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POWER AND REFRIGERATION SYSTEMS
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INTRODUCTION
TO POWER
SYSTEMS

For a reversible steady-state process involving
negligible kinetic and potential energy changes,
the shaft work per unit mass is given by




* For a reversible process involving a simple
compressible substance, the boundary movement
work per unit mass is given by

INTRODUCTION
TO POWER
SYSTEMS
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THE RANKINE
CYCLE

Boiler

Condenser

1-2: Reversible adiabatic pumping process in the pump
2-3: Constant-pressure transfer of heat in the boiler

3—4: Reversible adiabatic expansion in the turbine (or
other prime mover such as a steamengine)
4-1: Constant-pressure ftransfer of heat in the

condenser

Wpet areal—-2-2'-3—4-1

gy  areaa—2—2'—3—b—a

Nih =




Boiler

THE RANKINE

CYCLE

* At least two reasons can be given. The first
reason concerns the pumping process.

* The second reason concerns superheating the
vapor.



EFFECT OF
PRESSURE AND
TEMPERATURE
ON THE
RANKINE CYCLE

* The net work is increased by area 1-4-4-1-2-2-1

(shown by the shading).

* The heat transferred to the steam is increased by area
a—2—2—a—-a.

* Since these two areas are approximately equal, the net
result is an increase in cycle efficiency.



EFFECT OF
PRESSURE AND
TEMPERATURE
ON THE
RANKINE CYCLE

* The work is increased by area 3-3-4-4-3, and the

heat transferred in the boiler is increased by area 3—
3—b—b-3.

* Since the ratio of these two areas is greater than the
ratio of net work to heat supplied for the rest of the
cycle, superheating the steam increases the Rankine-
cycle efficiency.



EFFECT OF
PRESSURE AND
TEMPERATURE
ON THE
RANKINE CYCLE

* The heat rejected decreases by area b—4—4—b—b.

* The net work increases by the amount of the single
cross-hatching and decreases by the amount of the
double cross-hatching. Therefore, the net work tends to
remain the same,but the heat rejected decreases, and
hence the Rankine-cycle efficiency increases with an
increase in maximum pressure.



* The net work and the efficiency of the Rankine
cycle can be increased by

» by
, and by
* The quality of the steam leaving the turbine is
EFFECT OF by superheating the steam and
PRESSURE AND by lowering the exhaust pressure and
TEMPERATURE by increasing the pressure during heat addition.
ON THE

RANKINE CYCLE




* The has been developed to take
advantage of the increased efficiency with higher
pressures and yet avoid excessive moisture in the low-
pressure stages of the turbine.

Turbin_{e

-

THE REHEAT
CYCLE

* there is from reheating the
steam, because the average temperature at which heat
is supplied is not greatly changed.

* The chief advantage is in to a safe value
the in the low-pressure stages of the
turbine.

* |f metals could be found that would enable us to
superheat the steam to 3’, the simple Rankine cycle
would be more efficient than the reheat cycle.



* The process between states 2 and 2’ causes the
average temperature at which heat is supplied in the
Rankine cycle to be than in the Carnot cycle 1-2—

3—4—1. Consequently, the efficiency of the Rankine
cycle is lower than that of the corresponding Carnot

cycle.
* In the regenerative cycle the working fluid enters the
THE boiler at some state ;consequently,
REGENERATIVE the average temperature at which heat is supplied is

CYCLE




THE
REGENERATIVE
CYCLE

* The efficiency of this idealized regenerative cycle
is exactly to the efficiency of the Carnot
cycle with the same heat supply and heat rejection
temperatures.

This idealized regenerative cycle is
First, it would be impossible to effect the

necessary from the vapor in the
turbine to the liquid feedwater.

Furthermore, the of the vapor
leaving the turbine considerably as a

result of the heat transfer.



* The practical regenerative cycle extracts some
of the vapor after it has partially expanded
in the turbine and uses heaters.

THE
REGENERATIVE heater ™

CYCLE

Feedwater

iy + Mg = 1 Y = filg / 1il; mir = (1 — y)ms = im = nn

i hy + mghg = iy (1 — Y)iishy + ymshg = ritshy




* Another frequently used type of feedwater heater,
known as a heater, is one in which the steam and
feedwater do not mix.

* The condensate may be pumped into the feedwater

line, or it may be removed through a to a lower-
pressure heater or to the condenser.

THE
REGENERATIVE
CYCLE

Trap

Condensate to lower pressure
heater or condenser

my = ma = My = Ms; Mg = ymls = flga = Mec

sy + yiitshg = riishs + yiitsfig,




8.7 MPa
320,000 kg/h
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* One open feedwater heater is a
; this heater has the dual
purpose of and from the
feedwater.

* Unless the air is removed, excessive corrosion
occurs in the boiler.



THE
REGENERATIVE
CYCLE

Closed

feedwater
heater

* The expansion from state 7 to state 8 through
the trap is , so it is shown by a
dashed line on the T—s diagram.



DEVIATION OF
ACTUAL CYCLES
FROM IDEAL
CYCLES .




Steam
generator

COGENERATION

process
steam load




* many work producing devices (engines) utilize
a working fluid that is always a . The
spark-ignition automotive engine is a familiar
example, as are the diesel engine and the
conventional gas turbine.

* In all these engines there is a in the
composition of the working fluid, because
during combustion it changes from
fo

* For this reason, these engines are called
In contrast, the

steam power plant may be called an

, because heat is transferred
from the products of combustion to the
working fluid.



Because the working fluid does not go though a
complete thermodynamic cycle in the engine, the
internal-combustion engine operates on the so-
called

However, for analyzing internal-combustion
engines, it is advantageous to devise
that closely approximate the open cycles.

1. A of air is the working fluid
throughout the entire cycle, and the air is always
an . Thus, there is or
2. The is replaced by a
process from an external source.

3. The cycle is completed by
(in contrast to the exhaust and intake
process of an actual engine).

4. All processes are internally

5. An additional assumption is often made that air
has a , evaluated at 300 K,
called cold air properties, recognizing that this is
not the most accurate model.
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THE BRAYTON S

CYCLE

* The air-standard Brayton cycle is the ideal
cycle for the simple

Q _, GLi-T _ E(L-D
On~  GhE-5)  GLIyL-))

Nth = 1 —




THE BRAYTON
CYCLE




* The actual gas-turbine engine differs from the
ideal cycle primarily because of in
the compressor and turbine, and because of

in the flow passages and

combustion chamber.

f}g § — fl]
Ncomp = 5 7
2 — 4]

THE BRAYTON
CYCLE

flg — 1’14
Nturb =
ur 1‘}3 — JILH

* Another important feature of the Brayton cycle is

the large amount of compressorwork (also called

) compared to turbine work. Thus, the

compressor might require40 to 80% of the output
of the turbine.



THE SIMPLE GAS-
TURBINE CYCLE
WITH A
REGENERATOR

* The efficiency of the gas-turbine cycle may be
improved by introducing o

Combustion
chamber



THE SIMPLE GAS-
TURBINE CYCLE
WITH A
REGENERATOR

* The efficiency of the ideal gas-turbine cycle with a
regenerator is found as follows

* But for an ideal regenerator, T4 = Tx, and therefore qH
= wt . Consequently,
W, GG — Th)

mp=1-—=—-=1-— 44—
Ith W, Co(B — Th)

_,_h@mri-y . GlER)E -

L(l—Tyh) Tl — (P/R) %D/
}rl ( 1% *) H’—l:lj' k

—1-=

I3

?I‘thzl—?3

* Thus, for the ideal cycle with regeneration, the thermal
efficiency depends not only on the but
also on the



* The efficiency of the ideal gas-turbine cycle with a
regenerator is found as follows

* But for an ideal regenerator, T4 = Tx, and therefore qH
= wt . Consequently,

THE SIMPLE GAS-
TURBINE CYCLE =1- e _GE=T)
WITH A W (T3 = T)

REGENERATOR _,_h@mri-y . GlER)E -

G(1—-TyR) — L[l — (B/B) %0k

1
N

I3

* Thus, for the ideal cycle with regeneration, the thermal
efficiency depends not only on the but
also on the

* We note that, in contrast to the Brayton cycle, the
efficiency with an increase in pressure ratio.



THE SIMPLE GAS-
TURBINE CYCLE
WITH A
REGENERATOR

* The

Compressor

Combustion
chamber

is defined by




* It is found that the would
be preferable to the in
both the compressor and turbine.

* The resulting cycle, called the ,
consists of two reversible, constant-pressure
processes and two reversible, constant-

femperature processes.
GAS-TURBINE

POWER CYCLE
CONFIGURATIONS




* The reason the actual gas turbine does not attempt to
emulate this cycle rather than the Brayton cycle is that
the compressor and turbine processes are both

involving work-related devices in

which it is not to attempt to transfer large
quantities of heat.

* There is a of the Brayton/gas turbine cycle

GAS-TURBINE that tends to change its performance in the direction of

POWER CYCLE
CONFIGURATIONS

the Ericsson cycle. This modification is to use
with and
with




GAS-TURBINE
POWER CYCLE
CONFIGURATIONS

Compressor Compressor
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* Compression with Intercooling

GAS-TURBINE
POWER CYCLE
CONFIGURATIONS




* Determining Intercooler Pressure for
Minimum Compressor Work

GAS-TURBINE
POWER CYCLE
CONFIGURATIONS

Compressor inlet state SpEEiﬁedJ




* Another cycle that employs a regenerator is
the

* The cycle consists of four internally reversible

processes in series: isothermal compression
from state 1 to state 2, constant-volume
heating from state 2 to state 3, isothermal

expansionfrom state 3 to state 4, and
GAS-TURBINE

POWER CYCLE
CONFIGURATIONS 1 to complete the cycle.

constant-volume cooling from state 4 to state




THE AIR-
STANDARD CYCLE
FOR

JET PROPULSION

Diffuser Compressor

Burner
section

Turbine

Nozzle




* The air-standard is an ideal cycle that
approximates a spark-ignition internal combustion
engine.

THE OTTO
CYCLE

* Process 1-2 is an isentropic compression of the air as
the piston moves from bottom dead center (BDC) to top

dead center (TDC). Heat is then added at constant
volume while the piston is momentarily at rest at TDC.
(This process corresponds to the ignition of the fuel—air
mixture by the spark and the subsequent burning in the
actual engine.) Process 3—4 is an isentropic expansion,
and process 4—1 is the rejection of heat from the air
while the piston is at BDC.



* The thermal efficiency of this cycle is found as follows,

assuming constant specific heat of air:

mC,(Ty — Th)
mC, (T — T)

THE OTTO
CYCLE

£
=
=
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c
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012345678 911112131415
Compression ratio, r,,




* The air-standard is shown below. This is the

ideal cycle for the diesel engine.

THE DIESEL
CYCLE

‘._ A
[Tl e

O _,_ GML-% _,_ 4LH/4L-1

=1-—- I T 1)

On  GC(B-D




* Another air-standard power cycle to be
discussed is the

* Stirling-cycle engines have been developed in

recent years as
with regeneration.

* Since all heat is supplied and rejected

isothermally, the efficiency of this cycle equals
THE STIRLING the efficiency of a Carnot cycle operating
CYCLE between the same temperatures.




INTRODUCTION
TO
REFRIGERATION
SYSTEMS




Expansion Condenser

THE VAPOR- coply 4% | Evaporstor
COMPRESSION @

REFRIGERATION
CYCLE




* A much larger number of working fluids
(refrigerants) are  utilized in  vapor-
compression refrigeration systems than in

vapor power cycles.

THE VAPOR- Old refrigerant R-11 ~ R-12  R-13 R22 R502 R503
Alternative R-123  R-134a R-23(low 7) NHj, R-404a R-23 (low 7)
COMPRESSION refrigerant ~ R-245fa R-152a CO, R410a R-407a CO,

REFRIGERATION R-401a R-170 (ethane) R-507a
CYCLE

Condenser
pressure

Evaporator
pressure

Constant T




DEVIATION OF
THE ACTUAL
VAPOR-
COMPRESSION
REFRIGERATION
CYCLE FROM THE
IDEAL CYCLE

Condenser

Evaporator




THE AMMONIA
ABSORPTION
REFRIGERATION
CYCLE

Og (from —=

high-temperature

source)

Strong
ammonia
solution

High-pressure ammaonia vapor

Generator

Weak
ammonia
solution

Heat
exchanger

Low-pressure ammaonia vapor

Absorber

QE (to surroundings)

Oy (to surroundings)
-::.'-.:.-]

Condenser

Liquid
ammonia

Expansion 52
valve

(from cﬁid box)
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_— —_ W et 1 T; (Temperature of

the refrigerated space)

THE AIR-
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COMBINED-CYCLE
POWER AND
REFRIGERATION
SYSTEMS

Brayton
gas turbine
cycle g

Rankine s
steam cycle " Steam
__ turbine
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* Let us consider a general mixture of N
components, each a pure substance, so
the total mass and the total number of
moles are

Mot =M +my+---+my = E mj

GENERAL Mgy = ;11+f13+---+111..~,,.r:2f1;
CONSIDERATIONS

AND * The mixture is usually described by a
MIXTURES OF (concentration)

IDEAL GASES

m;
Ci =

ot

° ora for each component as




GENERAL
CONSIDERATIONS
AND

MIXTURES OF
IDEAL GASES

* We may then convert from a mole basis
to a mass basis as

m __ mb 1 M;/ oy ViM;

om tot Z 1 1f Z n; ) J:,r ‘fﬂmt = — 7 J{r

* and from a mass basis to a mole basis as

o mi/ M m;/ (Mjmior) i/ M;

Hmt Z mj/ M Z m;/ (:4"1'5"{fmtot} - Z ci/M;

* The molecular mass for the mixture
becomes




* For the of gas mixtures, the
properties of each component of the mixture
are considered as though each component
exists separately and independently at the

temperature and volume of the mixture.

Temperature =T Temperature =T

Pressure = P, &) Pressure = Py

Dalton Model

Volume I Volume 7

* We further assume that both the gas mixture
and the separated components behave
according to



Dalton Model

It is more convenient to use a mole basis,
since the gas constant is then the universal
gas constant for each component and also
for the mixture.

PV = nRT

n=nsg+ng

and for the components

PV = ngRT
P B V=mn gﬁ?

On substituting, we have

n=ny+ ng P=Ps+ Pp

PV _ P4V PV
RT RT RT

where PA and PB are referred to as



* Since for ideal gases the internal energy
and enthalpy are functions only of
temperature, it follows that for a mixture

of components A and B, on a mass basis,

U= mu=mgus+ mpup

— m(cquy + cpup)

H=mh=myhs+ mphp
Dalton Model = m(cyhy+ cphp)

* The ideal-gas mixture equation of state
on a mass basis is

PL' = m -EII]L".’. T




* Alternatively,

| —
Ruix = — (_HAR + HER]
m

= i (mgRy+ mpRp)

m

= caRs+ cpRp

* The entropy of an ideal-gas mixture is expressed as

Dalton Model S =ms=mys,+ mpsp
= m(cS4 + cBSp)

. T
Si = S0; + C poi In ?




* One special case that arises frequently involves
an ideal-gas mixture undergoing a process in
which there is no change in composition.

tup — 1 = cACy (T2 — Th) + cgCho B(T2 —
— Cl-'[} mLﬂc{E - T]]

C v mix — CA Cl-'[} A+ Cp C WE

Dalton Model by = by = caCpo (B — Th) + caCpo (B — T)

= Cpomix(lz — 1)

C,a:n mix = €A Cp(] A4+ CngD B

cAls; — s1) 4+ calse — s1)

I

15 P 15
{4(p[}41ﬂT1—{4R41I1?1—{—{g(pggll]?l—{gﬁgln 2

1 F
= (_'F“ mix In ?: — Rmm In ?-:




* We can freat a mixture similarly to a
pure substance once the mixture
properties are found from the
composition and the component
properties.

* The isentropic process where s is constant
leads to the power relation between
temperature and pressure.

(

£ mix ( £ mix

k= JI£Il'-mi:--: —

T 4 ._|
Cy mix —~ pmix — Hml:-i




Let us now consider a simplification of the
problem involving a mixture of ideal
gases that is in contact with a solid or
liguid phase of one of the components.

1. The solid or liquid phase contains

2. The gaseous phase can be treated as
a mixture of

3. When the mixture and the condensed
phase are at a given pressure and
temperature, the equilibrium between the
condensed phase and its vapor is

by the presence of the other
component.



* The of a gas—vapor mixture is the
temperature at which the vapor condenses or
solidifies when it is cooled at constant

pressure.

A SIMPLIFIED = constant~/
MODEL OF A
MIXTURE

P = constant
INVOLVING

P = constant
GASES AND A
VAPOR

* If the vapor is at the saturation pressure and
temperature, the mixture is referred to as a

, and for an air—water

vapor mixture, the term is used.



A SIMPLIFIED
MODEL OF A
MIXTURE
INVOLVING
GASES AND A
VAPOR

The @ is defined as the ratio of
the mole fraction of the vapor in the mixture to
the mole fraction of vapor in a saturated mixture
at the same temperature and total pressure.
Since the vapor is considered an ideal gas, the
definition reduces to the ratio of the partial
pressure of the vapor as it exists in the mixture,
Pv, to the saturation pressure of the vapor at the
same temperature, Pg:

A
"7

¢

P = constant

P = constant




A SIMPLIFIED
MODEL OF A
MIXTURE
INVOLVING
GASES AND A
VAPOR

The W of an air—water vapor
mixture is defined as the ratio of the mass of
water vapor myv to the mass of dry air ma. The
term is used to emphasize that this refers
only to air and not to the water vapor. The terms

or are used
synonymously with humidity ratio.

my
= —
my

_ PV/RT RP,  MP
T PV/R,T  RP,  MP

P, P,
W= [].622?‘ = 0.622 ————

a




A SIMPLIFIED
MODEL OF A
MIXTURE
INVOLVING
GASES AND A
VAPOR

The is defined as the ratio of
the actual humidity ratio to the humidity ratio of a
saturated mixture at the same temperature and
total pressure. This refers to the maximum amount of
water that can be contained in moist air.

¢ Fy P,
P =0.622—E
Fot — ¢ P: g = ’ P[l]t - PL a

w = 0.622

The maximum humidity ratio corresponds to a
relative humidity of 100%. the function has an
asymptote at a temperature where Pg = Ptot, which
is 100°C for atmospheric pressure.

The shaded regions are states not permissible, as
the water vapor pressure would be larger than the
saturation pressure.



A SIMPLIFIED
MODEL OF A
MIXTURE
INVOLVING
GASES AND A
VAPOR

In a cooling process at constant total pressure, the
partial pressure of the vapor remains constant
until the dew point is reached at state 2. Further
cooling lowers the maximum possible humidity
ratio, and some of the vapor condenses. The
vapor that remains in the mixture is always
saturated, and the liquid or solid is in equilibrium
with it. For example, when the temperature is
reduced to T3, the vapor in the mixture is at state
3, and its partial pressure is Pg at T3 and the
liquid is at state 5 in equilibrium with the vapor.




A SIMPLIFIED
MODEL OF A
MIXTURE
INVOLVING
GASES AND A
VAPOR

P = Pzl

Initial temperature
Initial state
of the water vapor
—=—=—=—=Dew point temperature

Pza = Py

5¥———Final temperature

Condensate  Fing) state
of the water vapor

Diry air and
superheated vapor
at the initial temper-
ature

at final temperature

Condensate:
saturated liquid
at final temperature



THE ADIABATIC
SATURATION
PROCESS

* An important process for an air—water vapor
mixture is the adiabatic saturation process. In this
process, an air—vapor mixture comes in contact
with a body of water in a well-insulated duct. If
the initial humidity is less than 100%, some of the
water will evaporate and the temperature of the
air—vapor mixture will decrease. If the mixture
leaving the duct is saturated and if the process is
adiabatic, the temperature of the mixture on
leaving is known as the

AIr + vapor air—vapor
mixture

* For this to take place as a steady-state process,
makeup water at the adiabatic saturation
temperature is added at the same rate at which
water is evaporated. The pressure is assumed to
be constant.



* Considering the adiabatic saturation process to
be a steady-state process, and neglecting
changes in kinetic and potential energy, the first
law reduces to

1(}_-_]] + wq f}l-'l + {_(.02 — (1)1)1(}]3 = 1‘1_-_33 + (r)z)‘.lpg

wi(hyy — hp) = Cpa(ly — 1) + w3 (hyy — hp)

wi(hyy — hp) = Cpa(B — Th) + w2h1 g

THE ADIABATIC

* The most significant point to be made about the

SATURATION adiabatic saturation process is that the adiabatic
PROCESS saturation temperature is a function of the
! , and of
the entering air—vapor mixture and of the exit

pressure.

Saturated
air—vapor
mixture

Alr + vapor




THE ADIABATIC
SATURATION
PROCESS

State of the water vapor

Moist air Saturated mixture in the incoming moist air stream

State of the water
vapor in the
exiting moist air
stream

Pe(Ts)

State of the
Makeup water — makeup water
saturated liquid at 7
mass flow rate = m;, — M,

H=H,+ H, = mh, + m,h,

m,

H
—=h, + —h, = h, + wh,
a " L a ¥

I

(hy + {'-}hgj moistair T [(@" — fl’.:'hf]n1akeup = (h, + mrhg] moist air
entering water exiting

ho(Tus) — ha(T) + @'[hy(Tos) — he(Tos)]

o =



WET-BULB

AND DRY-BULB
TEMPERATURES
AND

THE
PSYCHROMETRIC
CHART

The humidity of air—water vapor mixtures has

traditionally been measured with a device called

a psychrometer, which uses the flow of air past
and thermometers.

Wet bulb

Dry-bulb
thermometer

Wet-bulb
thermometer

Wet-bulb i
thermometer | &

Dry-bulb
thermometer

Air out

(0

Psychrometers. (a) Sling psychrometer. (b) Aspirating psychrometer.




WET-BULB

AND DRY-BULB
TEMPERATURES
AND

THE
PSYCHROMETRIC
CHART

Properties of air—water vapor mixtures are given

in graphical form on psychrometric charts.

20 25
Dry-bulb temperature °C

h= hy — h,(—20°C) 4+ wh,




* The direction in which various processes
proceed for an air—water vapor mixture
is shown below

WET-BULB
AND DRY-BULB
TEMPERATURES it
iabatic
AND saturation
THE
PSYCHROMETRIC Dew N
point 2 AN
CHART * = Heating

Cooling Cooling |1
below

f Add water

Subtract water

I
Dew point :
I




Moist air
.

My |

APPLYING MASS
AND ENERGY
BALANCES TO AIR
CONDITIONING 3
SYSTEMS

Liquid or vapor. MM

My, = Hl a({'.r)g - {ﬂ|)

0= Q. + titg(hy + w hg ) + myhy, — my(hy + wyhy,)



DEHUMIDIFICATION

Cooling

Condensate —
saturated at |5

{(Dehumidifier section) (Heating section)

(@)

Initial dew
point

T-

Dry-bulb temperature
(0)

Dehumidification. (@) Equipment schematic. (b) Psychrometric chart representation.




HUMIDIFICATION

(vapor or liquid) Dry-bulb temperature Dry-bulb temperature

(@ () ©

Humidification. (a) Control volume. (b) Steam injected. (c) Liquid injected.




Water at [, Mixture enthalpy

per unif mass )
[ of dry air —l

Moist air

N
M, Tp. o -

|
|
|
|
—
|
|
|
|

Ty

E VA P O R AT I V E : : Dry-bulb temperature
COOLING (4 ()

Evaporative cooling. (a) Equipment schematic. (b) Psychrometric chart
representation.

(hy + why) = (0, — w )by + (hy + ©hy,)




Mixture enthalpy
per unit mass
of dry air
(1 + @hy)y \

(hy + @fg)y \

(i + why); -,

ADIABATIC MIXING
OF TWO AIR

ST R E AM Adiabatic mixing of two moist air streams. (a) Equipment representation.
(b) Psychrometric chart representation.

my w3 — wy  (hs + w3hga) — (hyo + wohy

)
)

My W~ ©3 (b + why) — (hya + wshg




Discharged moist air

Warm water inlet
T 1- M,
= e

COOLING TOWERS

water

Schematic of a cooling tower.




THERMODYNAMC RELATIONS

R —-



Some of the properties, such as
and , cannot be measured directly and
must be calculated from other experimental data.

If we carefully consider all these thermodynamic

properties, we conclude that there are only

that can be directly measured: ]
. , and

How can values of the thermodynamic properties
that cannot be measured be determined from
experimental data on those properties that can
be measured?



* Consider a Carnot-cycle heat engine operating
across a small temperature difference.

THE CLAPEYRON
EQUATION

WNET = qu — qL = AT'Syg



wyer = 0 — [r dP+ 0 — [r dP
"2 4

THE CLAPEYRON N AP[(;@ + ;,3) ) (Vl N w)]
EQUATION 2 >

AT—0 AT




* Since the heat addition process 1 — 2 is at
constant pressure as well as constant temperature,

* which is called the equation,
THE CLAPEYRON

EQUATION

d Rt - ]}fg - ]}fg&at
dT  Tvy,  RT?




MATHEMATICAL
RELATIONS FOR

A HOMOGENEOUS
PHASE

e |\
2|\
8
o




* Consider a variable (thermodynamic property)
that is a continuous function of x and .

MATHEMATICAL
RELATIONS FOR

A HOMOGENEOUS dz= Mdx+ Ndy
PHASE :

o
M= ( = )
C dx Sy

= partial derivative of zwith respect to x (the variable y being held constant)

' 57"
Jnllll == ( e )
Oy /,

= partial derivative of zwith respect to y (the variable x being held constant)




* If x, v and z are all point functions (that is,
quantities that depend only on the state and are
independent of the path), the differentials are
exact differentials.

MATHEMATICAL
RELATIONS FOR
A HOMOGENEOUS
PHASE 92 7

';_-J zY E_-j “},r

927

';__J “},r;j zY




du= 1ds— Pdv

dh= I'ds+ vdP

u=u(s, v, h=h(s., P)

MATHEMATICAL
RELATIONS FOR

A HOMOGENEOUS . .
PHASE da=du— T ds—sdT

= —sdl — Pdv

G=H-TS,  g=h—Ts

dg=dh— I'ds—sdT
= —sdTl'+vdP




THE MAXWELL
RELATIONS




THE MAXWELL
RELATIONS




Summary of Property Relations from Exact Differentials

Basic relations:
from v = u(s, v)

from o = (v, T)

Maxwell relations:

(ﬂT‘

(EQZ:?T

Additional relations:

(au)
. A5 Jy

\

- %
ih

from h = h(s, p)

from g = g(T, p)

(ap’
kﬁT) -

g

fﬂuj
hﬂrfp

[ au )

\ v /.

(a7).

[ as )
\duv Jr

i, "

()
ap/r

fﬁﬁy

\ v

( ag )
AT /g




THERMODYNAMIC
RELATIONS
INVOLVING
ENTHALPY,
INTERNAL ENERGY,
AND ENTROPY




THERMODYNAMIC
RELATIONS
INVOLVING
ENTHALPY,

INTERNAL ENERGY,

AND ENTROPY

h= (T, P)




dh, = C,dT,

THERMODYNAMIC
RELATIONS
INVOLVING
ENTHALPY,
INTERNAL ENERGY,
AND ENTROPY




THERMODYNAMIC
RELATIONS
INVOLVING
ENTHALPY,
INTERNAL ENERGY,
AND ENTROPY

JdP

du= C,dT + |:T(BT




THERMODYNAMIC
RELATIONS
INVOLVING
ENTHALPY,
INTERNAL ENERGY,
AND ENTROPY




THERMODYNAMIC
RELATIONS
INVOLVING
ENTHALPY,
INTERNAL ENERGY,
AND ENTROPY




VOLUME
EXPANSIVITY AND
ISOTHERMAL AND
ADIABATIC
COMPRESSIBILITY




14.35 The Joule-Thomson coefficient .« ; is a measure
of the direction and magnitude of the temperature
change with pressure in a throttling process. For
any three properties x, y, z, use the mathematical

relation

( - ) ( yy ( 5 ) 1

ay) \az) \ox/),
to show the following relations for the Joule-
Thomson coefficient:

"oV
(‘ aT) (_aT_,)P Y RT? 'EJZ)
= _ _ (

P ﬁ_ Cp -~ PCp ﬁ p




Ei'l'.? JT Jv 5

c=\V—k’ (aplov)r




| f 5 Combustion products
| at 1 P
|
=
‘ A\ | ,

CHEMICAL REACTIONS

T —




The combustion process consists of the
oxidation of constituents in the fuel that are
capable of being oxidized and can
therefore be represented by a chemical
equation.

CHy +20, — CO; 4+ 2H,0

The assumption that air is 21.0% oxygen
and 79.0% nitrogen by volume leads to the
conclusion that for each mole of oxygen,
79.0/21.0 = 3.76 moles of nitrogen are

involved.

CH; + 20, + 2(3.76) N, — CO, +2H,0 4 7.52 N,

The minimum amount of air that supplies
sufficient oxygen for the

of all the carbon, hydrogen, and
any other elements in the fuel that may
oxidize is called the



* When complete combustion is achieved with
theoretical air, the products contain no oxygen. A
general combustion reaction with a hydrocarbon

fuel and air is thus written

CxHy + v0,(02 + 3.76 N2) — vco,COz + vr,0H20 + v, N

THE * with the coefficients to the substances called

COMBUSTION . The balance of atoms
PROCESS yields the theoretical amount of air as

, = X

3.76 x vp,

veo, + Lo/2 = x+ y/4

* and the total number of moles of air for 1 mole
of fuel becomes

air = Vo, X 4.76 = 4.76(x + y/4)




Two important parameters often used to express the
ratio of fuel and air are the

(designated AF) and its reciprocal, the

(designated FA).

M iy
“1 Fmass - -
MMfyel

: Myir
A Fole =
Mfyel

They are related through the molecular masses as

. Mair 1air Mhir e Mir
.."1 ‘F;HESS — — — ‘_1 j:]'TH]IE‘

Mg | ,-'1-}‘([-'1{,' ‘hff uel

and a subscript s is used to indicate the ratio for
100% theoretical air, also called a stoichiometric
mixture. In an actual combustion process, an amount
of air is expressed as a fraction of the theoretical
amount, called



* A similar ratio named the
equals the actual fuel—air ratio divided by the
theoretical fuel—air ratio as

b= FA/FAs = AFs/AF

* Thus, 150% theoretical air means that the air
THE actually supplied is 1.5 times the theoretical air
COMBUSTION and the equivalence ratio is 2/3. The complete

combustion of methane with 150% theoretical air
PROCESS is written

CHy + 1.5 x 2(0, +3.76 N,) — CO, + 2H,0+ 0, + 11.28 N,

* The amount of air actually supplied may also be
expressed in terms of percent excess air. The
excess air is the amount of air supplied over and
above the theoretical air. Thus, 150% theoretical
air is equivalent to 50% excess air.



* Consider the simple steady-state combustion
process shown below. The carbon dioxide (ideal
gas) formed by the reaction leaves the chamber
at the reference state, 25°C and 0.1 MPa.

Qcy =-393 522 kJ

%
25°C, 0.1 MPa 1 kmol CO,,
ENTHALPY OF . e

FORMATION 25°C, 0.1 MPa

* The chemical reaction can be written

Qc.v + HR = HF

* Applying the first law to this process, we have




* Suppose, however, that we assign the value of
zero to the enthalpy of all the elements at the
reference state. In this case, the enthalpy of the
reactants is zero, and

Qcy. = Hy, = —393 522 kJ/kmol
Je.v. L ;

* The enthalpy of (hypothetical) ideal-gas carbon
dioxide at 25°C, 0.1 MPa pressure (with
reference to this arbitrary base in which the
enthalpy of the elements is chosen to be zero), is
called the

—0 h2 £99 LT/
hy = —393 522 kJ/kmol

* The enthalpy of carbon dioxide in any other
state, relative to this base in which the enthalpy
of the elements is zero, would be found by
adding the change of enthalpy between ideal
gas at 25°C, 0.1 MPa, and the given state to the
enthalpy of formation.

- —. L=
h P = [_jj‘!- ) 298.0.1MPa + E‘}‘j” 298,0.1MPa—T.P




* We can write the first law for a steady-state,
steady-flow process in the form

Qcv. + Hp = Wey + Hp

F I RST-LAW Qev. + Z Hf?if = Wew. + ZHE‘}E{-'
ANALYSIS OF : F
REACTING
SYST E MS ritp = 20 kg/min

400% theoretical air combustion products (CO,, H,0. O,, and N;)
25°C. 1 atm 730 K. 1 atm




The is defined as the
difference between the enthalpy of the products
and the enthalpy of the reactants when complete
combustion occurs at a given temperature and
pressure.

hirp = Hp — Hg

—_ v =) - v —_
hpp = T‘ eslh s+ AL — \_' m(h ' + Ah),

i

Frequently the term or

is used. This represents the heat
transferred from the chamber during combustion
or reaction at constant temperature. In the case
of a constant pressure or steady-flow process, we
conclude from the first law of thermodynamics
that it is equal to the negative of the enthalpy of
combustion.

The is the heat transfer with
liquid water in the products, and the

is the heat transfer with vapor
water in the products.



Consider a given combustion process that takes
place adiabatically and with no work or changes
in kinetic or potential energy involved. For such a
process the temperature of the products is
referred to as the

With the assumptions of no work and no changes
in kinetic or potential energy, this is the

that can be achieved for the given
reactants because any heat transfer from the
reacting substances and any incomplete
combustion would tend to lower the temperature
of the products.

For a given fuel and given pressure and
temperature of the reactants, the maximum
adiabatic flame temperature that can be
achieved is with a

The adiabatic

flame temperature can be controlled by the
amount of that is used.



i
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COMPRESSIBLE FLOW

——



* The isentropic stagnation state is the
state a flowing fluid would attain if it
underwent a reversible adiabatic

deceleration to zero velocity.

STAGNATION
PROPERTIES




* Consider the nozzle shown below, and assume an
adiabatic, one dimensional, steady-state process
of an incompressible fluid.

— Control surface

ADIABATIC, ONE-
DIMENSIONAL,
STEADY-STATE
FLOW OF AN
INCOMPRESSIBLE
FLUID THROUGH
A NOZZLE

2
V}'

0 —

2

+(Ze—Z)g=0




VELOCITY OF
SOUND IN AN
IDEAL GAS

* When a pressure disturbance occurs in a
compressible fluid, the disturbance
travels with a velocity that depends on
the state of the fluid. A sound wave is @
very small pressure disturbance.

Properties of gas after wave passes  Properties of gas before wave passes

—— Control surface



2 r -
e . (c — dV)*

dh—cdV =0

L
h+

pAc= (p+ dp)Alc — adV)

cdp—pdV =0
VELOCITY OF ras—dn— %L
SOUND IN AN
IDEAL GAS




VELOCITY OF
SOUND IN AN
IDEAL GAS




REVERSIBLE,
ADIABATIC, ONE-
DIMENSIONAL
FLOW OF AN
IDEAL GAS
THROUGH A
NOZZLE

* A nozzle or diffuser with both a converging and

diverging section is shown below. The minimum
cross-sectional area is called the

P+ dP
—_— T+ dT— V +d¥

First law:

dh+VadVv =0

Property relation:

Tds:dﬁ—ﬁzﬂ
e

Continuity equation:

p AV = i = constant




REVERSIBLE,
ADIABATIC, ONE-
DIMENSIONAL
FLOW OF AN
IDEAL GAS
THROUGH A
NOZZLE

_ —dP
==

‘dp 1Y\
(@ vd‘

e

(

1

(dP/dp)

)




REVERSIBLE,
ADIABATIC, ONE-
DIMENSIONAL
FLOW OF AN
IDEAL GAS
THROUGH A
NOZZLE

F Decreases
Subsonic A Decreases

e

—

—
C—

' PlIncreases
A Increases

_._-—'—'_'_'__Fﬁ
—_— -
_.—-—-—"'_'_':'_'_,__

M= 1 . P Decreases
Supersonic A Increases

E:::—:_q_h._.____‘__

T ——
_'_"‘“—-—-—_,_‘__:‘_‘_‘_‘—-—-_—:

E:‘__‘__‘_‘__'_‘—-—._._‘_
—-—-—-_._,_._—-.__._"'._,"“"_‘__—-—-—_._,_._____
—_

M= 1 > FIncreases

Supersonic A Decreases

_
R
—




REVERSIBLE,
ADIABATIC, ONE-
DIMENSIONAL
FLOW OF AN
IDEAL GAS
THROUGH A
NOZZLE

) . kRT [T,
Ve=2C, 0l —T) =2——
(T — 1) = 27— 1( i

)




* These properties at the throat of a
nozzle when M = 1 are frequently
referred to as critical pressure, critical
temperature, and critical density.




MASS RATE OF
FLOW OF AN
IDEAL GAS
THROUGH AN
ISENTROPIC
NOZZLE

1
A

PV kT

RT\ kTy

PV ,I'IT IfTﬂ

-~ ZkRTVENT

1
%




MASS RATE OF
FLOW OF AN
IDEAL GAS
THROUGH AN
ISENTROPIC
NOZZLE




MASS RATE OF
FLOW OF AN
IDEAL GAS
THROUGH AN
ISENTROPIC
NOZZLE




MASS RATE OF
FLOW OF AN
IDEAL GAS
THROUGH AN
ISENTROPIC
NOZZLE




NORMAL SHOCK
IN AN IDEAL GAS
FLOWING
THROUGH A
NOZZLE

Control surface __ Normal shock




* The energy and continuity equations can be
combined to give an equation that when plotted
on the h—s diagram is called the

* The momentum and continuity equations can be
combined to give an equation the plot of which

NORMAL SHOCK on the h—s diagram is known as the

IN AN IDEAL GAS

FLOWING

THROUGH A .
NOZZLE e

M < 1 above points a and b
M= 1 below points # and b
M=1ataand b




NORMAL SHOCK
IN AN IDEAL GAS
FLOWING
THROUGH A
NOZZLE

JI"'l:r;vc' = hﬂ_}*

M < 1 above points a and b
M= 1 below points a and &
M=1ataand b




NORMAL SHOCK
IN AN IDEAL GAS
FLOWING
THROUGH A
NOZZLE

* Combining

continuity equation,

Py =

T V

I

-(7) (%)

the energy

pxVy = pyVy

B

RT, " 7RI,
BNy _ BMyo
PV PMo

Py M, xrﬂ-
PeMy /Ty

*'II"{I.'EII'IE]. + u J'Il-.lfz

ﬁ;—l

””v

equations

and

the

gives the equation of the



* The momentum and continuity equations can be
combined as follows to give the equation of the

m . 2
Po—Py=—(V, = V) =pVi—pV}

A
NORMAL SHOCK Bt pVi = B +p)V,
IN AN IDEAL GAS P+ puMiG = P, + p, MG
FLOWING p b M? (KRT) — P M hRT)
THROUGH A t ORI KT,

NOZZLE Py(1 + kM;) = P,(1 + kM)

Py 14 kM;
P 1+ kM




