49

880

(2.19)

0.134

39.1

850

(2.14)

0.120

35.0

832

(2.16)

0.120

40.7

V

V

V

V

V

(7%

(2.33)

0.112

29.0

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



NITRILES

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Substance Data Property
Temperature, K

123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

ACETON-
NITRILE

Chemical formula: C,H3N Density, p, (kglm3) S S S S 829 803 783 750 v V V V V
Molecular weight: 41.05 Specific heat capacity,
Melting point: -43.85 �C cp.r &J/kg K) S S S S 2.17 2.20 2.256 2.361 V V V V V
Boiling point: 81.65 �C Thermal conductivity,
Critical temperature: X, [(W/m*)/(K/m)J  S S S S 0.227 0.218 0.211 0.201 v V V V V

274.85 �C Dynamic viscosity,
Critical pressure: 4.83 MPa q, (10d5 Ns/m*) S S S S (63) 44.5 26.0 27.2 V V V V V

PROPIO- Chemical formula: C,H,N Density, (kg/m�)0, S S (874) 850 826 802 782 750 v V V V V
NITRILE Molecular weight: 55.08 Specific heat capacity,

Melting point: -92.85 �C cp,/  &J/kg  K) S S 2.012 2.036 2.069 2.117 2.163 2.251 V V V V V
Boiling point: 97.35 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)] S S 0.200 0.192 0.185 0.177 0.172 0.164 v V V V V

291.25 �C Dynamic viscosity,

Critical 4.18 MPapressure: 7, (10m5  Ns/m�) S s - (113) (79) 54.1 43.2 32.7 V V V V V

BUTYRO-
NITRILE

Chemical formula: C,H,N Density, p, (kg/m�) S (905) (881) (857) (833) 809 790 761 712 V V V V
Molecular weight: 69.11 Specific heat capacity,
Melting point: -112.15�C cp,r W/k K) S (2.05) (2.07) (2.08) (2.10) (2.12) (2.14) 2.219 (2.33) V V V V
Boiling point: 117.85�C Thermal conductivity,
Critical temperature: X, [(W/m*)/(K/m)] S 0.186 0.178 0.172 0.166 0.159 0.154 0.148 0.137 V V V V

309.05 �C Dynamic viscosity,

Critical 3.79 MPapressure: 7, (lop5 Ns/m�) s - - (170) (115) 79.0 58.1 42.0 26.7 V V V V



i AMIDES
0

1 ii  2 - 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 Temperature, 20 50 �C 100 150 200 250 300

P.
1

75

= 2

Substance Data Property 123.15 173.15 198.15 223.15 248.15 273.15 Temperature, 293.15 323.15 K 373.15 423.15 473.15 523.15 573.15

L AZ
&G,

e
FOBMAMIDE Chemical formula: CH,NO Density, p, (kg/m�) S S S S S S 1 112 (1100) (1070) (1020) (980) V V

P Molecular weight: 45.04 Specific heat capacity,

6
Melting point: 2.2 �C cp., W/kg  K) S S S S S S 2.382 2.412 (2.56) (2.67) (2.74) V V

3
Boiling point: 210.5�C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]  S S S S S S 0.362 0.352 (0.335) (0.318) (0.301) V V

a

i
g. 472 �C Dynamic viscosity,
a Critical pressure: 9.5 MPa 7, (lop5 Ns/m*) S S S S S S 376.4 184.0 85.1 (44 (23) V V

rI.9
E.
P



NITRO DERIYATIVES

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

NITRO-
METHANE

NITRO-
BENZENE

o-NITRO-
TOLUENE

m-NITRO-
TOLUENE

p-NITRO-
TOLUENE

Chemical formula: CH,N02 Density, p, (kg/m3)
Molecular weight: 61.04 Specific heat capacity,
Melting point: -28.55 �C cp,r &J/kg K)
Boiling point: 101.25 �C Thermal conductivity,
Critical temperature: 1, V.W/m*YWm)l

314.85 �C Dynamic viscosity,
Critical pressure: 6.31 MPa 7, (10m5 Ns/m*)

Chemical formula: &H,NO, Density, p, (kg/m3)
Molecular weight: 123.11 Specific heat capacity,
Melting point: 5.7�C cp.i Wk K)
Boiling point: 210.9�C Thermal conductivity,
Critical temperature: Al [W~m*YWm)l

439°C Dynamic viscosity,
Critical pressure: 3.5 MPa TJ,  (10e5  Ns/m*)

Chemical formula: C,H,N02
Molecular weight: 137.13
Melting point: -3.2 �C
Boiling point: 22 1.7 �C
Critical temperature:

447 �C
Critical pressure: 3.4 MPa

Density, pi (kg/m�)
Specific heat capacity,

cp.1  @J/kg  K)
Thermal conductivity,

AI W/m*YWm)l
Dynamic viscosity,

q, ( 10e5 Ns/m*)

Chemical formula: C,H,N02 Density, p, (kg/m3)
Molecular weight: 137.13 Specific heat capacity,
Melting point: 16.1 �C cp.r @J/kg  K)
Boiling point: 232.6�C Thermal conductivity,
Critical temperature: A, [Wm*YWm)l

452 �C Dynamic viscosity,
Critical pressure: 3.1 MPa 7, (10m5 Ns/m*)

Chemical formula: C,H,N02 Density, p, (kg/m3)
Molecular weight: 137.13 Specific heat capacity,
Melting point: 51.8�C cp,r Wh K)
Boiling point: 238.6�C Thermal conductivity,
Critical temperature: AI [cW~m*YWWl

462 �C Dynamic viscosity,
Critical pressure: 3.0 MPa q1 (lo-�  Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(1198)

(1.66)

0.217

(115)

S

S

S

S

S

S

S

S

S

S

UlW 1136 1095

(1.70) 1.729 1.775

0.210 0.204 0.194

84.4 65.7 47.9

S 1204 1 174

S 1.465 1.507

S 0.149 0.146

S 201.0 124.1

(1180) 1 163 1 132

1.072 1.139 1.252

0.144 0.141 0.136

383.1 237.0 142.0

S 1 157 (1130)

S 1.097 1.227

0.141

233.1

S

S

S

S

0.136

139.8

S

S

S

S

1026 V

1.861 V

0.179 V

29.8 V

1 124 1 073

1.617 (1.77)

0.138 0.130

70.0 50.5

1 082 1 034

1.432 1.641

0.128 0.120

74.2 47.8

(1082) (1036)

(1.40) 1.60)

0.128 0.120

75.0 (46)

1 082 1 036

1.357 1.453

0.137 0.128

76.0 48.2

V

V

V

V

1 020

(1.85)

0.117

39.0

985

(1.86)

0.112

33.0

(988)

(1.83)

0.112

(27)

988

1.687

0.120

34.7

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



ORGANIC SULFUR COMPOUNDS

Substance Data Property

Temperature, �C
- 2 0 0 - 1 8 0 -160 - 1 4 0 - 1 2 0 - 1 0 0 - 5 0 0 20 50 100 150 200

Temperature, K
73.15 93.15 113.15 133.15 153.15 173.15 223.15 273.15 293.15 323.15 373.15 423.15 473.15

METHYL-
MERCAPTAN

ETHYL-
MERCAPTAN

DIMETHYL-
SULFIDE

DIETHYL-
SULFIDE

THIOPHENE

Chemical formula: CH,S Density, p1 (kg/m�)
Molecular weight: 48.11 Specific heat capacity,
Melting point: -122 �C cp.r  Wkg K)
Boiling point: 6.8 �C Thermal conductivity,
Critical temperature: A, W/m2YWm)l

196.8�C Dynamic viscosity,
Critical pressure: 7.23 MPa TJ~  (low5  Ns/m�)

Chemical formula: C2H,S
Molecular weight: 62.13
Melting point: -147°C
Boiling point: 34.4�C
Critical temperature:

225.5�C
Critical pressure: 5.49 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp.r @J/kg  K)
Thermal conductivity,

A, [W~m2YWm)l
Dynamic viscosity,

7, (1O-5  Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp,r @/kg  K)
Thermal conductivity,

X, [(W/m*)/(K/m)]
qI (low5  Ns/m*)

S S

S

S

S

S

S

S

S

S

S

S
S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S
S

S

S

S

S

S

S

S

S

S (1046) (1019) (957) (895) V V V V

V

V

V

V

V

V

V

V

V

V
V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V
V

V

V

V

V

V

V

V

V

S

S

S

S

(1.84) 1.825 1.800

- (0.247)

1.842 V

(0.207) V

V V

V V

V V(29) vS

S

S - (49)-

(994)

1.840

(972)

1.815

(950) (896) 842 820

1.805 1.803 1.851 1.885

V V

V VS

S

S

(0.172) (0.143) 0.133

- (62) 36.3 30.0

V V- -

V V- -

S (931) 872 850 V VChemical formula: C,H$
Molecular weight: 62.13
Melting point: -98.3 �C
Boiling point: 34.4�C
Critical temperature:
Critical pressure: 5.53 MPa

S

S

S

S

S

S S 1.813

S (0.151)
S (59)

1.863 1.897

(0.133) (0.126)
35.5 29.4

V V

V V
V V

S
S

S
S

Chemical formula: C,H,aS
Molecular weight: 90.18
Melting point: -103.3 �C
Boiling point: 9O.O�C
Critical temperature:

283.8�C
Critical pressure: 3.96 MPa

Density, p, (kg/m3)
Specific heat capacity,

cp,, @J/kg  K)
Thermal conductivity,

A, [(W/m*)/(K/m)]
Dynamic viscosity,

Q (lO-5  Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp./  @J/kg  K)
Thermal conductivity,

A, [W~m*YWm)l
Dynamic viscosity,

vI (low5  Ns/m�)

S S

S

(954) (905) 856 837

(1.74) 1.767 1.847 1.889

807 V

1.899 VS S

S

S

S

S

S

S

(0.176) (0.160)

- (104

(0.142) 0.137 (0.126) V

57.4 44.6 33.4 v

Chemical formula: C,H,S
Molecular weight: 84.14
Melting point: -38.3 �C
Boiling point: 84.1 �C
Critical temperature:

297 �C
Critical pressure: 4.95 MPa

S

S

S

S

S

S

S S 1 086 1065 ( 1 0 1 3 )  v

S S 1.43 1.46

S S (0.142) 0.137

(1.49) v

(0.128) VS S S

S S S S S 87.5 66.4 47.4 v



INORGANIC SUBSTANCES

Substance Data Property

Temperature, �C
- 2 0 0 - 1 8 0 - 1 6 0 - 1 4 0 - 1 2 0 - 1 0 0 - 5 0 0 20 50 100 150 200

Temperature, K
73.15 93.15 113.15 133.15 153.15 173.15 223.15 273.15 293.15 323.15 373.15 423.15 473.15

HYDROGEN
FLUORIDE

HYDROGEN
CHLORIDE

HYDROGEN
BROMIDE

HYDROGEN
IODIDE

HYDROGEN
CYANIDE

Chemical formula: HF
Molecular weight: 20.01
Melting point: -83.15 �C
Boiling point: 19.55 �C
Critical temperature:

187.85�C
Critical pressure: 6.48 MPa

Density, p, (kg/m3)
Specific heat capacity,

cp.l @J/kg  K)
Thermal conductivity,

h W~m*YWmN
Dynamic viscosity,

7, (10e5  Ns/m*)

Chemical formula: HCI Density, p, (kg/m3)
Molecular weight: 36.46 Specific heat capacity,
Melting point: -114.15 �C cp,r  @J/kg  K)
Boiling point: -85.05 �C Thermal conductivity,
Critical temperature: 4 W/m*YWm)l

51.45�C Dynamic viscosity,
Critical pressure: 8.31 MPa 7, (10-j Ns/m�)

Chemical formula: HBr
Molecular weight: 80.91
Melting point: -86.9�C
Boiling point: -67.05 �C
Critical temperature:

89.4 �C
Critical pressure: 8.4 MPa

Density, p, (kg/m�)
Specific heat capacity,

cp.r  @J/kg  K)
Thermal conductivity,

A, [CW~m*)4KW
Dynamic viscosity,

q, (1O-5  Nslm*)

Chemical formula: HI
Molecular weight: 127.91
Melting point: -50.75 �C
Boiling point: -35.55�C
Critical temperature:

150.85�C
Critical pressure: 8.3 MPa

Density, pi (kg/m�)
Specific heat capacity,

cp.r  W/k  K)
Thermal conductivity,

h [W/dWm)l
Dynamic viscosity,

7, (10m5 Ns/m*)

Chemical formula: HCN
Molecular weight: 27.03
Melting point: -14.2�C
Boiling point: 25.7 �C
Critical temperature:

183.5�C

Density, p, (kg/m�)
Specific heat capacity,

cp.r  @J/kg  K)
Thermal conductivity,

h W/dWm)l
Dynamic viscosity,c *

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

Critical pressure: 5.39 MPa t), (lo-�  Ns/m�) S

S

S

S

S

S

S

S

S

S

S

s

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S 1 123

S 2.97

S 0.51

S 57

1 235 V

1.60 v

(0.421) V

(58)

S

S

S

S

S

S

S

S

S

S

S

S

V

2 132

0.749

0.131

(50)

2 863

0.460

(0.173)

141.8

S

S

S

S 23.55 19.2 V

1002

3.60

0.455

25.6

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

715 688

2.61 2.63

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

(0.312) (0.294) V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



HYDROGEN
SULFIDE

AIR

AMMONIA

NITROGEN
DIOXIDE

CARBON
MONOXIDE

CARBON
DIOXIDE

Chemical formula: Hr.5
Molecular weight: 34.08
Melting point: -8555°C
Boiling point: -60.35 �C
Critical temperature:

100.05 OC
Critical pressure: 89.4 MPa

Chemical formula:
Molecular weight: 28.96
Melting point: -213 �C
Boiling point: -194.25 �C
Critical temperature:

-140.55�C
Critical pressure: 3.769 MPa

Chemical formula: NH,
Molecular weight: 17.03
Melting point: -77.7 �C
Boiling point: -33.41 �C
Critical temperature:

132.4�C
Critical pressure: 11.29MPa

Chemical formula: NO*
Molecular weight: 46.01
Melting point: - 11.25 �C
Boiling point: 2 1.15 �C
Critical temperature:

158.25�C
Critical pressure: 1.013 MPa

Chemical formula: CO
Molecular weight: 28.01
Melting point: -204.99 �C
Boiling point: - 19 1.49 �C
Critical temperature:

-139.99�C
Critical pressure: 3.498 MPa

Chemical formula: COr Density, p, (kg/m3)
Molecular weight: 44.01 Specific heat capacity,
Melting point: -56.55�C cp./ Wkg K)
Boiling point: -78.45 �C Thermal conductivity,
Critical temperature: A, [(W/m�)/(K/m)]

31.05�C Dynamic viscosity,
Critical pressure: 72.95 MPa q, ( lop5  Ns/m�)

Density, p, (kg/m�)
Specific heat capacity,

cp./ W/kg W
Thermal conductivity,

A, KW~dWm)l
Dynamic viscosity,

7, (10e5  Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp.r &J/kg W
Thermal conductivity,

A, W/m*YWm)l
Dynamic viscosity,

7, (lop5 Ns/m�)

Density, p, (kg/m�)
Specific heat capacity,

cp,/ &J/kg W
Thermal conductivity,

X, [(W/m�)/(K/m)]
Dynamic viscosity,

7, (lo-�  Ns/m*)

Density, p, (kglm3)
Specific heat capacity,

q./ W/kg K)
Thermal conductivity,

h W/m*YWm)l
Dynamic viscosity,

7, (10�  Ns/m�)

Density, p, (kg/m�)
Specific heat capacity,

cp./ @J/kg  W
Thermal conductivity,

h K~~mZYWm)l
Dynamic viscosity,

7, (10e5  Ns/m2)

S

S

S

S

897

1.957

0.152

20.3

S

S

S

S

S

S

S

S

837

2.16

0.160

23.0

S

S

S

S

V

V

V

V

S

S

S

S

S

S

S

S

V

V

V

V

S

S

S

S

S

S

S

S

V

V

V

V

S

S

S

S

S

S

S

S

V

V

V

V

S

S

S

S

S

S

S

S

V

V

V

V

S

S

S

S

S

S

S

S

V

V

V

V

S

S

S

S

S

S

S

S

V

V

V

V

S

S

S

S

S

S

S

S

V

V

V

V

S

S

S

S

S

S

S

S

V

V

V

V

S

S

S

S

S

S

S

S

V

V

V

V

S

S

S

S

980

(1.875)

(0.211)

(24)

V

V

V

V

695

4.45

0.547

31.7

S

S

S

S

V

V

V

V

1 154

180

(0.157)

15.5

V

V

V

V

V

V

V

V

V

V

V

V

1 494

1.505

0.140

49.4

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

1446

1.535

0.130

4.21

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



INORGANIC SUBSTANCES (Continued)

Temperature, �C

- 2 0 0 - 1 8 0 - 1 6 0 - 1 4 0 - 1 2 0 - 1 0 0 - 5 0 0 20 50 100 150 200

.

Substance Data Property
Temperature, K

73.15 93.15 113.15 133.15 153.15 173.15 223.15 273.15 293.15 323.15 373.15 423.15 473.15

CARBONYL
SULFIDE

CARBON
DISULFIDE

WLFUR
DIOXIDE

?HOSGENE

Chemical formula: COS
Molecular weight: 60.07
Melting point: -138.85�C
Boiling point: -50.25 �C
Critical temperature:

102.2�C
Critical pressure: 6.5 MPa

Chemical formula: CS
Molecular weight: 76.13
Melting point: - 111.85 �C
Boiling point: 46.25 �C
Critical temperature:

278.85 �C
Critical pressure: 7.90 MPa

Chemical formula: SO Density, p, (kg/m3)
Molecular weight: 64.06 Specific heat capacity,
Melting point: -74.45�C cp.l @J/kg  K)
Boiling point: -10.15�C Thermal conductivity,
Critical temperature: h WhhWm)l

157.65 �C Dynamic viscosity,
Critical pressure: 7.884 MPa vi (lop5 Ns/mr)

Chemical formula: COClr
Molecular weight: 98.92
Melting point: -128.15�C
Boiling point: 7.65 �C
Critical temperature:

181.85�C
Critical pressure: 5.67 MPa

Density, p, (kg/m3)
Specific heat capacity,

cp.1 &J/kg K)
Thermal conductivity,

h W~m*YWm)l
Dynamic viscosity,

7, (10e5 Ns/mr)

Density, p, (kg/m3)
Specific heat capacity,

cp,r  W/kg  K)
Thermal conductivity,

1, Whn*YWm)l
Dynamic viscosity,

7, (lO-5 Ns/m*)

Density, p, (kg/m3)
Specific heat capacity,

cp.r @J/kg  K)
Thermal conductivity,

A, UY/m2YWm)l
Dynamic viscosity,

qr (lop5 Ns/m*)

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

(1316) 1276 1 180

1.20 1.19 1.22

(0.274) (0.251) (0.199)

54.0 43.7 25.8

S 1 432 1 362

S 0.988 0.988

S (0.212) (0.194)

S (138) (68)

S S 1 557

S S (1.381)

S S 0.242

S S 68.1

(1715) 1 667 1 549

1.05 1.03 1.00

S S (0.150)

S S (220)

V V

V V

V V

V V

1 292 1 262

0.996 1.00

0.177 0.170

44.0 36.7

V V

V V

V V

V V

1436 V

1.02 v

(0.138) V

(114) v

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V



ELEMENTS

Temperature, �C
- 2 0 0 - 1 8 0 - 1 6 0 - 1 4 0 - 1 2 0 - 1 0 0 - 5 0 0 20 50 100 150 200

Substance Data Property
Temperature, K

73.15 93.15 113.15 133.15 153.15 173.15 223.15 273.15 293.15 323.15 373.15 423.15 473.15

NITROGEN

OXYGEN

ARGON

FLUORINE

Chemical formula: N, Density, a, (kg/m�)
Molecular weight: 28.01 Specific heat capacity,
Melting point: -2 10 �C cp,r  @J/kg  K)
Boiling point: -195.8O�C Thermal conductivity,
Critical temperature: AI W/m2YWm)l

-146.9�C Dynamic viscosity,
Critical pressure: 3.396 MPa 7, (lop5 Nslm*)

Chemical formula: Or
Molecular weight: 32.00
Melting point: -218.8�C
Boiling point: -182.97 �C
Critical temperature:

-118.38�C
Critical pressure: 5.05 MPa

Density, p, (kg/m3)
Specific heat capacity,

cp,r @J/kg  K)
Thermal conductivity,

h W/dWm)l
Dynamic viscosity,

7, ( 10e5 Ns/m*)

Chemical formula: Ar Density, p, (kg/m�)
Molecular weight: 39.95 Specific heat capacity,
Melting point: -189.37�C cp.r @J/kg  K)
Boiling point: - 185.86 �C Thermal conductivity,
Critical temperature: A, W/mW~m)l

-122.29�C Dynamic viscosity,
Critical pressure: 4.898 MPa q, (10e5 Ns/m2)

Chemical formula: F2
Molecular weight: 38.00
Melting point: -220.15 �C
Boiling point: -187.95 �C
Critical temperature:

-129.15�C
Critical pressure: 5.32 MPa

Density, p, (kg/m3)
Specific heat capacity,

cp., @J/kg  K)
Thermal conductivity,

A, Wh*YWm)l
Dynamic viscosity,

7, (low5 Ns/m�)

829

1.99

0.141

19.7

1 226

1.67

0.179

31.4

S

S

S

S

1 140

1.51

(0.155)

34.9

V

V

V

V

V

V

V

V

1360

1.13

0.116

20.8

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V
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V

V
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ELEMENTS (Continued)

Substance Data Property

Temperature, �C
-200 - 1 8 0 - 1 6 0 - 1 4 0 - 1 2 0 - 1 0 0 - 5 0 0 20 50 100 150 200

Temperature, K
73.15 93.15 113.15 133.15 153.15 173.15 223.15 273.15 293.15 323.15 373.15 423.15 473.15

CHLORINE

BROMINE

IODINE

Chemical formula: Cl*
Molecular weight: 70.91
Melting point: -100.5O�C
Boiling point: -34.04�C
Critical temperature:

144.O�C
Critical pressure: 7.7 1 MPa

Chemical formula: Br, Density, p, (kg/m�)
Molecular weight: 159.81 Specific heat capacity,
Melting point: -8.25 �C cp.r &J/kg K)
Boiling point: 58.75 �C Thermal conductivity,
Critical temperature: A, KW/m*YWm)l

310.85 �C Dynamic viscosity,
Critical pressure: 10.3 MPa q, (10m5  Ns/m*)

Chemical formula: I* Density, PI (kg/m�)
Molecular weight: 253.81 Specific heat capacity,
Melting point: 113.65 �C cp,r @J/kg  K)
Boiling point: 184.35 �C Thermal conductivity,
Critical temperature: 4 W/mVWm)l

545.85�C Dynamic viscosity,
Critical pressure: 11.65 MPa 7L (10e5 Ns/m*)

Density, p, (kg/m�)
Specific heat capacity,

cp., Wkg K)
Thermal conductivity,

A, W~m*VWmN
Dynamic viscosity,

q, (10e5 Ns/m*)

S S S S S 1 717 1 598 V V V V V V

S S S S S 0.883 0.892 V V V V V V

S S S S S 0.198 0.186 v V V V V V

S S S S S 104.0 55.4 v V V V V V

S S S S S S S 3 208 3 140 (3040) v V V

S S S S S S S 0.448 0.452 0.456 V V V

S S S S S S S (0.129) 0.124 0.117 V V V

S S S S S S S 124 99.6 76.2 V V V

S S S S S S S S S S S 3780 V

S S S S S S S S S S S 0.318 V

S S S S S S S S S S S 0.112 v

S S S S S S S S S S S 179.8 V

Temperature, �C
- 1 5 0 - 1 0 0 - 7 5 - 5 0 - 2 5 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

Chemical formula: S,
Molecular weight: 64.12
Melting point: 112.8�C
Boiling point: 444.6 �C
Critical temperature:

1041 �C
Critical pressure: 20.7 MPa

Density, p, (kg/m3)
Specific heat capacity,

c,,.I &J/kg K)
Thermal conductivity,

AI UWm*YWm)l
Dynamic viscosity,

TJ,  (10d5  Ns/m*)

S S S S S S S S S 1 780 1744 - -

S S S S S S S S S 0 . 5 7 0  0 . 5 7 0  0 . 5 7 0 0.570

S S S S S S S S S 0.137 0.154 - -

S S S S S S S S S 705 79.1 - -



MERCURY Chemical formula: Hg Density, (kg/m�)p, S S S S (13660) 13595 13546 13473 13351 13231 13112 12993 12874
Molecular weight: 200.5 1 Specific heat capacity,
Melting point: -38.83 �C c,,,, @J/kg  K) S S S S (1.41) 0.1404 0.1396 0.1385 0.1371 0.1361 0.1355 0.1352 0.1353
Boiling point: 356.95 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)] S S S S (7.85) 8.175 8.447 8.842 9.475 10.074 10.64 11.18 11.69

1490.05 �C Dynamic viscosity,
Critical 151 MPapressure: 7, (10m5  Ns/m*) S S S S (1W 168.7 155.6 140.0 124.1 112.0 103.9 97.5 92.6

HEAT TRANSFER MEDIA

Substance Data Property

Temperature, �C
- 1 5 0 - 1 0 0 -75 - 5 0 -25 0 20 50 100 150 200 250 300

Temperature, K
123.15 173.15 198.15 223.15 248.15 273.15 293.15 323.15 373.15 423.15 473.15 523.15 573.15

DOWTHERM Chemical formula* Density, pr (kg/m�)
A Molecular weight: 166 Specific heat capacity,

Melting point: 12 �C cp.r &J/kg K)
Boiling point: 257.1 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]
497°C Dynamic viscosity,

Critical pressure: 3.134 MPa 7, (lop5 Ns/m*)

*Mixture (C,HS)*O  (73.5 %); (C,H,),  (26.5%)

DOWTHERM  J Chemical formula: C,0H,4 Density, p, (kg/m�)
Molecular weight: 134 Specific heat capacity,
Melting point: - cp,r W/kg  K)
Boiling point: 18 1 �C Thermal conductivity,
Critical temperature: A, [(W/m*)/(K/m)]
383°C Dynamic viscosity,

Critical pressure: 2.837 MPa 7, (10m5  Ns/m*)

S S S

S S S

S S S

S S S

1060

1.574

0.141

380

1 036

1.660

0.137

215

995

1.800

0.132

100

951

1.947

0.125

58

906

2.087

0.119

39

858 V

2.219 V

0.113 v

28

S S S 917

S S S 1.650

S S S 0.137

S S S 410

897 888

1.713 1.772

0.135

225

0.134

140

872

1.830

0.133

90

842 801 754

1.924 2.093 2.278

0.130 0.126

62 36
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Inorganic substances (continued)

Substance Data
PrOpefiY
(at low pressure)

Temperature, �C
- 150 - 1 0 0 - 5 0 0 25 100 200 300 400 500 1 000 1500 2 000

Temperature, K
123.15 173.15 223.15 273.15 298.15 373.15 473.15 573.15 673.15 773.15 1273.15 1773.15 2 273.15

NITROUS
OXIDE

CARBON
MONOXIDE

CARBON
DIOXIDE

SULFUR
DIOXIDE

Chemical formula: N, 0
Molecular weight: 44.01
Norma) density (at O�C,

101.3 kPa):  1.97 kg/m�
Boiling point: -88.45� C
Critical temperature:

36.43�C
Critical pressure: 7.159 MPa

Chemical formula: CO
Molecular weight: 28.01
Normal density (at O�C,

101.3 kPa):  1.25 kg/m3
Boiling point: -191.49�C
Critical temperature:

-139.99�C
Critical pressure: 3.498 MPa

Chemical formula: CO,
Molecular weight: 44.01
Normal density (at O�C,

101.3 kPa):  1.97 kg/m3
Boiling point: -78.5�C
Critical temperature:

31.04�C
Critical pressure: 7.382 MPa

Chemical formula: SO,
Molecular weight: 64.06
Normal density (at O�C,

101.3 kPa):  2.92 kg/m�
Boiling point: -lO.lS�C
Critical temperature:

157.65�C
Critical pressure: 7.884 MPa

Specific heat capacity, S S 0.816 0.858 0.879 0.950

cp,g &J/kg K)
1.017 1.076 1.130 1.176 1.285 1.331 1.361

Thermal conductivity, S S 0.011 0.015 0.017 0.024

kg W/m*  )/W-W

0.032 0.041 0.050

Dynamic viscosity, S S 1.11 1.36 1.49 1.83
vg (10e5 Ns/m�)

2.25

Specific heat capacity, - 1.038 1.038 1.038 1.038 1.038

cp.g @J/kg  K)
1.055

2.65 3.02

1.080 1.105

Thermal conductivity, 0.011 0.015 0.019 0.023 0.025 0.030 0.037 0.043 0.049
kg [W/m*  )/G/m)1

Dynamic viscosity, 0.81
qg (loss Ns/m2)

Specific heat capacity, S
cp,g &J/kg K)

Thermal conductivity, S

kg W/mZYWm)l

Dynamic  v iscos i ty ,  S
qg (lo- s Ns/m* )

Specific heat capacity, S

cp,g @J/kg  W

Thermal conductivity, S

Ag P/m�)/W/m)l

Dynamic  v iscos i ty ,  S
qg (lo-�  Ns/m*)

1.12 1.40 1.66 1.78 2.11

S 0.775 0.816 0.846 0.934

S 0.011 0.015 0.016 0.022

S 1.13 1.37 1.49 1.82

S L 0.586 0.607 0.662

S L 0.0086 0.0099 0.014

S L 1.17 1.28 1.63

2.51

1.001

2.87 3.20

1.063 1.114

0.030 0.038 0.045

2.22

0.712

2.59 2.93

0.754 0.787

0.019 0.024 0.029

2.07 2.46 2.80

0 . 0 5 9  -

- -

1.130 1.235

0.055 -

3.52 4.90

1.156 1.269

0.052 -

3.24 4.59

0.816 0.883

0.034 -

3.15 -

- -

- -

1.285 1.315

- -

- -

1.319 1.352

- -

- -

0.921 0.946

-

-

-

-



5.5 PHYSICAL PROPERTY DATA TABLES 5.5.12-l

5.512
Thermal and mechanical

properties of heat
exchanger construction

material

Clive F. Beaton

n This section provides data on the three essential
properties of materials required for the design of heat
exchangers, namely thermal conductivity, the mean co-
efficient of expansion (from ambient temperature to re-
quired temperature), and the modulus of elasticity. A
wide variety of materials is used in practice, and the
materials listed in the Standards of the American Soci-
ety of Mechanical Engineers (ASME)  have been taken
as a basis for this report, with a few additions. The
Unified Numbering System (UNS) and the Werkstoff-
Nummer (WN) or DIN-Norm (DIN) have been given
where applicable.

Different data sources give large variations (fre-
quently up to 25%) in the values of these properties at
high and/or low temperatures. In particular, significant
disagreement between ASME and TEMA (Tubular Ex-
changer Manufacturers� Association) tables is frequent.
Where alternative sources have been referenced, pre-
ferred values have been adopted.

Data for many of the materials are available only at
ambient temperatures, and values at other temperatures
have been estimated by assuming the temperature varia-
tion to be similar for similar materials. Curves of prop-
erty versus temperature sometimes exhibit maxima and
minima, for example, in the thermal conductivity of
some chromium steels or of aluminum alloys and in the
coefficient of expansion of steels at high temperatures.
In such cases it was not possible to extrapolate values
from data over a limited temperature range because the
point of inflection was unknown.

Values are given for carbon and low alloy steels
(Table l), high chrome steels (Table 2), nickel and
nickel alloys (Table 3), copper and copper alloys (Table

0 1985 Hemisphere F blishing Corporation Rev. 1986

4), aluminum alloys (Table 5), and titanium, zirconium,
and cast iron (Table 6). Quantities and units used are: p,
density (g/cm�); TC, thermal conductivity (W/m K);
CE, coefficient of expansion (l/K), and ME, modulus
of elasticity (GPa)  (GPa  = 10� Pa; 1 Pa = 1 N/m*;
1 psi = 6.894 757 x i0�  Pa).

Tabular information is given for the following ma-
terials:

Carbon steels
Carbon/silicon
Carbon/manganese
Carbon/manganese/silicon
C-1/2Mo; 1/2Cr-1/2Mo;

1/2Cr- 1 /SMo-V;
l-3/4Cr-1/2Mo-Cu

1/2Cr-1/4Mo-Si;
lCr-1/2Mo-V;
l-1/4Cr-1/2Mo;
l-1/4Cr-1/2Mo-Si

lCr-l/SMo; lCr-1/2Mo
2Cr- 1/2Mo
lCr-l/SMo-Si
2-1/4Cr-1Mo
3Cr-1Mo
5Cr-  ll2Mo
5Cr- 1/2Mo-Si
SCr-lRMo-Ti
7Cr- 1/2Mo
9Cr-1Mo
1/2Ni- 1/2Cr- 1/4Mo-V

1.5423

UNS WN*

1.7335
1.7335
-

1.7335
1.7380
-

1.7362
1.7362
-

1.7368
1.7386
-

,- _-,.  *-  -_ �_ -.._ __ _ _
-�. --- -r-� �.



5.5.12-2 5.5 PHYSICAL PROPERTY DATA TABLES / 5.512 Properties of Heat Exchanger Construction Materials

UNS WN* UNS WN*

3/4Cr-1/2Ni-Cu
3/4Cr-3/4Ni-Cu-Al
3/4Ni-1/2Cu-Mo
lNi-1/2Cr-1/2Mo
l -3/4Ni-3/4Cr-  ll4Mo
2-1/2Ni
3/4Ni-1/2Mo-1/3Cr-V
1/2Ni-1/2Mo-V;

3/4Ni-  1/2Cr- 1/2Mo-V;
3/4Ni-  1/2Mo-Cr-V;
3/4Ni-  l Mo-3/4Cr

1/2Cr-1/2Ni-1/5Mo
2Ni-3/4Cr-  1/3Mo
2Ni-3/4Cr-  1/4Mo
3-1/2Ni
3-1/2Ni-1-3/4Cr-1/2Mo-V
5Ni-ll4Mo
8Ni
9Ni
Mn- 1/2Mo
Mn- 1/2Mo-  1/4Ni
Mn-1/2Mo-ll2Ni
Mn-1/2Mo-3/4Ni
Mn- 1 l4Mo
Mn-V

High chrome steels
12Cr-IA1
13Cr
15Cr
17Cr
18Cr/8Ni
23Cr/12Ni
25Cr/20Ni
16Cr/12Ni/2Mo
18Cr/13Ni/3Mo
18Cr/lONi/Ti
18Cr/lONi/Cb
18Cr/  1 SNi/2Si

Nickel and nickel alloys
Nickel 200
Nickel 201

s40500 1.4002
s41000 1.4006
S42900 -

s43000 1.4016
s30400 1.4301
s30900 1.4828
s31000 1.4841
s31600 1.4401
s31700 -

S32100 1.4541
s34700 1.4550
S38100 -

Nickle 400
Nickel 405
Nickel 600
Nickel 800
Nickel 825
Alloy X
Alloy C4
Alloy 625
Alloy G
Alloy G3
Alloy B
Alloy B2
Alloy 276
Alloy C22

Copper and copper alloys
Copper
Muntz metal
Admiralty brass
Naval brass
Phosphor bronze A
Aluminum bronze D
Aluminum brass
Copper nickel 90/10
Copper nickel 80/20
Copper nickel 70/30

Aluminum alloys (annealed
condition)

Alloy 1100
Alloy 3003
Alloy 5052
Alloy 5083
Alloy 6061
Alloy 6063

Miscellaneous materials
Unalloyed titanium

(grade 2)
Zirconium
Grey cast iron

A91 100 3.0205
A93003 3.0517
A95052 3.3523
A95083 3.3547
A9606 1 3.3211
A96063 3.3206

R50400
-
-

3.7055
-
-

NO2200 2.4066 *Note:  Where no Werkstoff-Nummer is given, there is no equiva-
NO2201 2.4068 lent to the ASME materials quoted.

-
-
-
-
-
1.5635
-

-
-
-
-

1.5637
-
-
-

1.5662
-
-
-

1.6310
-
-

NO4400
NO4405
NO6600
NO8800
NO8825
NO6002
NO6455
NO6625
NO6007
NO6985
NlOOl
N10665
N10276
-

2.4360
-

2.4816
1.4876
2.4858
2.4606
2.4610
2.4856
-

2.4603
2.4810
2.4617
2.4819
-

Cl0200 2.0040
C36500 2.0372
c44300 2.0470
c46400 2.0530
c51000 2.1016
C61400 2.0932
C68700 2.0460
c70600 2.0872
c71000 2.0878
c71500 2.0882
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5.5 PHYSICAL PROPERTY DATA TABLES 5.5.13-1

5.513
Properties of seawater

Clive F. Beaton

n Values of thermal conductivity, dynamic viscosity,
heat capacity, density, and Prandtl number for seawater
and its concentrates are given. 

ml0 Cl%0 (1)

(The symbol %o denotes parts per thousand of seawater.)
Chlorinity and salinity are now more accurately found
by measuring the ratio of the electrical conductivity of
the unknown sample to that of a �standard seawater�
sample.

Reprinted with permission from Engineering Sciences Data Item
Len-

WlR

lhble 1 Composition of seawater

19.344
Sodium 10.773
Sulfate 2.712
Magnesium 1.294
Calcium 0.412

0.399
Bicarbonate 1.142
Bromide
Strontium 0.008

0.004
Fluoride

Table 1 gives the major components of seawater at
its �normal� salinity of 35%0,  though samples from dif-

32-40%0.
Samples reported at other salinities may be considered
merely as having more or less pure water, but at the
highest concentrations reported some salts (notably cal-
cium sulfates) will have exceeded their solubilities and
precipitated from solutions.

Tables 2-9 appear on the following pages. Refer-
ences for these tables and equations representing the
change in value with temperature and salinity can be
found in Data Item Number 77024 published by the En-
gineering Sciences Data Unit, 251-259 Regent Street,
London WlR 7AD.

0 1986 Hemisphere Publishing Corporationr 1KDIIL A
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�Ihble  2 Thermal conductivity of seawater and its concentrates (mW/m*)/(K/m)

1,
�C 0� 10 20 30 35b 40 50

Salinity, g/kg

60 70 80 90 100 110 120 130 140 150

0
10
20
30
40

50
60
70
80
90

100
110
120
130
140

150
160
170
180

572 570 569 567 566 565 563 562 560 558 556 554 552 550 548 546 544
589 587 586 584 584 583 581 580 578 577 575 573 571 570 568 566 564
604 603 602 600 600 599 598 597 595 594 592 591 589 588 586 585 583
618 617 616 615 614 614 613 612 611 609 608 607 606 604 603 602 600
630 629 629 628 628 627 626 626 625 624 623 622 621 620 618 617 616

641 641 640 640 639 639 639 638 637 637 636 635 634 633 632 631 630
651 651 650 650 650 650 649 649 649 648 648 647 646 646 645 644 644
659 659 659 659 659 659 659 659 658 658 658 658 657 657 656 656 655
666 666 667 667 667 667 667 667 667 667 667 667 667 666 666 666 666
672 672 673 673 673 674 674 674 674 675 675 675 675 675 675 675 675

676 677 678 678 679 679 680 680 681 681 681 682 682 682 682 682 683
680 681 682 683 683 683 684 685 685 686 687 687 688 688 688 689 689
682 683 684 685 686 686 687 688 689 690 691 691 692 693 693 694 694
683 685 686 687 688 688 690 691 692 693 694 695 695 696 697 698 699
684 685 687 688 689 689 691 692 693 694 696 697 698 699 700 701 702

683 684 686 688 688 689 691 692 694 695 696 698 699 700 701 702 703
681 683 684 686 687 688 690 691 693 694 696 697 699 700 701 703 704
678 680 682 684 685 686 687 689 691 693 694 696 698 699 701 702 704
674 676 678 680 681 682 684 686 686 690 692 694 695 697 699 700 702

While these values for pure water are within the claimed accuracy, more accurate values are available in the appropriate ESDU Data Item.
b�Normal�  seawater.



�able  3 Dynamic viscosity of seawater and its concentrates (10m3 Ns/m�)

Salinity, g/kg

�C  0� 10 20 30 40 50 60 70 80 90 loo 110 120 130 140 150

0 1.775 1.802 1.831 1.861 1.893 1.928 1.965 2.005 2.049 2.096 2.147 2.202 2.261 2.326 2.395 2.470
10 1.304 1.327 1.350 1.375 1.401 1.429 1.459 1.491 1.526 1.563 1.603 1.646 1.693 1.743 1.797 1.855
20 1.002 1.021 1.041 1.061 1.083 1.106 1.131 1.157 1.185 1.216 1.248 1.283 1.321 1.361 1.404 1.451
30 0.797 0.814 0.830 0.848 0.866 0.886 0.906 0.929 0.952 0.977 1.004 1.033 1.064 1.098 1.133 1.171
40 0.653 0.667 0.681 0.696 0.712 0.729 0.747 0.765 0.786 0.807 0.830 0.854 0.880 0.908 0.938 0.970

50 0.546 0.559 0.571 0.585 0.599 0.613 0.629 0.645 0.662 0.681 0.700 0.721 0.744 0.768 0.793 0.821
60 0.466 0.477 0.488 0.500 0.512 0.525 0.539 0.553 0.568 0.584 0.602 0.620 0.639 0.660 0.682 0.706
70 0.404 0.414 0.424 0.434 0.445 0.457 0.469 0.481 0.495 0.509 0.524 0.540 0.558 0.576 0.595 0.616
80 0.355 0.364 0.373 0.382 0.392 0.402 0.413 0.424 0.436 0.449 0.463 0.477 0.492 0.508 0.525 0.544
90 0.315 0.323 0.331 0.340 0.349 0.358 0.368 0.378 0 .389  0 .400 0.412 0.425 0.439 0.453 0.469 0.485

100 0.282 0,290 0.297 0.305 0.313 0.322 0.331 0.340 0.350 0.360 0.371 0.383 0.395 0.408 0.422 0.436
110 0.255 0.262 0.269 0.276 0.284 0.291 0.300 0.308 0.317 0.326 0.336 0.347 0.358 0.370 0.382 0.395
120 0.232 0.239 0.245 0.252 0.259 0.266 0.273 0.281 0.289 0.298 0.307 0.317 0.327 0.337 0.349 0.361
130 0.213 0.219 0.225 0.231 0.237 0.244 0.251 0.258 0.266 0.273 0.282 0.291 0.300 0.310 0.320 0.331
140 0.196 0.201 0.207 0.213 0.219 0.225 0.231 0.238 0.243 0.252 0.260 0.268 0.277 0.286 0.295 0.305

150 0.181 0.187 0.192 0.197 0.203 0.208 0.214 0.221 0.227 0.234 0.241 0.249 0.256 0.265 0.273 0.283
160 0.169 0.173 0.178 0.183 0.189 0.194 0.200 0.205 0.211 0.218 0.224 0.231 0.239 0.246 0.254 0.263
170 0.157 0.162 0.167 0.171 0.176 0.181 0.186 0.192 0.198 0.203 0.210 0.216 0.223 0.230 0.237 0.245
180 0.147 0.152 0.156 0.161 0.165 0.170 0.175 0.180 0.185 0.191 0.196 0.202 0.209 0.215 0.222 0.230

�While  these values for pure water are within the claimed accuracy, more accurate values are available in the appropriate ESDU Data Item.



�lhble 4 Dynamic viscosity of seawater (10m3 Ns/m�)

Salinity, g/kg

r,
�C 30 31 32 33 34 35 36 37 38 39 40

0 1.861 1.864 1.867 1.871 1.874 1.877 1.880
10

1.883 1.887
1.375 1.377

1.890 I.893
1.380 1.382 1.365 1.388 1.390

20
1.393

1.061
1.396

1.063
1.398

1.065
1.401

1.068 1.070 1.072 1.074 1.076 1.078 1.081
30 0.848 0.850

1.083
0.851 0.853 0.855 0.857 0.859 0.861 0.862 0.864

40 0.696
0.866

0.698 0.699 0.701 0.702 0.704 0.706 0.707 0.709 0.710 0.712

50 0.585 0.586 0.587 0.589 0.590 0.592 0.593 0.594 0.596 0.597
60

0.599
0.500 0.501 0.503 0.504 0.505 0.506 0.507 0.509 0.510 0.511

70 0.434
0.512

0.435 0.437 0.438 0.439 0.440 0.441 0.442 0.443 0.444
80 0.382 0.383

0.445
0.384 0.385 0.386 0.387 0.388 0.389 0.390 0.391 0.392

90 0.340 0.341 0.342 0.343 0.343 0.344 0.345 0.346 0.347 0.348 0.349

100 0.305 0.306 0.307 0.308 0.308 0.309 0.310 0.311 0.312 0.312 0.313
110 0.276 0.277 0.278 0.278 0.279 0.280 0.281 0.281 0.282 0.283 0.284
120 0.252 0.252 0.253 0.254 0.254 0.255 0.256 0.257 0.257 0.258 0.259
130 0.231 0.231 0.232 0.233 0.233 0.234 0.235 0.235 0.236 0.237 0.237
140 0.213 0.213 0.214 0.215 0.215 0.216 0.216 0.217 0.218 0.218 0.219

150 0.197 0.198 0.198 0.199 0.199 0.200 0.200 0.201 0.202 0.202 0.203
160 0.183 0.184 0.184 0.185 0.186 0.186 0.187 0.187 0.188 0.188 0.189
170 0.171 0.172 0.172 0.173 0.173 0.174 0.174 0.175 0.175 0.176 0.176
180 0.161 0.161 0.161 0.162 0.162 0.163 0.163 0.164 0.164 0.165 0.165



�Pable  5 Heat capacity of seawater and its concentrates &J/kg  K)

Salinity, g/kg

r,
�C 0� 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

0 4.209 4.143 4.081 4.021 3.964 3.910 3.858 3.809 3.763 3.720 3.679 3 .641  3 .606 3.573 3.543 3.516
10 4.198 4.136 4.077 4.020 3.965 3.913 3.863 3.815 3.770 3.727 3.686 3.648 3.612 3.579 3.547 3.518
20 4.189 4.131 4.074 4.020 3.967 3.917 3.868 3.822 3,777 3.735 3.694 3.656 3.619 3.584 3.552 3.521
30 4.184 4.128 4.074 4.021 3.971 3.922 3.874 3.829 3.785 3.743 3.702 3.663 3.626 3.591 3.557 3.525
40 4.180 4.127 4.075 4.024 3.975 3.927 3.881 3.836 3.793 3.751 3.710 3.671 3.633 3.597 3.562 3.529

50 4.180 4.128 4.078 4.029 3.981 3.934 3 .888  3 .844 3.801 3.759 3.719 3.679 3.641 3.604 3.568 3.533
60 4.181 4.131 4.082 4.034 3.987 3.941 3.896 3.853 3.810 3.768 3.727 3.687 3.649 3.611 3.574 3.538
70 4.186 4.137 4.088 4.041 3.995 3.950 3.905 3.861 3.819 3.777 3.736 3.696 3.657 3.618 3.581 3.544
80 4.192 4.144 4.096 4.050 4.004 3.959 3.914 3.871 3.828 3.786 3.745 3.704 3.665 3.626 3.588 3.551
90 4.202 4.154 4.106 4.059 4.014 3.968 3.924 3.880 3.837 3.795 3.754 3.713 3.673 3.634 3.595 3.558

100 4.213 4.165 4.118 4.071 4.025 3.979 3.934 3.891 3.847 3.805 3.763 3.722 3.682 3.642 3.603 3.565
110 4.228 4.179 4.131 4.083 4.037 3.991 3.946 3.901 3.857 3.815 3.772 3.731 3.690 3.651 3.612 3.573
120 4.245 4.195 4.146 4.097 4.050 4.003 3.957 3.912 3.868 3.825 3.782 3.740 3.700 3.659 3.620 3.582
130 4.264 4.213 4.162 4.113 4.064 4.016 3.970 3.924 3.879 3.835 3.792 3.750 3.709 3.669 3.629 3.591
140 4.286 4.233 4.181 4.129 4.079 4.030 3.982 3.936 3.890 3.845 3.802 3.760 3.718 3.678 3.639 3.601

150 4.311 4.255 4.201 4.148 4.096 4.045 3.996 3.948 3.902 3.856 3.812 3.769 3.728 3.688 3.649 3.611
160 4.338 4.279 4.222 4.167 4.113 4.061 4.010 3.961 3.913 3.867 3.823 3.780 3.738 3.698 3.659 3.622
170 4.367 4.306 4.246 4.188 4.132 4.078 4.025 3.974 3.926 3.878 3.833 3.790 3.748 3.708 3.670 3.634
180 4.399 4.334 4.271 4.210 4.152 4.095 4.041 3.988 3.938 3.890 3.844 3.800 3.758 3.719 3.681 3.646

�While these values for pure water are within the claimed accuracy, more accurate values are available in the appropriate ESDU Date Item.



Table 6 Heat capacity of seawater @J/kg  K)

Sahity, g/kg

�C 30 31 32 33 34 35 36 37 38 39 40

0 4.021 4.015 4.010 4.004 3.998 3.992 3.987 3.981 3.975 3.970 3.964
10 4.020 4.014 4.009 4.003 3.998 3.992 3.987 3.981 3.976 3.971 3.965
20 4.020 4.015 4.009 4.004 3.999 3.993 3.988 3.983 3.978 3.973 3.967
30 4.021 4.016 4.011 4.006 4.001 3.996 3.991 3.986 3.981 3.976 3.971
40 4.024 4.019 4.014 4.009 4.004 4.000 3.995 3.990 3.985 3.980 3.975

50 4.029 4.024 4.019 4.014 4.009 4.004 4.000 3.995 3.990 3.985 3.981
60 4.034 4.029 4.025 4.020 4.015 4.011 4.006 4.001 3.997 3.992 3.987
70 4.041 4.037 4.032 4.027 4.023 4.018 4.013 4.009 4.004 4.000 3.995
80 4.050 4.045 4.040 4.036 4.031 4.027 4.022 4.017 4.013 4.008 4.004
90 4.059 4.055 4.050 4.046 4.041 4.036 4.032 4.027 4.023 4.018 4.014

100 4.071 4.066 4.061 4.057 4.052 4.048 4.043 4.038 4.034 4.029 4.025
110 4.083 4.079 4.074 4.069 4.065 4.060 4.055 4.051 4.046 4.041 4.037
120 4.097 4.092 4.088 4.083 4.078 4.073 4.069 4.064 4.059 4.054 4.050
130 4.113 4.108 4.103 4.098 4.093 4.088 4.083 4.078 4.074 4.069 4.064
140 4.129 4.124 4.119 4.114 4.109 4.104 4.099 4.094 4.089 4.084 4.079

150 4.148 4.142 4.137 4.132 4.127 4.121 4.116 4.111 4.106 4.101 4.096
160 4.167 4.162 4.156 4.151 4.145 4.140 4.135 4.129 4.124 4.119 4.113
170 4.188 4.182 4.177 4.171 4.165 4.160 4.154 4.149 4.143 4.137 4.132
180 4.120 4.204 4.198 4.192 4.187 4.181 4.175 4.169 4.163 4.157 4.152



Table 7 Density of seawater and its concentrates (kg/m?

Salinity, g/kg

�C  0� IO 20 30 40 50 60 70 80 90 100 110 120 130 140 150

0  9 9 9 . 8  1 0 0 8 . 1  1 0 1 6 . 2  1 0 2 4 . 2  1 0 3 2 . 0  1 0 3 9 . 8  1 0 4 7 . 6  1 0 5 5 . 5  1 0 6 3 . 5  1 0 7 1 . 6  1 0 7 9 . 7  1 0 8 8 . 0  1 0 9 6 . 2  1 1 0 4 . 4  1 1 1 2 . 5  1  1 2 0 . 4
1 0  9 9 9 . 7  1 0 0 7 . 7  1 0 1 5 . 5  1 0 2 3 . 2  1 0 3 0 . 2  1 0 3 8 . 4  1 0 4 6 . 0  1 0 5 3 . 8  1 0 6 1 . 6  1 6 6 9 . 6  1 0 7 7 . 6  1 0 8 5 . 7  1 0 9 3 . 9  1  1 0 2 . 0  1  1 1 0 . 1  I  1 1 8 . 0
2 0  9 9 8 . 4  1 0 0 5 . 8  1 0 1 3 . 3  1 0 2 0 . 8  1 0 2 8 . 3  1 0 3 5 . 9  1 0 4 3 . 5  1 0 5 1 . 2  1 0 5 8 . 9  1 0 6 6 . 7  1 0 7 4 . 5  1 0 8 2 . 4  1 0 9 0 . 3  1 0 9 8 . 2  1  1 0 6 . 2  1  1 1 4 . 2
3 0  9 9 5 . 4  1 0 0 2 . 8  1 0 1 0 . 2  1 0 1 7 . 6  1 0 2 5 . 1  1 0 3 2 . 6  1 0 4 0 . 2  1 0 4 7 . 8  1 0 5 5 . 4  1 0 6 3 . 1  1 0 7 0 . 8  1 0 7 8 . 5  1 0 8 6 . 3  1 0 9 4 . 1  1 1 0 2 . 0  1  1 0 9 . 9
40 991.9 9 9 9 . 2  1 0 0 6 . 6  1 0 1 3 . 9  1 0 2 1 . 4  1 0 2 8 . 8  1 0 3 6 . 3  1 0 4 3 . 8  1 0 5 1 . 4  1 0 5 9 . 0  1 0 6 6 . 6  1 0 7 4 . 2  1 0 8 1 . 9  1 0 8 9 . 6  1 0 9 7 . 4  1  1 0 5 . 2

50 987.7 995.0 1 002.3 1 009.7 1 017.1 1024.5 1 031.9 1 039.4 1046.9 1054.4 1 062.0 1 069.5 1077.1 1 084.8 1092.4 1 100.1
60 982.9 990.2 9 9 7 . 5  1 0 0 4 . 9  1 0 1 2 . 2  1 0 1 9 . 6  1 0 2 7 . 0  1 0 3 4 . 5  1 0 4 1 . 9  1 0 4 9 . 4  1 0 5 6 . 9  1 0 6 4 . 4  1 0 7 2 . 0  1 0 7 9 . 5  1 0 8 7 . 1  1 0 9 4 . 8
70 977.6 984.9 992.2 9 9 9 . 5  1 0 0 6 . 9  1 0 1 4 . 3  1 0 2 1 . 7  1 0 2 9 . 1  1 0 3 6 . 5  1 0 4 3 . 9  1 0 5 1 . 4  1 0 5 8 . 9  1 0 6 6 . 4  1 0 7 4 . 0  1 0 8 1 . 5  1 0 8 9 . 1
80 971.7 979.0 986.4 993.7 1 001.1 1 008.4 1 015.8 1 023.2 1030.6 1038.1 1 045.5 1 053.0 1060.5 1068.0 1 075.6 1 083.1
90 965.3 972.7 980.0 987.4 9 9 4 . 7  1 0 0 2 . 1  1 0 0 9 . 5  1 0 1 7 . 0  1 0 2 4 . 4  1 0 3 1 . 8  1 0 3 9 . 3  1 0 4 6 . 8  1 0 5 4 . 3  1 0 6 1 . 8  1 0 6 9 . 3  1 0 7 6 . 8

100 958.4 965.8 973.2 980.6 988.0 9 9 5 . 4  1 0 0 2 . 8  1 0 1 0 . 3  1 0 1 7 . 7  1 0 2 5 . 2  1 0 3 2 . 7  1 0 4 0 . 2  1 0 4 7 . 7  1 0 5 5 . 2  1 0 6 2 . 7  1 0 7 0 . 3
110 951.0 958.5 965.9 973.3 980.8 988.3 9 9 5 . 7  1 0 0 3 . 2  1 0 1 0 . 7  1 0 1 8 . 2  1 0 2 5 . 7  1 0 3 3 . 2  1 0 4 0 . 8  1 0 4 8 . 3  1 0 5 5 . 9  1 0 6 3 . 4
120 943.2 950.7 958.2 965.7 973.2 980.7 988.2 9 9 5 . 8  1 0 0 3 . 3  1 0 1 0 . 9  1 0 1 8 . 4  1 0 2 6 . 0  1 0 3 3 . 6  1 0 4 1 . 2  1 0 4 8 . 7  1 0 5 6 . 3
130 934.8 942.4 950.0 957.6 965.2 972.8 980.4 988.0 9 9 5 . 6  1 0 0 3 . 2  1 0 1 0 . 8  1 0 1 8 . 5  1 0 2 6 . 1  1 0 3 3 . 7  1 0 4 1 . 3  1 0 4 9 . 0
140 926.1 933.8 941.4 949.1 956.8 964.5 972.2 979.9 987.6 9 9 5 . 2  1 0 0 2 . 9  1 0 1 0 . 6  1 0 1 8 . 3  1 0 2 6 . 0  1 0 3 3 . 7  1 0 4 1 . 4

150 916.9 924.7 932.5 940.3 948.1 955.9 963.7 971.4 979.2 987.0 9 9 4 . 8  1 0 0 2 . 5  1 0 1 0 . 3  1 0 1 8 . 0  1 0 2 5 . 8  1 0 3 3 . 6
160 907.3 915.2 923.2 931.1 939.0 946.9 954.8 962.7 970.6 978.5 986.3 994.2 1 002.0 1009.9 1 017.7 1025.5
170 897.3 905.4 913.5 921.6 929.6 937.7 945.7 953.7 961.7 969.7 977.6 985.6 9 9 3 . 5  1 0 0 1 . 4  1 0 0 9 . 3  1 0 1 7 . 2
180 887.0 895.3 903.5 911.7 919.9 928.1 936.3 944.4 952.6 960.7 968.7 976.8 984.8 992.8 1 000.8 1008.7

�While these values for pure water are within the claimed accuracy, more accurate values are available in the appropriate ESDU Data Item.



�lhble  8 Density of seawater (kg/m?

f,
�C 30 31 32 33 34

Salinity, g/kg

35 36 37 38 39 40

0 1 024.2 1 024.9 1 025.7 1 026.5 1027.3 1 028.1 1 028.9 1029.6 1 030.4 1 031.2 1 032.0
IO 1 023.2 1 023.9 1 024.7 1 025.4 1 026.2 1 027.0 I 027.7 1 028.5 1 029.3 1 030.0 1 030.8
20 1 020.8 1021.5 1 022.3 1 023.0 1 023.8 1 024.5 1 025.3 1 026.0 1026.8 1 027.5 1 028.3
30 1017.6 1 018.4 1 019.1 1 019.9 1 020.6 1 021.4 1022.1 1 022.9 1 023.6 1 024.4 1025.1
40 1013.9 1 014.7 1 015.4 1 016.2 1 016.9 1 017.7 1 018.4 1019.1 1 019.9 1 020.6 1021.4

50 1 009.7 1 010.4 1011.2 1011.9 1012.6 1013.4 1014.1 1 014.8 1015.6 1 016.3 1 017.1
60 1 004.9 1005.6 1 006.3 1007.1 1 007.8 1 008.6 1 009.3 1 010.0 1 010.8 1011.5 1 012.2
70 999.5 1 000.3 1001.0 1 001.7 1 002.5 1 003.2 1003.9 1 004.7 1 005.4 1 006.2 1 006.9
80 993.7 994.4 995.2 995.9 996.6 997.4 998.1 998.8 999.6 1 000.3 1001.1
90 987.4 988.1 988.8 989.6 990.3 991.1 991.8 992.5 993.3 994.0 994.7

100 980.6 981.3 982.1 982.8 983.5 984.3 985.0 985.8 986.5 987.2 988.0
110 973.3 974.1 974.8 975.6 976.3 977.1 977.8 978.6 979.3 980.0 980.8
120 965.7 966.4 967.2 967.9 968.7 969.4 970.2 970.9 971.7 972.4 973.2
130 957.6 958.4 959.1 959.9 960.6 961.4 962.1 962.9 963.7 964.4 965.2
140 949.1 949.9 950.7 951.4 952.2 953.0 953.7 954.5 955.3 956.0 956.8

150 940.3 941.1 941.8 942.6 943.4 944.2 945.0 945.7 946.5 947.3 948.1
160 931.1 931.9 932.7 933.5 934.3 935.1 935.8 936.6 937.4 938.2 939.0
170 921.6 922.4 923.2 924.0 924.8 925.6 926.4 927.2 928.0 928.8 929.6
180 911.7 912.6 913.4 914.2 915.0 915.8 916.7 917.5 918.3 919.1 919.9



�lhble  9 Prandtl number of seawater and its concentrates

Salinity, g/kg

r,
�C 0� IO 20 30 35� 40 50 60 70 80 90 100 110 120 130 140 150

0 13.1 13.1
IO 9.29 9.35
20 6.95 6.99
30 5.40 5.45
40 4.33 4.38

50 3.56 3.60
60 2.99 3.03
70 2.57 2.60
80 2.23 2.26
90 I.97 2.00

100 1.75 1.78
110 1.59 1.61
120 1.44 1.47
130 I.33 1.35
140 I.23 1.24

150 1.14 1.16
160 1.08 1.08
170 1 .Ol 1.03
180 0.959 0.975

13.1 13.2 13.2 13.3 13.4 13.5 13.6 13.8 14.0 14.3 14.5 14.8 15.2 15.5 16.0
9.39 9.46 9.49 9.53 9.62 9.72 9.84 9.97 10.1 10.3 10.5 IO.7 11.0 11.2 11.6
7.04 7.11 7.13 7.17 7.24 7.33 7.43 7.53 7.67 7.80 7.96 8.13 8.32 8.52 8.76
5.49 5.54 5.58 5.60 5.67 5.74 5.82 5.92 6.01 6.12 6.24 6.39 6.54 6.69 6.88
4.41 4.46 4.48 4.51 4.57 4.63 4.70 4.78 4.86 4.95 5.05 5.16 5.28 5.42 5.56

3.64 3.68 3.71 3.73 3.77 3.83 3.89 3.95 4.02 4.10 4.18 4.28 4.38 4.48 4.60
3.06 3.10 3.12 3.14 3.19 3.24 3.28 3.34 3.40 3.47 3.54 3.61 3.69 3.78 3.88
2.63 2.66 2.68 2.70 2.74 2.78 2.82 2.87 2.92 2.98 3.04 3.11 3.18 3.25 3.33
2.29 2.32 2.34 2.35 2.39 2.42 2.46 2.50 2.55 2.60 2.65 2.71 2.77 2.83 2.90
2.02 2.05 2.06 2.08 2.11 2.14 2.18 2.21 2.25 2.29 2.34 2.39 2.44 2.50 2.56

1.80 1.83 1.84 1.86 1.88 I.92 1.94 1.98 2.01 2.05 2.09 2.13 2.18 2.23 2.28
I.63 I.65 1.66 1.68 1.70 1.73 1.75 1.78 1.81 I.84 1.88 I.92 1.96 2.00 2.05
1.49 1.51 1.51 1.53 1.55 1.57 1.60 1.62 I.65 1.68 1.71 I.75 1.78 1.82 1.86
I.37 1.38 1.39 1.40 1.42 1.44 1.46 1.49 1.51 I.54 1.57 1.60 I.63 1.66 1.70
I.26 1.28 1.29 1.30 1.31 1.33 1.35 1.37 I.39 1.42 I.44 1.47 1.50 1.53 1.56

1.18 1.19 1.20 1.21 I.22 1.24 I.26 I.27 1.30 I.32 1.34 1.36 1.39 1.42 1.45
1.10 1.11 1.12 1.13 1.14 1.16 1.17 1.19 1.21 1.23 1.25 1.28 1.30 1.32 I.35
1.04 1.05 1.06 1.06 1.07 1.09 1.10 1.12 1.13 1.16 1.17 1.20 I.22 1.24 1.26
0.983 0.997 1.00 1.00 1.02 1.03 1.04 1.06 1.07 1.09 1.10 1.13 1.14 1.17 1.19

�While these values for pure water are within the claimed accuracy, mroe accurate values are available in the appropriate ESDU Data Item.
b�NormaI�  seawater.





INDEX

Absorption of thermal radiation:
in gases, 2.9.5-l/2.9.5-12

gas mixtures, 2.9.5-11/2.9.5-12
measurement, 2.9.5-212.9.5-4
molecular, 2.9.5-8/2.9.5-l 1

in solids, 2.9.2-212.9.2-3
characteristics, 2.9.2-l/2.9.2-2
measurement, 2.9.2-3

Absorption coefficient, 2.9.5-2
Absorption spectra in gases, 2.9.5-412.9.5-g
Absorptivity:

of particles, 2.9.5-l
of surfaces: definition, 2.9.2-l

measurement of, 2.9.2-3
Acentric factor:

definition, 5.1.1-1,5.2.1-3
in hydrocarbons, 5.2.1-315.2.14

Acetic acid saturation properties, 5.5.1-27
Acetone saturation properties, 5.5 .l-27
Acetylene saturation properties, 5.5 .l-15
Ackerman correction factor in condensation, 2.6.36
Acoustic vibration of heat exchangers, 4.6.4-3/4.6.44
Active systems for augmentation of heat transfer:

in condensation, 2.6.6-l/2.6.6-3
definition, 2.5.11-3
in forced convection, 2.5.114/2.5.11-9
in free convection, 2.5.11-8/2.5.11-9

Additives:
effect on friction factor, 2.2.2-7
use in heat transfer augmentation, 2.5.11-2,2.7.94

Adiabatic flows, compressible, in duct, 2.2.2-13
Advanced models for furnaces, 3.11.7-l/3.11.7-5
Aggregative fluidization, 2.2.6-l
Agitated beds, heat transfer to, 2.8.3-4

A slash between two page numbers (e.g., 2.7.3-2212.7.3-26)
indicates a range of those pages.

Agitated vessels, 3.14.1-l
approximate overall heat transfer coefficients in, 2.1.2-S
equipment used in, 3.14.2-l/3.14.24

gas sparging,  3.14.2-l/3.14.2-2
mechanical agitators, 3.14.2-l
vessel internals, 3.14.2-2/3.14.24

heat exchanger, description of, 3.1.2-5/3.1.26
heat transfer correlations for, 3.14.3-l/3.14.3-8

with anchors and helical ribbons, 3.14.3-l/3.14.34
with nonproximity agitators, 3.14.3-l/3.14.3-3
scraped-wall pipe and related equipment, 3.14.34/3.14.36

Ahmad scaling method for critical heat flux in flow boiling of
nonaqueous fluids, 2.7.3-8

Air:
properties of dry and saturated, 3.12.2-6
saturated liquid/vapor properties, 5 5 .l-29
superheated gaseous, thermodynamic properties,

5.5.2-815.5.2-9
Air-activated gravity conveyor, 2.3.3-2
Air-cooled heat exchangers:

comparison of air and water as coolants, 3.8.1-l
cooling air supply: by fans, 3.8.7-l/3.8.7-3

by natural draft, 3.8.8-l
costing, 4.8.3-l/4.8.3-3
custom built, 3.8.2-l/3.8.2-2
description, 3.1.24/3.1.2-5
finned tube bundles for, 3.8.4-l/3.8.4-2
finned  tube systems for, 3.8.3-l/3.8.3-3
mechanical design, 4.4.1-l/4.4.1-7

for cold climates and viscous fluid, 4.4.1-7
components, 4.4.1-214.4.1-6
nomenclature for, 4.4.1-2
structural design factors, 4.4.1-6/4.4.1-7

special features, 3.8.9-l/3.8.9-4
sound emission from, 3.8.9-l

thermal rating, 3.8.5-l/3.8.5-5
tubeside  flow arrangements, 3.8.6-l

Albedo  for single scatter in radiation, 2.9.7-2
Aluminum, spectral characteristics of anodized surfaces, 2.9.2-16
Ammonia, saturated properties of, 5.5.1-29
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I-2 HEAT EXCHANGER DESIGN HANDBOOK / Index

AMTD (see Arithmetic mean temperature difference)
Analogy between heat and mass and momentum transfer,

1.2.3-6/1.2.3-7,2.1.5-l/2.1.54
Analytic solutions for heat exchangers, 1.3.1-1/1.3.2-l
Analytical solution of groups, for calculation of thermodynamic

properties of nonhydrocarbons, 5.2.2-315.2.2-g
tables of constants for, 5.5.4-l/5.5.4-6

Anchor agitators:
description, 3.14.2-l/3.14.2-2
heat transfer with, 3.14.3-3/3.14,34

Andrade equation for variation of viscosity with temperature,
5.1.4-3

Anelasticity, 5.4.5-5
Angled tubes, use in increasing flooding rate in reflux

condensation, 2.6.2-812.6.2-g
Aniline, saturation properties, 5.5.1-26
Anisotropy of elastic properties, 5.4.5415.4.5-5
Annular dispersed flow (see Annular flow)
Annular distributor in shell-and-tube heat exchangers, 3.3.5-11
Annular ducts:

critical heat flux in flow in, 2.7.3-20
forced convective heat transfer in single phase flow:

laminar flow, 2.5.1-3/2.5.14
with liquid metals, 2.5.13-l/2.5.13-2
turbulent heat transfer in, 2.5.1-6,2.5.1-10/2.5.1-11

free convective heat transfer 111 closed-end: horizontal,
2.5.8-14/2.5.8-16

vertical (heated on vertical curved surfaces),
2.5.8-13/2.5.8-14

single phase flow and pressure drop in, 2.2.2-712.2.2-10
laminar flow, 2.2.2-7/2.2.2-g
turbulent flow, 2.2.2-912.2.2-10

A~~1a.r  fins, efficiency, 2.5.3-9
Annular flow:

critical heat flux in, 2.7.3-2212.7.3-30
hydrodynamics in horizontal tubes, 2.3.2-25/2.3.2-26
hydrodynamics in vertical tubes, 2.3.2-19/2.3.2-21

deposition and entrainment correlations, 2.3.2-21
interfacial roughness relationship, 2.3.2-20
triangular relationship for, 2.3.2-10

regimes of occurrence of: in horizontal flow, 2.3.2-312.3.24
in inclined tubes, 2.3.24/2.3.2-5
in systems with phase change, 2.3.2-612.3.2-7

Annuli (see Annular ducts)
Arc welding of tubes into tube sheets:

on inner face, 4.2.6-10
on outer face, 4.2.6-8

Archimedes number, 2.2.1-11
Area of tube outside surface in shell-and-tube heat exchangers:

charts for, 3.1.4-6, 3.3.10-5
Argon, saturated properties, 5.5.1-30
Arithmetic mean temperature difference, definition, 3.1.4-2
Armstrong, Robert C., 2.2.8-1/2.2.8-13,2.5.12-l/2.5.12-16
ASME VIII code, for mechanical design of shell-and-tube heat

exchangers:
description, 4.3.1-l/4.3.1-2
index to, 4.3.2-l/4.3.2-11

ASOG (see Analytical solution of groups)
Assisted convection:

around immersed bodies, 25.9-l/2.5.94
in vertical channels, 2.5.9-2/2.5.9-6

Asymmetric loading, in heat exchangers, 4.1.2-2/4.1.2-g
Augmentation of heat transfer, 2.5.11-l/2.5.1  l-12,

2.6.6-l/2.6.64,2.7.9-1/2.7.9-5
active systems for: definition, 2.5.11-3

in forced convection, 2.5.11-S/2.5.11-9
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in free convection, 2.5.114
compound systems for, 2.5 .l l-9
in boiling, 2.7.9-l/2.7.9-5

pool boiling, 2.7.9-l/2.7.9-2
within tubes, 2.7.9-312.7.94

in condensation, 2.6.6-l/2.6.64
in forced convection, 2.6.6-212.6.6-3
in vapor space, 2.6.6-l/2.6.6-2

in kettle reboilers, 3.6.26
in shell-and-tube heat exchangers using low finned tubes,

3.3.1 l-2/3.3.1 l-3
passive systems for: definition, 25.1 l-1/2.5.1  l-3

in forced convection, 2.5 .114/2.5 .l l-8
in free convection, 2.5 .I 1-3

performance evaluation criteria for, 2.5.1 l-9/2.5.1 l-10
Austenitic chromium-nickel steels, as material of construction,

4 5 . 2 4
Average phase velocity in multiphase flows, 2.3.14

Baffle leakage in shell-and-tube heat exchangers:
numerical methods for predictions of, 1.4.2-3
recommended design procedures for accounting for,

3.3.1-l/3.3.11-5
Baffle pipes in agitated vessels, 3.14.2-3/3.14.24
Baffles in shell-and-tube heat exchangers:

constructional features affecting thermal design:
clearances, 4.2.5-7

uoss type, 4.2.5-414.2.5-5
longitudinal type, 4.2.5-8
maximum pitch, 4.2.5-7
support type, 4.2.5-514.2.5-6
thickness, 4.2.5-7

disk-and-doughnut, 3.3.1 l-2
double segmental, 3.3.11-2
leakage effects associated with (see Baffle leakage, Leakage

effects)
number of, calculation of, 3.3.6-4
segmental, recommended characteristics of, 3.3.5-7/3.3.5-10

Baker flow regime map for horizontal gas-liquid flow, 2.3.2-3
Balance equation (applied to complete equipment),

1.2.4-l/1.2.4-7
average interaction coefficients and driving forces for,

1.2.4-211.2.4-3
conventional representations of heat exchanger performance

by, 1.2.44/l  .2.4-5
differential form of, 1.2.5-l/1.2.5-3

for enthalpy, temperature and concentration,
1.2.5-l/1.2.5-3

solution and closure, 1.2.5 -2/ 1.2 5 -3
for enthalpy, temperature and concentration changes,

1.2.4-l/1.2.4-2
NTU and effectiveness in, 1.2.4-3/1.2.44

Band dryer:
description, 3.13.24
practical design, 3.13.7-l/3.13.7-2

Banks of tubes (see Tube banks)
Barrels for shell-and-tube heat exchangers (see Shells)
Basket-type evaporator, 3.5.2-l/3.5.2-3

Bauer, R., 2.8.1-1/2.8.1-14,2.8.2-l/2.8.2-8
Bayonet tube heat exchangers, constructional features of,

4.2.3-914.2.3-10

blishing  Corporation
1
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HEAT EXCHANGER DESIGN HANDBOOK / Index I-3

Beer-Lambert law, 2.9.5-5
Be&Kenneth J., 3.1.1-l/3.1.4-9
Bell-Delaware method for shell-side heat transfer and pressure

drop in shell-and-tube heat exchangers, 3.3.2-513.3.2-6
modified form as basis for recommended procedure,

3.3.3-1/3.3.11-s
Bell and Ghaly method for calculation of multicomponent

systems:
condensation, 2.6.3-412.6.3-S
evaporation, 2.7.8-5

Bellows, expansion, for shell-and-tube heat exchangers:
analytic basis for codes for, 4.3.3-2
constructional features, 4.2.6-10/4.2.6-11
index to U.S., U.K., and F.R.G. codes for, 4.3.2-10/4.3.2-11

Benard cells in free convection in horizontal fluid layers,
2.5.8-l/2.5.8-3

Bends:
boiling heat transfer in tubes with, 2.7.4412.7.46
dryout in tubes with, 2.7.4-212.7.4-4
enhancement of condensation in, 2.6.6-3
multiphase pressure loss in: gas-liquid systems, 2.3.2-17

solid-gas systems, 2.3.3-l
solid-liquid systems, 2.3.44

single-phase fluid flow and pressure drop in, 2.2.2-16/2.2.2-17
loss coefficients for, 2.2.2-16
use of vaned bends, 2.2.2-1612.2.2-11

Benedict-Webb-Rubin equation of state, 5.2.2-3
Benzene saturation properties, 5.5.1-12
Berenson equation for pool film boiling from a horizontal

surface, 2.7.2-14
Be&es, Arthur E., 2.5.11-l/2.5.11-12,2.6.6-l/2.6.64,

2.7.9-I/2.7.9-5
Bernoulli equation, application to flow across cylinders, 2.2.4-l
Bimetal tubes, use of in shell-and-tube heat exchangers, 4.2.5-2
Binary mixtures:

bubble growth in, 2.7.6-512.7.6-7
bubble nucleation in, 2.7.6-5
condensation of 2.1.6-2/2.1.6-3,2.6.3-7
condensers for, 3.4.4-l/3.4.4-2
constants for, for use in calculation of multicomponent

systems, 5 5.4-115.5.4-Y
diffusion and mass transfer in, 2.1.5-l/2.1.54
forced convection boiling of, 2.7.8-l/2.7.8-10

combined heat and mass transfer in, 2.7.8-3/2.7.8-6
critical heat flux in, 2.7.8-612.7.8-7
saturated nucleate, 2.7.8-l/2.7.8-2
two-phase forced convective, 2.7.8-212.7.8-3

phase equilibria in, 2.7.6-l/2.7.6-3
pool boiling of, 2.7.7-l/2.7.7-7

critical heat flux, 2.7.7-412.7.1-5
film boiling, 2.7.7-6
minimum heat flux, 2.7.7-5/2.7.7-6
nucleate boiling, 2.7.7-I/2.1.1-4
transition boiling, 2.1.7-5

Bingham fluid (non-Newtonian), 2.2.8-7
Biot number:

in conduction, 2.4.3-2
in melting and solidification, 2.4.4-l/2.4.4-2

Black surface:
heat transfer between gas and, 2.9.6-112.9.6-2
spectral characteristics of reflectance from selective,

2.9.2-17
Blackbody radiation, 2.9.1-312.9.1-5
Blake-Carmen-Kozeny equation, 2.2.5-2
Blasius  equation for friction factor, 2.2.2-3
Block-type heat exchanger, 4.4.44

Blowing (see Injection)
Blunt bodies, drag coefficients for, 2.2.3-7
Boilers:

combustion systems for firing, 3.11.2-2/3.11.2-3
as type of heat exchanger, 1.1.5-2
(See also Reboilers)

Boiling:
augmentation of heat transfer in, 2.7.9-l/2.7.9-5

pool boiling, 2.7.9-l/2.7.9-2
within tubes, 2.7.9-3/2.7.9-5

in axial flow reboilers, 3.6.2-6
basic processes, 2.7.1-1/2.7.1-Y

bubble detachment and frequency, 2.7.1-712.7.1-8
bubble growth, 2.7.1-612.7.1-7
evaporation, 2.7.1-2
heterogeneous nucleation, 2.7.1-3/2.7.1-5
homogeneous nucleation, 2.7.1-2/2.1.1-3
sizing of active nucleation sites, 2.7.1-5/2.1.16
vapor formation, 2.7.1-l/2.1.1-2

of binary and multicomponent mixtures:
basic process in, 2.7.6-l/2.7.6-7
forced convective boiling, 2.7.8-l/2.7.8-10
pool boiling, 2.7.7-l/2.7.7-7

in evaporators, 3.5.7-213.5.7-3
in horizontal tubes, 2.7.4-l/2.7.4-7

dryout  in (including bends and coils), 2.7.4-l/2.7.4-4
heat transfer rates in, 2.7.4412.7.46

in kettle and horizontal thermosiphon reboilers,
3.6.2-113.6.2-6

pool boiling, 2.7.2-J/2.7.2-17
boiling curve for, 2.7.1-1
critical heat flux in, 2.7.2-g/2.7.2-13
film boiling in, 2.7.2-14/2.7.2-15
minimum heat flux in, 2.7.2-13/2.7.2-14
nucleate boiling in, 2.7.2-312.7.2-g
onset of nucleate boiling in, 2.7.2-212.7.2-3
transition boiling in, 2.7.2-13

outside tubes and tube bundles, 2.7.5-l/2.7.5-7
single tube in crossflow, 2.1.5-l/2.1.5-4
tube bundles, 2.7.54/2.7.5-l

in vertical tubes, 2.7.3-112.7.3-37
critical heat flux, 2.7.3-1212.7.3-30
heat transfer in the region where critical heat flux has

been exceeded, 2.7.3-3012.7.3-34
regimes of flow and heat transfer in, 2.7.3-l/2.7.3-5
saturated boiling, 2.7.3-1012.7.3-12
subcooled boiling, 2.7.3-S/2.7.3-10

Boiling curve :
in binary mixtures, 2.7.7-l
in pool boiling, 2.7.2-l

effect of surface finish  on, 2.7.2-3
for single horizontal tube in crossflow,  2.7.5-l
for tube banks, 2.7.5-4

Boiling length:
defmition, 2.7.3-15
quality/boiling length correlations, 2.7.3-15

application of nonuniform heating cases, 2.7.3-19
Boiling number, definition, 2.7.4-5
Boiling point, normal, 5.1.3-l

of commonly used fluids, 5.5.1-l/5.5.140
Boiling range (in multicomponent mixtures), influence on

selection of reboilers, 3.6.16
very wide, effect on reboiler design, 3.6.4-3

Boiling surface in boiling in vertical tubes, 2.7.34
Bolted channel head in shell-and-tube exchanger, 4.2.4-l
Bolted cone head in shell-and-tube heat exchanger, 4.2.4-2
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Bolting of flanges in shell-and-tube heat exchangers,
4.2.64/4.2.6-S

Boltzmamr�s  constant, 2.9.1-3
Bonnet head, in shell-and-tube heat exchanger, 4.2.4-l/4.2.4-2
Borishanski, V. M., 2.5.13-l/2.5.134
Borishanski correlation for nucleate pool boiling, 2.7.2-5
Botterill, J. S. M., 2.8.4-l/2.8.4-8
Boundary Layer:

in combined free and forced convection heat transfer to
immersed bodies, 2.5.9-l/2.5.9-3

concept, 2.2.1-16/2.2.1-17
equations, 2.2.1-17/2.2.1-18

continuity, 2.2.1-17
internal energy, 2.2.1-18
internal forms of, 2.2.1-20
Levy-Lees transformation of, 2.2.1-18/2.2.1-20
mean kinetic energy, 2.2.1-17
momentum, 2.2.1-17
solutions of, 2.2.1-2012.2.1-22
turbulent kinetic energy, 2.2.1-18

on flat plate, 2.2.1-22/2.2.1-30
in flow over cylinders, 2.2.3-312.2.3-s
in flow over immersed bodies, 2.2.3-l/2.2.3-2
in heat transfer to flat plates: laminar boundary layer,

2.5.2-1125.2-2
turbulent, 2.5.2-2

theory, 2.2.1-16/2.2.1-30
as example of theory of models, 2.2.1-13

Thidcness of (displacement, momentum, energy, density,
temperature), 2.2.1-20

Turbulent: prediction methods for, 2.2.1-26/2.2.1-29
universal laws for, 2.2.1-25/2.2.1-26

Boussinesq approximations:
application in free convective flows, 2.5.7-l
for gravity effect, 2.2.1-10

application to laminar flow in circular duct, 2.2.2-5
Boussinesq number, definition, 2.5.7-2
Bowring  correlations for critical heat flux, 2.7.3-16/2.7.3-18
Bracket supports for heat exchangers, index to U.S., U.K., and

F.R.G. codes for, 4.3.2-7
Branches, mechanical design aspects, 4.1.8-l/4.1.8-2
Brazing in plate fm heat exchanger construction, 4.4.3-3/4.4.3-4
Bricks, drying of, 3.13.5-2/3.13.5-5
Brinkman  number, 2.5.12-6
British Standards Institute code for mechanical design of heat

exchangers (see BS 1500 code)
Bromley equation for tihn boiling from horizontal cylinders,

2.7.2-14
BS 1500 code for mechanical design of shelland-tube heat

exchangers:
description, 4.3.1-l/4.3.1-3
index to, 4.3.2-l/4.3.2-11

Bubble crowding as mechanism of critical heat flux, 2.7.3-22
Bubble flow:

drift flux model for, in vertical flow, 2.3.2-18/2.3.2-19
regions of occurrence: in horizontal flow, 2.3.2-2/2.3.24

in inclined tubes, 2.3.24/2.3.2-5
in shell-and-tube heat exchangers, 2.3.2-5/2.3.2-6
in systems with phase change, 2.3.26/2.3.2-7
in vertical flow, 2.3.2-112.3.2-2

Bubbles:
in boiling of binary mixtures: growth, 2.7.6-5/2.7.6-7

nucleation, 2.7.6-5
in boiling of single components: detachment and frequency,

2.7.1-712.7.1-8
growth, 2.7.1612.7.1-7
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nucleation, 2.7.1-l/2.7.1-6
in fluidized beds, 2.2.6412.2.6-7

coalescence, 2.2.6-512.2.6-6
single bubbles, 2.2.6412.2.6-5
spatial distribution, 2.2.6-6/2.2.6-7

in gas-liquid flow: horizontal tubes, 2.3.2-212.3.24
vertical tubes, 2.3.1-l/2.3.2-2,  2.3.2-18/2.3.2-19

rise velocity of gas bubbles in liquid, 2.3.2-18/2.3.2-19
Buffer Layer in duct flow, 2.2.2-l
Bulk viscosity, 2.2.1-2
Bundle-induced convection in kettle reboilers,  3.6.2-2/3.6.2-3
Buoyancy effects:

on developing flows in ducts, 2.2.2-l 1
on flows, 2.2.1-10/2.2.1-11
inducing flow in channels, free convection heat transfer with,

2.5.7-1912.5.7-20
on laminar flow over flat plate, 2.2.1-24

Buoyancy-induced flow in channels, free convective heat transfer
with, 2.5.7-1912.5.7-20

Burnout (see Critical heat flux)
1,2-Butadiene  saturation properties, 5.5 .l-16
1,3-Butadiene saturation properties, 5 5.1-l 7
Butane saturation properties, 5 5.1-7
Butanol saturation properties, 5.5.1-19
Butterworth, D., 2.6.1-l/2.6.3-10
r-Butyl  alcohol saturation properties, 5 5.1-20
By pass (shell-to-tube bundle):

clearances in shell-and-tube heat exchangers, 3.3.5-14
heat transfer and pressure drop correction factors for,

3.3.6-813.3.6-9
BWR equation of state (see Benedict-Webb-Rubin equation of

state)

C
Cabin heater, 3.11.2-2
Calorically perfect gas, 2.2.1-8
Carbon dioxide:

emissivity of gaseous, 5.5.5-2
saturation properties, 5.5 .l-30
superheated gaseous, thermodynamic properties, 5.5.2-2

Carbon monoxide saturation properties, 5 5 .l-31
Carbon steel as material of construction, 4.5.2-2/45.2-3
Carbon tetrachloride saturation properties, 5.5.1-31
Carmen-Kozeny equation (see BlakeCarmen Kozeny equation)
Carrean fluid (non-Newtonian), 2.2.8-7
Carryover of solids in fluidized beds, 2.2.6-3
Cavitation as source of damage in heat exchangers, 4.5.3-l
Centrifugal dryer, 3.13.2-4
Ceramics, spectral characteristics of reflectance from, 2.9.2-18
Certification of heat exchangers, 4.7.7-l
Channel emissivity, 2.9.7-11/2.9.7-12
Channel flow, heat and mass transfer in, 2.1.7-l/2.1.7-2
Chapman-Rubescin formula for viscosity variation with

temperature, 2.2.1-9
Chemical formulas of commonly used fluids, 5.5.1-l/5.5.1-40
Chemical reactions, numerical calculation of flows involving,

1.4.3-2/1.4.3-3
Chen correlation for forced convective boiling, 2.7.3-11/2.7.3-13
Chenoweth, J. M., 4.6.1-l/4.6.6-3
Chevron troughs as corrugation design in plate heat exchangers,

3.7.1-1, 3.7.3-113.1.3-2, 3.7.6-2
CHF (see Critical heat flux)
Chillers, construction features of, 4.2.3-9
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Chilton-Colburn  analogy, 1.2.3-6
Chisholm, D., 2.6.7-l/2.6.7-4,  3.10.1-1/3.10.7-9,4.8.1-l
Chisholm correlations:

for frictional pressure drop in straight channels, 2.3.2-l 1
for pressure drop in singularities, 2.3.2-15/2.3.2-18

Chlorine, saturation properties, 5 5 .l-32
Chloroform, saturation properties, 5.5 .l-26
Choice of heat transfer equipment (see Selection of heat transfer

equipment)
Chugging flow (gas-liquid), in shell-and-tube heat exchangers,

2.3.2-512.3.2-6
Churchill, S. W., 2.5.7-l/25.10-12
Churchill and Chu correlations for free convective heat transfer:

horizontal cylinders, 2.5.7-2 1
vertical plates: laminar flow, 2.5.7-3

turbulent flow, 2.5.7-4
Churn flow, regions of occurrence of, 2.3.2-l/2.3.2-2
Circles, radiative heat transfer shape factors between parallel

coaxial, 2.9.3-3
Circular cylinders (see Cylinders)
Circulation, modes of in free convection: in enclosures heated

from below, 2.5.8-6
CISE wrrelations for void fractions, 2.3.2-14/2.3.2-15
ClapeyronClausius  relationship (see Clausius-Clapeyron

relationship)
Clausius-Clapeyron  relationship:

application in evaporation, 2.7.1-2
in homogeneous nucleation, 2.7.1-3

Cleaning of shell-and-tube heat exchangers, 3.3.4-5
Climbing film evaporator, 3.5.24

Closed distillation process, 2.1.7-8
Coalescence of bubbles in fluidized beds, 2.2.6-512.2.6-6
Coatings for corrosion protection, 4.5.2-5/4.5.2-6
Cocurrent  flow:

F-factor chart for, 1.5.2-3
heat exchangers, 1.1.1-l/1.1.1-2

single-phase temperature pattern in, 1.1.3-l
solutionsfor, 1.3.1-l/1.3.14

e-NTU chart for, 1.5.2-3
Codes, mechanical design:

analytic basis of code rules, 4.3.3-l/4.3.3-2
comparison of principal codes, 4.3.4-l/4.3.4-3

cylinders: external pressure, 4.3.4-l/4.3.4-2
flanges, 4.3.4-214.3.4-3
nozzles, 4.3.4-3
stresses, 4.3.4-l
tubesheets, 4.3.4-2

example of applications, 4.3.6-l/4.3.6-23
guides to national practice in application of, 4.3.5-l/4.3.5-9

France (SNCT),  4.3.5-6
Germany (Merkblatter), 4.3.5 4
Holland (Stoomwesen), 4.3.5-5
Italy (ANCC), 4.3.5-7
Japan: high pressure, 4.5.3-9

standard, JIS-B8243,4.3.5-8
U.K. (BS 1500),  4.3.5-3
U.S. (ASME VIII), 4.3.5-2

index to U.S., U.K., and F.R.G. codes,  4.3.2-1/4.3.2-l  1
conical shell, 4.3.2-314.3.24
cylindrical shell and channel, 4.3.2-2/4.3.2-3
dished head, 4.3.24
flanges, 4.3.2-514.3.2-7
flat head, 4.3.2414.3.2-5
floating head, 4.3.2-5
nozzles, 4.3.2-914.3.2-10
shell bellows, 4.3.2-10/4.3.2-11
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supports, 4.3.2-7
tubes, 4.3.2-3
tubesheets, 4.3.2-714.3.2-9

introduction, 4.3.1-l/4.3.1-3
Coiled tubes (see Helical coils,  Curved ducts)
Coiled wire inserts for enhancement of heat transfer in boiling,

2.7.9-3
Colbum and Drew method for binary vapor condensation, 2.6.3-7
Colburn and Hougen method for condensation in presence of

nonwndensable gases, 2.6.3-6
Colburn equation for single-phase heat transfer outside tube

banks, 3.3.2-l
Colbum j factor:

application in heat exchangers, 3.3.1-2
definition, 2.1.3-4
for flow over tube banks, 3.3.7-113.3.74
in plate fin exchangers, 3.9.4-l/3.9.6-2
values of heat transfer in tubes. 2.1.3-7

Colebrook-White equation for friction factor in rough circular
pipe, 2.2.2-3

Coles, i&of the wake, 2.2.1-26
Collier, J. G., 2.7.1-l/2.7.8-10
Column internal reboiler (see Internal reboilers)
Combined conductive, convective, and radiative heat transfer,

2.9.8-l/2.9.8-10
Combined free and forced convection heat transfer:

in channels, 25.10-l/2.5.10-10
horizontal channels, 2.5.10-7/25.10-12
vertical channels: laminar assisted convection,

2.5.10-212.5.10-6
laminar opposing convection, 25.106
turbulent, 25.10-6/2.5.10-7

around immersed bodies, 2.5.9-l/2.5.9-6
creeping flow regime (assisting convection), 2.5.9-3
horizontal plates (transverse flow), 25.9-4/2.5.9-6
immersed bodies (transverse flow), 2.5.9-6
opposing convection, 2.5.94
slightly inertial flow regime (assisting convection),

2.5.9-312.5.94
thin boundary layer regime (assisting convection),

2.5.9-l/25.9-3
turbulent regime (assisting convection), 2.5.94

Combined heat and mass transfer, 2.1.6-l/2.1.64
in condensation of mixtures, 2.1.6-2/2.1.64
in drying, 2.1.6-l/2.1.6-2
in evaporation of binary and multicomponent mixtures,

2.7.8-212.7.86
in heat exchangers, 1.1.2-1, 1.2.2-3/1.2.24
in single-phase free convection, 2.5.7-12125.7-13

Combining flow, loss coefficients in, 2.2.2-20
Combustion chambers (see Furnaces)
Combustion model for furnaces, 3.11.7-3/3.11.7-4
Compact heat exchangers (see Plate fin heat exchangers)
Compartment dryers, 3.13.2-3
Compound systems for augmentation of heat transfer, 2.5.11-9

Compressible flow:
in ducts, 2.2.2-1212.2.2-14

adiabatic (Fanno)  flow, 2.2.2-13
basicequations for, 2.2.2-1212.2.2-13
with constant heat transfer, 2.2.2-1212.2.2-13
over cylinders, 2.2.3-6
inviscid  flow with heat addition, 2.2.2-13
low density effect in, 2.2.2-13

Computer methods for heat exchanger design:
discussion of, 3.3.10-l/3.3.10-2
logic of, 3.1.3-3/3.1.3-4
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Computer methods for heat exchanger design, logic of (Cont.):
design, 3.1.3-3/3.1.34
rating, 3.1.3-3

plate exchangers, 3.7.104
Computer program for Monte Carlo calculations of radiative

heat transfer, 2.9.44/2.9.4-S
Concentration, choice of evaporator type for, 3.5.5-l/3.5.5-2
Concentric spheres, free convective heat transfer in, 2.5.8-16
Concurrency corrections in plate heat exchangers,

3.1.8-l/3.1.8-2
Condensation:

combined heat and mass transfer in, 2.1.6-2/2.1.64
dropwise, 2.6.5-l/2.6.54

calculation of heat transfer in, 2.6.5-2/2.6.5-3
introduction to, 2.1.7-6
mechanism of, 2.6.5-l/2.6.5-2
order of magnitude heat transfer coefficient in, 2.6.5-l
promoters for, 2.6.5-3/2.6.54

film, introduction to, 2.1.7-4/2.1.76
fiiwise, of pure vapor, 2.6.2-l/2.6.2-19

outside horizontal and inclined tubes, 2.6.2-912.6.2-12,
3.4.6-3

inside horizontal tubes, 2.6.2-1212.6.2-15,  3.4.6-2
interfacial resistance in, 2.6.2-15
liquid metals, 2.6.2-15/2.6.2-16
on vertical surfaces, 2.6.2-212.6.2-9,  3.4.6-3

on finned tubes, 3.4.6-3
fogging in, 2.6.7-l/2.6.74

conditions producing supersaturation, 2.6.7-212.6.7-3
design to minimize, 2.6.7-3
effects of, 2.6.7-3
nuclei formation, 2.6.7-l/2.6.7-2
supersaturation, 2.6.7-l

in horizontal tubes, flow regimes in, 2.3.2-7
in plate exchangers, 3.7.12-1
in plate fin heat exchangers, 3.9.13-l/3.9.13-2
introduction to, 2.6.1-1

heat transfer resistances in, 2.6.1-2
modes of, 2.6.1-l/2.6.1-2

of vapor mixture, 2.6.3-l/2.6.3-10,  3.4.64
approximate method, 2.6.3-2/2.6.3-5
binary vapor mixtures, 2.6.3-7
multicomponent mixtures, 2.6.3-7/2.6.3-9
single vapor with noncondensable gas, 2.6.3-512.6.3-7

of vapor mixtures forming immiscible liquids, 2.6.4-l/2.6.4-7
eutectic mixtures, 2.6.4-2/2.6.4-3
with incondensable gases, 2.6.4-512.6.4-7
non-eutectic mixtures, 2.6.4-3/2.6.4-5

Condensation curves:
description, 2.6.3-l/2.6.3-2
differential, 2.6.34/2.6.3-5
integral, 2.6.3-3/2.6.3-5

Condensers:
approximate overall heat transfer coefficients in, 2.1.2-3
design procedures for, 3.4.9-l/3.4.9-4

overall, 3.4.9-l/3.4.9-2
inside tubes, 3.4.9-213.4.9-3
outside tubes, 3.4.9-3/3.4.9-4

discussion of types of, 3.4.3-l/3.4.3-6
horizontal in-tube, 3.4.3-3/3.4.34
horizontal, outside tube, 3.4.3413.4.3-6
vertical in-tube, downflow, 3.4.3-l/3.4.3-2
vertical in-tube, upflow,  3.4.3-2/3.4.3-3
vertical, outside tube, 3.4.3-6

fogging in, 2.6.7-l/2.6.7-4, 3.4.5-2
heat transfer in, 3.4.6-l/3.4.64

finned  tubes, 3.4.6-3
outside horizontal tubes, 3.4.6-3
with mixtures, 3.4.64
subcooling in, 3.4.64
inside tubes, 3.4.6-l/3.4.6-2
outside vertical tubes, 3.4.6-313.4.64

introduction to, 3.4.1-1 *

mean temperature difference in, 3.4.8-l/3.4.8-3
operational problems in, 3.4.5-l/3.4.5-2

fogging,  3.4.5-2
due to limited vapor load, 3.4.5-l/3.4.5-2
pressure control, 3.4.5-l
venting, 3.4.5-2

pressure drop in, 3.4.7-113.4.7-2
selection of type of, 3.4.2-l/3.4.24
temperature patterns in, 1.1.3-l/1.1.3-2
as type of heat exchanger, 1.1.5-2
for use in association with evaporators, 3.5.4-2
for vapor mixtures, 3.4.3-l/3.4.4-2
(See also Condensation)

Conduction, heat:
basic equations for, 2.4.1-l/2.4.1-2
in melting and solidification, 2.4.4-l/2.4.4-3
periodic change of temperature in, 2.4.5-l/2.4.54
steady state, 2.4.2-l/2.4.2-3

in bodies with internal heat sources, 2.4.2-3
plane, cylindrical and spherical shells without internal

heat sources, 2.4.2-l/2.4.2-3
thermal contact resistance in, 2.4.6-l/2.4.6-2
transient response to a step change in temperature,

2.4.3-l/2.4.3-12
one-dimensional systems, 2.4.3-l/2.4.3-10
multidimensional systems, 2.4.3-10/2.4.3-l 1

Conductors, thermal conductivity of, 5.4.3-215.4.3-3
Cones, vertical:

free convective heat transfer from, 25.7-24
Conical shells, mechanical design of:

analytic basis for codes, 4.3.3-I
basic principles of, 4.1.3-2
index to U.K., U.S., and F.R.G. codes for, 4.3.2-3/4.3.24

Connors equation for fluid elastic instability, 4.6.4-2
Conservation equations:

for chemical species, 1.2.1-3
in differential form, 2.2-l-5/2.2.1-7
in duct flow, 2.2.1-3/2.2.1-5
in furnaces, 3.11.7-l/3.1  1.7-2
for gas-liquid flows, 2.3.2-812.3.2-9

homogeneous model, 2.3.2-g
separated flow model, 2.3.2-8/2.3.2-9

in integral form, 2.2.1-2/2.2.1-5
for multiphase flows, 2.3.14/2.3.1-7

homogeneous model for, 2.3.14/2.3.1-7
separated flow model for, 2.3.1-6/2.3.1-7

for turbulent flows, 2.2.1-13/2.2.1-14
Construction elements of heat exchangers, 4.1.1-2/4.1.2-3
Contact angle, 2.3.1-2

influence in nucleate boiling, 2.7.1-5,2.7.2-2
Contact resistance:

influence on particle-t-wall heat transfer in packed beds,
2.8.3-3

thermal, 2.4.6-l/2.4.6-4
Continuity equation:

applications in heat exchanger calculations, 1.2.6-5
in boundary layer, 2.2.1-17
in compressible duct flows, 2.2.2-12
differential form in single phase flow, 2.2.15/2.2.1-7
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Continuity equation (Cont.):
in gas-liquid flows, 2.3.2-812.3.2-9
integral form in single phase flow, 2.2.2-2
in multiphase flows: homogeneous, 2.3.1-5

separated flow, 2.3.1-25
in turbulent flow, 2.2.1-14

Continuum model, for fluids, 2.2.1-1
Continuum theories, for non-Newtonian fluids, 2.2.8-6/2.2.8-9

Lodge�s rubber-like liquid, 2.2.8-8
Maxwell model, 2.2.8-7
Oldroyd eight constant model, 2.2.8-8
White-Metzner model, 2.2.8-8

Contraction, sudden, pressure drop in: single-phase flow,
2.2.2-20

two-phase gas-liquid flow, 2.3.2-1612.3.2-17
two-phase gas-liquid flow, 2.3.2-1612.3.2-17

Control:
of heat pipes, 3.10.7-l/3.10.7-2
of reboilers, 3.6.4-2

Convection effects, on heat transfer in kettle reboilers:
bundle induced, 3.6.2-213.6.2-3

Convective boiling (see Boiling)
Convective heat transfer, single phase:

around immersed bodies: single bodies, 2.5.2-312.5.2-8
smooth flat plates, 2.5.2-112.5.2-3

augmentation of, 2.5.11-l/2.5.11-12
in combined free and forced convection (see Combined free

and forced convection)
channel flows, 2.5.10-l/2.5.10-12
immersed bodies, 2.5.9-l/2.5.9-7

effect of radiation on, 2.9.8-l/2.9.8-10
in fixed beds, 2.8.2-112.8.2-8,  2.8.3-l/2.8.3-3
in flow over tube banks, 2.5.3-l/2.5.3-16

finned  tubes, 2.5.3X112.5.3-16
plain tubes, 2.5.3-l/2.5.3-6

forced convection in ducts, 2.5.1-l/2.5.1-13
laminar flow, 2.5.1-2/2.5.1-5
turbulent flow, 2.5.1-5/2.5.1-13

in free convection: immersed bodies, 2.5.7-l/2.5.7-31
layers and enclosures, 2.5.8-l/2.5.8-25

with impinging jets, 2.5.6-l/2.5.6-10
in liquid metal systems, 2.5.13-l/2.5.134
with non-Newtonian fluids, 2.5.12-l/2.5.12-16

in channels with viscous heating, 2.5.12-10/2.5.12-14
in channels without viscous heating, 2.5.12-6/25.12-10
with dilute polymer solution, 2.5.12-1412.5.12-15

in packed and agitated beds, 2.8.3-l/2.8.3-9
Conversion factors, for physical properties, 5.5 J-3
Conveyor, gravity:

air activated, 2.3.3-2
fluidized bed, 2.3.3-712.3.3-9

Cooling towers:
effect of variation in atmospheric pressure on,

3.12.6-213.12.6-3
hybrid, 3.12.5-l/3.12.5-5

assisted draft, 3.12.5-313.12.54
closed-circuit evaporative coolers, 3.12.5-4/3.12.5-5
dry, 3.12.5-l/3.12.5-2
wet-dry, 3.12.5-213.12.5-3

introduction to, 3.12.1-1
mechanical draft, 3.12.4-l/3.12.44
natural draft: dry, 3.8.2-l/3.8.2-2,  3.8.8-l

wet, structural design, 3.12.3-6/3.12.3-7
wet, thermal design, 3.12.3-l/3.12.36
main features of, 3.12.4-l/3.12.4-2
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thermal performance and design, 3.12.2413.12.4-4
packing region in, 3.12.2-l/3.12.2-13

departures from uniform counter flow in,
3.12.2-12/3.12.2-13

heat and mass transfer in, 3.12.2-l/3.12.2-3
packings in, 3.12.2-8/3.12.2-11
state of air leaving, 3.12.2-11/3.12.2-12
theory of thermal design of, 3.12.2-3/3.12.2-8

testing and acceptance of, 3.12.6-l/3.12.6-2
as type of heat exchanger, 1.1.5-2
water loss from, 3.12.6-2

Cooper, Anthony, 3.7.1-l/3.7.12-2
Copper-base alloys, as material of construction, 4.5.2414.5.2-5
Correlation, general nature of, 1.2.3-511.2.3-6
Correspondence principle, in physical properties, 5.1.1-1
Corrosion:

associated with phase separation, 4.5.3-5
associated with welds, 4.5.3-5/4.5.3-6
erosion/corrosion, 4.5.3-114.5.3-2
fretting, 4.5.3-2
gas-vapor phase, 4.5.3-614.5.3-7
materials of construction to avoid, 4.5.2-2t4.5.26
in shell-and-tube heat exchangers, 3.3.4-5
vapor blanketing as cause, 4.5.34
in various equipment: reboilers, 4.5.3-5

waste heat boilers, 4.5.34
Corrugation design, for plate heat exchangers, 3.7.3-l/3.7.3-2,

4.4.2-314.4.24
Costing of heat exchangers:

air-cooled, 4.8.3-l/4.8.3-3
introduction to, 4.8.1-1
plate, 4.8.4-l/4.8.4-2
shell-and-tube, 4.8.2-l/4.8.2-5

Countercurrent flow:
critical heat flux in, 2.7.3-26
gas-liquid, in vertical channels, 2.3.2-2112.3.2-22
heat exchangers, 1.1.1-l

temperature pattern for in single-phase flow, 1 .1.3-l
e-NTU  chart for, 1.5.2-2

Counterflow (see Countercurrent flow)
Coupled thermal fields, in transient conduction, 2.4.3-12
Cowie, R. C., 4.8.2-l/4.8.2-5
Creeping flow, in combined free and forced convection around

immersed bodies, 2.5.9-3
Critical density, of commonly used fluids, 5.5.1-l/5.5.1-40
Critical flow, in gas-liquid systems, 2.3.2-26/2.3.2-29

Henry-Fauske model for, 2.3.2-2812.3.2-29
homogeneous models for, 2.3.2-28

Critical heat flux:
in axial flow reboilers, 3.6.2-713.6.2-8
in counter-current flow, 2.7.3-26
enhancement of, in boiling in tubes, 2.7.9-3/2,7.94

pool boiling, 2.7.9-l/2.7.9-2
in evaporators, 3.5.7-3
in flow in vertical annuli,  2.7.3-20/2.7.3-21
in flow in vertical tubes, 2.7.3-13/2.7.3-30

nomenclature for, 2.7.3-13
with non-uniform heat flux, 2.7.3-1812.7.3-20
with  uniform heat flux, 2.7.3-13/2.7.3-18

in forced convective boiling of binary and multicomponent
mixtures, 2.7.8-612.7.8-7

departure from nucleate boiling, 2.7.8-612.7.8-7
dryout, 2.7.8-7

in kettle reboilers, 3.6.2-413.6.2-5
mechanisms of, 2.7.3-2212.7.3-26

annular flow prediction methods for, 2.7.3-23/2.7.3-26
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Critical heat flux (Cont.):
with nonaqueous fluids, 2.1.3-2612.7.3-30
in pool boiling, 2.1.2-912.1.2-13

geometric effects in, 2.7.2-10/2.7.2-11
liquid viscosity effects on, 2.7.2-12
subcooling effects on, 2.7.2-1212.7.2-13
surface condition effects on, 2.7.2-13
Zuber  analysis for, 2.7.2-912.7.2-10

in pool boiling of binary and multicomponent mixtures,
2.7.74/2.1.7-5

in rectangular channels, 2.7.3-20
in rod bundles, 2.7.22112.7.3-22
outside single tubes in crossflow, 2.7.5-212.7.5-3
outside tubes in tube banks, 2.7.5512.7.5-7

correlations for, 2.7.5612.1.5-7
mechanisms of, 2.7.5-5/2.7.5-6

Critical pressure:
of commonly used fluids, 5.5.1-l/5.5.140
in hydrocarbon mixtures, 5.2.1-3
Kesler and Lee equation for, 5.2.1-6
in pure fluids, 5.1.1-2

Critical Rayleigh number, in free convection, 2.5.8-2/2.5.8-3,
2.5.8-312.5.8-6

Critical temperature:
of commonly used fluids, 55.1-l/5.5.140
in hydrocarbon mixtures, 5.2.1-3
Kesler and Lee equation for, 5.2.1-5
in pure fluids, 5.1.1-l/5.1.1-2

Critical velocity, in stratification in bends and horizontal tubes,
2.1.4-l/2.7.4-3

Critical volume, 5.1.1-2
Crocco�s integral, application to boundary layer equations,

2.2.1-19
Cross counter flow heat exchangers, 1.1.1-2

solutions for, 1.3.1-l/1.3.14
Crossflow:

in air-cooled heat exchangers, 3.8.5-l/3.85-5
boiling in over horizontal tubes and tube banks,

2.75-l/2.7.54
in cooling towers, 3.12.2-12/3.12.2-13
over cylinders (see Cylinders)
flow induced vibration in, 4.6.1-l/4.6.6-3
heat exchangers: definition of, 1.1.1-2

solutions for heat transfer in, 1.2.64, 1.3.14
pressure drop in gas-liquid, 2.3.2-12
in shell-and-tube heat exchangers, 3.3.6-3/3.3.64
temperature difference correction (F-correction) and e-NTU

charts for various configurations of, 15.3-l/1.5.3-13
with both streams mixed, 1.5.3-3
one tube row, unmixed, 1.5.34
four tube rows, four passes, unmixed, 1.5.3-l 1
four tube rows, two passes, mixed, 1.5.3-12
three tube rows, one pass, unmixed, 1.5.3-6
three tube rows, three passes, unmixed, 1.5.3-10
two tube rows, one pass, unmixed, 1.5.3-5
two tube rows, two passes, unmixed, 1.5.3-g

over tube banks (see Tube banks)
Crossflow shells (see X-shells)
Crystallization, choice of evaporator type for, 3.5.5-2
Curved ducts:

dryout  in evaporative heat transfer in, 2.7.4-212.1.44
single-phase fluid flow and pressure drop in,

2.2.2-1412.2.2-16
flow characteristics in, 2.2.2-14/2.2.2-15
laminar  flow in, 2.2.2-15/2.2.2-16
turbulent flow in, 2.2.2-16

Cut-and-twist factor, in enhancement of heat transfer in double
pipe heat exchangers, 3.2.3-l

Cyclohexane, saturation properties of, 5.5.1-11
Cyclopentane,  saturation properties of, 5 5.1-l 1
Cylinders:

banks of cylinders (see Tube banks)
boiling from outside horizontal in crossflow, 2.7.5-l/2.7.54
characteristics of as packings for fixed beds, 2.2.5-2
combined free and forced convective heat transfer from,

2.5.9-112.5.9-6
fixed beds of, heat transfer in, 2.8.1-l/2.8.1-14,

2.8.2-l/2.8.28
flow across, 2.2.3-312.2.3-7

circular, 2.2.2-312.2.26
noncircular,  2.2.3-612.2.3-7
pressure coefficient in, 2.2.4-2

free convective heat transfer from, 2.5.7-2012.5.7-24
horizontal, 2.5.1-2012.5.7-23
vertical and inclined, 2.5.7-23/2.5.7-24

free convective heat transfer inside horizontal, 2.5.8-14
hollow, radiation and conduction around, 2.9.8-612.9.8-l
pool boiling from, 2.7.2-l/2.7.2-15

critical heat flux in, 2.7.2-912.7.2-12
radiative heat transfer on nonisothermal gas in, 2.9.7-3
steady-state thermal conduction in, 2.4.2-l/2.4.2-3
transient conduction in, 2.4.3-l/2.4.3-10

numerical methods for, 2.4.3-8/2.4.3-10
series solution for, 2.4.3-l/2.4.3-7
single-phase heat transfer in flow over, 2.5.24/2.5.2-5
solution using internal heat transfer coefficient,

2.4.3-712.4.3-8
under external pressure, comparison of mechanical design

codes for, 4.3.4-l/4.3.4-2

D
Damage, sources of in heat exchangers, 45.3-l/4.5.3-7,

4.6.1-l/4.6.1-2
Damkohler  number:

definition, 2.2.1-11
modified form for compressible flows with heat transfer,

2.2.2-12
Damping:

capacity, anelasticity, and, 5.45-5
of flow-induced vibration, 4.6.24

Davis and Anderson criterion, for onset of nucleate boiling,
2.1.36

Decane,  saturation properties of, 5.5.1-10
Degradation temperature, of polymers, 2.5.12-1
�Del� operator (see Differential vector operators)
Delaware method, for shell-side heat transfer and pressure drop,

(see Bell-Delaware method)
Dengler and Addoms correlation, for forced convective heat

transfer in two-phase flow, 2.7.3-8
Density:

defmition, 2.2.1-1
fluid with constant, 2.2.1-8/2.2.1-g
fluid with small variations of, 2.2.1-8
of Liquid water, 5.5.3-2
of multicomponent liquid mixtures, 5.2.3-l/5.2.3-2
relation with viscosity for gases, 2.2.1-9
of saturated liquids and vapors, 5.5.1-l/5.5.140
of solids, 5.4.1-l/5.4.1-2

graphite and carbon, 5.4.1-1
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Density, of solids (Cont.):
metal alloys, 5.4.1-1
organics, 5.4.1-2
refractories, 5.4.1-l/5.4.1-2

Deposition of droplets in annular flow, 2.3.2-21, 2.7.3-24
Design of heat exchangers, introduction, 3.1.1-l/3.1.4-9
Design procedures, for segmentally baffled heat exchangers,

3.3.10-l/3.3.10-8
Desuperheaters for use in association with evaporators, 3.5.4-2
Developing flow in ducts:

single-phase flow and pressure drop in, 2.2.2-10/2.2.2-11
hydrodynamic entrance region in, 2.2.2-10/2.2.2-l  1
various forms and effects on, 2.2.2-11

Diathermanous fluid, 2.9.1-1
Differential condensation:

calculation of condensation curves, 2.6.34
description, 2.6.3-l/2.6.3-3

Differential formulations for nonisothermal gas radiation,
2.9.7-512.9.7-8

embedding, 2.9.7-712.9.7-8
multiflex methods, 2.9.76/2.9.7-7
radiation diffusion, 2.9.7-512.9.7-6

Differential resistance term in heat exchanger design, 3.3.9-2
Differential vector operators in heat conduction, 2.4.1-2
Diffraction models for radiative heat transfer from surfaces,

2.9.4-712.9.4-8
Diffuse surfaces, radiative heat transfer between, 2.9.3-l/2.9.3-17
Diffuse wah passages, radiative heat transfer in, 2.9.3-13/2.9.3-16
Diffusers, single-phase flow and pressure drop in,

2.2.S-1712.2.2-19
effect of inlet conditions, 2.2.2-18/2.2.2-19
with free discharge, 2.2.2-17/2.2.2-18
methods of improving performance in, 2.2.2-19
performance, 2.2.2-17

Diffusion coefficients:
in gases, 5.2.5-315.2.54
in liquids, 5.2.5-l/5.2.5-3

Dimensional analysis:
pi theorem for, 2.2.1-11/2.2.1-12
and theory of similarity, 2.2.1-10/2.2.1-13

Dimensionless groups:
equivalent groups in heat and mass transfer, 2.1.5-2
in fluidization, 2.2.6-212.2.6-3
m free convective heat transfer to immersed bodies,

2.5 .I-212.5 .I-3
table of, 2.2.1-11

Dimensionless numbers (see Dimensionless groups)
Dimensionless time (see Fourier number)
Dimethyl propane saturated properties, 5 5 .I-6
Direct contact condensation:

introduction, 2.6.1-1
mechanical construction, 4.4.4-6/4.4.4-7

Direct contact cooling, 4.4.4-8
Direct contact evaporation, 4.4.4-7
Dirt (see Fouling)
Discretization in numerical analysis:

for cases where flow patterns must be calculated, 1.4.2-1
in design of heat exchangers with prescribed flow patterns,

1.4.1-l/1.4.1-6
effect of fineness, 1.4.1-5/1.4.1-6
subdivision of space, 1.4.1-l/1.4.1-2
subdivision of time, 1.4.1-2/1.4.1-3

Disk-and-doughnut baffled heat exchangers, 3.3.11-2
Disk turbine agitator, 3.14.2-l/3.14.2-2

heat transfer in vessel agitated by, 3.14.3-1
Disks, free convective heat transfer from inclined, 2.5.7-25

Dispersed bubble flow (see Bubble flow)
Dissipation of turbulent energy, 2.2.1-20
Distillation, closed distillation process, 2.1.7-8
Distribution:

annular, in shell-and-tube heat exchangers, 3.35-11
design in fluidized beds, 2.2.6-712.2.6-8

Dittus-Boelter equation, for single-phase forced convective heat
transfer, 2.7.3-5

Dividing flow, loss coefficients in, 2.2.2-19
DNB (departure from nucleate boiling) (see Critical heat flux)
Donohue method, for shell-side heat transfer in shell-and-tube

heat exchangers, 3.3.2-2
Double-pipe heat exchanger:

approximate overall heat transfer coefficients, 2.1.2-3
description, 3.1.2-l/3.1.2-2
design, 3.2.1-l/3.2.6-2

applications of, 3.2.2-l
construction/mechanical design, 3.2.5-l/3.2.5-2,

4.4.4-l/4.4.4-2
design parameters for, 3.2.3-l/3.2.36
introduction, 3.2.1-1
operational advantages of, 3.2.6-l/3.2.6-2
types available, 3.2.4-113.2.4-2

Double segmental baffled heat exchangers, 3.3.11-2
Downward facing surfaces, free convective heat transfer from,

2.5.T1312.5.7-15
Downward flow in vertical tubes, flow patterns in gas/liquid,

2.3.2-2
Dowtherm  A saturation properties, 5.5 .l-28
Dowtherm  J saturation properties, 5.5 .l-28
Drag coefficient:

for circular cylinder, 2.2.3-3/2.2.34
definition, 2.2.3-2
in fluidized beds, 2.2.6-2
for sphere, 2.2.3-3
on tube in tube bank, 2.2.4-312.2.4-5

Drag force:
on immersed bodies, 2.2.3-212.2.34
on tube in tube bank, 2.2.4-3/2.2.4-5

Drag reduction, 2.2.8-11/2.2.8-12
effect on heat transfer, 2.5.12-14/2.5.12-15

Drift flux model for two-phase flows, 2.3.1-7/2.3.1-g
Droplets:

deposition and entrainment of, in annular flow, 2.3.2-21
nucleation of in supersaturated vapors, 2.6.7-l/2.6.7-2
use in augmentation of heat transfer, 2.5.11-8

Dropwise  condensation:
calculation of heat transfer in, 2.6.5-2/2.65-3
introduction, 2.1.7-6, 2.6.1-1, 2.6.5-l
mechanisms of, 2.6.5-l/2.6.5-2
order of magnitude heat transfer coefficient in, 2.6.5-l
promotors for, 2.6.5-3/2.6.5-4

Dry cooling towers, 3.8.2-l/3.8.2-2,  3.8.8-1, 3.12.5-l/3.12.5-2
Dry-wall convection, in evaporation (see Postdryout heat

transfer)
Dryers:

classification and selection, 3.13.2-l/3.13.2-4
introduction, 3.13.1-l/3.13.1-2
layout and performance data, 3.13.3-1/3.13.3-S

description of drying process in the Mollier chart,
3.13.34/3.13.3-5

energy and mass balances, 3.13.3-l/3.13.3-2
MoUier chart, 3.13.3-1
wet bulb temperature in, 3.13.3-2/3.13.34

practical design, 3.13.7-l/3.13.7-3
band dryers, 3.13.7-l/3.13.7-2
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Dryers, practical design (Cont.):
fluid bed dryers, 3.13.7-2
pneumatical conveying dryers, 3.13.7-2
rotary dryers, 3.13.7-2
spray dryers, 3.13.7-213.13.7-3

prediction of drying rates in, 3.13.4-l/3.13.4-5
prediction of residence time in: with nonprescribed material

flow, 3.13.6-l
with prescribed material flow, 3.13.5-l/3.15.5-5

as type of heat exchange equipment, 1 .1.5-3
Drying, combined heat and mass transfer in, 2.1.6-l/2.1.6-2
Drying loft, 3.13.2-3
Drying plant (see Dryers)
Drying rates, prediction of, 3.13.4-l/3.13.4-5
Dryout:

introduction, 2.7.3-2
as mechanism for critical heat flux: of liquid film,

2.7.3-2212.7.3-30
under a vapor clot, 2.7.3-22

(See also Critical heat flux)
Ductile fracture as failure mode of heat exchanger, 4.1.1-3
Ducts, single-phase fluid flow and pressure drop in,

2.2.2-l/2.2.2-25
circular pipes, fully developed flow, 2.2.2-112.2.2-l
compressible flow in, 2.2.2-1212.2.2-14
curved ducts, 2.2.2-1412.2.2-17
developing flow in, 2.2.2-10/2.2.2-11
losses in piping components in, 2.2.2-14/2.2.2-20
noncircular ducts, fully developed flow, 2.2.2-712.2.2-10
unstead flow in, 2.2.2-14

Durand correlation for heterogeneous conveyance in solid/liquid
flow, 2.3.4-6

E
E-type shells in shell-and-tube heat exchangers:

recommended calculation methods for pressure drop and heat
transfer in, 3.3.1-l/3.3.10-8

temperature difference correction Q and &NTU charts for,
1.5.2-5/1.5.2-10

Edcert number, 2.2.1-11
Eddy viscosity:

definition, 2.2.2-2
relation to mixing length, 22.24

Edwards, D. K., 2.9.1-l/2.9.8-12,5.5.5-1/5.5.54
EEC code for thermal design of heat exchangers, 4.3.1-3
Effective thermal conductivity of fixed beds, 2.8.1-l/2.8.1-14,

2.8.2-212.8.2-5
Effective tube length in shell-and-tube heat exchangers, 3.3.5-17
Effectiveness of a heat exchanger, definition, 1.2.4-3,2.1.2-2
Efficiency of fins, 2.5.3-6/2.5.3-7
Elastic analysis, in mechanical design, 4.1.2-11
Elastic properties of solids:

anelasticitydamping capacity, 5.4.5-5
anisotropy, 5.4.54/5.4.5-5
introduction to, 5.4.5-l
isotropic materials, 5.4.5-3/S  .4.54
static and dynamic properties, 5.4 5-2
stress-strain curve, 5.4.5-215.4.5-3
tables of, 5.5.8-l/5  5.8-3

Electric fields, effect on properties of rheologically complex
materials, 5.3.8-l/5.3.8-2

Electromagnetic theory of radiation, 2.9.2-7/2.9.2-10

Electrostatic fields in augmentation of heat transfer,
2.5.11-3/2.5.114,2.5.11-8/25.11-9,2.7.94

Elhadidy relation between heat and momentum transfer, 1.2.36
Embedding methods for radiative heat transfer in nonisothermal

gases, 2.9.7-712.9.7-8
Emission of thermal radiation, in solids, 2.9.2-l/2.9.2-3

characteristics of, 2.9.2-l/2.9.2-2
measurement of, 2.9.2-3

Emissivity:
of gaseous combustion products, 3.11.34
of gases, 2.9.5-l/2.9.5-13

table, 5.5.5-l/5.5.54
of solids, 5.4.4-l/5.4.4-6
of surfaces: definition, 2.9.2-l

measurement of, 2.9.2-3
tables, 5.5.7-l/5.5.1-3
total, of solids, table, 3.11.3-6

EMTD (effective mean temperature difference) in air-cooled heat
exchangers, 3.8.54/3.85-5

Enclosures:
annuli,  free convective heat transfer in: horizontal,

25.8-14/25.8-16
vertical (heated on vertical curved surfaces),

2.5.8-1312.5.8-14
concentric spheres, free convective heat transfer in, 25 S-16
free convection heat transfer in, when heated from below,

2.5.8-3125.8-6
critical Rayleigh  number, 25.8-3/25.8-6
heat transfer rates, 25.8-6
modes of circulation, 25.86

honeycombs, free convective heat transfer in,
2.5.8-2012.5.8-23

horizontal cylinders, free convective heat transfer inside,
2.5.8-14

inclined, free convective heat transfer in, 2.5.8-17/2.5.8-20
large aspect ratios, 2.5.8-1712.5.8-19
moderate aspect ratios, 2.5.8-20

rectangular, free convective heat transfer in, when heated
from the sides, 2.5.8-6/2.5.8-13

flow patterns in, 2.5.8-612.5.8-8
large aspect ratios, 2.5.8-8/2.5.8-10
with local heating, 25.8-13
low aspect ratios, 25.8-10/2.5.8-13

Energy, internal (see Specific internal energy)
Energy equation:

in boundary layers, 2.2.1-18
in compressible duct flow, 2.2.2-12
differential form in single-phase flow, 2.2.1-S/2.2.1-7
in gas-liquid flows, 2.3.2-8/2.3.2-g

homogeneous flow, 2.3.2-8
separated flow, 2.3.2-812.3.2-g

in heat exchangers, 1.2.6-2/1.2.6-3
integral form in single-phase flow, 22.1-3
in multiphase flows: homogeneous, 2.3.1-5/2.3.1-6

separated flow, 2.3.1-7
in non-Newtonian flow, 2.5.12-5
in turbulent flow, 2.2.1-14

Enhancement devices:
for condensation, 2.6,6-l/2.6.64
for single-phase heat transfer, 2.5.11-l/25.11-12

Enhancement of heat transfer (see Augmentation)
Enlargements in pipes:

single-phase flow and pressure drop in, 2.2.2-17/2.2.2-19
diffusers, 2.2.2-1712.2.2-19
sudden enlargements, 2.2.2-19
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Enlargements in pipes (Cont.):
two-phase flow and pressure drop in, 2.3.2-U/2.3.2-16

slow change, 2.3.2-M/2.3.2-16
sudden enlargement, 2.3.2-16

Enthalpy:
changes in streams in heat exchangers, 1.2.4-l/1.2.4-2
of saturated liquids and vapors, 5.5.1-l/5.5.1-40
(See also Specific enthalpy)

Enthalpy balance equations for cooling towers, 3.12.2-5
Entrainment in annular gas-liquid flow, 2.3.2-l 1,2.7.3-24
Entrance effects in heat and mass transfer:

comparison of laminar and turbulent flows, 2.1.7-l/2.1.7-2
in turbulent flow heat transfer, 2.5 .l-7

Entrance lengths, hydrodynamic in pipe flow, 2.2.2-10/2.2.2-11
Entrance losses for tube inlet in shell-and-tube heat exchanger,

2.2.7-712.2.7-8
Entropy (see Specific entropy)
Eijtvos  number:

in bubble departure, 2.7.1-8
definition, 2.3.2-19

Equations of state:
Benedict-Webb-Rubin, 5.2.2-3
Peng-Robinson, 5.1.24
Redlich-Kwong, 5.1.24
Redhch-Kwong-Soave,  5.1.24
van der Waals, 5.1.2-315.1.2-4

Equilibrium interphase:
in binary and multicomponent mixture, 2.7.6-l/2.7.64,

5.2.1-l/5.2.1-8
hydrdcarbon phase behavior, 5.2.1-315.2.1-5
in mixtures of undefined components, 5.2.1-5/S  .2.1-8
nonhydrocarbon phase behavior, 5.2.1-5
vapor-liquid, 5.2.1-2/5.2.1-3

introduction, 1.2.1-3
metastable and stable, 2.7.1-1

Equilibrium vapor nucleus, 2.7.1-3
Equivalent sand roughness, 2.2.1-29/2.2.1-30
Ergun equation, for pressure drop in fixed beds,

2.2.5-2
Ethane:

saturation properties, 5.5.1-5
superheated gaseous, thermodynamic properties of, 5.5.2-2

Ethanol:
critical heat flux table for flow boiling of in vertical tube,

2.7.3-29
saturation properties of, 5.5.1-18

Ethyl acetate saturation properties, 5.5.1-25
Ethyl benzene saturation properties, 5.5.1-14
Ethyl ether saturation properties, 5 5.1-23
Ethylene:

saturation properties of, 5.5.1-U
superheated gaseous, thermodynamic properties, 5.5.2-3

Ethylene oxide saturation properties, 5.5 .l-24
Euler number:

definition, 2.2.1-11
effect of roughness on, in flow over tube banks,

2.2.4-1412.2.4-15
in flow over tube banks, 2.2.4-512.2.4-12

European Economic Community (see EEC code for thermal
design of heat exchangers)

Eutectic mixtures, condensation of forming immiscible liquids,
2.6.4-212.6.4-3

Evaporation:
flow regimes in, 2.3.2-612.3.2-7
at an interface, 2.7.1-2

interfacial  resistance in, 2.1.7-8
introduction to, 2.1.7-6/2.1.7-8
in plate fin heat exchangers, 3.9.13-l/3.9.13-2
in plate heat exchangers, 3.7.12-1
(See also Boiling)

Evaporative coolers, 3.12.54/3.12.5-5
Evaporators:

arrangements for, 3.5.3-l/3.5.3-2
flash evaporation, 3.5.3-2
multiple effect, 3.5.3-l/3.5.3-2
vapor recompression, 3.5.3-2

choice of type of, 3.5.5-l/3.5.5-2
concentration, 3.5.5-l/35.5-2
crystallization, 3.5.5-2
vaporization, 3.5.5-l

design aspects, 3.5.4-113.5.4-2
condensers for, 3.5.4-2
desuperheaters for, 3.5.4-2
hot fluid space in, 3.5.4-l
separators for, 3.5.4-l/3.5.4-2

estimation of heat transfer coefficients in, 3.5.7-l/3.5.7-3
estimation of pressure drop and circulation in, 3.5.6-l
estimation of surface area in, 3.5.8-l
introduction to, 3.5.1-1
as type of heat exchanger, 1.1.5-2
types, 3.5.2-l/3.5.2-7

basket type, 3.5.2-l/3.5.2-3
climbing fnm,  3.5.24
falling film, 3.5.24/3.5.2-5
horizontal shell side, 3.5.2-l
horizontal tube side, 3.5.2-513.5.2-6
long-tube vertical, 3.5.2-313.5.24
plate-type, 3.5 -2-6
short-tube vertical, 3.5.2-l

Exit losses for tubes in shell-and-tube exchanger, 2.2.7-8
Expansion joints, mechanical design of:

basic principles of, 4.1.6-1
constructional details of, 4.2.6-10/4.2.6-11

Expansion of tubes into tube sheets:
explosive, 4.2.6-7
roller, 4.2.6-614.2.6-7

Explosive welding of tubes into tube sheets, 4.2.6-8/4.2.6-10
Extended surfaces (see Fins)
Externally induced convection, in kettle reboilers, 3.6.2-3
Extinction coefficient, 2.9.5-l
Extinction efficiency, 2.9.5-l
Extruders, heat transfer in, 3.14.3-5/3.14.3-6
Eyring fluid (non-Newtonian), 2.2.8-7

F
F-correction method:

application to single-pass cocurrent  and countercurrent flow
exchangers, 1.3.1-2/1.3.1-4,  1.5.2-l/1.5.2-2

F-factor charts and equations for various heat exchanger
configurations, 1.5.2-2/1.5.3-12

crossflow (both streams mixed), 1.5.3-3
four tube rows, four passes, unmixed, 1.5.3-11
four tube rows, one pass, unmixed, 1.5.3-7
four tube rows, two passes, mixed, 1.5.3-12
one tube row, unmixed, 15.34
three tube rows, one pass, unmixed, 1.5.3-6
three tube rows, three passes, unmixed, 1.5.3-10
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F-correction method, F-factor charts and equations for various
heat exchanger configurations, crossflow (Cont.):

two tube rows, one pass, unmixed, 1.5.3-5
two tube rows, two tube passes, unmixed, 1.5.3-g

double-pipe heat exchangers, 3.2.3413.2.3-5
E-shell with even number of passes, 15.2-5
five E-shells in series, 1.5.2-g
four E-shells in series, 1.5.2-g
Gshell,  even number of tube passes, 1.5.2-l 3
J-shell, even number of tube passes, 1.5.2-12
J-shell, one tube pass, 1.5.2-11
single pass cocurrent,  1.5.2-3
six E-shells in series, 1.5.2-10
three E-shells in series, 1.5.2-7
two E-shells in series, 1.5.2-6

for calculation of heat exchangers, 1.2.4-4, 1.5.1-l/1.5.3-12
F-factor method:

for temperature difference (see F-correction method)
tong, for critical heat flux with non-uniform heat flux,

2.7.3-19/2.7.3-20
F-type shells:

calculation of heat transfer and pressure drop in, 3.3.11-2
discussion of, 3.3.4-3
thermal leakage in, 1.5.2-14/1.5.2-15

Failure modes of heat exchangers, 4.1.1-3/4.1.1-5
corrosion and other damage mechanisms, 4.5.3-l/4.5.3-7
ductile fracture, 4.1.1-3
high strain fatigue, 4.1.1-5
incremental collapse, 4.1.1-3/4.1.1-5

Falling film evaporator:
description of, 3.5.2413.5.2-5
mass transfer in, 2.1.7-8

Fanning friction factor (see Friction factor)
Fanno  flow, 2.2.2-13
Fans in air-cooled heat exchangers:

drive design, 3.8.7-2,4.4.14/4.4.1-6
noise emission, 3.8.9-l
power consumption, 3.8.7-l/3.8.7-2
selection and sizing, 3.8.7-l

Fatigue as failure mode of a heat exchanger, 4.1.1-5,
4.5.3-2/4.5.3-3,4.6.1-2

Ferritic stainless steels, as material of construction,
4.5.2-314.5.2-4

Fick�s law for diffusion, 2.1.1-2
extensions to multicomponent system, 2.1.5-l
limitations in, 2.1.1-l/2.1.14

Film boiling:
in axial flow reboilers, 3.6.2-9
in cross flow over single cylinder, 2.7.5-3/2.7.54
in forced convective boiling on vertical surfaces,

2.7.3-3012.7.3-31
vertical flat plate, 2.7.3-3012.7.3-31
vertical rod, 2.7.3-31

in kettle reboilem, 3.6.2-S
in pool boiling, 2.7.2-1412.7.2-15

Film cooler, approximate overall heat transfer coefficients in,
2.1.24

Film temperature, definition of for turbulent flow over flat
plate, 2.2.1-29

Films in heat exchangers, 1.1.4-2
Filmwise condensation:

description of, 2.6.1-l
of pure vapors, 2.6.2-l/2.6.2-19

inside horizontal tubes, 2.6.2-12/2.6.2-15
outside horizontal tubes, 2.6.2-912.6.2-12
interfacial resistance in, 2.6.2-15

with liquid metals, 2.6.2-15/2.6.2-16
on vertical surfaces, 2.6.2-2, 2.6.2-9

Finite difference equations:
application to natural convection in enclosures, 2.5.8-8
for flow pattern calculation, 1.4.2-l/1.4.24
for heat exchangers, 1.4.1-3/1.4.14

Finned-tube banks (see Tube banks finned)
Fins:

application in enhancement of boiling heat transfer,
2.7.9-112.7.94

as augmentation devices, 2.5.11-2
in condensation, 2.6.6-2/2.6.6-3
internally finned tubes, 2.5.11-5/2.5  .l l-6,2.6.6-2/2.6.6-3
in natural convection, 2.5.11-3/2.5.114

on cylinders in tube banks: pressure drop in,
2.2.4-1312.2.4-14

effect on flow over cylinders, 2.2.3-612.2.3-7
free convective heat transfer from, 2.5.7-25
longitudinal (straight): application in double-pipe heat

exchangers, 3.2.1-l/3.2.6-2
efficiency of, 2.5.3-9, 3.2.1-l/3.2.6-2

low firmed tubes: applications in shell-and-tube heat
exchangers, 3.3.11-2/3.3.114

correlation for single-phase heat transfer in flow over,
2.5.3-1212.5.3-13

use in boiling augmentation, 2.7.9-l/2.7.9-2
radiating, 2.9.8-4/2.9.8-6
single-phase forced convective heat transfer to banks of tubes

with, 2.5.3-6/2.5.3-16
efficiency of fins in, 2.5.3-6/2.5.3-l 1
experimental data compared with correlations for,

2.5.3-13/2.5.3-15
heat transfer correlations for high fins, 2.5.3-11/2.5.3-12
heat transfer correlations for low fins, 2.5.3-12/2.5.3-13

types, in heat exchangers, 1.1.4-1
types used in air-cooled heat exchangers, 3.8.3-l/3.8.3-3

Fire-tube boiler, 3.11.2-3
Fired heaters, 3.11.2-l/3.1 1.2-2
Firsova, E. V., 2.5.13-l/2.5.13-4
Fittings, pipe (see Piping components)
Fixed beds:

characteristics of packings in, 2.2.5-2
heat transfer in, with gas flowing through, 2.8.2-l/2.8.2-7,

2.8.3-l/2.8.3-3
contact area resistance in, 2.8.3-2
effective thermal conductivity in, 2.8.2-2/2.8.2-5
fluid-to-particle heat transfer in, 2.5.4-l/2.5.4-6
heat transfer fromwallsof, 2.8.2-5/2.8.2-7,2.8.3-l/2.8.3-3
molecular gas conduction influence in, 2.8.3-l/2.8.3-2
onedimensional temperature field in, 2.8.2-7
radiative heat transfer in, 2.8.3-2
twodimensional  temperature field in, 2.8.2-l/2.8.2-2

heat transfer in stagnant (with no flow through),
2.8.1-l/2.8.1-14

effective thermal conductivity of, 2.8.1-3/2.8.15
heat transfer coefficient from walls to, 2.8.1-5/2.8.1-10
onedimensional temperature field in, 2.8.1-10/2.8.1-14
twodimensional temperature field in, 2.8.1-l/2.8.1-2

non-uniform heat transfer in, 2.1.4-3/2.1.44
single-phase flow and pressure drop in, 2.2.5-l/2.2.5-5
voidage in, 2.2.5-l

Fixed tubesheet, shell-and-tube exchangers:
comparison of codes, 4.3.4-2
mechanical features, 4.2.3-l/4.2.34

Flanges, mechanical design of in heat exchangers:
basic principles, 4.1.7-l/4.1.7-2
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Flanges, mechanical design of in heat exchangers (Cont.):
comparison of codes, 4.3.4-214.3.4-3
constructional features, 4.2 6-314.2.6-5
index to U.S., U.K., and F.R.G. codes, 4.3.2-514.3.2-l

Flash evaporation, 3.5.3-2
Flat absorber of thermal radiation, 2.9.2-15
Flat plate:

free convective heat transfer on: inclined and horizontal
plates, 2.5.7-1312.5.7-19

vertical plates, 2.5.%212.5.7-13
laminar  flow along, 2.2.1-2212.2.1-24

effect of buoyancy forces, 2.2.1-24
effect of density-viscosity function, 2.2.1-22
effect of Mach number, 2.2.1-23
effect of Prandtl number, 2.2.1-23
effect of suction or injection, 2.2.1-23
effect of wall temperature, 2.2.1-22
effect of wall temperature distribution, 2.2.1-23/2.2.1-24
higher order effects, 2.2.1-24
reference temperature, 2.2.1-23

single-phase forced convective heat transfer in, 2.5.2-112.5.2-3
transition flow along, 2.2.1-2412.2.1-25

effect of outer flow turbulence, 2.2.1-24
effect of pressure gradient, 2.2.1-24
heat transfer in, 2.2.1-25
suction on blowing effect, 2.2.1-25
surface roughness, 2.2.1-25

turbulent flow along, 2.2.1-29/2.2.1-30
effect of suction or injection, 2.2.1-30
heat transfer on, 2.2.1-29/2.2.1-30
Mach number effect on, 2.2.1-30
skin friction on, 2.2.1-29

Flat reflector of thermal radiation, 2.9.2-14
Floating head designs for shell-and-tube heat exchangers:

analytical basis for wdes for, 4.3.3-l
comparison of codes for, 4.3.4-2
detailed constructional features, 4.2.3414.2.3-l

outside packed type, 4.2.3-l
packed-lantern ring type, 4.2.3~5/4.2.3-6
pull through type, 4.2.3-5
split backing ring type, 4.2.3414.2.3-5

discussion, 3.3.5-12/3.3.5-13
example of calculation of heat exchanger mechanical design

with, 4.3.6-l/4.3.6-23
flanges in, 4.2.6-3
mechanical design of: basic principles of, 4.1.4-2/4.1.44

Flooding phenomena:
in gas-liquid flow in vertical tubes, 2.3.2-21/2.3.2-23
in reflux condensation, 2.6.2-l/2.6.2-9,  3.4.3-213.4.3-3
Pushkina and Sorokin  correlation for, 2.3.2-22
as source of critical heat flux limitation in countercurrent

flow: in tube banks, 2.1.5-5/2.1.56
in tubes, 2.1.3-26

Wallis correlation for, 2.3.2-22,2.6.2-8
Flow distribution in plate heat exchangers, 3.7.6-2,

3.7.8-3/3.7.8-4,4.4.3-3
Flow-induced vibration, 4.6.1-l/4.6.6-3

design considerations, 4.6.6-l/4.6.6-3
introduction, 4.6.1-l/4.6.1-2

sources  of damage by, 4.6.1-l/4.6.1-2
prediction procedure, 4.6.5-114.6.5-2
shell-side velocities causing, 4.6.3-l
tube bundle vibration characteristics, 4.6.2-l/4.6.24

amplitude of vibration, 4.6.24
damping, 4.6.24
finned-tube natural frequencies, 4.6.2-3

span lengths, 4.6.2-3
straight tube natural frequencies, 4.6.2-l/4.6.2-3
U-bend tube natural frequencies, 4.62-3

vibration phenomena, 4.6.4-l/4.6.44
acoustic vibration, 4.6.4-314.6.44
combined phenomena, 4.6.44
fluid elastic whirling,  4.6.4-2
parallel flow eddy formation, 4.6.4-3
turbulent buffeting, 4.6.4-2
vortex shedding, 4.6.4-l/4.6.4-2

Flow patterns (see Flow regimes)
Flow quality (see Quality)
Flow regimes:

in combined free and forced convection in channels:
circular pipes, 2.5.10-l/2.5.10-2
rectangular channels, 2.5.10-l 1

in combined free and forced convection around immersed
bodies, 2.5.9-l/2.5.94

in condensation forming immiscrble  liquids, 2.6.4-2
in fixed beds, 2.8.2-2
in fluidized beds, 2.2.6-1,2.2.6-3
in gas-liquid flow, 2.3.2-112.3.2-l

horizontal tubes, 2.3.2-212.3.24
inclined tubes, 2.3.2412.3.2-5
shell-and-tube heat exchangers, 2.3.2-5/2.3.2-6,  3.4.7-2
systems with phase change, 2.3.2-6/2.3.2-7
vertical tubes, 2.3.2-l/2.3.2-2

influence of free convection on, in horizontal pipe flow,
2.2.2-6

in natural convection in enclosures, 2.5.8-6/2.5.8-8
in single-phase flow in tube banks, 2.2.4-112.2.4-3
in single-phase flow over immersed bodies:

boundary layer regime, 2.2.3-l/2.2.3-2
over circular cylinders, 2.2.3-3
over noncircular cylinders, 2.2.3-612.2.3-T

in solid-gas flow, 2.3.3-2
Fluid elastic instability as source of flow-induced vibration,

4.6.4-2
Fluid elastic whirling (see Fluid elastic instability as a source of

flow induced vibration)
Fluid mechanics, Eulerian  formulation for, 2.2.1-I
Fluid-to-particle heat transfer in fluidized  beds, 2.5.5-l/25.56
Fluidized bed dryer:

description, 3.13.24
practical design, 3.13.7-2

Fluidtied  bed gravity conveyors, 2.3.3-712.3.3-9
Fluidized beds:

bed-to-immersed tube heat transfer in, 2.8.46/2.8.4-7
bed-to-wall heat transfer in, 2.8.4-l/2.8.4-8

interphase gas convective component, 2.8.4-3
particle convective component, 2.8.4-2/2.8.4-3
predictive methods for, 2.8.44/2.8.4-6
radiative component, 2.8.4-3

fluid-to-particle heat transfer in, 2.5.5-l/2.5.5-6
introduction, 2.5.1-l/2.5.5-2
low Peclet numbers, 2.5.3-3/2.5.36
recommended equations, 2.5.5-212.5.5-3

single-phase fluid flow and pressure drop in, 2.2.6-l/2.2.6-9
local structure in, 2.2.6-6/2.2.6-8
minimum  velocity for fluidization in, 2.2.6-2/2.2.6-3
pressure drop, 2.2.6-2
state diagram for, 2.2.6-212.2.6-3
types of fluidization, 2.2.6-112.2.6-2

use in augmentation of heat transfer, 2.5.1 l-8
Fluids:

models for, 2.2.1-7/2.2.1-10
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Fluids, models for (Cont.):
calorifically perfect, 2.2.1-8
constant density, 2.2.1-812.2.1-9
continuum, 2.2.1-1
perfect gas (ideal gas), 2.2.1-7/2.2.1-8
small density variation, 2.2.1-8

physical properties: mixtures of fluids, 5.2.1-l/5.2.5-5
pure fluids, 5.1.1-l/5.1.5-3
rheologically wmplex, 5.3.1-l/5.3.8-3
tables,5.5.1-l/5.5.54

Fluorine saturation properties, 5.5.1-32
Fluted tubes, application in evaporators, 2.7.9-3
Flux method, for modeling radiation in furnaces, 3.11.7-5
Flux relationships in heat exchangers, 1.2.2-l/1.2.24
Fog formation (see Fogging in wndensation)
Fogging in condensation, 2.6.7-l/2.6.74

design to minimize, 2.6.7-3, 3.4.5-2
effects of, 2.6.7-3, 3.4.5-2
nuclei formation, 2.6.7-l/2.6.7-2
supersaturation, 2.6.7-112.6.7-3

Forced convection heat transfer, single-phase (see Convection
heat transfer)

Forced convective boiling (see Boiling)
Forced flow reboilers:

characteristics, advantages, and disadvantages of, 3.6.1-5
heat transfer characteristics of, 3.6.2-6/3.6.2-10

Forster and Zuber correlation for nucleate boiling, 2.7.24
Fouling:

in double-pipe heat exchangers, 3.2.6-l
in evaporators, 3.5.7-113.5.7-2
influence in selection of reboiler type, 3.6.1-6
numerical methods in the prediction of, 1.4.24
in plate heat exchangers, 3.7.9-l
in reboiler design, 3.6.4-l/3.6.4-2

fouling resistances in reboilers, 3.6.4-2
in shell-and-tube heat exchangers, 3.3.4-5, 3.3.5-14/3.3.5-15

as limiting factor in design, 3.3.10-7/3.3.X)-8
as source of damage, 4.5.3-5

Four phase flows, examples, 2.3.1-2
Fourier law for conduction, 2.1.1-2,2.4.1-l

limitations in, 2.1.1-i/2.1.14
Fourier number (Fo):

definition, 1.2.3-5, 2.1.3-2
in packed beds, 2.8.3-l/2.8.3-3
in solidification and melting, 2.4.4-l/2.4.4-2
in transient conduction, 2.4.3-112.4.3-l

Frames for plate heat exchangers, 4.4.25/4.4.2-7
France, guide to national practice for mechanical design, 4.3.5-6
Free convection:

augmentation of heat transfer in: active systems for, 25.114
passive systems for, 2.5.11-3

combined with forced convection (see Combined free and
forced convection)

effect on laminar flow heat transfer in channels,
2.5.1412.5.1-5

effect of, on single-phase flow in vertical ducts, 2.2.2-l 1
heat transfer around immersed bodies, 2.5.7-l/2.5.7-31

generalized solutions for, 2.5.?-25125.7-28
horizontal cylinders, 2.5.1-20/25.7-23
inclined and horizontal surfaces, 2.5.7-13/2.5.7-19
open ended channels, 2.5.7-1912.5.7-20
other shapes, 2.5.7-25
spheres, 2.5.7-2412.5  .I-25
vertical cones, 2.5.7-24
vertical and inclined cylinders, 2.5.1-2312.5.7-24
vertical plates, 2.5.7-212.5.1-13
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influence on friction factor in circular pipe flow,
2.2.2-512.2.2-l

in layers and enclosures, 2.5.8-l/2.5.8-25
circular vertical annuli  heated and cooled on vertical

curved surfaces, 2.5.8-13/2.5.8-14
concentric spheres, 2.5.8-16
enclosures heated from below, 25.83
honeycombs, 2.5.8-2012.5.8-23
horizontal annuli,  2.5.8-1412.5.8-16
horizontal cylinders, 2.5.8-14
inclined enclosures, 2.5.8-17/2.5.8-20
infinite horizontal layers, 2.5.8-l/2.5.8-3
rectangular enclosures heated and cooled on the sides,
2.5.8-612.5.8-13

occurrence in flow in horizontal circular pipe, Metais and
Eckert diagram for, 2.2.2-6

Free-fall velocity of particles, 2.3.3-3
Free molecule conditions, maximum shear stress, heat flux, and

mass flux in, 2.1.1-2
Free-stream turbulence, effect on flow over cylinders, 2.2.36
Freeze protection of air-cooled heat exchangers, 4.4.1-l/4.4.1-2,

4.4.1-7
Fresnel relations in reflection of radiation, 2.9.2-9
Fretting corrosion, 4.5.3-2
Friction coefficient (see Friction factor)
Friction factor:

in circular pipe flow, 2.2.2-l/2.2.2-2
definition, 2.2.2-l
Moody chart for, 1.2.3-3, 2.2.2-2

definition, 1.2.3-2
in fixed beds, 2.2.5-3
in flow over tube banks, 3.3.7-l/3.3.74
interfacial, 2.3.2-21/2.6.2-6
liquid film, 2.3.2-10
in plate fin exchangers, 3.9.4-l/3.9.6-2
in plate heat exchangers, 3.7.4-l/3.7.4-2
on the shell side of double-pipe heat exchangers,

3.2.3-513.2.3-6
of solid in solid gas flow, 2.3.3512.3.3-1

definition, 2.3.3-S
in horizontal pneumatic conveyance, 2.3.3-512.3.3-6
in vertical pneumatic conveyance, 2.3.3-5

in systems with heat transfer augmentation: coiled tubes,
2.5.11-7

internally finned tubes, 2.5 .l l-6
roughened surfaces, 2.5.1 l-2/2.5  .l l-5
twisted tape systems, 2.5.11-7

Friction multipliers in gas-liquid flow:
correlation for: in singularities, 2.3.2-15/2.3.2-18

in straight channels, 2.3.2-g/2.3.2-12
defmition, 2.3.2-9

Friction velocity definition, 2.2.1-25
Frictional pressure drop (see Pressure drop)
Friedel correlation for frictional pressure gradient in straight

channels, 2.3.2-l 1
Froude number:

definition, 1.2.3-5,2.2.1-11
in fluidized beds, 2.2.6-212.2.6-3

Fuels, properties of, 3.11.3-2/3.11.3-3
Fugacity, 5.2.1-2
Furnaces:

advanced models for, 3.11.7-l/3.11.7-6
in boilers, 3.11.2-2/3.11.2-3
heat transfer in, 3.11.36

heat sink, 3.11.3-3/3.11.36
heat source, 3.11.3-l/3.11.3-3
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Furnaces, heat transfer in (Cont.):
heat transfer of the sink, 3.11.3-6
refractory surfaces, 3.11.3-6

introduction, 3.11.1-1
multizone model for, 3.11.6-l/3.11.64
plug flow model for, 3.11.5-l/3.11.5-2
in process heaters, 3.11.2-l/3.11.2-2
radiation characteristics of row of cylinders backed by

refractory wall in, 2.9.21212.9.3-13
stirred reactor model for, 3.11.4-l/3.1  1.4-6
as type of heat exchange equipment, 1.1.5-3

G
G-type shells in shell-and-tube heat exchangers:

description, 3.3.4-3
temperature difference correction factor Q and 0-NTU

chart for, 1.5.2-13
Galileo number, 2.2.1-11

in bubble rise in liquids, 2.3.2-19
Gas heater, approximate overall heat transfer coefficients in,

2.1.2-3
Gas-liquid flows:

applications of onedimensional equations, 2.3.2-7/2.3.2-18
conservation equations, 2.3;2-8/2.3.2-9
correlation for void fraction, 2.3.2-13/2.3.2-15
frictional pressure drop in straight channels,

2.3.2-Y/2.3.2-12
pressure changes across singularities, 2.3.2-1512.3.2-18
pressure drop in heat exchangers, 2.3.2-12/2.3.2-13

critical two-phase flow, 2.3.2-2612.3.2-29
flow patterns in, 2.3.2-l/2.3.2-7

horizontal tubes, 2.3.2-212.3.24
shell-and-tube heat exchangers, 2.3.2-512.3.26
in systems with phase change, 2.3.2-6/2.3.2-7
inclined tubes, 2.3.2412.3.2-5
vertical tubes, 2.3.2-l/2.3.2-2

hydrodynamics of specific flow regimes (horizontal),
2.3.2-2312.3.2-26

annular flow, 2.3.2-2512.3.2-26
slug flow, 2.3.2-2412.3.2-25
stratified flow, 2.3.2-2312.3.2-24

hydrodynamics of specific flow regimes (vertical),
2.3.2-1812.3.2-23

annular flow, 2.3.2-1912.3.2-21
bubble flow, 2.3.2-1812.3.2-19
counter-current flow and flooding, 2.3.2-21/2.3.2-23
plug-slug flow, 2.3.2-19

in plate heat exchangers, 3.7.12-1
Gas-solid flow (see Solid-gas flow)
Gas sparging, for agitation of vessels:

description, 3.14.2-l/3.14.2-2
heat transfer with, 3.14.3-3

Gaseous fuels, properties of, 3.11.3-2
Gases:

as constituent of multiphase flows, 2.3.1-2
combined radiative and convective heat transfer to,

2.9.8-712.9.8-10
diffusion coefficients in, 5.2.5-315.2.5-4
emissivity of, 2.9.5-l/2.9.5-13

table of, 5.5.5-l/5.5.5-4
emissivity of combustion product mixtures of, 3.11.34,

5.5.5-315.5.5-4
isothermal, radiative heat transfer in, 2.9.6-l/2.9.6-9
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nonisothermal, radiative heat transfer in, 2.9.7-l/2.9.7-13
P-p-Trelationshipsfor,5.1.2-l/5.1.24
radiation properties,2.9.5-l/2.9.5-12

equation of transfer for, 2.95-l/2.9.5-2
gas mixtures, 2.9.5-11/2.9.5-12
measurement of, 2.9.5-212.9.54
molecular, 2.9.5-8/2.9.5-11
physics of, 2.9.54
spectral, band and total property definition,

2.9.5412.95-8
superheated, thermodynamic properties of, tables,

5.5.2-l/5.5.2-11
thermodynamic properties, 5.1.3-l/5.1.3-7
transport properties, 5.1.3-l/5.1.3-7

Casketed plate heat exchangers (see Plate heat exchangers)
Gaskets:

for flanges in shell-and-tube heat exchangers, 4.2.63/4.2.64
for graphite block exchangers, 4.4.44
in plate heat exchangers, design and properties,

4.4.2-414.4.2-5
Geometric optics models for radiative heat transfer from surfaces,

2.9.4-8
Germany, Federal Republic of, mechanical design of heat

exchangers in:
guide to national practice, 4.3.54
index to Merkblatter code, 4.3.2-1/4.3.2-l 1

Gersten, K., 2.2.1-l/2.2.3-9
Gibbs phase rule, 5.2.1-1
Girth flanges, in shell-and-tube heat exchangers:

analytical basis for code for, 4.3.3-2
constructional details of, 4.2.6-3

Gn (heat generation number), 2.5.12-6
Gnielinski, V., 2.5.1-l/2.5.4-6
Goodness factor, as a basis for comparison of plate fin heat

exchanger surfaces, 3.9.7-l/3.9.7-3
Goody narrow band model for gas radiation properties, 2.9.5-5
Graetz number:

definition, 1.2.3-5,2.1.3-2
in non-Newtonian flows, 2.5.12-612.5.12-7

Graetz problem (see NusseltGraetz  problem)
Graphite, density of, 5.4.1-1
Graphite block heat exchanger, 4.4.44
Grashof number, 1.2.34,2.2.1-11,  2.2.2-6

in free convection over immersed bodies, 2.5.7-2
Gravitational acceleration, effect in pool boiling, 2.7.2-9
Gravity conveyor:

air-activated, 2.3.3-2
fluidized bed, 2.3.3-712.3.3-y

Gregorig effect in enhancement of condensation, 2.6.6-l/2.6.6-2
Griffith, P., 2.6.5-l/2.6.54
Groeneveld correlation for postdryout heat transfer, 2.7.3-31
Groeneveld and Delorme correlation for postdryout heat transfer,

2.7.3-3212.7.3-33
Group contribution parameters tables, 5.5.4-10
Guerrieri and Talty correlations for forced convective heat

transfer in two-phase flow, 2.7.3-8
Guldberg�s rule for critical temperature, 5.1.1-1
Guy, A. R., 3.2.1-l/3.2.6-2

H
Hagen-Poseville law, 2.1.1-2,2.2.2-l, 2.2.2-3
Hagen-Rubens  relation, between electrical and optical constants,

2.9.2-10
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Hampson coils (see Helical coils)
Handley  and Heggs  equation for fixed bed pressure drop, 2.2.5-3
Harris, D., 4.3.6-l/4.3.6-23
Hausen equation for developing laminar  flow, 2.5.1-2
Headers in shell-and-tube heat exchangers, 2,2.7-l/2.2.7-2

inlet distribution header, 2.2.7-S/2.2.7-6
outlet combining headers, 2.2.7-612.2.7-7
tube entry/exit pressure loss, 2.2.7-l/2.2.1-8

Heads, in heat exchangers:
analytic basis for codes, 4.3.3-l
constructional features of affecting mechanical design,

4.2.6-l/4.2.6-2
index of U.K., U.S.A., and F.R.G. codesfor,4.3.24/4.3.2-5
mechanical design of, 4.1.8-1
types of, in shell-and-tube exchangers, 4.2.4-l/4.2.4-2

bolted channel, 4.2.4-l
bolted cone, 4.2.4-2
Bonnett type, 4.2.4-l/4.2.4-2
high pressure, 4.2.4-214.2.4-3
welded channel, 4.2.4-  1

Heat and mass transfer:
combined, 2.1.6-l/2.1.64

in condensation, 2.1.6-2/2.1.64
in cooling towers, 3.12.2-l/3.12.2-3
in drying, 2.1.6-l/2.1.6-2
in heat exchangers, 1.1.2-1, 1.2.2-3/1.2.24
in single-phase free convection, 2.5.7-12/2.5.7-13

relations between, 1.2.3-611.2.3-7
state of the art, 2.1.7-l/2.1.7-8

Heat capacity (see Specific heat capacity)
Heat conduction (see Conduction, heat)
Heat exchanger design, introduction, 3.1.1-1/3.1.4-Y

approximate sizing of shell-and-tube heat exchangers,
3.1.4-l/3.1.4-9

basic design equation, 3.1.4-1
estimation of heat load, 3.1.4-l/3.1.4-2
estimation of mean temperature difference,

3.1.4-2/3.1.4-3
estimation of overall heat transfer coefficient,

3.1.4-3/3.1.4-6
estimation of surface area, 3.1.4-6/3.1.4-7
example, 3.1.4-7/3.1.4-Y

fundamental concepts, 3.1.1-l/3.1.1-3
basic design equation, 3.1.1-2
heat transfer coefficients, 3.1.1-1
mean temperature difference, 3.1.1-2/3.1.1-3

logic of the design process, 3.1.3-l/3.1.34
criteria for successful design, 3.1.3-l/3.1.3-2
relationship among selection rating and design,

3.1.3-2/3.1.34
simplified example of design modification algorithm for

computer, 3.1.3-3/3.1.34
types of heat exchangers and their applications,

3.1.2-l/3.1.2-6
air-cooled, 3.1.24/3.1.2-S
double-pipe, 3.1.2-l/3.1.2-2
mechanically aided, 3.1.2-S
plate fin or matrix, 3.1.2-S
plate heat, 3.1.2-3/3.1.2-t
shell-and-tube, 3.1.2-2/3.1.2-3

Heat exchangers:
agitated vessels, 3.14.1-l/3.14.3-8
air-cooled, thermal design, 3.8.1-l/3.8.9-4
condensers, 3.4.1-1/3.4.9-S
corrosion and other damage, 4.5.3-l/4.5.3-7
costing, 4.8.1-l/4.8.4-2
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air-cooled, 4.8.3-l/4.8.3-3
plate, 4.8.4-l/4.8.4-2
shell-and-tube, 4.8.2-1/4.8.2-S

definitions and quantitative relationships, 1.2.0-l/1.2.6-7
balance equations for equipment, 1.2.4-l/1.2.4-7
differential equations for streams in, 1.2.5-l/1.2.5-3
flux relationships, 1.2.2-l/1.2.24
partial differential equations for interpenetrating continua

in, 1.2.6-l/1.2.6-7
thermodynamic concepts, 1.2.1-l/1.2.1-3
transfer coefficient dependenccs,  1.2.3-l/1.2.3-7

description of, 1.1.0-1/1.1.6-l
equipment forms, 1.1.5-l/1.1.5-3
interactions between streams in, 1.1.2-l/1.1.2-2
interfaces between streams in, 1.1.4-l/1.1.4-2
temperature change patterns, 1.1.3-l/1.1.3-2
types of flow configuration, 1.1.1-l/1.1.14
unsteady operation, 1.1.6-1

design, 3.1.1-1/3.1.4-Y
double pipe, 3.2.1-l/3.2.6-2

application of, 3.2.2-l
construction/mechanical design, 3.2.5-l/3.2.5-2,

4.4.4-l/4.4.4-2
design parameters, 3.2.3-l/3.2.3-6
introduction, 3.2.1-1
operational advantages, 3.2.6-l/3.2.6-2
types available, 3.2.4-l/3.2.4-2

F-correction method for, 1.2.44,1.3.1-2/1.3.14
F-factor charts for, 1.5.2-311.5.3-12
gas-liquid pressure drop in, 2.3.2-12/2.3.2-13
liquid metal heat transfer in, 2.5.13-8/2.5.134
materials of construction, 4.5.2-l/4.5.26
mechanical design: air-cooled, 4.4.1-l/4.4.1-7

basic principles, 4.1.1-l/4.1.8-3
block type, 4.4.44
direct contact, 4.4.4614.4.4-8
double-pipe, 3.2.5-l/3.2.5-2,4.4.4-1/4.4.4-2
example of design, 4.3.6-l/4.3.6-23
heat pipes, 4.4.4-Y/4.4.4-11
helical (Hampson) coils, 4.4.4-8/4.4.4-Y
jacketed heaters, 4.4.4-314.4.44
plate fin heat exchangers, 4.4.3-1/4.4.3-Y
plate heat exchangers, 4.4.2-l/4.4.2-8
scraped surface, 4.4.4-514.4.4-6
shell-and-tube (codes), 4.3.1-1/4.3.5-l
shell-and-tube (construction), 4.2.1-l/4.2.6-13
spiral plate, 4.4.4-5
tubular and panel immersion, 4.4.4-214.4.4-3

numerical solution methods for: with calculation of flow
pattern, 1.4.2-l/1.4.24

with prescribed flow patterns, 1.4.1-l/1.4.1-6
plate fin, 3.9.1-l/3.9.134
plate, thermal design of, 3.7.1-l/3.7.12-2
P-NTU method for, 1.2.4-4/1.2.4-S,  1.3.1-2
pressure drop in headers, nozzles, and turnarounds, 2.2.7-l
radiant, 2.9.84
representation as interpenetrating continua,

1.2.6-l/1.2.6-7
shell-and-tube (single phase), thermal design of,

3.3.1-1/3.3.11-s
0 method chart for, 1.5.2-l/1.5.3-12
0 method for, 1.2.4-5, 1.3.1-2/1.3.1-4

Heat generation number (Gn), 2.3.12-6
Heating media, for reboilers, 3.6.2-10
Heat of vaporization, 5.1.3-2/5.1.3-4

of commonly used fluids, 5.5.1-l/5.5.140
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Heat pipes:
axial heat transfer and operational envelope for, 3.10.4-I
characteristics of wicks for, 3.10.6-l/3.10.6-2
circulation and axial heat transfer in, 3.10-2-l/3.10.2-3
introduction to, 3.10.1-l/3.10.1-2
mechanical design of exchangers using, 4.4.4-9/4.4.4-l 1
selection of working fluid for, 3.10.5-l/3.10.5-2
start-up and control of, 3.10.7-l/3.10.7-2
temperature distribution and radial heat flux in,

3.10.3-l/3.10.3-2
Heat transfer:

analogy with mass transfer, 2.1.5-l/2.1.54
augmentation of (see Augmentation of heat transfer)
in cooling towers, 3.12.2-l/3.12.2-2
enhancement of, (see Augmentation of heat transfer)
in fluidized beds, fluid-to-particle, 2.5.5-2/2.5.5-6
in non-uniform systems, 2.1.4-l/2.1.44

in packed beds, 2.1.4-3/2.1.44
in shell-and-tube heat exchangers, 2.1.4-l/2.1.4-3

single phase convective (see Convective heat transfer, single
phase)

in transition flow over flat plate, 2.2.1-25
in tubes: Colburnj-factor (laminar and turbulent), 2.1.3-7

correlations for, 2.5.1-l/2.5.1-11
Nusselt numbers for (1amina.r  and turbulent), 2.1.36

in turbulent flow over flat plates, 2.2.1-29/2.2.1-30
by radiation (see Radiative heat transfer)

Heat transfer coefficient:
in agitated vessels, 3.14.3-l/3.14.3-8
in air-cooled heat exchangers, 3.85-l/3.8.5-5
average and overall values for, discussion, 1.2.4-211.2.4-3
in bed-to-wall heat transfer in fluidized beds, 2.8.4-l/2.8.4-7
in boiling in a vertical tube, 2.7.3-l/2.7.3-37

variation with quality of, 2.7.3-3
in boiling in horizontal tubes, bends, and coils,

2.7.4-l/2.7.4-7
in boiling of binary and multicomponent mixtures: forced

convective, 2.7.8-l/2.7.8-10
pool boiling, 2.7.7-l/2.7.7-7

in boiling on outside of single tubes and tube banks,
2.7.5-l/2.7,5-7

in combined free and forced convection: in channels,
2.5.10-l/2.5.10-10

over immersed bodies, 2.5.9-l/2.5.96
in condensation, 2.6.1-2
in double-pipe exchangers, 3.2.3-3/3.2.3-3
in evaporators, 3.5.6-l/3.5.7-3
in fired beds: between wall and bed, stagnant (no flow)

conditions, 2.8.1-5/2.8.1-10
particle-to-fluid, 2.5.4-1, 2.8.3-l/2.8.3-3

in flow over tube banks, 2.5.3-l/25.3-8
in fluidized beds: particle-to-fluid heat transfer,

2.5.5-l/25.5-6
in free convection: in layers and enclosures, 2.5.8-l/2.5.8-25

over immersed bodies, 2.5.7-l/2.5.7-31
individual, definition of, 1.2.2-l/1.2.2-2,2.1.2-6

typical values of, 2.1.2-6
internal, use in transient conduction calculations,

2.4.3-712.4.3-8
with liquid metals, 2.5.13-l/2.5.134
local, definition, 2.5.1-1
mean, along duct, 2.5.1-I
in moving, agitated, and vibrated beds of particles,

2.8.3-312.8.3-g
in non-Newtonian flows, 2.5.12-l/25.12-16
numerical calculation of, 1.4.3-3/1.4.34

overah  definition of, 1.2.2-l/1.2.2-2,  2.1.2-1, 3.1.1-1
in various heat exchangers, 2.1.2-3/2.1.24

in plate fin exchangers, 3.9.4-l/3.9.6-2
in plate heat exchangers, 3.7.5-l
in pool boiling, 2.7.2-l/2.7.2-17
radiation, 2.9.8-2
in reboilers, 3.6.2-l/3.6.2-10
on the shell side in shell-and-tube heat exchangers,

3.3.1-l/3.3.11-5
in single-phase flow in ducts: laminar flow, 2.5.1-3/2.5.14

turbulent flow, 2.5.1-5/2.5.1-11
volumetric, 1.1.2-2

Heat transfer regimes:
in boiling in a vertical tube, 2.7.3-2
in free and forced single-phase convection, 2.5 .lO-2

kfeated cavity reflectometer, 2.9.2-7
Heggs,  P. J., 2.2.5-1/2.2.5-S
Helical coils:

in agitated vessels, 3.14.2-213.14.2-3
heat transfer to, 3.14.3-l/3.14.3-2

augmentation of boiling heat transfer using, 2.7.94
convective boiling  in, 2.7.4-512.7.4-6
cooler, approximate overall heat transfer coefficients in,

2.1.24
dryout  in evaporative heat transfer in, 2.7.4-312.7.44
Hampson-type for heat exchangers, 4.4.4-814.4.4-g
single-phase flow and pressure drop in, 2.2.2-14/2.2.2-16,

2.5.11-6/2.5.11-7
single-phase heat transfer in, 2.5.11-6/2.5.1  l-7

Helical inserts, for enhancement of heat transfer in boiling,
2.7.9-3

Helical ribbon agitator:
description, 3.14.2-l/3.14.2-2
heat transfer with, 3.14.3-3/3.14.34

Helium:
saturation properties, 5.5.1-33
superheated, thermodynamic properties, 5.5.2-l/5.5.2-2

Helmholtz  reciprocity principle, in radiative heat transfer, 2.9.2-6
Henry, J. A. R., 2.2.7-l/2.2.7-11
Henry-Fat&e  model, for critical two-phase flow,

2.3.2-2812.3.2-29
Henry�s Jaw, for partial pressure, 2.7.6-l
Heptane saturation properties, 5 5 .l-9
Heterogeneous conveyance in horizontal pipes, 2.3.4-312.3.4-6
Heterogeneous nucleation in boiling, 2.7.1-3/2.7.1-5
Hewitt, Geoffrey F., 2.3.1-l/2.3.2-33
Hexagonal cells, in free convection, 2.5.8-2
Hexane saturation properties, 5.5.1-8
Hicks equation, for fixed-bed pressure drop, 2.2.5-3
High finned tubes, correlations for single-phase heat transfer in

flow over, 2.5.3-1112.5.3-12
Hohhaum cavity, 2.9.1-3
Holland, guide to national practice for mechanical design of heat

exchangers, 4.3.5-5
Homogeneous condensation (fog formation), 2.6.1-1

effects, 2.6.7-3
nuclei formation, 2.6.7-l/2.6.7-2
supersaturation, 2.6.7-l/2.6.7-3

Homogeneous model:
conservation equations for, in multiphase flows,

2.3.1412.3.1-7
in gas-liquid flows: conservation equations, 2.3.2-8

critical flow estimation by, 2.3.2-28
frictional pressure drop correlations based on, 2.3.2-10
pressure drop in singularities calculated by,

2.3.2-1512.3.2-18
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Homogeneous model (Cont.):
in solid-liquid flow, 2.3.4-212.3.4-3

Homogeneous nucleation:
of droplets in supersaturated vapor, 2.6.7-l/2.6.7-2
of vapor bubbles in liquids, 2.7.1-212.7.1-3

table of values of temperature for various substances,
2.7.1-4

Honeycombs:
free convective heat transfer in, 2.5.8-20/2.5.8-23
loss coefficients in, 2.2.2-20

Horizontal cylinders:
free convective heat transfer inside, 2.5.8-14
(See also Cylinders, Horizontal tubes)

Horizontal layers, of fluid, free convection heat transfer in,
2.5.8-l/25 -8-3

Horizontal pipes:
hydraulic conveyance in, 2.3.4-l/2.3.46
pneumatic conveyance in, 2.3.3-l/2.3.3-2
(See also Pipes, circular; Horizontal tubes)

Horizontal plates (see Horizontal surfaces; Flat plates)
Horizontal shell-side evaporator, 3.5.2-1
Horizontal surfaces:

combined free and forced convection in transverse flow over,
2.5.9412.5.9-6

free convective heat transfer from, 2.5.7-1312.5.7-18
downward facing surfaces, 2.5.7-1312.5.7-15
upward facing surfaces, 2.5.7-15/2.5.7-18

pool boiling from, 2.7.2-112.7.2-U
Horizontal thermosiphon reboilers:

calculation procedures for, 3.6.5-213.6.5-3
characteristics, advantages and disadvantages of, 3.6.1-3
thermal design, 3.6.2-l/3.6.2-6

bubble-induced convection effects, 3.6.2-213.6.2-3
critical heat flux and film boiling, 3.6.2413.6.2-5
effective mean temperature difference, 3.6.24
externally induced convection effects, 3.6.2-3
finned tubes in, 3.6.2-6
flow distribution and hydraulics of, 3.6.2-6
mixture effects, 3.6.2-313.6.24
single tube nucleate boiling, 3.6.2-l/3.6.2-2
vapor liquid disengagement in, 3.6.2-6

Horizontal tube-side evaporator, 3.5.2-513.5.2-6
Horizontal tubes:

boiling outside with crossflow, 2.7.5-l/2.7.5-4
combined free and forced convection in, 2.5.10-7/2.5.10-l 1

with uniform heat flux, 2.5.10-7/2.5.10-11
with uniform wall temperature, 2.5.10-7

combined free and forced convective heat transfer from
outside, 2.5.9-l/2.5.9-6

condensation on inside, 2.6.2-1212.6.2-15,  3.4.6-113.4.6-2
annular flow, 2.6.2-15
flow regimes, 2.6.2-1212.6.2-13,  3.4.6-2
stratifying flow, 2.6.2-1312.6.2-14,  3.4.6-2

condensation on outside of, 2.6.2-912.6.2-12,  3.4.6-3
in bundles, 2.6.2-10/2.6.2-12
effect of vapor shear, single tube, 2.6.2-912.6.2-10
laminar flow, single tube, 2.6.2-9

condensers with condensation inside, 3.4.3-3/3.4.34,3.4.9-3
condensers with condensation outside, 3.4.3-513.4.36,

3.4.9-313.4.94
convective boiling in, 2.7.4-l/2.7.4-7

dryout  in, 2.7.4-l/2.7.44
heat transfer in, 2.7.4-412.7.4-6

flow regimes in gas-liquid flow in, 2.3.2-212.3.24
free convective heat transfer from outside of,

2.5.7-2012.5.7-23
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heat transfer to, in fluidized beds, 2.8.4-6/2.8.4-7
hydrodynamics of various two-phase flow regimes in,

2.3.2-2312.3.2-26
annular flow, 2.3.2-2512.3.2-26
slug flow, 2.3.2-2412.3.2-25
stratified flow, 2.3.2-2312.3.2-24

pool boiling from, 2.7.2-l/2.7.2-15
(See also Horizontal pipes; Pipes, circular)

Hottel�s rule, in absorption of radiation by gases, 2.95-7
Hsu criterion, for onset of nucleate boiling, 2.7.2-2
Hybrid cooling towers, 3.12.5-l/3.125-5

assisted draft towers, 3.12.5-3/3.12.5-4
closed circuit evaporative coolers, 3.12.54/3.12.5-5
wet-dry towers, 3.12.5-2/3.12.5-3

Hydraulic conveyance:
homogeneous and pseudohomogeneous, 2.3.4-212.3.4-3
in horizontal tubes: flow regimes in, 2.3.4-l/2.3.4-2

heterogeneous conveyance in, 2.3.4-312.3.4-6
Hydraulically smooth surface, 2.2.2-l
Hydrocarbons:

phase behavior, 5.2.1-3/5.2.14
thermodynamic properties, 5.2.2-l/5.2.2-9

Hydrodynamic entrance length, in single-phase flow in ducts,
2.2.2-10/2.2.2-11

Hydrogen:
saturated properties, 5.5.1-33
supersaturated gaseous, thermodynamic properties, 5 5.24

Hydrogen chloride saturation properties, 5 5 .l-34
Hydrogen fluoride saturation properties, 5.5.1-34
Hydrogen sulfide saturation properties, 5 5 l-35
Hydrostatic testing of shell-and-tube heat exchangers,

4.2.6-1114.2.6-13
Hysteresis: in boiling curve, 2.7.2-8

reduction of, using porous surfaces, 2.7.9-3

I
Ideal gas law, 2.2.1-7
Ideal gas, velocity of sound in, 2.2.1-8
Illingworth, A., 4.7.1-1/4.7.10-l
Immersed bodies:

combined free and forced convection around, 2.5.9-l/2.5.9-6
creeping flow regime (assisting convection), 2.5.9-3
opposing convection, 2.5.94
slightly inertial regime (assisting convection),

2.5.9-312.5.94
thin boundary layer regime (assisting convection),

2.5.9-l/2.5.9-3
transverse flow, 2.5.94/2.5.96
turbulent regime (assisting convection), 2.5.94

free convective heat transfer to, 2.5.7-112.5.7-31
generalized solutions for, 2.5.7-2512.5.7-28
horizontal cylinders, 2.5.7-2012.5.7-23
inclined and horizontal surkes,  2.5.7-l 3/2.5.7-l 9
open-ended channels, 2.5.7-1912.5.7-20
other shapes, 2.5.7-25
spheres, 2.5.7-2412.5.7-2s
vertical cones, 2.5.7-24
vertical and inclined cylinders, 2.5.7-2312.5.7-24
vertical plates, 2.5.7-212.5.7-13

single-phase flow over, 2.2.3-112.2.3-g
circular cylinder, 2.2.3-312.2.3-6
flow regimes in, 2.2.3-l/2.2.3-2
forces exerted on, in, 2.2.3-212.2.3-3

lblishing  Corporation



HEAT EXCHANGER DESIGN HANDBOOK / Index I-19

Immersed bodies (COW.):
noncircular  cylinders, 2.2.3-612.2.3-7

single-phase forced convective heat transfer to: flat plates,
2.5.2-l/2.5.2-3

single bodies, 2.5.2-312.5.2-S
Immersed tubes, heat transfer to, in fluidized beds,

2.8.4-612.8.4-7
Immersion exchangers, 4.4.4-214.4.4-3
Immersion heaters, 4.4.4-214.4.4-3
Immiscible liquids, condensation of vapors producing,

2.6.4-l/2.6.4-7
description, 2.6.1-1, 2.6.4-l
eutectic mixtures, 2.6.4-212.6.4-3

Imperfectly diffuse surfaces:
definition, 2.9.4-l
radiative heat transfer between specular surfaces and,

2.9.4-l/2.9.4-11
Impingement damage in heat exchangers, 4.5.3-l
Impingement plate:

constructional features of, 4.2.5-714.2.5-g
effect on inlet pressure drop in shell-and-tube heat exchangers,

2.2.74/2.2.7-S
in condensers, 3.4.3-5
(See also Impingement protection)

Impingement protection, in shell-and-tube heat exchangers,
3.3.5-10/3.3.5-11

with condensation, 3.4.3-5
Impinging jets:

single-phase heat transfer in, 2.5.6-l/2.5.6-10
average coefficients in, 2.5.6-312.5.64
local coefficients in, 2.5.6-2/2.5.6-3

Inclined cylinders (see Inclined pipes; Cylinders)
Inclined enclosures, free convective heat transfer in,

2.5.8-1712.5.8-20
large aspect ratios, 2.5.8-17/2.5,8-19
moderate aspect ratios, 2.5.8-20

Inclined flow, effect of on heat transfer to cylinders,
2.5.2412.5.2-5

Inclined pipes:
flow regimes in gas-liquid flow in, 2.3.2412.3.2-5
free convection heat transfer on outside of, 2.5.7-2312.5.7-24
pneumatic conveying (solid/gas flow) in, 2.3.3-2
(See also Pipes, circular)

Inclined plates (see Inclined surfaces; Flat plates)
Inclined surfaces, free convective heat transfer from,

2.5.7-1312.5.7-18
downward facing surfaces, 2.5.7-1312.5.7-15
upward facing surfaces, 2.5.7-1512.5.7-18

Inclined tubes (see Pipes, circular; Pipes, noncircular; Inclined
Pipes; Cylinders)

Incondensables  (see Noncondensables)
Inconel, spectral characteristics of reflectance from oxidized

surface of, 2.9.2-15
Incremental collapse, as failure mode in heat exchanger,

4.1.1-3/4.1.1-5
Inert gases, effect on condensation, 2.1.6-312.1.6-4
Injection:

effect in transition flow over flat plate, 2.2.1-25
effect in turbulent flow over flate plates, 2.2.1-30
effect on laminar flow on flat plate, 2.2.1-23
use in augmentation of heat transfer, 2.5 .l l-312.5  .l l-9

Inlet effects in shell-and-tube heat exchangers, 3.3.6-g/3.3.6-10
In-life flow, bundles of tubes (see Tube banks)
In-line tube banks:

correction for heat transfer in, 2.5.3-l/2.5.3-16
finned tubes, 2.5.3-11

plain tubes, 2.5.3-2
drag coefficients for tubes in, 2.2.44
pressure drop in with fined tubes, 2.2.4-14
pressure drop in with plain tubes, 2.2.4-7/2.2.4-8

correction factors for small number of tube rows,
2.2.4-10

effect of yawing on, 2.2.4-12
Inspection (see Testing and inspection)
Insulators, thermal conductivity of, 5.4.3-l/5.4.3-2
Integral condensation:

calculation of condensation curves for, 2.6.3-312.6.34
description, 2.6.3-l/2.6.3-3

Integral finned tubes:
as augmentation device in natural convection, 2.5 .ll-3
use in shell-and-tube heat exchangers, 4.2.5-3

Interaction coefficients in heat exchangers, 1.1.2-l/1.1.2-2
Interaction parameters for binary systems, tables, 5.5.4-8/S  .5.4-9
Interfacial resistance, in condensation, 2.6.2-15
Interfacial roughness, relationships for, in annular gas-liquid flow,

2.3.2-2012.3.2-21
Interfacial shear stress, effect on filmwise condensation:

on vertical surface, 2.6.2-512.6.2-7
Interfacial tension (see Surface tension)
Intermating troughs, as corrugation design in plate heat

exchangers, 3.7.1-1, 3.7.3-l/3.7.3-2,  3.7.6-l
Intermittent flows:

gas liquid, in horizontal and inclined flows, 2.3.2-2/2.3.2-5
plug flow, in vertical pipes 2.3.2-19
slug flow, in horizontal pipes, 2.3.2-2412.3.2-25

Internal energy (see specific internal energy)
Internal heat sources, temperature distribution in bodies with,

2.4.2-3
Internal heat transfer coefficient, use in transient conduction

calculations, 2.4.3-712.4.3-8
Internal reboilers (in distillation columns), characteristics,

advantages and disadvantages of, 3.6.1-2/3.6.1-3
Internally finned tubes, heat transfer and pressure drop in,

2.5.11-S/2.5.11-6
International Standards Organization (see ISO)
Interpenetrating continua (as representation of heat exchangers):

partial differential equations for, 1.2.6-l/1.2.6-7
porosity in, 1.2.6-2

Intertube velocity, in tube banks, 2.2.4-3
Inviscid flow, compressible, with heat addition, 2.2.2-1312.2.2-14
Irvine, T. F., Jr., 2.4.6-l/2.4.64
IS0 codes for mechanical design of heat exchangers, 4.3.1-3
Isobutane saturated properties, 5.5.1-6
Isopentane  saturation properties, 5.5.1-7
Isothermal flow, compressible, in ducts, 2.2.2-13
Isothermal gas, radiation heat transfer to walls from,

2.9.6-l/2.9.6-9
Isotropic materials, elastic properties, 5.45-315.4.54
Isotropic scattering, 2.9.5-2
Italy, guide to national practice for heat exchanger mechanical

design, 4.3.5-7

J
J-type shells, in shell-and-tube heat exchangers:

calculation of heat transfer and pressure drop in, 3.3.1 l-l
description of, 3.3.4-3
temperature difference correction (0 and 8-NTU  charts for,

1.5.2-1111.5.2-12
Jadcet-type  heaters, 4.4.4-314.4.44
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Jacob number, 2.7.1-8
Japan, guide to national practice for heat exchanger mechanical

design:
high-pressure gas control law, 4.3.5-9
standard construction (JISB8243),  4.3.5-8

JayatiIlaka relation, between heat and momentum transfer,
1.2.3-6

Jens and Lottes correlation for subcooled forced convective
boiling of water, 2.7.3-8

Jet impingement dryer, 3.13.24
Jets, impinging (see Impinging jets)

K
Kapitza number, 2.1.7-4/2.1.7-5
Kern method, for shell-side heat transfer in shell-and-tube heat

exchangers, 3.3.2-2
Kesler and Lee equations, for critical temperature, critical

pressure, acentric factor and molecular weight,
5.2.1-6/5.2.1-8

Kettle reboilers:
calculation procedures for, 3.6.5-l/3.6.5-2
characteristics, advantages and disadvantages of, 3.6.1-2
constructional features of, 4.2.3-7/4.2.3-8
thermal design, 3.6.2-l/3.6.2-6

bubble-induced convection effects, 3.6.2-2/3.6.2-3
critical heat flux and fii boiling, 3.6.2-4/3.6.2-5
effective mean temperature difference, 3.6.24
externally induced convection effects, 3.6.2-3
finned tubes in, 3.6.2-6
flow distribution and hydraulics, 3.6.2-6
mixture effects, 3.6.2-3/3.6.24
single tube nucleate boiling, 3.6.2-l/3.6.2-2
vapor-liquid disengagement in, 3.6.2-6

Kirchoff�s Law, in radiative heat transfer, 2.9.2-2
Knudsen number, 2.2.1-11
K-values, in phase equilibrium, 5.2.1-3

1
Lamella  heat exchangers, 3.1.2-3/3.1.24
Laminar boundary layers (see Boundary layers)
Laminar flow:

combined free and forced convective heat transfer in,
2.5.10-l/25.10-11

condensation in vertical surfaces, 2.6.2-212.6.24
heat transfer in ducts in, 2.5.1-2/25.1-5

augmentation of, 2.5.11-t/2.5.11-8
in concentric annular ducts, 2.5 .l-3
free convection effects in, 2.5.1-4/2.5.1-5
with liquid metals, 2.5.13-l/2.5.13-2
between parallel plates, 2.5.1-3
in straight circular pipes, 2.5 .l-2

heat transfer in free convection on a vertical surface in,
2.5.7-3

heat transfer in tube bundles in, 2.5.13-2/25.13-3
in circular pipes, 2.2.2-l/2.2.2-2
in ducts, characteristic of plate fin heat exchangers,

3.9.5-l/3.9.5-3
in noncircular pipes, 2.2.2-712.2.2-g

Laminar flow control, of boundary layers, 2.2.1-25
Laminar sublayer  (see Viscous sublayer)

Lancaster, J. F., 4.5.1-l/4.5.3-7
Large eddy simulation, in prediction of turbulent boundary

layers, 2.2.1-29
Latent heat (see Heat of vaporization)
Laws for turbulent flows:

of the wake, 2.2.1-26
of the wall, 2.2.1-25
velocity defect, 2.2.1-26

Layers of fluid, free convection heat transfer in, 2.5.8-l/2.5.8-3
Le Fevre equations for free convective heat transfer, 2.5.7-3
Leakage between streams, in shell-and-tube heat exchangers,

3.3.44/3.3.4-S,  4.6.1-2
Leakage effects, on heat transfer and pressure drop in

shell-and-tube heat exchangers, 3.3.1-l/3.3.11-5
shell-to-baffle: correction factors, 3.3.6-6/3.3.6-8

leakage area, 3.3.64/3.3.6-5
tubes-to-baffle: correction factors, 3.3.6-6/3.3.6-8

leakage area, 3.3.6-5
Lessing rings, characteristic of, as packings for fixed beds, 2.2.5-2
Lienhard  and Dhir analysis of critical heat flux in pool boiling,

2.7.2-1012.7.2-12
Lienhard  and Eichhorn criterion, for transition in critical heat

fhrx mechanism in crossflow over single tube, 2.7.5-3
Lift force:

in flow in tube banks, 2.2.4-16
in flow over immersed bodies, 2.2.3-3

Liley, P. E., 5.5.6-l/5.5.7-3
Liquid fuels, properties of, 3.11.3-3
Liquid hold-up, 2.3.1-3
Liquid metals:

heat transfer in, 2.5.13-l/2.5.134
in channel flows, 2.5.13-l/25.134
condensation of, 2.6.2-1512.6.2-16
in heat exchangers, 2.5.13-3

Liquid-solid flow (see Solid-liquid flow)
Liquids:

as constituent in multiphase flows, 2.3.1-l/2.3.1-2
physical properties of:

in multicomponent mixtures, 5.2.3-l/5.2.44
rheologically complex, 5.3.1-l/5.3.8-3
saturated property tables for, 5 .5.1-l/5 .S A-40
specific heat capacity, 5 .1.3-7
specific volume, 5.1.2-l/5.1.2-2
surface tension, 5.1.5-l/5.1.5-3
thermal conductivity, 5.1.4-6/51.4-7
thermal expansion coefficient, 5.1.2-2
viscosity,5.1.4-l/5.1.4-5

LMTD (see Logarithmic mean temperature difference)
Loads, types of in heat exchangers, 4.1.1-l
Local conditions hypothesis, for critical heat flux in flow boiling,

2.7.3-1812.7.3-19
Lockhart and Martinelli  correlations:

for frictional pressure gradient, 2.3.2-10
for void fraction, 2.3.2-17

Lodge�s rubber-like liquid (non-Newtonian), 2.2.8-8
Logarithmic driving force in mass transfer, 2.1.5-3
Logarithmic law region, 2.2.2-l
Logarithmic Mean Temperature Difference, 1.2.4-2/1.2.4-3,

2.1.2-2, 2.5.1-1, 3.1.1-2
Longitudinal fins (see Straight fins)
Long-tube vertical evaporator, 3.5.2-3/3.5.24
Loss coefficient, 2.2.2-14

for bends, 2.2.2-16
in combining and dividing flow, 2.2.2-19/2.2.2-20
for diffusers, 2.2.2-1712.2.2-18
values for various fittings, 2.2.2-1912.2.2-20
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Louvered fins, in plate fin exchangers, 3.9.3-l
Low-alloy steels, as material of construction, 45.2-3
Low-finned tubes:

application in shell-and-tube heat exchangers,
3.3.11-2/3.3.11-3

correlations for single phase heat transfer in flow over,
2.5.3-12125.3-11

use in boiling augmentation, 2.7.9-l/2.7.9-2
Lubricants, physical properties of:

classification, 5.3.2-l
lubricant-cooling liquids, 5.3.5-l/5.3.5-2
oils, 5.3.3-l/5.3.3-2
plastic lubricants, 5.3.4-l/5.3.4-2

Ludwieg-Tillmann  formula, for skin friction, 2.2.1-26
Lydersen�s  incremental method, for critical parameters,

5.1.1-l/5.1.1-2

M
Macdonald equation, for fixed-bed pressure drop, 2.2.5-3
Mach number, 2.2.1-11

effect on turbulent flow over flat plate, 2.2.1-30
incompressible duct flows with heat transfer, 2.2.2-12

Maddox, R. N., 5.2.1-l/5.2.5-5,5.5.1-l/5.5.2-11,  55.4-l/5.5.4-9
Magnetic fields, effect on properties of rheologically complex

materials, 5.3.8-l/5.3.8-2
Manifolds (see Headers)
Martin, H., 2.4.1-l/2.4.54,2.5.5-1/25.6-10
Martinelli and Boelter equations for combined free and forced

convection, 2.5.10-2/2.5.10-3
Martineti  and Nelson correlations:

for frictional pressure gradient, 2.3.2-10/2.3.2-l I
for void fraction, 2.3.2-14

Mass absorption coefficient, 2.9.5-2
Mass and heat transfer, combined:

in condensation, 2.1.6-2/2.1.64
in drying, 2.1.6-l/2.1.6-2

Mass extinction coefficient, 2.9.5-2
Mass fraction, in multicomponent mixtures, 1.2.1-2
Mass scattering coefficient, 2.9.5-2
Mass transfer:

analogy with heat transfer, 2.1.5-l/2.154
in cooling towers, 3.12.2-2/3.12.2-3
in condensation: in multicomponent mixtures, 2.6.3-7/2.6.3-8

of binary mixtures, 2.6.3-7
of single vapor with noncondensables, 2.6.3-5/2.6.3-7

with impinging jets, 2.5.6-l/2.5.6-10
in fixed beds, 2.5.4-212.5.2-6
in fluidized beds, 2.5.5-3f2.5.5-6
in nonuniform systems, 2.1.4-l/2.1.4-4
volumetric coefficient for, 1.1.2-2

Mass transfer coefficient:
in fixed beds, 2.5.4-l/2.5.4-6
individual definition of, 1.2.2-2/1.2.2-3,2.15-2/2.1.5-3

Matovosian, Robert, 5.5.5-l/5.5.5-4
Materials of construction, for heat exchangers, 4.5.1-l/4.5.3-7

materials for corrosive service, 4..5.2-214.5.26
austenitic stainless steels, 45.24
carbon steel, 4.5.2-214.5.2-3
coatings, 4.5.2-514.5.2-6
copper base alloys, 4.5.2-414.5.2-5
ferritic chromium stainless steels, 4.5.2-3
low aIloy steels, 4.5.2-3
nickel based alloys, 4.5.2-S

non-metallic materials, 4.5.2-6
titanium, 45.2-5

materials for noncorrosive service, 4.5.2-2
product forms, 4.5.2-l/4.5.2-2

shells, channels, covers, and bonnets, 4.5.2-l/4.5.2-2
tubes, 4.5.2-l
tubesheets, 45.2-l

testing and inspection of, 4.7.2-l
Matrix heat exchangers (see Plate fin heat exchangers)
Matrix inversion techniques, in radiative heat transfer,

2.9.3-712.9.3-8
Maximum bed-to-surface heat transfer, in fluidized beds,

2.8.44/2.8.4-5
Maximum heat flux:

by conduction in solids, 2.1.1-2
in condensation, 2.1.74/2.1.7-6
under free molecule conditions in gases, 2.1.1-2

Maximum mass flux:
in condensation, 2.1.7-412.1.7-6
under free molecule conditions, 2.1.1-2

Maximum shear stress, under free molecule conditions, 2.1.1-2
Maximum velocities (in shell-and-tube heat exchangers),

3.3.S-15,4.5.3-3
Maxwell model, for non-Newtonian fluid, 2.2.8-7
Maxwell velocity of a vapor, as limiting phenomenon in

condensation, 2.1.7-412.1.7-6
Maxwell�s  equations, for electromagnetic radiation,

2.9.2-712.9.2-8
Mean-beam-length concept, in radiative heat transfer:

tables of geometric mean beam lengths, 2.9.6-S
theory of, 2.9.6-212.9.3

theory of, 2.9.6-212.9.6-3
Mean equivalent temperature, of a surface in combined

convective and radiative heat transfer, 2.9.8-2
Mean phase content, 2.3.1-3
Mean temperature difference:

application in shell-and-tube heat exchangers, 3.3.5-17
concept of, 3.1.1-2/3.1.1-3
effective, in kettle reboilers, 3.6.2-4
in condensers, 3.4.8-l/3.4.8-3
(See also Logarithmic mean temperature difference,

Arithmetic mean temperature difference)
Mechanical agitators, for agitated vessels, 3.14.2-l/3.14.2-2

heat transfer correlations for, 3.14.3-l/3.14.3-6
Mechanical design of heat exchangers:

air cooled heat exchangers, 4.4.1-l/4.4.1-7
basic principles, 4.1.1-l/4.1.8-3

expansion joints, 4.1.6-l
flanges, 4.1.7-l/4.1.7-2
heads, openings and branches, 4.1.8-l/4.1.8-2
introduction to, 4.1.1-l/4.1.1-5
methods of analysis, 4.1.2-l/4.1.2-9
shells, 4.1.3-l/4.1.3-3
tube plates, 4.1.4-l/4.1.4-3
tubes, 4.1.5-l

block type, 4.4.4-4
direct contact, 4.4.4-614.4.4-8
double-pipe exchangers, 3.2.5-l/3.2.5-2,4.4.4-1/4.4.4-2
heat pipes, 4.4.4-g/4.4.4-11
helical (Hampson)  coils, 4.4.4-8/4.4.4-g
jacketed heaters, 4.4.4-314.4.4-4
plate fin heat exchangers, 4.4.3-l/4.4.3-9
plate heat exchangers, 4.4.2-l/4.4.2-8
shell-and-tube exchangers: constructional features,

4.2.1-l/4.2.6-13
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Mechanical design of heat exchangers, shell-and-tube exchangers:
constructional features (Cont.):
design codes for, 4.3.1-1/4.3.5-l
example of design, 4.3.1-6/4.3.6-23

scraped surface, 4.4.4-514.4.4-7
spiral plate, 4.4.4-5
tubular and panel immersion, 4.4.4-2/4.4.4-3

Mechanical draft cooling towers, 3.12.4-l/3.12.4-2
thermal performance and design, 3.12.4-2/3.12.44

Mechanical draft fan coolers (see Air-cooled heat exchangers)
Melting, thermal conduction in, 2.4.4-l/2.4.4-2
Melting point of commonly used substances, 5.5.1-l/5.5.140
Mercury:

saturation properties, 5 .S .l-35
superheated gaseous, thermodynamic properties of,

5.5.24/5.5.2-S
Merkblatter (German) code, for mechanical design of heat

exchangers, 4.3.1-3
index to, 4.3.2-l/4.3.24

Merkel�s equation, in cooling tower design, 3.12.2-3
Metais and Eckert diagrams, for regimes of convection:

in horizontal pipes, 2.2.6-6,2.5.10-l/2.5.10-2
in vertical pipes, 2.5.10-2

Metastable equilibrium, of vapor and liquid, 2.7.1-l
Methane saturation properties, S 5.1-4
Methanol saturation properties, 5.5.1-17
Methyl acetate saturation properties, 5.5 .l-25
Methyl-r-butyl ether saturation properties, 5.5.1-23
Metals:

condensation of, 2.6.2-15/2.6.2-16
density, 5.4.1-l
liquid, single-phase heat transfer in, 2.5 .13-l/2.5.13-4
spectral absorptivity, 2.9.2-1112.9.2-12

Microlayer evaporation, in boiling of binary mixtures, 2.7.6-7
Minimum heat flux in pool boiling:

of binary and multicomponent mixtures, 2.7.7-S/2.7.7-6
of pure components, 2.7.2-1312.7.2-14

Minimum tubeside  velocity, in shell-and-tube heat exchangers,
3.3.5-16

Minimum velocity for fluidization, 2.2.6-2
Minimum wetting rate, for binary mixtures, 2.7.8-7
Mirror-image concept, in radiative. heat transfer, 2.9.4-l/2.9.4-2
Mirrors, spectral characteristics of reflectance from, 2.9.2-17
Mist flow:

in axial flow reboilers, 3.6.2-9
heat transfer in (see Post-dryout heat transfer)
onset, as mechanism for critical heat flux in reboilers,

3.6.2-812.6.2-9
Mixed convection, occurrence in horizontal circular pipe, Metais

and Eckert diagram for, 2.2.2-6
Mixing length, 2.2.24

table of turbulent flow in circular pipes, 2.2.2-3
Mixing vessel (see Agitated vessel)
Mixtures:

of gases, radiation properties, 2.9.5-l l/2.9.5-12
condensers for, 3.4.4-l/3.4.4-2
(See also Binary mixtures, Multicomponent mixtures)

Models, theory of, 2.2.1-12/2.2.1-13
Modes of heat transfer, Nusselt description, 2.1.0-2
Molecular gas radiation properties, 2.9.5-8/2.9.5-l 1
Molecular weight:

of commonly used fluids, S.S.l-l/5.5.140
Kesler and Lee equation for estimation of in hydrocarbon

mixtures, 5.2 .l-7
Molerus, O., 2.2.6-112.2.6-g

Mollier chart, for humid air, 3.13.1-l
description of drying processes in terms of, 3.13.3413.13.3-S

Momentum equation:
in boundary layer, 2.2.1-17
in compressible duct flow, 2.2.1-12
differential form for single-phase flow, 2.2.1-512.2.1-7
in gas-liquid flows, 2.3.2-812.3.2-g

homogeneous model, 2.3.2-8
separated flow model, 2.3.2-8/2.3.2-g

in heat exchanger calculations, 1.2.6-S/1.2.6-7
integral form for single-phase flow, 2.2.1-212.2.1-3
in multiphase flows: homogeneous flow, 2.3.1-5

separated flow, 2.3.1-7
in non-Newtonian flow, 2.5.12-5
in turbulent flow, 2.2.1-14

Monte Carlo methods, in radiative heat transfer, 2.9.4-2/2.9.4-5
for radiative heat transfer with an isothermal gas,

2.9.6-812.9.6-g
Moody chart:

for critical two-phase flow, 2.3.2-28
for single-phase friction factor in circular pipes, 1.2.3-3,

2.2.2-2
Morcos and Bergles equation, for influence of free convection of

friction factor, 2.2.2-6
Morris, M., 4.3.1-l/4.3.5-11
Mostinski correlations:

for critical heat flux, 3.6.2-5
for nucleate boiling, 2.7.2-6

application to kettle reboilers, 3.6.2-l
Moving bed, heat transfer to, 2.8.3-3/2.8.34
Moving belt, heat transfer to, 2.1.3-2/2.1.3-3
Muchowski, E., 2.8.3-112.8.3-g
Mueller, A. C., 3.4.1-l/3.4.9-5
Multicomponent mixtures:

air-cooled condensers for, 3.8.9-2/3.8.94
boiling of, in kettle reboilers, 3.6.2-313.6.24
condensation of, 2.6.3-7/2.6.3-9,2.6.4-l/2.6.4-7
condensers for, 3.4.4-l/3.4.4-2
diffusion in, 2.1.5-l/2.1.54
forced convective boiling of, 2.7.8-l/2.7.8-10

combined heat and mass transfer in, 2.7.8-312.7.8-6
critical heat flux in, 2.7.8-6/2.7.8-7
saturated nucleate, 2.7.8-l/2.7.8-2
two-phase forced convective, 2.7.8-2/2.7.8-3

of gases, radiation properties of, 2.9.5-l l/2.9.5-12
phase equilibria in, 2.7.6-312.7.6-5
physical properties of, 5.2.1-1/5.2.5-S

diffusion coefficients, 5.2.5-l/5.2.5-5
equilibria, 5.2.1-l/5.2.1-8
interfacial tension, 5.2.4-l/5.2.4-3
thermodynamic properties, 5.2.2-l/5.2.2-9
thermophysical properties, 5.2.3-l/S .2.3-9

pool boiling of, 2.7.7-l/2.7.7-7
critical heat flux, 2.7.7412.7.7-s
film boiling, 2.7.7-6
minimum heat flux, 2.7.7-512.7.7-6
nucleate boiling, 2.7.7-112.7.74
transition boiling, 2.7.7-5

Multidimensional systems, heat conduction in,
2.4.3-1012.4.3-12

Multiflux  methods, for radiative heat transfer in non-isothermal
gases, 2.9.7-612.9.7-7

Multipass shell-and-tube heat exchangers, 1.1 .l-2
Multiphase fluid flow and pressure drop:

introduction and fundamentals, 2.3.1-l/2.3.1-10
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Multiphase fluid flow and pressure drop, introduction and
fundamentals (Cont.):
classification of multiphase flows, 2.3.1-l/2.3.1-2
conservation equations for, 2.3.1-3/2.3.1-7
design parameters in, 2.3.1-212.3.1-3
drift flux models for, 2.3.1-7/2.3.1-10

solidgas flow, 2.3.3-l/2.3.3-10
flow patterns in, 2.3.3-2
pressure drop in, 2.3.3-2,2.3.34/2.3.3-8
principles of pneumatic conveyance, 2.3.3-l/2.3.3-2

solid-liquid flow, 2.3.4-l/2.3.4-7
flow regimes in, 2.3.4-l/2.3.4-2
pressure drop in, 2.3.4-3/2.3.46

Multiple effect evaporation, 3.5.3-l/3.5.3-2
Multirod  clusters (see Rod bundles)
Multizone model, for furnaces, 3.11.6-l/3.1 1.6-4
Murray, I., 4.4.4-1/4.4.4-l 1

N
�Nabla� operator (see Differential vector operators)
Nahme-Griffith  number, 2.5.12-6
National practice, in mechanical design, guide to, 4.3.5-l/4.3.5-9
Natural convection:

as precursor to nucleate boiling, 2.7.2-112.7.2-2
(See also Free convection)

Natural draft cooling towers:
dry, 3.8.2-l/3.8.2-2,  3.8.8-1, 3.12.5-l/3.12.5-2
main features of, 3.12.3-l/3.12.3-2
structural design, 3.12.3-6/3.12.3-7
thermal performance and design of, 3.12.3-2/3.12.36

design optimization of, 3.12.3-5/3.12.3-6
performance away from design point, 3.12.3-6
pressure losses in, 3.12.3-3/3.12.3-5
thermal design equation, 3.12.3-2/3.12.3-3

Natural draft heat exchangers (see Ah cooled heat exchangers,
Cooling towers)

Natural frequency of tube vibration in heat exchangers,
4.6.2-l/4.6.24

Navier-Stokes equation, 2.2.1-5
Neon saturation properties, 5.5 .l-36
Neopentane saturated properties, 5.5 .l-6
Net free area, in double-pipe heat exchangers, 3.2.3-l
Netherlands, guide to national mechanical design practice, 4.3.5-5
Newton�s law, for momentum transfer, 2.1.1-2

limitationsin, 2.1.1-l/2.1.1-4
NFA (see Net free area)
Nickel-base alloys, as material of construction, 4.5.2-S
Nitrogen:

critical heat flux table for flow boiling of in vertical
tube, 2.7.3-29

saturation properties, 5.5 J-36
superheated gaseous, thermodynamic properties, 5.5.2-5

Noise, in air-cooled heat exchangers, 3.8.9-l
Nonane saturation properties, 5 5 .l-10
Nonaqueous fluids, critical heat flux in, 2.7.3-612.7.3-30
Noncircular cylinders (see Cylinders)
Noncondensables:

in boiling, 2.7.2-8
in condensation, 2.1.6-2, 2.6.1-2,2.6.3-S/2.6.3-7,

2.6.4-5/2.6.4-6,2.6.5-212.6.5-3
Nondestructive testing, of heat exchangers, 4.7.6-114.7.6-2
Nonmetallic materials, for heat exchangers, 4.5.2-6
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Non-Newtonian flow:
free convective heat transfer from: spheres, 2.5.7-25

vertical plates, 2.5.7-10/2.5.7-11
properties of rheologically complex fluids in, 5.3.1-l/5.3.8-3
single-phase fluid flow and pressure drop in, 2.2.8-l/2.2.8-13

experimental characterization of non-Newtonian fluids,
2.2.8-112.2.8-6

models for non-Newtonian fluids, 2.2.8-6/2.2.8-9
turbulent flow of non-Newtonian fluids, 2.2.8-11
volume flow rate/pressure drop relations, 2.2.8-9/2.2.8-l 1

single-phase forced convective heat transfer with,
2.5.12-l/2.5.12-16

in channel flows, 2.5.12-6/2.5.12-15
equations and dimensionless groups for, 2.5.12-5/2.5.12-6
governing physical properties in, 2.5.12-2/25.12-5

Non-uniform heat flux, critical heat flux with, 2.7.3-18/2.7.3-22
North, C., 4.8.3-l/4.8.3-3
No-tubes-m-window shells, calculation of heat transfer and

pressure drop in, 3.3.11-l/3.3.1  l-3
Nozzles:

analytic basis for codes for, 4.3.3-2
comparison of codes for, 4.3.4-2
impinging jets from, heat transfer in, 2.5.6-l/2.5.6-10

arrays of nozzles, 2.5.6-S/2.5.6-6
optical spatial arrangement, 2.5.6-6/2.5.6-9
single nozzles, 25.64/25.6-S

in shell-and-tube heat exchangers: constructional features of,
4.2.5-12,4.2.6-214.2.6-3

description of, 2.2.7-l
impingement protection for, 3.3.5-10/3.3.5-11
pressure change across inlet nozzle, 2.2.7-2/2.2.7-3
pressure change across outlet nozzle, 2.2.7-312.2.74

index to U.S., U.K., and F.R.G. codes for, 4.3.2-9/4.3.2-10
loss coefficients in, 2.2.2-20

NTU (see Number of transfer units)
Nuclear fuel suspensions, properties of, 5.3.1-2/5.3.1-3
Nucleate boiling:

augmentation of, 2.7.9-l/2.7.94
in axial flow reboilers, 3.6.2-613.6.2-7
in evaporators, 3.5.7-213.5.7-3
in forced convective boiling of binary and multicomponent

mixtures, 2.7.8-l/2.7.8-2
in forced convective heat transfer in vertical tubes,

2.7.3-112.7.3-12
in horizontal tubes, 2.7.4-l/2.7.4-7
in kettle reboilers, 3.6.2-l/3.6.2-4
outside tubes and tube bundles in crossflow,  2.7.5-l/2.7.5-7
in pool boiling of binary and multicomponent mixtures,

2.7.7-l/2.7.74
in pool boiling systems, 2.7.2-312.7.3-9

correlations for, 2.7.2-312.7.3-7
hysteresis in, 2.7.2-8
influence of dissolved gases on, 2.7.2-8
influence of gravitational acceleration on, 2.7.2-9
influence of liquid subcooling on, 2.7.2-9
influence of size and orientation of surface on,

2.7.2-8/2.7.2-9
influence of surface conditions on, 2.7.2-712.7.2-8
influence of system pressure on, 2.7.2-7
influence of wettability of surface on, 2.7.2-9

Nucleation:
augmentation devices for, 2.1.9-112.7.9-2
in binary systems, 2.7.6-5
heterogeneous, in boiling, 2.7.1-3/2.7.14
homogeneous, of vapor bubble in liquid, 2.7.1-2/2.7.1-3
in supersaturated vapor, 2.6.7-l/2.6.7-2
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Nucleation sites:
critical size for nucleation: in pool boihng,�2.7.2-212.7.2-3

in subcooled forced convective boiling, 2.7.36
enhancement of number and activity of, 2.7.9-l/2.7.9-2
size in binary mixtures, 2.7.6-5
sizing of active, 2.7.1-512.7.1-6

Nuclei, formation in supersaturated vapor, 2.6.7-l/2.6.7-2
Number of transfer units (NTU):

in air-cooled heat exchangers, 3.8.5-1/3.8.5-S
average value in nonuniform heat transfer in shell-and-tube

heat exchangers, 2.1.4-l/2.1.4-3
as basis for design of plate heat exchangers, 3.7.2-I

rating in, 3.7.7-l
in cooling of slab, 2.1.3-l/2.1.3-2
in cooling towers, 3.12.24/3.12.2-S
in heat exchangers, 1.2.4-3
in particle-to-fluid heat transfer in fluidized beds,

2.X5-2/2.5.5-3
in transient heat transfer, definition of, 2.1.2-2/2.1.3-7
(See also 0 or &NTU method)

Numerical methods:
application in furnace prediction, 3.11.7-S
for cases in which flow patterns must be calculated,

1.4.2-l/1.4.2-2
applications, 1.4.2-311.4.2-4
discretization, 1.4.2-1
finite difference equations for, 1.4.2-l/1.4.2-2
solution procedure, 1.4.2-2/1.4.2-3

for the solution of heat exchangers with a prescribed flow
pattern, 1.4.1-l/1.4.1-6

discretization, 1.4.1-l/1.4.1-3
finite difference equations for, 1.4.1-3/1.4.14
influence of fineness of discretization, 1.4.1-S/1.4.1-6

special applications of, 1.4.3-l/1.4.3-6
calculations of heat transfer coefficients, 1.4.3-3/1.4.34
flows with chemical reactions, 1.4.3-211.4.3-3
flows with radiation, 1.4.3-3
turbulent flow in empty spaces, 1.4.3-2
two-phase flows, 1.4.3-1

in transient conduction calculations, 2.4.3-8/2.4.3-10
Nusselt:

description of modes of heat transfer, 2.1.9-2
equations for condensation: inside horizontal tube, 2.6.2-13

outside horizontal tube, 2.6.2-9
vertical surface, 2.6.2-2

Nusselt-Graetz  problem, in laminar heat transfer in ducts, 2.5.1-2
Nusselt number:

in combined and free and forced convection: around
immersed bodies, 2.5.9-l/2.5.9-6

in channels, 2.5.10-2/2.5.10-11
definition, 1.2.3-2

in finned tube banks, 2.5.3-11
in flow over tube banks, 2.5.3-l/2.5.3-6

forms of correlation for, 2.1.34
in free convection over immersed bodies, 2.5.7-2
for heat transfer in tubes, 2.1.36
in lam&r flow in ducts, 2.5 .1-2/2.5.1-S
in liquid metal flow, 2.5.13-l/2.5.134
in non-Newtonian flows, 2.5.12-712.5.12-16
in nonuniform heat transfer in packed beds, 2.1.4-3/2.1.44
in particle to fluid heat transfer in fixed beds, 2.5.4-l
in plate heat exchangers, 3.7.5-l
in single-phase flow over immersed bodies, 2.5.2-l/2.5.2-8
in systems with heat transfer augmentation,

2.5.11-l/2.5.11-12
in turbulent flow in ducts, 2.5.1-S/2.5.1-11

0
Oblate spheroids, free convective heat transfer from, 2.5.7-25
Octane saturation properties, 5.5.1-9
Oldroyd eight constant model, for non-Newtonian fluid, 2.2.8-8
ONB (onset of nucleate boiling):

in pool boiling, 2.7.2-12
in subcooled boiling in vertical tubes, 2.7.3-512.7.3-7

One equation models, for turbulent boundary layers, 2.2.1-28
Openings, mechanical design aspects, 4.1.8-l/4.1.8-2
Operational envelope of a heat pipe, 3.10.4-l
Opposed convection:

around immersed bodies, 2.5.9-11
in vertical tubes, 2.5.10-6

Optimization methods, for heat exchanger design, 3.3.4-2
Organic solids, density, 5.4.1-2
Orifices:

loss coefficients in, 2.2.2-21
two-phase gas liquid flow, 2.3.2-1712.3.2-18

OTL (see Outer tube limit)
Outer tube limit, in shell-and-tube heat exchangers, 4.2.5-9
Outlet effects, in shell-and-tube heat exchangers, 3.3.6-9/3.3.6-10
Overall heat transfer coefficient, 2.1.2-l

approximate values: in shell-and-tube exchangers,
3.1.44/3.1.4-s

in liquid metal heat exchangers, 2.5.13-3
in various heat exchangers, 2.1.2-3/2.1.24

in air-cooled heat exchangers, 3.8.5-1/3.8.5-S
Overall power hypothesis, for critical heat flux in flow boiling,

2.7.3-19
Oxygen:

saturation properties, 5.5.1-37
superheated gaseous, thermodynamic properties of, 5.5.2-6

Packed beds (see Fixed beds)
Packing relationship, in cooling tower design, 3.12.2-3/3.12.24
Packings, for cooling towers, 3.12.2-8/3.12.2-10
Packings, for fixed beds:

characteristics, 2.2.5-2
effective conductivity of various in fixed beds: beds with gas

flow, 2.8.2-212.8.2-s
stagnant beds, 2.8.1-3/2.8.1-S

Paikert, P., 3.8.1-l/3.8.9-4
Paints, spectral characteristics of reflectance of surfaces treated

with, 2.9.2-1412.9.2-17
Palen and Small correlation, for critical heat flux in tube banks,

2.7.5-6
Palen, J. W., 3.6.1-l/3.6.5-6
Panel immersion exchangers, 4.4.4-2/4.4.4-3
Parallel flow (see Cocurrent  flow)
Parallel plates, (see Plates)
Partial boiling in subcooled forced convective heat transfer,

2.7.3-812.7.3-9
Particle convective component, in heat transfer from fluidized

beds, 2.8.4-212.8.4-3
Particle emissivity, 2.9.7-2
Particle Reynolds number in fixed beds, 2.2.5-2
Particles:

fluid-to-particle heat transfer in fluidized beds, 2.5.5-l/2.5.56
free falJ velocity of, 2.3.3-3
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Particles (Cont.):
particle-to-wall heat transfer in fluidized beds,

2.8.4-l/2.8.4-8
Particulate fluidization, 2.2.6-l
Pass arrangements, in plate heat exchangers, 3.7.8-l/3.7.8-3
Passes, tube side, 4.2.5-314.2.5-4

�boxed in �  4 2. .54
number of, 4.2.5-314.2.54
partition plates between, 4.2.5-3

Passive methods, for augmentation of heat transfer,
2.5.11-l/2.5.11-3

in condensation, 2.6.6-l/2.6.64
in forced convection, 2.5.11-t/2.5.11-8
in free convection, 2.5 .l l-3

Pearson number, 2.5.12-6
Peclet  number, 1.2.3-2/1.2.3-3,  2.1.5-2

heat and mass transfer at low, in fluid&red beds,
2.5.5-312.5.5-5

in heat transfer in liquid metal systems, 2.5.13-l/25.13-4
in non-Newtonian flow, 2.5.12-6

Peng-Robinson equation of state, 5.1.2-4
application to hydrocarbons, 5.2.2-2

Penner�s rule, in absorption of radiation by gases, 2.9.5-7
Pentane:

normal, critical heat flux for flow boiling of in vertical tube,
2.7.3-29

saturation properties of, 5.5 .l-8
Perfect gas (see Ideal gas)
Perforated fins, in plate fm heat exchangers, 3.9.3-1
Perforated plates, loss coefficients in, 2.2.2-20
Periodic variations in temperature, thermal conduction in

bodies with, 2.4.5-112.4.5-4
Petroleum properties, 5.3.1-3
Phase change number, 2.4.4-l
Phase envelope, for natural gas mixture, 5.2.14
Phase equilibrium:

in binary mixtures, 2.7.6-l/2.7.6-3
in multicomponent mixtures, 2.7.6-3/2.7.6-4
(See also Equilibrium, phase)

Phase rule (Gibbs), 5.2.1-1
Phase separation, as source of corrosion problems, 4.5.3-5
PHE (see Plate heat exchanger)
Phenol saturation properties, 5.5.1-20
Phonons, in thermal conductivity of solids, 5.4.3-l/5.4.3-3
Physical properties:

of mixtures of fluids, 5.2.1-l/5.2.5-5
of pure fluids, 5.1.1-l/5.1.5-3
of rheologically complex media, 5.3.1-i/5.3.8-3
of solids, 5.4.0-l/5.4.5-5
tables of, 5.5.1-l/5.5.8-3
variation with temperature: effect in developing flow,

2.2.2-11
effect on flow in tube banks, 2.2.4-1012.2.4-12
effect on flow over cylinder, 2.2.3-6
effect on friction factor in circular pipe flow,

2.2.2-712.2.2-8
effect in heat transfer of flat plates, 2.5.2-212.5.2-3
effect in laminar flow heat transfer in channels,

2.5.1-4
effect in turbulent flow heat transfer in channels,

2.5.1-6/2.5.1-7
nature of variation, 2.2.1-9
in polymers, 2.5.12-2/2.5.12-4

Pm fins (see Spine fins)
Pi theorum, in dimensional analysis, 2.2.1-11
Pipe fittings (see Piping components)

Pipes, circular:
augmentation of heat transfer in, 2.5.11-4/2.5.11-P

internally finned for, 2.5.11-5/2.5.116
boiling of binary and multicomponent mixtures in,

2.7.8-112.7.8-7
critical heat flux, 2.7.8-6/2.7.8-7
forced convective (including mass transfer effects),

2.7.8-212.7.8-6
nucleate boiling, 2.7.8-l/2.7.8-2

combined free and forced convection in, 2.5.10-l/2.5.10-12
in condensers, 3.4.1-1/3.4.9-S
horizontal channels, 2.5.10-7/2.5.10-11
vertical pipes, 2.5.10-2/2.5.10-l

flow boiling in: horizontal pipes, 2.7.4-112.7.4-7
vertical pipes, 2.7.3-l/2.7.3-37

free convective heat transfer from outside of,
2.5.7-2012.5.7-24

horizontal, 2.5.7-2012.5.7-23
vertical and inclined, 2.5.7-23/2.5.7-24

heat transfer to, in fluidized beds, 2.8.4612.8.4-7
heat transfer to liquid metals in, 2.5 .13-l
laminar heat transfer in, 2.5 .l-2

in hydrodynamically developed flow, 2.5.1-l
in thermally and hydrodynamically developing flow,

2.5.1-2
pneumatic conveyance (gas solids flow) in, 2.3.3-l/2.3.3-2
radiative heat transfer along, 2.9.3-15/2.9.3-16
roughened surface, radiative heat transfer along,

2.9.4-P/2.9.4-10
single-phase fluid flow and pressure drop in fully developed

flow in, 2.2.2-I/2.2.2-7
effect of free convection on, 2.2.2-512.2.2-7
effect of temperature dependent fluid properties on,

2.2.2-7
friction factor, 2.2.2-112.2.2-2
influence of additives on, 2.2.2-7
turbulence characteristics in, 2.2.2-l/2.2.2-5

turbulent heat transfer in, 2.5.1-5/2.5.1-g
two-phase gas-liquid flow in, 2.3.2-l/2.3.2-33

flow regimes in, 2.3.2-l/2.3.2-5
hydrodynamics of flow in, 2.3.2-712.3.2-26

use in shell-and-tube heat exchangers for single-phase flow,
3.3.1-1/3.3.11-s

Pipes, noncircular:
triangular ducts: single-phase fluid flow and pressure drop in,

2.2.2-712.2.2-10
laminar flow, 2.2.2-712.2.2-8
turbulent flow, 2.2.2-P/2.2.2-10

(See also Rectangular ducts, Square ducts)
Piping components:

gas-liquid flow and pressure drop in, 2.3.2-15/2.3.2-18
bends, 2.3.2-17
open valves, 2.3.2-18
orifice plates, 2.3.2-1712.3.2-18
slow changes in cross section, 2.3.2-15/2.3.2-16
sudden contractions, 2.3.2-16/2.3.2-17
sudden enlargements, 2.3.2-i6

single-phase fluid flow and pressure drop in, 2.2.2-14/2.2.2-20
curved ducts, 2.2.2-1412.2.2-17
enlargements, 2.2.2-17/2.2.2-19
miscellaneous fittings, 2.2.2-19/2.2.2-20

Plain tube banks (see Tube banks, plain)
Plan&s constant, 2.9.1-3
Planck�s law, for spectral distribution of blackbody radiation,

2.9.1-3
Plane shells: steady-state thermal conduction in, 2.4.2-l/2.4.2-3
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Plastic  analysis, in mechanical design, 4.1.2-l/4.1.2-2
Plate-and-frame heat exchangers (see Plate heat exchangers)
Plate coil baffles, in agitated vessels, 3.14.2.3/3.14.2-4
Plate fin heat exchangers, 1.1.4-2, 3.9.1-l/3.9.1-2

approximate overall heat transfer coefficients in, 2.1.24
calculation procedure for a rating problem, 3.9.9-I
correlation of heat transfer and friction data for,

3.9.6-l/3.9.6-2
definition of geometric terms for, 3.9.2-l
description of, 3.1.2-5
goodness factor comparisons for, 3.9.7-l/3.9.7-3
laminar  flow surfaces, 3.9.5-l/3.9.5-3
mechanical design, 4.4.3-1/4.4.3-P

brazing, 4.4.3-314.4.34
construction, 4.4.3-l/4.4.3-3
flow distributors, 4.4.3-3
materials, 4.4.3-714.4.3-8
plate fin-tube construction, 4.4.3-514.4.3-7

multifluid service in, 3.9.12-l/3.9.12-2
pressure drop calculation in, 3.9.10-l/3.9.10-2
procedures for the thermal sizing problems m,

3.9.11-l/3.9.11-2
recent theory and data on vaporization and condensation in,

3.9.13-l/3.9.134
specifications of sizing  and rating problems in, 3.9.8-l/3.9.8-2
surface geometries for, 3.9.3-1
surface performance data for, 3.9.4-l/3.9.4-2

Plate fins, efficiency of, 2.5.3-g/2.5.3-10
Plate heat exchangers:

approximate overall heat transfer coefficients in, 2.1.24
construction and operation of, 3.7.1-l/3.7.1-3
corrugation design, 3.7.3-l/3.7.3-2
costing, 4.8.4-l/4.8.4-2
description, 3.1.2-3/3.1.24

gasketed  plate, 3.1.2-3
lamella  (Ramen),  3.1.2-3/3.1.24
spiral plate, 3.1.2-3

factors affecting plate design, 3.7.6-l/3.7.6-2
corrugation geometry, 3.7.6-l/3.7.6-2
distribution, 3.7.6-2

factors governing plate specification, 3.7.2-l
fouling, 3.7.9-l
friction factor correlations, 3.7.4-l/3.7.4-2
heat transfer correlations, 3.7.5-l/3.7.5-2
mechanical design, 4.4.2-114.4.2-g

frame design, 4.4.2-514.4.2-7
gasket design and properties, 4.4.2414.4.2-5
plate arrangements, 4.4.2-l
plate construction features, 4.4.2-l/4.4.2-2
plate design features, 4.4.2-3/4.4.24

methods of surface area calculation, 3.7.10-l/3.7.104
overall plate design for, 3.7.7-l 13.7.7-2
plate arrangements and correction factors for, 3.7.8-l/3.7.8-4

concurrency corrections, 3.7.8-l/3.7.8-2
distribution along port manifolds, 3.7.8-3/3.7.84
end effects, 3.7.8-213.7.8-3
types of pass arrangements, 3.7.8-l

thermal mixing in, 3.7.11-l/3.7.11-2
twophase  flow applications, 3.7.12-1

Plates:
characteristic of, as packings  for fixed beds, 2.2.5-2
parallel, laminar  heat transfer in flow between, 2.5 .l-3

in hydrodynamically developed flow, 2.5.1-3
in thermally and hydrodynamically developing flow,

2.5.1-3
Plate-type evaporator, 3.5.2-6

Plug flow:
regions of occurrence of: in horizontal flow, 2.3.2-212.3.24

in inclined tubes, 2.3.2-4/2.3.2-5
in systems with phase change, 2.3.2-6/2.3.2-7
in vertical flow, 2.3.2-l/2.3.2-2

in vertical channels, 2.3.2-19
bubble rise velocity in, 2.3.2-19

Plug flow model, for furnaces, 3.11.5-l/3.11.5-2
Pneumatic conveyance, 2.3.3-l/2.3.3-2

in horizontal pipes, 2.3.3-l/2.3.3-3
in inclined pipes, 2.3.3-2
in vertical pipes, 2.3.3-l

Pneumatic conveying dryer, 3.13.7-2
P-NTU  method:

application to single pass exchangers, 1.3.1-2/1.3.14
for calculation of heat exchangers, 1.2.44/1.2.4-5

Poiseuille law (see Hagen  Poiseuille law)
Polarization, of thermal radiation, 2.9.2-12/2.9.2-14
Polymers:

degradation temperature, 2.5.12-1
physical properties, 2.5.12-2/2.5.124,5.3.6-l/5.3.7-2

specific heat capacity, 2.5.12-3
thermal conductivity, 2.5.12-2
viscosity, 2.5.12-212.5.12-4

non-Newtonian heat transfer to, 2.5.12-l/2.5.12-15
Pool boiling, 2.1.7-6/2.1.7-8

augmentation of heat transfer in, 2.7.9-l/2.7.9-2
boiling curve for, 2.7.2-l/2.7.2-2
critical heat flux in, 2.7.2-P/2.7.2-13

geometric effects on, 2.7.2-l l/2.7.2-12
liquid viscosity effect on, 2.7.2-12
subcooling effects on, 2.7.2-1212.7.2-13
surface condition effects on, 2.7.2-13

film boiling in, 2.7.2-14/2.7.2-15
minimum heat flux in, 2.7.2-13/2.7.2-14
nucleate boiling, 2.7.2-312.7.3-g

correlations for. 2.7.2-312.7.3-7
hysteresis in, 2.7.2-8
influence of dissolved gas on, 2.7.2-8
influence of gravitational acceleration on,

2.7.2-P
influence of liquid subcooling on, 2.7.2-P
influence of size and orientation of surface on,

2.1.2-812.7.2-P
influence  of surface conditions on, 2.7.2-712.7.2-8
influence of system pressure on, 2.7.2-7
influence of wettability of surface on, 2.7.2-P

of binary and multicomponent mixtures, 2.7.7-l/2.7.7-7
critical heat flux, 2.7.7412.7.7-5
film boiling, 2.7.7-6
minimum heat flux, 2.7.7-5/2.7.7-6
nucleate boiling, 2.7.7-l/2.7.7-2
transition boiling, 2.7.7-5

onset of nucleate boiling in, 2.7.2-2/2.7.2-3
transition boiling in, 2.7.2-13

Porous surfaces, for enhancement of boiling heat transfer,
2.7.9-1

Post-burnout heat transfer (see Postdryout heat transfer,
Transition boiling, Film boiling)

Postdryout heat transfer:
correlations for in vertical tubes, 2.7.3-31/2.7.3-34

with departure from thermodynamic equilibrium,
2.7.3-3212.7.3-33

empirical correlations, 2.7.3-31/2.7.3-32
semi-theoretical, 2.7.3-3312.7.3-34

in evaporators, 3.5.7-3
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Powders:
classification of types of, in fluidized beds, 2.2.6-312.2.6-4
thermal conductivity under vacuum, 2.1.1-2

Power law fluid (non-Newtonian), 2.2.8-7
forced convective heat transfer to, 2.5.12-l/2.5.12-16

2.5.7-10, 2.5.1-25
1.2.3-4,2.1.3-3

laminar
formulas for, 5.1.4-7
of liquid water, 5.5.34

5.5.1-l/5.5.5.140
shell-side, in shell-and-tube heat exchangers, 3.3.5-17
turbulent, 2.2.1-19

Pressure coefficient:
for flow over single cylinder, 2.2.4-2

Pressure control of condensers, 3.4.5-1
Pressure drop:

3.4.7-l/3.4.7-2
3.2.3-5/3.2.3-6

in fhridized  beds, 2.2.6-2
in gas-liquid flow, 2.3.2-7/2.3.2-18

frictional, in straight pipes, 2.3.2-9/2.3.2-12
in shell-and-tube heat exchangers, 2.3.2-12/2.3.2-13
in singularities, 2.3.2-15/2.3.2-18
in stratified flow, 2.3.2-2312.3.2-24
in vertical annular flow, 2.3.2-19

in headers, nozzles and turnarounds in shell-and-tube heat
exchangers, 2.2.7-l/2.2.7-11

in internally finned tubes, 2.5.11-5/2.5.11-6
2.3.1-l/2.3.1-10

in gas-solid flow, 2.3.3-2,2.3.34/2.3.3-7
overall, in cooling towers, 3.12.3-3/3.12.3-5
in the pa&ings 3.12.2-10/3.12.2-11

3.9.10-l/3.9.10-2
3.7.4-1/3.7.4-Z

1.2.4-5/1.2.4-6
reboilers,

on the shell side of shell-and-tube heat exchangers,

as limitation in design, 3.3.10-6
m

2.2.2-l/2.2.2-25
2.2.5-l/2.2.5-5

2.2.1-l/2.2.1-35
2.2.8-9/2.2.8-11

2.2.4-112.2.4-17, 3.3.7-l/3.3.7-4
in 2.7.3-912.7.3-10

Pressure gradient:
effect in transition boundary layer flow over flat plate,

2.2.1-24
(See also Pressure drop)

Process heaters, fired, 
Prolate spheroids, free convective heat transfer from,

2.5.7-25
dropwise 2.6.5-3/2.6.5-4

Propane:
saturation properties, 5.5.1-5

5.5.2-6/5.5.2-7
I-Propanol
2Propanol
Propeller agitator, 

heat transfer in agitated vessels with, 3.14.3-1

Q 1983 Hemisphere E

H

Propylene:
saturation properties, 5.5.16
superheated gaseous, thermodynamic properties, 5.5.2-7

Propylene oxide saturation properties, 5.5.1-24
Proximity agitators, 3.14.2-1

heat transfer in agitated vessels with, 3.14.3-3/3.14.3-6
Pugh, S. F., 5.4.5-1/5.4.5-5,5.5.8-l/5.5.8-3
Pulsations, use in augmentation of heat transfer, 2.5.1 l-8
Pushkina and Sorokin correlation, for flooding in vertical tubes,

2.3.2-22
P-V-T correlations, for pure fluids, 5.1.2-l/5.1.2-4
Pyramid, free convective heat transfer from, 2.5.7-25

Quality, in multiphase flows:
flow quality, 1.2.1-1,2.3.14,2.7.3-l
static quality, 1.2.1-1,2.3.14

R
Radiant heat exchanger, 2.9.8-4
Radiating fin, 2.9.84/2.9.8-6
Radiation:

diffusion method, for calculation of nonisothermal gas
radiation, 2.9.7-512.9.7-6

effect in film boiling, 2.7.2-15
effect on heat transfer in packed beds, 2.8.3-2
heat transfer coefficient, 2.9.8-2
in heat transfer from fluidized beds, 2.8.4-3,2.8.4-6/2.8.4-7
models for, in furnaces, 3.11.74/3.11.7-S
networks, 2.9.3-8/2.9.3-10

with a gas, 2.9.64
numerical calculation of flows involving, 1.4.3-3
(See also Radiative heat transfer)

Radiation shields, in radiation heat transfer, 2.9.3-12/2.9.3-13
Radiative heat transfer:

acting with conduction and convection, 2.9.8-l/2.9.8-10
combined phenomena in, 2.9.8-l
around hollow cylinder, 2.9.8-612.9.8-7
in molecular gas convection, 2.9.8-7/2.9.8-10
in radiant heat exchanger, 2.9.8-4
from radiating tin, 2.9.84/2.9.8-6
radiation coupled transient heating or cooling,

2.9.8-312.9.84
thermal network analysis of, 2.9.8-l/2.9.8-3

gas radiation properties, 2.9.5-l/2.9.5-13
equation of transfer for, 2.9.5-l/2.9.5-2
gas mixtures, 2.9.5-11/2.9.5-12
measurement of, 2.9.5-212.9.5-4
molecular, 2.9.5-812.9.511
physics, of, 2.9.54
spectral, band and total property definitions,

2.9.54i2.9.5-8
in furnaces, 3.11.3-l/3.11.7-6
introduction to, 2.9.1-l/2.9.1-5

blackbody radiation, 2.9.1-312.9.1-5
radiant intensity and flux, 2.9.1-2/2.9.1-3
thermodynamic surfaces and surface systems,

2.9.1-l/2.9.1-2
nonisothermal gas radiation, 2.9.7-l/2.9.7-13
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Radiative heat transfer, nonisothermal gas radiation (Conr.):
differential formulations for, 2.9.7-5/2.9.7-8
equation of transfer for, 2.9.7-112.9.7-2
geometric considerations, 2.9.7-212.9.7-3
molecular gas radiation in, 2.9.7-10/2.9.7-13
slab geometry, 2.9.7-312.9.7-5
spectral considerations and scaling approximations in,

2.9.7-812.9.7-10
radiation transfer between perfectly diffuse surfaces,

2.9.3-112.9.3-17
diffuse-walled passages, 2.9.3-1312.9.3-16
radiation network, 2.9.3-8/2.9.3-10
radiosity-irradiation formulations, 2.9.34/2.9.3-8
refractory surfaces, 2.9.3-8
selected working relations for, 2.9.3-10/2.9.3-13
shape factors for, 2.9.3-l/2.9.34

radiation transfer between specular and imperfectly diffuse
surfaces, 2.9.4-l/2.9.4-11

mirror-image concept, 2.9.4-l/2.9.4-2
Monte Carlo algorithms, 2.9.4-2/2.9.4-S
rough walled passages, 2.9.4-g/2.9.4-10
specular and imperfectly diffuse surfaces, 2.9.4-l
specular walled passages, 2.9.4-512.9.4-7
surface models, 2.9.4-7/2.9.4-g

surface radiation characteristics, 2.9.2-l/2.9.2-20
absorption and emission characteristics, 2.9.2-l/2.9.2-3
approximations, 2.9.2-10/2.9.2-12
electromagnetic theory and the Fresnel relations,

2.9.2-712.9.2-10
polarization, 2.9.2-1212.9.2-15
radiation characteristics in thermal design,

2.9.2-1512.9.2-20
reflection and transmission characteristics,

2.9.2-312.9.2-7
between surfaces and isothermal gas, 2.9.6-l/2.9.6-9

calculation of, 2.9.6412.9.6-8
heat transfer at black wall, 2.9.6-l
mean beam length concept for, 2.9.6-2/2.9.6-3
Monte Carlo solutions for, 2.9.6-8/2.9.6-g
radiation network in, 2.9.6-4
radiosity-irradiation formulation for gas filled enclosure

wall, 2.9.6-312.9.6-l
wall layer transmission in, 2.9.6-3

Radiators, automotive, construction, 4.4.3-5/4.4.3-7
Radiometers, application in gas radiation property measurement,

2.9.5-3
Radiosity, Stephan�s law for, 2.9.1-3
Radiosity-irradiation formulations in radiative heat transfer,

2.9.34/2.9.3-8
for gas-filled enclosure wall, 2.9.6-3/2.9.64

Ramen heat exchanger (see Lamella  heat exchanger)
Raoult�s law for partial pressure, 2.7.6-l
Rating of heat exchangers, 3.1.3-2, 3.3.4-l

computer program structure for, 3.1.3-3
Rayleigh  instability, in free convection, 2.5.8-2
Rayleigh number, 1.2.3-4,2.2.1-16, 2.2.2-6

critical, for instability in free convection: in enclosures heated
from below, 2.5.8-3/2.5.8-6

in horizontal layers, 2.5.8-212.5.8-3
in free convection over immersed bodies, 2.5.7-3

Reay, D., 3.13.7-l/3.13.7-3
Reboilers:

approximate overall coefficients in, 2.1.2-3
shell-and-tube, 3.6.1-l/3.6.5-6

calculation procedures for, 3.6.5-l/3.6.5-6
pressure drop in, 3.6.3-l
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special design considerations for, 3.6.4-l/3.6.44
thermal design of, 3.6.2-l/3.6.2-10

as type of heat exchanger, 1.1.5-2
(&e also Boilers)

Reciprocal mode integrating sphere, for reflection and
transmission measurements in radiation, 2.9.2-7

Rectangles:
closed form solutions for mean beam lengths between,

2.9.64
radiative heat transfer shape factors for opposite and

adjacent, 2.9.3-3
table of mean beam lengths, 2.9.6-5

Rectangular ducts:
combined free and forced convective heat transfer in,

2.5.10-11, 3.9.5-l/3.9.3-3
critical heat flux in flow boiling in, 2.7.3-20
laminar  flow in, 2.2.2-7/2.2.2-g
radiative heat transfer along, 2.9.3-16/2.9.3-17
turbulent flow in, 2.2.2-10

Rectangular enclosures, free convective heat transfer in:
when heated and cooled on vertical sides, 2,5.8-6/2.5.8-13
when heated from below, 2.5.8-312.5.8-6

Rectangular tins, for plate fin exchangers, 3.9.3-l
Redlich-Kwong and Redlich-KwongSoave  equations of state,

5.1.24
application to hydrocarbons, 5.2.2-115.2.2-2

Reduced pressure, correlations for pool boiling using,
2.7.2-512.7.2-7

Reentrance cavities, for enhancement of boiling, 2.7.9-l/2.7.9-2
Reference temperature:

in calculation of friction factor in circular duct, 2.2.2-7
for laminar flow over flat plates, 2.2.1-23
for turbulent flow over flat plates, 2.2.1-29

Reflectance (see Reflectivity)
Reflection, of thermal radiation, from solid surfaces:

characteristics of, 2.9.2-3/2.9.26
measurement of, 2.9.2-6/2.9.2-7

Reflectivity, of solid surfaces, 2.9.2-3
measurement of, 2.9.2-612.9.2-7

Reflectometer, heated cavity, 2.9.2-7
Reflux condensers, 3.4.3-2

flooding phenomena in, 2.6.2-9, 3.4.3-2/3.4.3-3
Refractories, density of, 5.4.1-l/5.4.1-2
Refractory services, 2.9.3-8

in furnaces, 3.11.3-6
heat transfer by radiation between source, sink and,

2.9.3~11/2.9.3-12
Refrigerant 12:

critical heat flux table for flow of in vertical tube, 2.7.3-29
saturation properties 3.5.1-21

Refrigerant 13 saturation properties, 5 5.1-2 1
Refrigerant 21 saturation properties, 5.5 #l-22
Refrigerant  22 saturation properties, 5.5.1-22
Regenerative heat exchangers, l.l.l-3/1.1.1-4

periodic operation of, 1.1.6-1
Regimes of heat transfer, in ducts, single phase flow,

2.5.1-1
Relaminarization, of turbulent flow, 2.2.1-16
Residence times, in dryers:

with non-prescribed material flow, 3.13.6-1
with prescribed material flow, 3.13.5-l/3.13.5-2

Retrograde behavior, in phase envelope for natural gas,
5.2.14/5.2.1-5

Reynolds number, 2.1.1-3
as limiting criteria for applicability of molecular flux

relationship, 2.1.1-3
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Reynolds number (Cont.):
bubble, 2.3.2-19
definition of, 1.2.3-211.2.3-3

in fmed tube bundles, 2.5.3-11
in condensation on vertical surface, 2.6.2-3
in cross flow over tube banks, 2.2.4-l/2.2.4-12,

2.5.3-l/2.5.3-8,  3.3.7-l/3.3.74
particle, fixed beds, 2.2.5-2

fluidized  beds, 2.2.6-2
shell-side, in shell-and-tube heat exchangers, 3.3.5-16
in two-phase gas-liquid flow, 2.3.2-10

Rheologically  complex materials, properties of:
disperse compositions, 5.3.1-l/5.3.1-3

nuclear fuel suspensions, 5.3.1-2/5.3.1-3
petroleum, 5.3.1-3
two-component composition% 5.3.1-l/5.3.1-2

effect of external electric and magnetic fields on,
5.3.8-l/5.3.8-2

lubricants: classification of, 5.3.2-l
lubricant-cooling liquids, 5.3.5-l/5.35-2
oils, 5.3.3-l/5.3.3-2

polymers, 5.3.6-l/5.3.7-2
Rheology, shear flow experiments used in, 2.2.8-3
Richardson number, 2.2.1-11
Ring cells, in free convection, 2.5.8-2
Ring stiffness, in shell-and-tube heat exchangers, 4.1.2-8/4.1.2-g
Rod bundles:

critical heat flux in flow in, 2.7.3-2112.7.3-22
turbulent longitudinal flow in, 2.2.2-10

Rohsenow correlation, for nucleate boiling, 2.7.24
application in forced convection boiling in vertical tubes,

2.7.3-712.7.3-8
Roll cells, in free convection, 2.5.8-2
Roller expansion, of tubes into tube sheets, 4.2.6-614.2.6-7
Room, thermal network for combined radiation and convection

in, 2.9.8-3
Rossby number, 2.2.1-11
Rotary dryer, 3.13.24

practical design of, 3.13.7-2
Rotating drums, heat transfer to particle bed in, 2.8.34/2.8.3-5
Rotation, as device for heat transfer augmentation, 2.5.11-4,

2.5.11-8
Roughness, surface:

in augmentation of condensation, 2.6.6-l/2.6.6-2
in augmentation of heat transfer, 2.5 .ll-2,2.5.1 l-3/2.5.1 14
as enhancement device in boiling, 2.7.9-2
completely rough surface, 2.2.2-2
effect in flow in fixed beds, 2.2.54
effect on flow over cyiinders,  2.2.3-6
effect in pool boiling: critical heat flux, 2.7.2-13

nucleate boiling, 2.7.2-312.7.2-8
effect on pressure drop in tube banks, 2.2.4-14/2.2.4-15
effect on skin friction in turbulent flow over flat plate,

2.2.1-29
effect in transition flow over flat plate, 2.2.1-25
radiative heat transfer from, 2.9.4-7/2.9.4-10
values for commercial surfaces, 2.2.24

Rough walled passages, radiative heat transfer down,
2.9.4-g/2.9.4-10

Ruiz, C., 4.1.1-l/4.1.8-3

S
Saddle supports, for heat exchangers, as source of assymetric

loading, 4.1.2-2/4.1.2-g
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Sand roughness, equivalent, 2.2-l-29/2.2.1-30
Sardesai, R. G., 2.6.4-l/2.6.4-7
Saturated boiling:

in pool boiling, 2.7.2-112.7.2-17
in vertical tubes, 2.7.3-1012.7.3-12

nucleate, 2.7.3-10/2.7.3-11
two-phase forced convective, 2.7.3-l l/2.7.3-12

Saturated fluids, tables of physical properties, 5.5.1-l/5.5.140
Saturation pressure, 2.7.1-1
Saturation temperature, 2.7.1-1
Saunders, E. A. D., 4.2.1-l/4.2.6-13
Scaling approximations, in nonisothermal gas radiation,

2.9.7-812.9.7-10
narrow band scaling: the Curtis Godson approximation,

2.9.7-812.9.7-g
wide-band scaling, 2.9.7-g/2.9.7-10

Scattering bed models, for radiative heat transfer from surfaces,
2.9.4-812.9.4-g

Scattering coefficient, 2.9.5-2
Schack wide-band model, for gas radiation properties, 2.9.5-6
S&hinder,  E. U., 2.1.1-1/2.1.7-8,3.13.1-1/3.13.6-l
Schliinder  equations:

for developing laminar flow, 2.5.1-2
for gas conduction in packed beds, 2.8.3-l

Schmidt number, 1.2.34
S&rock and Grossman correlations, for forced convective heat

transfer in two-phase flow, 2.7.3-g
Schunk,  M., 5.1.1-1/5.1.5-3,5.4.1-l/5.4.4-6
Schwier, K., 5.5.3-1/5.5.3-S
Scraped surfaces:

in augmentation of heat transfer, 25 .l l-3
heat exchangers, description of, 3.1.26
in heat exchangers, 1.1.4-2
heat transfer coefficients with, 3.14.34/3.14.36
mechanical design for, 4.4.4-514.4.4-6

Scaling devices, in shell-and-tube heat exchangers, 4.2.5-814.2.5-g
Seider-Tate equation, for heat transfer in heat exchangers, 3.3.2-2
Selection of heat transfer equipment:

for condensation duty, 3.4.2-l/3.4.24
dryers, 3.13.2-l/3.13.24
for evaporation, 3.5.5-l/3.5.5-2
general introduction to, 3.1.2-l/3.1.26
reboilers,  3.6.1-2/3.6.1-6

selection table, 3.6.1-6
Semiconductors, thermal conductivity, 5.4.3-3
Separated flow model:

application to stratified flow prediction, 2.3.2-2312.3.2-24
conservation equations for: in gas-liquid flow, 2.3.2-812.3.2-g

in multiphase flows, 2.3.1-6/2.3.1-7
Separators, for use in association with evaporators,

3.5.4-l/3.5.4-2
Series solutions, for one-dimensional transient conduction,

2.4.3-l/2.4.3-7
Serrated fins, in plate fm heat exchangers, 3.9.3-l
Shah correlation, for boiling in horizontal tubes, 2.7.4-5
Shape factor, in radiative heat transfer between diffuse surfaces,

2.9.3-112.9.34
Shear flow, of non-Newtonian fluids, 2.2.8-l/2.2.8-3
Shear free flow, of non-Newtonian fluids, 2.2.8-312.2.8-6
Shear rate, in fluid, 2.2.8-l
Shear stress:

distribution of wall, in flow over single cylinder, 2.2.3-5
interfacial effect on filmwise condensation: on vertical

surfaces, 2.6.2-512.6.2-7
turbulent, in pipe flow, 2.2.2-5

Shelf dryer, 3.13.24

blishing Corporation
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Shell-and-tube heat exchanger:
application of low-fin tubes in, 3.3.11-2/3.3.11-3
approximate overall coefficient in, 2.1.2-3
approximate sizing of, 3.1.4-l/3.1.4-9

basic design equation for, 3.1.4-9
estimation of heat load, 3.1.4-1/3.1.4-Z
estimation of mean temperature difference, 3.1.4-2/3.1.4-3
estimation of overall heat transfer coefficient,

3.1.4-313.1.4-6
estimation of surface area, 3.1.4-6/3.1.4-7
example of, 3.1.4-7/3.1.4-g

baffle leakage in, numerical calculation of, 1.4.2-3
condensation in, 3.4.1-l/3.4.1-5
corrosion and other damage of, 4.5.3-l/45.3-7
description of 3.1.2-2/3.1.2-3
Ffactor and tWTU charts for, 1.5.2-l/1.5.2-15

E-shell  with even number of passes, 1.5.2-5
five E-shells in series, 1.5.2-g
four E-shells in series, 1.5.2-S
G-shell, even number of tube passes, 1.5.2-13
J-shell, even number of tube passes, 1.5.2-12
J-shell, one tube pass, 1.5.2-l 1
six E-shells in series, 1.5.2-10
three E-shells in series, 1.5.2-7
two E-shells in series, 1.5.2-6

F-type shells, thermal leakage in, 1.5.2-14/1.5.2-15
introduction to design features, 1.1.5-l/1.1.5-2
materials of construction, 4.5.2-l/4.5.2-6
mechanical design: basic principles, 4.1.1-l/4.1.8-3

constructional features of, 4.2.1-l/4.2.6-13
design codes for, 4.3.1-l/4.3.5-11
example of calculations, 4.3.6-l/4.3.6-23

multipass, 1.1.1-2
non-uniform heat transfer in, 2,1.4-l/2.1.4-3
numerical solutions for: with flow pattern calculation,

1.4.2-l/1.4.24
with prescribed flow patterns, 1.4.1-l/1.4.1-6

pressure drop in headers, nozzles and turnarounds in,
2.2.7-112.2.7-I 1

thermal design, 3.3.1-l/3.3.1  I-5
auxiliary calculations, 3.3.6-l/3.3.6-11
calculation of shell-side heat transfer coefficient and

pressure drop, 3.3.8-l/3.3.8-3
extension to other shell, baffle and tube bundle

geometries, 3.3.11-l/3.3.11-3
ideal tube-bank correlations for, 3.3.7-l/3.3.7-4
input data and recommended practices, 3.3.5-l/3.3.5-17
objectives and background, 3.3.1-l/3.3.1-2
performance evaluation when geometry specified,

3.3.9-l/3.3.94
practices of design, 3.3.4-1/3.3.4-S
procedures for segmentally baffled exchangers,

3.3.10-l/3.3.10-8
recommended method: principles and limitations,

3.3.3-113.3.3-5
survey of shell-side flow correlations, 3.3.2-l/3.3.26

Shells, for shell-and-tube heat exchangers:
costing, 4.8.2-l/4.8.2-5
inside diameter: metric practice for, 3.3.5-3

U.S. practice for, 3.3.5-3
materials of construction, 4.5.2-l/4.5.2-2
mechanical design: analytical basis for codes, 4.3.3-l

basic principles, 4.1.3-1
constructional features of, 4.2.6-l
index to U.S., U.K., and F.R.G. codes for, 4.3.2-2/4.3.2-3

Shell-to-baffle clearance, in shell-and-tube heat exchangers,
3.3.5-1313.3.5-14

Sherwood number, 1.2.3-2,2.1.5-2
in particle-to-fluid mass transfer in fixed beds, 2.5.4-l/2.5.4-6

Shipes, K. V., 4.4.1-l/4.4.1-7
Short-tube vertical evaporator, 3.5.2-l
Shulman, Z. P., 5.3.1-l/5.3.8-3
Silver method, for calculation of multicomponent condensation,

2.6.3-412.6.3-5
Similarity, theory of, 2.2.1-10/2.2.1-13
Simultaneous heat and mass transfer (see Heat and mass transfer,

combined)
Singham,  J. R., 3.12.1-l/3.12.64
Single-phase convective heat transfer (see Convective heat

transfer, single-phase)
Single-phase fluid flow:

in ducts and fittings, 2.2.2-l/2.2.2-25
in fixed beds, 2.2.5-112.2.5-5
over immersed bodies, 2.2.3-l/2.2.3-9
introduction and fundamentals, 2.2.1-l/2.2.1-35
in headers, nozzles and turnarounds, 2.2.7-112.2.7-l 1
in tube banks, 2.2.4-l/2.2.4-17

Singularities, two-phase gas-liquid pressure drop across,
2.3.2-1512.3.2-18

bends, 2.3.2-17
open valves, 2.3.2-18
orifice plates, 2.3.2-17/2.3.2-18
slow changes in cross section, 2.3.2-15/2.3.2-16
sudden contraction, 2.3.2-1612.3.2-17
sudden enlargement, 2.3.2-16

Sink, in radiation:
heat transfer between source, refractory and,

2.9.3-11/2.9.3-12
heat transfer from source to, 2.9.3-10/2.9.3-11

Skin friction coefficient, 2.2.1-20
in flow over cylinders, 2.2.3-5
in flow over tube banks, 2.2.4-312.2.4-5
Ludwieg-Tillman formula for, 2.2.1-26
Stratford formulas for, in boundary layers, 2.2.1-21
in turbulent flow over flat plates, 2.2.1-29

Slab:
heat transfer in cooling of, 2.1.3-l/2.1.3-2
leaching process in, 2.1.5-2
radiative heat transfer in non-isothermal gas in,

2.9.7312.9.75,2.9.7-10/2.9.1-13
transient conduction in, 2.4.3-l/2.4.3-10

numerical methods for, 2.4.3-812.4.3-10
series solution for, 2.4.3-112.4.3-7
solution using internal heat transfer coefficient,

2.4.3-712.4.3-8
Slip ratio (see Velocity ratio)
Slot, radiative heat transfer along, 2.9.3-15/2.9.3-16
Slug flow:

hydrodynamics of, 2.3.2-2412.3.2-25
mechanism of critical heat flux in, 2.7.3-22
regions of occurrence of, in gas-liquid flow in horizontai

tubes, 2.3.2-l/2.3.2-5
Slugging, in fluidized  beds, 2.2.6-l
Smith, R. A., 3.5.1-l/3.5.8-3
Smoluchowski effect, 2.1.1-2
Snell�s  law, in radiation, 2.9.2-9
Solar absorber, 2.9.2-1512.9.2-16
Solar reflector, 2.9.2-16
Soldered fins,  in double pipe exchangers, 3.2.5-  1
Solid fuels, properties of, 3.11.3-3
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Solid-gas flow:
flow patterns in, 2.3.3-2
free-fall velocity in, 2.3.3-3
pressure drop in, 2.3.3-2, 2.3.3412.3.3-g
principles of pneumatic conveyance by, 2.3.3-l/2.3.3-2

horizontal pipes, 2.3.3-l/2.3.3-2
inclined pipes, 2.3.3-2
vertical pipes, 2.3.3-l

velocity ratio in, 2.3.3-4
Solidification, heat conduction in, 2.4.4-l/2.4.4-2
Solid-liquid flow:

flow patterns in, 2.3.4-l/2.3.4-2
pressure drop in, 2.3.4-212.3.4-6
principles of hydraulic conveyance, 2.3.4-l

Solids:
as constituents in multiphase flows, 2.3.1-1
physical properties, 5.4.1-l/5.4.5-5

density, 5.4.1-l/5.4.1-2
elastic properties, 5.4.5-l/5.4.5-5
emissivity, 5.4.4-l/5.4.44
specific heat, 5.4.2-115.4.2-2
thermal conductivity, 5.4.3-l/5.4.3-3

total emissivities, 3.11.3-6
Solids circulation, in fluidized beds, 2.2.6-612.2.6-7
Sound velocity:

in ideal gas, 2.2.1-8
in two-phase gas-liquid flow, 2.3.2-27

Source, in radiation:
radiative heat transfer between refractory, sink and,

,2.9.3-l  l/2.9.3-12
radiative heat transfer between sink and, 2.9.3-10/2.9.3-11

Spacers, in she&and-tube heat exchangers, 4.2.5-8/4.2.5-g
Spalding,  D. B., 1.1.1-l/1.4.3-6
sparging:

for agitation of vessels, 3.1.4-2
of reboilers, 3.6.4-3

Specific enthalpy, 1.2.1-1
of saturated liquids and vapors, 5.5.1-l/5.5.1-40
of superheated gases, 5.5.2-1/5.5.2-l I

Specific entropy, of superheated gases, tables of, 5.5.2-1/5.5.2-l  1
Specific heat (see Specific heat capacity)
Specific heat capacity, 1.2.1-2/1.2.1-3

in polymers, 2.5.12-8,5.3.6-2
in pure fluids, 5.1.34/5.1.3-7
of liquid water, 5.5.3-2
of multicomponent mixtures, 5.2.3-815.2.3-g
of saturated liquids and vapors, 5.5.1-l/5.5.1-5
of solids, 5.4.2-l/5.4.2-2

Specific internal energy, 1.2.1-1
Specific volume:

of polymers, 5.3.6-2
of superheated gas, tables of, 5.5.2-1/5.5.2-l 1
of the gas phase, 5.1.2-2/5.1.2-3
of the liquid phase, 5.1.2-l

Spectral absorptivity:
in gases, 2.9.5-5
of metals at room temperatures, 2.9.2-l l/2.9.2-12

Spectral emissivity, in gases, 2.9.5-5
Specular surface, 2.9.4-l

radiative heat transfer between imperfectly diffuse surfaces
and, 2.9.4-l/2.9.4-11

Specular-walled passages, radiative heat transfer in,
2.9.4-512.9.4-7

with adiabatic sides, 2.9.4-612.9.4-7
with isothermal sides, 2.9.4-5/2.9.4-6
with non-isothermal sides, 2.9.4-6
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Spheres:
characteristics of, as packings for fixed beds, 2.2.5-2
combined free and forced convective heat transfer from,

2.5.9-112.5.9-6
in transverse flow, 2.5.9-6
in vertical flow, 2.5.9-l/2.5.9-4

concentric, free convective heat transfer in, 2.5.8-16
drag coefficients for, 2.2.3-2
fixed beds of, heat transfer in, 2.8.1-l/2.8.1-14,

2.8.2-l/2.8.2-8,  2.5.4-112.5.4-l
free convective heat transfer from, 2.5.7-2412.5.7-25
heat transfer to beds of moving, agitated and vibrated,

2.8.3-312.8.3-8
single-phase forced convection heat transfer to,

2.5.2-512.5.2-8,  2.5.4-l
combined correlation for, 2.5.2-5,2.5.4-l
in restricted channel, 2.5.2-5

transient conduction in, 2.4.3-l/2.4.3-10
numerical methods for, 2.4.3-8/2.4.3-10
series solutions for, 2.4.3-l/2.4.3-7
solutions using internal heat transfer coefficient,

2.4.3-712.4.3-8
Spherical shells:

mechanical design, of, 4.1.3-l/4.1.3-2
steady-state thermal conduction in, 2.4.2-l/2.4.2-3

Spheroids (oblate and prolate), free convective heat transfer
from, 2.5.7-25

Spine fins:
efficiency, 2.5.3-9
in plate fin exchangers, 3.9.3-l

Spiral heat exchanger:
approximate overall heat transfer coefficients in, 2.1.24
description of, 3.1.2-3t3.1.2-4
mechanical design of, 4.4.4414.4.4-5

Spray dryers, 3.13.7-213.13.7-3
Sprays, in heat exchangers, 1.1.4-2
Square ducts:

laminar flow in, 2.2.2-7/2.2.2-g
roughened watl, radiative heat transfer along, 2.9.4-g/2.9.4-10

Stable equilibrium, of vapor and liquid, 2.7.1-1
Staggered tube banks:

application in shell-and-tube heat exchangers, 3.3.5-S
correlations for heat transfer in, 2.5.3-l/2.5.3-16

finned tubes, 2.5.3-l 1
plain tubes, 2.5.3-2

drag coefficients for tubes in, 2.2.4-4
pressure drop in, with plain tubes, 2.2.4-8/2.2.4-g

correction factors for overall number of tube rows,
2.2.4-10

effect of yawing on, 2.2.4-12
pressure drop with finned tubes, 2.2.4-13/2.2.4-14

Stagnant packed beds (see Fixed beds)
Stainless steels:

as materials of construction, 4.5.2-3/4.5.24
austenitic, 4.5.2-4
ferritic, 4.5.2-314.5.24

spectral characteristics of reflectance from oxidized surface
of, 2.9.2-15

Stanton number, 1.2.3-1,2.2.1-11
startup:

of heat pumps, 3.10.7-l/3.10.7-2
of reboilers, 3.6.4-2

State diagram, for fluidized beds, 2.2.6-2
Static mixer inserts, as enhancement device in condensation,

2.6.6-3
Static quality (see Quality)

Ming  Corporation
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Steels, as material of construction, 4.5.2-2/4.5.24
austenitic stainless, 4.5.24
carbon steel, 4.5.2-214.5.2-3
ferritic stainless, 4.5.2-314.5.24
low alloy steels, 4.5.2-3

Stefan-Boltzmann constant, 2.9.1-3
Stefan�s law, for blackbody radiation, 2.9.1-3
Stegmaier, W., 2.3.3-l/2.3.3-10
Stephan  and Korner correlation, for boiling of binary mixtures,

2.1.7-2
Stephan-Maxwell  equations for diffusion, 2.1.5-1
Stirred beds, heat transfer to, 2.8.3-4
Stirred reactor model, for furnaces, 3.11.4-l/3.11.4-6
Stirred tanks (see Agitated vessels)
Straight fins (longitudinal fms)

application in double-pipe heat exchangers, 3.2.1-l/3.2.6-2
efficiency of, 2.5.3-9, 3.2.3-l/3.2.3-3

Stratfords method, for solution of boundary layer equations,
2.2.1-21

Stratification, in gas-liquid flow (see Stratified flow)
Stratified flow:

as source of dryout  in evaporative heat transfer,
2.1.4-I/2.1.4-4

in bends, 2.7.4-212.7.4-3
in helical coils, 2.1.4-312.7.44
in horizontal tubes, 2.7.4-112.7.4-2

prediction of, in horizontal and inclined tubes,
2.3.2-2312.3.2-24

regions of occurrence of: in condensation, 2.3.2-7
in horizontal tubes, 2.3.2-212.3.24
in inclined tubes, 2.3.2412.3.2-5
in shell-and-tube heat exchangers, 2.3.2-512.3.2-6

Stream analysis methods, for shell-side heat transfer and pressure
drop in shell-and-tube heat exchangers, 3.3.2-3/3.3.2-6

Stress equation models, for turbulent boundary layers, 2.2.1-29
Stresses:

allowable, comparison of codes for, in mechanical design of
heat exchangers, 4.3.4-l

types of, in heat exchangers, 4.1.1-l/4.1.1-2
Stress tensor:

in non-Newtonian fluids, 2.2.8-2
in single phase fluid flow, 2.2.1-2
in turbulent flow, 2.2.1-15

Stress-strain curve, for solids, 5.4.5-2/5.4.5-3
Strouhal number, 2.2.3-3

values for: banks of tubes, 2.2.4-15/2.2.4-16
flow over blunt bodies, 2.2.3-l
flow over single cylinders, 2.2.34,2.2.4-l

in vortex shedding as source of tube vibration, 4.6.4-l/4.6.4-2
Subchannel  analysis, for critical heat flux in rod bundles, 2.7.3-21
Subcooled boiling:

in pool boiling, 2.7.2-l/2.7.2-17
in vertical tubes, 2.7.3-S/2.7.3-10

fully developed, 2.1.3-l/2.1.3-8
onset of, 2.1.3-S/2.7.3-7
partial, 2.7.3-812.7.3-g
single phase convection, 2.7.3-5
void fraction in, 2.7.3-g/2.7.3-10

Subcooling:
in condensers, 3.4.64
of liquid: effect on critical heat flux, 2.7.3-13

effect on forced convective boiling, 2.7.3-S/2.7.3-10
effect on pool boiling: critical heat flux,

2.7.2-1212.1.2-13
nucleate boiling, 2.7.2-9

of vapor in condensation, 2.6.7-l

Sublayer, viscous, 2.2.2-l
Suction:

effect in transition flow over fiat plate, 2.2.1-25
effect in turbulent flow over flat plate, 2.2.1-30
effect on laminar flow over flat plate, 2.2.1-23
use in augmentation of heat transfer, 2.5.11-3,2.5.1 l-9

Sudden contractions (see Contraction)
Sudden enlargements (see Enlargement)
Superficial velocity, in multiphase flow, 2.3.14
Superheated liquid, in metastable state, 2.7.1-1
Superheated gases, thermodynamic properties of,

5.5.2-l/5.5.2-11
Superheated vapor, condensation of, on vertical surface, 2.6.2-3
Supersaturation, as cause of fogging in condensers:

conditions producing, 2.6.7-212.6.7-3
description of, 2.6.7-l

Supports, for heat exchangers (see Saddle supports, Bracket
supports)

Suppression of nucleate boiling, 2.7.3-10/2.7.3-l 1
Surface condensers, 3.4.3-5
Surface finish:

effect in pool boiling:
critical heat flux, 2.7.2-13
nucleate boiling, 2.7.2-312.7.2-g

(See 41~0  Roughness, surface)
Surface, hydraulically smooth, 2.2.2-l
Surface models, in radiative heat transfer, 2.9.4-7/2.9.4-g

diffraction models, 2.9.4-712.9.4-8
geometric optics models, 2.9.4-8
scattering bed models, 2.9.4-8/2.9.4-g

Surface roughness (see Roughness, surface)
Surface tension:

devices depending on, for heat transfer augmentation,
2.5.11-2

methods of estimating, 5.1.5-l/5.1.5-2
in mixtures of fluids, 5.2.4-l/5.2.4-3
tables of, for saturated fluids, 5.5.1-l/5.5.140

Sutherland formula, for viscosity variation with temperature,
2.2.1-9

Sutterby fluid (non-Newtonian), free convective heat transfer to,
2.5.7-11

Swirling flow, in augmentation of heat transfer, 2.5.11-2

T
Taborek, J., 1.5.2-l/1.5.3-12, 3.3.1-l/3.3.11-5
Taitel and Dukler flow regime map, for horizontal and inclined

gas-liquid flows, 2.3.2-312.3.24
Tapes, twisted (see Twisted tapes)
Teflon, use in heat transfer enhancement:

in boiling,  2.7.9-l
in condensation, 2.6.6-l

TEMA (Tubular Exchanger Manufacturers Association):
example of calculation of mechanical design of TEMA type

AJS, 4.3.6-l/4.3.6-23
mechanical design standards, 4.3.1-2/4.3.1-3

index to, 4.3.2-l/4.3.2-11
recommended baffle characteristics in segmentally baffled

exchangers, 3.3.5-8
specification sheet for exchanger, 3.3.4-2
standards, 3.3.1-l
type designation system, 4.2.2-l/4.2.2-3

Temperature-dependent physical properties (see Physical
properties, variation with temperature)
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Temperature distribution:
in condensation, 2.6.1-2
in fixed beds: in stagnant conditions, 2.8.1-l/2.8.1-2,

2.8.1-1012.8.1-14
with flow-through bed, 2.8.2-l/2.8.2-2,2.8.2-7

series solutions for, in transient conduction, 2.4.3-l/2.4.3-7
Ternary mixtures, diffusion and mass transfer in, 2.154
Testing and inspection of heat exchangers:

certification, 4.7.7-l
cleanliness and storage, 4.7.9-l
constructions, 4.7.5-l
fittings, 4.7.8-l
materials, 4.7.2-l
nondestructive testing, 4.7.6-l/4.7.6-2
objectives of, 4.7.1-l/4.7.1-2
preparation and dispatch, 4.7.10-l
stages of inspection, 4.7.4-l
welding, 4.7.3-l

Thermal conduction (see Conduction, heat)
Thermal conductivity:

effective, in fixed beds: with flow, 2.8.2-2/2.8.2-S
with no flow (stagnant), 2.8.1-l/2.8.1-14

effective, of wicks in heat pipes, 3.10.3-l
of liquid water, 5.5.3-3
of multicomponent mixtures, 5.2.3-7/5.2.3-8
of polymers, 2.5.12-2
of pure fluids, 5.1.4-5 /5 .1.4-7

gases, 5.1.4-515.1.46
liquids, 5.1.4-7

of rheologically complex materials, 5.3.1-l/5.3.2-3
of saturated vapors and liquids, 5.5.1-l/5.5.140
of solids, 5.4.3-l/5.4.3-3

electrical conductors, 5.4.3-2/5.4.3-3
electrical insulators, 5.4.3-l/5.4.3-2
semiconductors, 5.4.3-3
tables of, 5.5.6-l/5.5.6-4

of typical tube materials in heat exchangers, 3.3.5-5
Thermal contact resistance, 2.4.6-l/2.4.64
Thermal design, constructional features affecting, in

shell-and-tube heat exchangers, 3.1.1-l/3.1.4-9,
4.2.5-l/4.2.5-23

Thermal diffusivity of liquid water, 5 5.3-S
Thermal expansion, effect of, in shelf-and-tube heat exchangers,

3.3.44
Thermal expansion coefficient:

in gases, 5.1.2-3
of liquid water, 5.5.3-3
in liquids, 5.1.2-2
in saturated liquids, tables of, 5.5.1-l/5.5.140

Thermal leakage in F-type shell-and-tube heat exchangers,
1.5.2-14/1.5.2-15

Thermal mixing in plate heat exchangers, 3.7.11-l/3.7.11-2
Thermal network analysis of radiation acting with conduction

and convection, 2.9.8-112.9.8-3
Thermal stress:

in heat exchanger shells, 4.1.3-2
numerical methods in the production of, 1.4.24
in tube plates, 4.1.44

Thermodynamic properties:
of saturated fluids, 5.5.1-l/5.5.140
of superheated gases, 5.5.2-l/5.5.24

Thermodynamic surface in radiative heat transfer,
2.9.1-l/2.9.1-2

Thermoexel surface, for enhancement of boiling,
2.7.9-112.7.9-2

Thermosiphon, as form of heat pipe, 3.10.1-l
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Thermosiphon reboilers (see Vertical thermosiphon reboilers,
Horizontal thermosiphon reboilers)

e-NTU method:
application to single pass counter and cocurrent flow

exchangers, 1.3.1-2/1.3.1-4,  1.5.2-l/1.5.2-2
charts and equations for heat exchanger desfgn,

1.5.2-2/1.5.3-12
for counter flow, 1.5.2-2

cross flow (both streams mixed), 1.5.3-3
four tube rows, four passes, unmixed, 1.5.3-l 1
four tube rows, two passes, mixed, 1.5.3-12
one tube row, unmixed, 1.5.3-4
three tube rows, one pass, unmixed, 1.5.3-6
three tube rows, three passes, unmixed, 1.5.3-10
two tube rows, one pass, unmixed, 15.35
two tube rows, two tube passes, unmixed, 1.5.3-9

E-shell  with even number of passes, 1.5.2-5
five E-shells in series, 1.5.2-9
four E-shells in series, 1.5.2-8
G-shell, even number of tube passes, 1.5.2-13
J-shell, even number of tube passes, 1.5.2-12
J-shell, one tube pass, 15.2-l 1
single pass cocurrent, 1.5.2-3
six E-shells in series, 1.52-10
three E-shells in series, 1.5.2-7
two E-shells in series, 1.5.2-6

for calculation of heat exchangers, 1.2.4-5, 1.5.2-l/1.5.3-12
Thickness of boundary layers (displacement, momentum,

energy, density, temperature), 2.2.1-20
Three-phase flows:

classification, 2.3.1-2
gas-liquid-liquid, 2.3.1-2
gas-liquid-solid, 2.3.1-2
solid-liquid-liquid, 2.3.1-2

Thwaites  method for solution of boundary layer equations,
2.2.1-21

Tie rods in shell-and-tube heat exchangers, 4.2.5-8/4.2.5-g
Tinker method for shell-side heat transfer in shell-and-tube heat

exchangers, 3.3.2-3/3.3.2-6
Titanium as material of construction, 4.5.2-5
T-junctions, loss coefficients in, 2.2.2-20
Toluene saturation properties, 5.5.1-12
Tong F-factor method, for critical heat flux with nonuniform

heating, 2.7.3-1912.7.3-20
Toroidal  shells, mechanical design, 4.1.3-2
Total emissivity in gases, 2.95-5
Transcendental equations in transient conduction, 2.4.34
Transient behavior:

in free convective heat transfer on vertical plates,
2.5.7-g/2.5.7-10

of heat exchangers, 1.1.6-l
in radiation-coupled heating or cooling, 2.9.8-3/2.9&I

Transition boiling:
in binary and forced convective boiling, 2.7.7-5
in forced convection over vertical surfaces, 2.7.3-30
in pool boiling, 2.7.2-13

Transition flow, heat transfer in free convective flow over
vertical surfaces in, 2.5.7-4/2.5.7-5

Transmission of thermal radiation in solids:
characteristics, 2.9.2-312.9.2-6
measurement, 2.9.2-6/2.9.2-7

Transmissivity of solids:
definition, 2.9.2-3
measurement, 2.9.2-612.9.2-7

Transport phenomena, approximate model for in dilute gases,
2.1.1-1
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Transport properties:
of pure fluids, 5.1.4-l/5.1.4-7
turbulent, 2.1.1-3

Transverse flow, combined free and forced convection  m,
2.5.94/2.5.9-6

Treated surfaces, for augmentation of heat transfer, 2 5 .l l- 1
Triangular duct:

laminar flow in, 2.2.2-9
laminar heat transfer in, 3.9.5-l/3.9.5-3

Triangular fins, in plate tin exchangers, 3.9.3-l
Triangular relationship, in annular gas-liquid flow, 2.3.2-20
Triple interface (gas/solid/liquid), 2.3.1-2
Trouton�s rule, for heat of vaporization, 5.1.3-3
Truelove, J. S., 3.11.1-l/3.11.76
True temperature difference, in double pipe exchangers, 3.2.34
Tube-baffle damage, in heat exchangers, 4.5.3-3
Tube banks, finned:

application in kettle reboilers, 3.6.2-6
mechanical design, in air cooled heat exchangers,

4.4.1-214.4.1-s
single-phase flow and pressure drop in, 2.2.4.13/2.2.4-15

correlation for pressure drop for staggered banks with
annular (ring shaped) fins, 2.2.4-13/2.2.4-14

correlation for staggered banks with helical fins, 2.2.4-14
single-phase heat transfer in, 2.5.3-6/2.5.3-16

comparison of experimental data and correlations for,
2.5.3-1312.5.3-15

fin efficiency in, 2.5.3-6/2.5.3-l 1
heat transfer correlations for, with high-fmed tubes,

2.5.3-1112.5.3-12
heat transfer correlations for, with low-finned tubes,

2.5.3-12/2.5.3-13
types used in air-cooled heat exchangers, 3.8.4-l/3.8.4-2

Tube banks, plain:
boiling on outside of tubes within, 2.7.54/2.7.5-l

critical heat flux in, 2.7.5-S/2.7.5-7
heat transfer coefficients in, 2.7.5-4/2.7.5-S

condensation in horizontal, 2.6.2-10/2.6.2-12
condensation in vertical, 2.6.2-2/2.6.2-10
flow induced vibration in, 4.6.1-l/4.6.6-3
single-phase flow and pressure drop in, 2.2.4-l/2.2.4-12,

3.3.7-l/3.3.74
description of, 2.2.4-l/2.2.4-3
drag and pressure drop in, 2.2.4-3/2.2.4-12,3.3.7-l/3.3.74
Strouhal numbers in, 2.2.4-15/2.2.4-16

single-phase heat transfer to, 2.5.3-l/2.5.3-8
with liquid metals, 2.5.13-2
single row of tubes, 2.5.3-l/2.5.3-2,2.5.3-3
tube banks, 2.5.3-212.5.3-8,  3.3.7-l/3.3.74

Tube banks, roughened tubes, effect of roughness on Euler
number in, 2.2.4-14/2.2.4-15

Tube bundles:
characteristics of in shell-and-tube heat exchangers,

3.3.4-313.3.44
(See also  Rod bundles, Tube banks)

Tube counts, in shell-and-tube heat exchangers:
constructional features affecting, 4.2.5-9/4.2.5-12
simplified equations for, 3.3.5-l l/3.3.5-12
tables of, 4.2.5-1314.2.5-23

Tube end attachment, in shell-and-tube heat exchangers:
arc welding: on inner face, 4.2.6-10

on outer face, 4.2.6-8
explosive expansion, 4.2.6-714.2.6-8
explosive welding, 4.2.6-8/4.2.6-10
roller expansion, 4.2.6-6/4.2.6-7
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Tube-m-plate extended surface configurations, fin efficiency of,
2.5.3-10

Tube plates, in shell-and-tube heat exchangers:
analytic basis for codes for, 4.3.3-2
basic mechanical principles of design of, 4.1.4-l/4.1.4-4

equivalent plates, 4.1.4-1
perforated, stresses in, 4.1.4-3/4.1.44
plates connected by tubes, 4.1.4-2
stresses and edge rotation of unperforated, 4.1.4-l/4.1.4-2
thermal stresses, 4.1.44

comparison of codes for, 4.3.4-2
constructional features of, 4.2.6-S/4.2.6-6,4.5.3-3
double, constructional features of, 4.2.3-10/4.2.3-11
index to U.S., U.K., and F.R.G. codes for, 4.3.2-714.3.2-9
materials of construction for, 4.5.2-l

Tubes:
characteristics of, in shell-and-tube heat exchangers,

4.2.5-l/4.2.5-3
bimetal, 4.2.5-2
diameter and thickness, 4.25-l
integrally finned, 4.2.5-3
length, 4.2.5-l/4.2.5-2
pitch, 4.2.5-2

circular (see Pipes, circular)
codes for mechanical design of:

analytical basis of, 4.3.3-l
index to U.S., U.K., and F.R.G. codes, 4.3.2-3

flow-induced vibration of, 4.6.2-l/4.6.6-3
natural frequency of, 4.6.2-l/4.6.24

materials of construction for, 4.5.2-l
mechanical design characteristics of, 4.15-l
noncircular (see Pipes, noncircular)
recommended dimensions of, in shell-and-tube heat

exchangers, 3.3.54/3.3.5-S
thermal conductivity of typical materials for, 3.3.5-5

Tubesheets, in shell-and-tube heat exchangers (see Tube plates)
Tube-side passes (see Passes, tube-side)
Tubular Exchanger Manufacturers Association (see TEMA)
Tubular immersion exchangers, 4.4.4-2/4.4.4-3
Tubular reactor, nonuniform heat and mass transfer in,

2.1.4-312.1.44
Tunnel dryer, 3.13.24
Turbine agitators:

axial flow, 3.14.2-2
disk, 3.14.2-l/3.14.2-2
flat blade, 3.14.2-l/3.14.2-2
glass coated, 3.14.2-l
heat transfer in vessels agitated by, 3.14.3-1
pitched blade, 3.14.2-1

Turbine exhaust condensers, air cooled, 3.8.9-2
Turbulence.:

characteristics in circular pipe flow, 2.2.2-1/2.2.2-S
effect in film condensation, 2.6.2-4/2.6.2-S
integral scale of, 2.2.1
limitation of phenomenological transport laws by,

2.1.1-3/2.1.1-4
modeling of, 2.2.1-14/2.2.1-16

in furnace prediction, 3.11.7-2/3.11.7-3
origin of, 2.2.1-16
relarninarfzation  of, 2.2.1-16

Turbulent boundary layers:
differential methods for, 2.2.1-28/2.2.1-29

large-eddy simulations, 2.2.1-29
one-equation models, 2.2.1-28
stress-equation models, 2.2.1-29
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Turbulent boundary layers: differential methods for (Cont.):
two-equation models, 2.2.1-28
zero-equation models, 2.2.1-28

Integral methods for, 2.2.1-26/2.2.1-27
Turbulent buffeting, as source of tube vibration, 4.6.4-2
Turbulent energy, integral equation for, 2.2.1-20

dissipation of, 2.2.1-20
production of, 2.2.1-20

Turbulent flow:
in boundary layers, 2.2.1-18
in circular pipes, 2.2.2-112.2.2-5
combined free and forced convective heat transfer in channels

in, 2.5.10-6/2.5.10-11
combined radiative and convective heat transfer to,

2.9.8-712.9.8-10
in condensation, on vertical surfaces, 2.6.24/2.6.2-5
conservation equations for, 2.2.1-13/2.2.1-14

averaging in, 2.2.1-13
in empty spaces, numerical calculation of, 1.4.3-2
fundamentals of, 2.2.1-13/2.2.1-16
heat transfer in free convective flow over vertical surfaces in,

2.5.7-4
modeling of, 2.2.1-14/2.2.1-16
of non-Newtonian fluids, 2.2.8-11/2.2.8-12
in noncircular  pipes, 2.2.2-9/2.2.2-10
in plate heat exchangers, 3.7.10-2/3.7.10-3
relaminarization in, 2.2.1-16
single-phase heat transfer in ducts in, 2.5.1-5/2.5.1-13

augmentation of, 2.5.11-4/2.5.11-9
concentric annuli,  2.5.1-10/2.5.1-11
in liquid metal systems, 2.5.13-l/2.5.13-2
smooth tubes, 2.5.1-S/2.5.1-9

Turbulent transport properties, 2.1.1-3
Turnarounds, in heat exchangers, 2.2.7-l

pressure losses in, 2.2.7-812.2.7-9
Twisted tapes:

enhancement of boiling heat transfer by, 2.7.9-312.7.94
enhancement of condensation by, 2.6.6-3
as inserts for augmentation of heat transfer, 2.5.11-7/2.5.1  l-8

Twoequation models, for turbulent boundary layers, 2.2.1-28
Two-phase flows:

classification of, 2.3.1-2
liquid-liquid flows, 2.3.1-2
numerical calculation of, 1.4.3-l
(See also Gas-liquid flow, Solid-gas flow, Solid-liquid flow)

Two-shell pas exchanger (see F-shells)

U
i& method, 2.1.2-5
omethod,  2.1.2-712.1.2-9
Ulinskas, R., 2.2.4-l/2.2.4-17
Unequal baffle spacing, correction factor for, 3.3.6-11
UNIFAC method, for estimation of thermodynamic properties

of mixtures, 5.2.2-615.2.2-9
tables of constants for use with, 5 .5.46/5 5.4-7

Uniform heat flux:
combined free and forced convection in channels with:

horizontal channels, 2.5.10-7/2.5.10-11
vertical channels, 2.5.104/2.5.10-7

critical heat flux in vertical tubes with, 2.7.3-12/2.7.3-18
solutions and correlations for free convective heat transfer
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within: horizontal and inclined plates, 2.5.7-18
vertical plates, 2.5.7-612.5.7-9

Uniform wall temperature, combined forced and free convection
in channels with:

horizontal channels, 2.5.10-7
vertical channels, 2.5.10-3/2.5.10-4

Uniheads, as form of double-pipe heat exchanger, 3.2.4-l
United Kingdom, mechanical design of heat exchangers in:

guide to national practice, 4.3.5-3
index to BS1500 code, 4.3.2-l/4.3.2-11

United States of America (see U.S.)
Universal laws, for turbulent boundary layers, 2.2.1-25 /2.2.1-26

law of the wake of D. Coles,  2.2.1-26
law of the wall, 2.2.1-25
table of, 2.2.1-27
universal velocity profile, 2.2.1-26
velocity defect law of von Karman, 2.2.1-26

Universal velocity profile, 2.2.1-26
Universal velocity defect law, 2.2.2-2
Unsteady flows:

in ducts, 2.2.2-14
over cylinders, 2.2.3-6

Upward facing surfaces, free convective heat transfer from,
2.5.7-15/2.5.7-18

U.S., mechanical design of heat exchangers in:
guide to national practice, 4.3.5-2
index to ASME VIII code and TEMA standards,

4.3.2-l/4.3.2-11
Usher, .I. Dennis, 3.7.1-1/3.7.12-2,4.4.2-1/4.4.2-g,

4.8.4-l/4.8.4-2
U.S.S.R. Academy of Sciences, tables of critical heat flux data

for water, 2.7.3-1712.7.3-18
U-tube bundles, for shell-and-tube heat exchangers,

3.3.5-12/3.3.5-13,4.2.34
vibration of, natural frequencies in, 4.6.2-3

V
Vacuum condensers, air cooled, 3.8.9-2
Vacuum operation, of reboilers, 3.6.4-3
Valves:

loss coefficients in, 2.2.2-20
open, two-phase gas-liquid flow pressure losses in, 2.3.2-18

van der Waals equation of state, 5 .1.2-3/5.1.2-4
Vaned bends, single-phase flow and pressure drop in,

2.2.2-1612.2.2-17
Vapor belt, in condensers, 3.4.3-5
Vapor blanketing, as mechanism of critical heat flux, 2.7.3-22

in kettle reboilers,  3.6.2-S
as source of accelerated corrosion, 4.5.3-4

Vapor injection, effect of on boiling heat transfer in tube bundles
bundles, 2.7.5-5

Vaporization, choice of evaporator type for, 3.5.5-l
in plate-fin heat exchangers, 3.9.13-l/3.9.13-2

Vaporization, heat of (see Heat of vaporization)
Vaporizer, double bundle, constructional features,

4.2.3-9
Vapor-liquid disengagement, in kettle reboilers, 3.6.2-6
Vapor-liquid separation, for evaporators, 3.5.4-l/3.5.4-2

3.5.4-l/3.5.4-2
Vapor pressure, variation with temperature,

5.1.3-l/5.1.3-2
Vapor recompression, in evaporation, 3.5.3-2
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Velocity defect law:
for turbulent boundary layers, 22.1-26
universal, 2.2.2-2

Velocity distribution:
in circular pipe flow, 2.2.2-3
distorted inlet, effect on single phase flow and pressure drop,

2.2.2-11
Velocity fluctuations, in turbulent pipe flow, 2.2.2412.2.2-s
Velocity ratio (slip ratio):

in gas-liquid flow, 2.3.2-13
in solid-gas flow, 2.3.3-4

Venting of condensers, 3.4.5-2
Vertical cones (see Cones, vertical)
Vertical cylinders (see Cylinders, Vertical pipes, Pipes, circular)
Vertical cylindrical fired heater, 3.11.2-l
Vertical pipes:

annular flow in, 2.3.2-19/2.3.2-21
boiling in, 2.7.3-l/2.7.3-37

critical heat flux, 2.7.3-12/2.7.3-30
heat transfer in region where critical heat flux has been

exceeded, 2.7.3-3012.7.3-34
regimes of flow and heat transfer in, 2.7.3-l/2.7.3-5
saturated boiling, 2.7.3-10/2.7.3-12
subcooled boiling, 2.7.3-512.7.3-10

bubble flow in, 2.3.2-18/2.3.2-19
combined free and forced convective heat transfer in:

laminar flow (assisting convection), 2.5.10-2/2.5.10-6
laminar flow (opposing convection), 2.5.10-6
regimes in, 2.5.10-2
turbulent convection, 2.5.106

condensation in, 2.6.2-212.6.2-9
effect of interfacial shear, 2.6.2-5/2.6.2-7
effect of waves and turbulence, 2.6.2-412.6.2-5
laminar flow, 2.6.2-2/2.6,24
reflux condensation, 2.6.2-712.6.2-9

condensers with condensation inside, 3.4.3-l/3.4.3-3
downflow, 3.4.3-l/3.4.3-2,  3.4.9-213.4.9-3
upflow,  3.4.3-213.4.3-3,  3.4.9-3

condensers with condensation outside, 3.4.3X1,3.4.94
flooding in: in gas liquid vertical flow, 2.3.2-21/2.3.2-23

in reflux condensation, 2.6.2-712.6.2-9
flow regimes in gas-liquid flow in, 2.3.2-l/2.3.2-2
free convective heat transfer from outside of,

2.5.7-2312.5.7-24
hydraulic conveyance in, 2.3.4-112.3.4-3
plug (or slug) flow in, 2.3.2-19
pneumatic conveyance in, 2.3.3-l
(See also Pipes, circular; Pipes, noncircular)

Vertical plates (see Vertical surfaces)
Vertical surfaces:

combined free and forced convective heat transfer to,
2.5.9-l/2.5.94

combined heat and mass transfer on, 25.7-12
film boiling in forced convection on, 2.7.3-30/2.7.3-31
filmwise condensation on, 2.6.2-212.6.2-9
free convective heat transfer from, 2.5.7-2/25.7-13

combined equation for uniform wall temperature case,
2.5.7-S/2.5.7-6

dimensionless groupings for, 2.5.7-212.5.7-3
laminar flow with uniform wall temperature,

2.5.7-312.5.74
non-Newtonian, 2.5.7-10/2.5.7-11
solution for uniform heat flux, 2.5.7612.5.7-g
transient behavior of, 2.5.7-912.5.7-11
transition flow with uniform wall temperature,

2.5.74/2.5.7-S
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turbulent flow with uniform wall temperature,
2.5.14/2.5.7-5

free convective mass transfer to,
2.5.7-1112.5.7-12

pool boiling, from 2.7.2-l/2.7.2-15
Vertical thermosiphon reboilers:

calculation procedures for, 3.6.5-3/3.6.54
heat transfer characteristics of, 3.6.2-6/3.6.2-10

convective and nucleate boiling, 3.6.2613.6.2-7
film boiling in, 3.6.2-9
heat flux limitations in, 3.6.2-7/3.6.2-9
mist flow, 3.6.2-9
temperature profiles in, 3.6.2-9/3.6.2-10

shell-side characteristics, advantages and disadvantages,
3.6.1-5

tube-side characteristics, advantages and disadvantages,
3.6.1-313.6.1-5

Vertical tubes (see Vertical pipes)
Vibrated beds, heat transfer to, 2.8.3-S/2.8.3-6
Vibration:

in augmentation of heat transfer, 2.5.11-3,2.5.114,
2.5.11-8,2.7.9-4

numerical methods for prediction of occurrence of, 1.4.24
(See also Flow-induced vibration)

Viscometric functions (non-Newtonian flow), methods of
determining, 2.2.84

Viscosity:
liquid, effect on critical heat flux in pool boiling, 2.7.2-12
of liquid water, 5 5.34
of multicomponent mixtures, 5.2.3-2/S  .2.3-6
non-Newtonian, 2.2.8-2
of pure fluids, 5.1.3-l

gases, 5.1.4-1
liquids, 5.1.4-l/5.1.4-5

relation with density for gases, 2.2.1-9
of saturated liquids and vapors, 5.5.1-l/5.5.140
small variations in, 2.2.1-9/2.2.1-10
variation with temperature:

Chapman-Rubescin formula for, 2.2.1-9
Sutherland formula for, 2.2.1-9

Viscosity number (Vi), 2.3.2-19
Viscous dissipation, influence on heat transfer in non-Newtonian

flows, 2.5.12-10/2.5.12-14
Viscous sublayer, in duct flow, 2.2.2-l
Voidage,  in fixed beds, definition, 2.2.5-l
Void fraction, 2.3.1-3

correlations for in gas-liquid flow, 2.3.2-13/2.3.2-15
CISE correlations for, 2.3.2-14/2.3.2-15
drift flux models for, 2.3.2-13/2.3.2-14
homogeneous, 2.3.2-13
Martinelli  correlations for, 2.3.2-14

models for in gas-liquid flow:
horizontal stratified flow, 2.3.2-2312.3.2-24
vertical bubble flow, 2.3.2-18/2.3.2-19
vertical plug flow, 2.3.2-19

in subcooled boiling, 2.7.3-912.7.3-10
Volumetric heat transfer coefficient, 1.1.2-2
Volumetric mass transfer coefficient, 1.1.2-2
von Karman friction factor equation for fully rough surface,

2.2.2-3
von Karman  velocity defect law, 2.2.1-26
Vortex shedding:

from single cylinders, 2.2.3-3
as source of tube vibration,

4.6.4-l/4.6.4-2
in tube banks, 2.2.4-15/2.2.4-16
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Votator, agitator, 3.14.2-1
heat transfer with, 3.14.3-6

Wallis correlations:
for flooding, 2.3.2-22

application in reflux condensation, 2.6.2-8
for interfacial friction factor, 2.3.2-21

Wallis criterion, for transition from stratified to annular flow,
applications in condensation, 3.4.6-2

Walt  baffles, in agitated vessels, 3.14.2-2
Wall layer transmissivity, 2.9.1-1212.9.1-13
Wall temperature:

effect in laminar flow along flat plate, 2.2.1-22
effect of distribution of, in laminar flow along flat plate,

2.2.1-2312.2.1-24
Wake, Coleslaw of the, 2.2.1-26
Waste heat boilers, corrosion and failure in, 4.5.34/4.5.3-5
Water:

critical heat flux values for, in tubes (table), 2.7.3-17/2.7.3-18
emissivity of gaseous, 5.5.5-l/5.5.5-2
liquid, properties of, 5.5.3-l/5.5.3-5
pool boiling curve for, at atmospheric pressure, 2.7.2-l
saturated properties: (O�-SO�C),  3.12.2-6

(O-647 K), 5.5.1-37
superheated gaseous, thermodynamic properties of,

5.5.2-915.5.2-l 1
Water loss, from cooling towers, 3.12.6-2
Water tube boiler, 3.11.2-3
Wavelengths, of blackbody radiation, 2.9.14/2.9.1-S
Waves, interfacial, effect on film condensation on vertical

surface, 2.6.2412.6.2-5
Wavy fiis, in plate fin exchangers, 3.9.3-l
Webb, R. L., 3.9.1-1/3.9.134,4.4.3-l/4.4.3-9
Weber, M., 2.3.3-112.3.4-l
Weber number, 1.2.3-5
Welded channel head, in shell-and-tube heat exchanger, 4.2.4-l
Welded fins, in double pipe exchangers, 3.2.5-l
Welding:

testing and inspection of, 4.7.3-l
of tubes into tube sheets: arc, 4.2.6-8,4.2.6-10

explosive, 4.2.6-8/4.2.6-10
Welds, corrosion of, 4.5.3-514.5.3-6
Wentz and Thodos equation, for fixed-bed pressure drop, 2.25-3
Wet-bulb temperature, 3.13.3-2/3.13.34

Wettability, of surface, effect on pool boiling, 2.7.2-9
Whalley and Hewitt correlations:

for entrainment, 2.3.2-22
for interfacial roughness, 2.3.2-2 1

White-Metzner model, for non-Newtonian fluid, 2.2.8-8
Wicking,  in enhancement of heat transfer, 2.5.11-2
Wicks, for heat pipes:

characteristics of, 3,10.6-l/3.10.6-2
effective thermal conductivity of, 3.10.3-l

Window zone, in shell-and-tube heat exchangers:
calculation of effective areas of, for flow through,

3.3.6-l/3.3.6-2
pressure drop in gas-liquid flow in, 2.3.2-12/2.3.2-13

Winter, A. H., 2.5.12-l/2.5.12-16
Wire inserts, coiled, for enhancement of heat transfer in boiling,

2.7.9-3
Wispy annular flow, regions of occurrence of, 2.3.2-l/2.3.2-2
Working fluid, selection of for heat pipe, 3.10.5-l/3.10.5-2

X
m-Xylene  saturation properties, 5.5.1-l 3
o-Xylene  saturation properties, 5.5.1-13
pXylene  saturation properties, 5.5.1-14
X-type shells (cross flow shells):

application in condensers, 3.4.9-3
description of, 3.3.4-3

Y
Yawed tube banks, pressure drop in, 2.2.4-12
Youngs modulus, 5.4.5-3

table of values of, 5.5.8-2

a
Zero equation models, for turbulent boundary layers, 2.2.1-28
Zivi equation, for void fraction, 2.6.2-14
Zone model, for furnaces (see Multizone  model)
Zuber-Findlay model, for two-phase flows, 2.3.1-9/2.3.1-10
Zuber theory, for critical heat flux in pool boiling, 2.7.2-10
gukauskas,  A., 2.2.4-112.2.4-11,  2.5.3-l/2.5.3-16
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