Calculation of Heater-tube Thickness
in Petroleum Refineries

AP| STANDARD 530
SEVENTH EDITION, APRIL 2015

|
energy,
|

®

AMERICAN PETROLEUM INSTITUTE

Copyright American Petroleum Institute
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS




Special Notes

API publications necessarily address problems of a general nature. With respect to particular circumstances, local,
state, and federal laws and regulations should be reviewed.

Neither API nor any of API's employees, subcontractors, consultants, committees, or other assignees make any
warranty or representation, either express or implied, with respect to the accuracy, completeness, or usefulness of the
information contained herein, or assume any liability or responsibility for any use, or the results of such use, of any
information or process disclosed in this publication. Neither APl nor any of API's employees, subcontractors,
consultants, or other assignees represent that use of this publication would not infringe upon privately owned rights.

API publications may be used by anyone desiring to do so. Every effort has been made by the Institute to assure the
accuracy and reliability of the data contained in them; however, the Institute makes no representation, warranty, or
guarantee in connection with this publication and hereby expressly disclaims any liability or responsibility for loss or
damage resulting from its use or for the violation of any authorities having jurisdiction with which this publication may
conflict.

API publications are published to facilitate the broad availability of proven, sound engineering and operating
practices. These publications are not intended to obviate the need for applying sound engineering judgment
regarding when and where these publications should be utilized. The formulation and publication of API publications
is not intended in any way to inhibit anyone from using any other practices.

Any manufacturer marking equipment or materials in conformance with the marking requirements of an API standard
is solely responsible for complying with all the applicable requirements of that standard. APl does not represent,
warrant, or guarantee that such products do in fact conform to the applicable API standard.

Users of this Standard should not rely exclusively on the information contained in this document. Sound business,
scientific, engineering, and safety judgment should be used in employing the information contained herein.

Where applicable, authorities having jurisdiction should be consulted.

Work sites and equipment operations may differ. Users are solely responsible for assessing their specific equipment
and premises in determining the appropriateness of applying the Standard. At all times users should employ sound
business, scientific, engineering, and judgment safety when using this Standard.

API is not undertaking to meet the duties of employers, manufacturers, or suppliers to warn and properly train and
equip their employees, and others exposed, concerning health and safety risks and precautions, nor undertaking their
obligations to comply with authorities having jurisdiction

All rights reserved. No part of this work may be reproduced, translated, stored in a retrieval system, or transmitted by any means,
electronic, mechanical, photocopying, recording, or otherwise, without prior written permission from the publisher. Contact the
Publisher, API Publishing Services, 1220 L Street, NW, Washington, DC 20005.
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Foreword

Nothing contained in any API publication is to be construed as granting any right, by implication or otherwise, for the
manufacture, sale, or use of any method, apparatus, or product covered by letters patent. Neither should anything
contained in the publication be construed as insuring anyone against liability for infringement of letters patent.

Shall: As used in a standard, “shall” denotes a minimum requirement in order to conform to the specification.

Should: As used in a standard, “should” denotes a recommendation or that which is advised but not required in order
to conform to the specification.

This document was produced under API standardization procedures that ensure appropriate notification and
participation in the developmental process and is designated as an API standard. Questions concerning the
interpretation of the content of this publication or comments and questions concerning the procedures under which
this publication was developed should be directed in writing to the Director of Standards, American Petroleum
Institute, 1220 L Street, NW, Washington, DC 20005. Requests for permission to reproduce or translate all or any part
of the material published herein should also be addressed to the director.

Generally, API standards are reviewed and revised, reaffirmed, or withdrawn at least every five years. A one-time
extension of up to two years may be added to this review cycle. Status of the publication can be ascertained from the
API Standards Department, telephone (202) 682-8000. A catalog of API publications and materials is published
annually by API, 1220 L Street, NW, Washington, DC 20005.

Suggested revisions are invited and should be submitted to the Standards Department, API, 1220 L Street, NW,
Washington, DC 20005, standards@api.org.
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Calculation of Heater-tube Thickness in Petroleum Refineries

1 Scope

This standard specifies the requirements and gives recommendations for the procedures and design criteria
used for calculating the required wall thickness of new tubes and associated component fittings for fired
heaters for the petroleum, petrochemical, and natural gas industries. These procedures are appropriate for
designing tubes for service in both corrosive and noncorrosive applications. These procedures have been
developed specifically for the design of refinery and related fired heater tubes (direct-fired, heat-absorbing
tubes within enclosures). These procedures are not intended to be used for the design of external piping.

This standard does not give recommendations for tube retirement thickness; Annex A describes a technique
for estimating the life remaining for a heater tube.

2 Normative References

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced
document (including any amendments) applies.

ANSI/API Standard 560, Fired Heaters for General Refinery Service

ASME Boiler and Pressure Vessel Code (BPVC) 1, Section VI, Division 1: Pressure Vessels—Rules for
Construction of Pressure Vessels

ASME Boiler and Pressure Vessel Code (BPVC), Section VIlI, Division 2: Pressure Vessels—Rules for
Construction of Pressure Vessels—Alternative Rules

ASME B31.3, Process Piping
ASTM A106/A106M 2, Specification for Seamless Carbon Steel Pipe for High-Temperature Service
ASTM A192/A192M, Specification for Seamless Carbon Steel Boiler Tubes for High-Pressure Service

ASTM A209/A209M, Specification for Seamless Carbon-Molybdenum Alloy-Steel Boiler and Superheater
Tubes

ASTM A210/A210M, Specification for Seamless Medium-Carbon Steel Boiler and Superheater Tubes

ASTM A213/A213M, Specification for Seamless Ferritic and Austenitic Alloy-Steel Boiler, Superheater and
Heat-Exchanger Tubes

ASTM A312/A312M, Specification for Seamless and Welded Austenitic Stainless Steel Pipes
ASTM A335/A335M, Specification for Seamless Ferritic Alloy-Steel Pipe for High-Temperature Service

ASTM A376/A376M, Specification for Seamless Austenitic Steel Pipe for High-Temperature Central-Station
Service

1 ASME International, 3 Park Avenue, New York, NY 10016, www.asme.org.
2 ASTM International, 100 Barr Harbor Drive, West Conshohocken, Pennsylvania 19428, www.astm.org.
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ASTM A608/A608M, Standard Specification for Centrifugally Cast Iron-Chromium-Nickel High-Alloy Tubing
for Pressure Application at High Temperatures

ASTM B407, Standard Specification for Nickel-Iron-Chromium Alloy Seamless Pipe and Tube

WRC Bulletin 541 3, Evaluation of Material Strength Data for Use in APl Std 530, M. Prager, D.A. Osage,
and C.H. Panzarella, 2013

3 Terms and Definitions
For the purposes of this document, the following terms and definitions apply.

3.1
actual inside diameter
D.

|
Inside diameter of a new tube.

NOTE  The actual inside diameter is used to calculate the tube skin temperature in Annex B and the thermal stress in
Annex C.

3.2
component fitting
Fittings connected to the fired heater tubes.

EXAMPLES Return bends, elbows, reducers.
NOTE 1 There is a distinction between standard component fittings and specially designed component fittings; see 5.9.

NOTE 2 Typical material specifications for standard component fittings are ASTM A234/A234M ™ ASTM
A403/A403M ¥, and ASTM B366 V.

3.3
corrosion allowance

da
Additional material thickness added to allow for material loss during the design life of the component.

34
design life

pL
Operating time used as a basis for tube design.

NOTE  The design life is not necessarily the same as the retirement or replacement life.

3.5

design metal temperature

Ty

Tube-metal or skin temperature used for design.

NOTE  This is determined by calculating the maximum tube metal temperature (7;,,54 in Annex B) or the equivalent
tube metal temperature (Teq in 3.8) and adding an appropriate temperature allowance (see 3.16). A procedure for

calculating the maximum tube metal temperature from the heat-flux is included in Annex B. When the equivalent tube
metal temperature is used, the maximum operating temperature can be greater than the design metal temperature.

3 Welding Research Council, P.O. Box 201547, Shaker Heights, Ohio 44122, forengineers.org.
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CALCULATION OF HEATER-TUBE THICKNESS IN PETROLEUM REFINERIES 3

When the equivalent tube metal temperature is used to determine the design metal temperature, this design metal
temperature is only applicable to the rupture design. It is necessary to develop a separate design metal temperature
applicable to the elastic design. The design metal temperature applicable to the elastic design is the maximum calculated
tube metal temperature among all operating cases plus the appropriate temperature allowance.

3.6

elastic allowable stress
time-independent allowable stress
Oel

Allowable stress for the elastic range. See 6.2.

3.7

elastic design pressure

Pel

Maximum pressure that the heater coil can sustain for short periods of time.

NOTE  This pressure is usually related to relief-valve settings, pump shut-in pressures, etc.

3.8
equivalent tube metal temperature

Te
q
Calculated constant metal temperature that in a specified period of time produces the same creep damage

as does a changing metal temperature.

NOTE  The equivalent tube metal temperature concept is described in more detail in 5.8. It provides a procedure to
calculate the equivalent tube metal temperature based on a linear change of tube metal temperature from start-of-run to
end-of-run.

3.9
inside diameter

Dy
Inside diameter of a tube with the corrosion allowance removed; used in the design calculations.

NOTE The inside diameter of an as-cast tube is the inside diameter of the tube with the porosity and corrosion
allowances removed.

3.10

minimum thickness
Jmin

Minimum required thickness of a new tube, taking into account all appropriate allowances.

NOTE  See 5.4, Equation (5).

3.11

outside diameter

DO

Outside diameter of a new tube.

3.12

rupture allowable stress

time-dependent allowable stress

O-I'

Allowable stress for the creep-rupture range. See 5.4.

Copyright American Petroleum Institute
Provided by IHS under license with API

No reproduction or networking permitted without license from IHS r




4 AP| STANDARD 530

3.13

rupture design pressure

Pr

Maximum operating pressure that the coil section can sustain during normal operation.

3.14

rupture exponent

n

Parameter used for design in the creep-rupture range.

NOTE  See Figures E.2 through E.65 and Tables E.1 through E.22 (and Figures F.2 through F.65 and Tables F.1
through F.22).

3.15

stress thickness
)

(¢}
Thickness, excluding all thickness allowances, calculated from an equation that uses an allowable stress.

3.16

temperature allowance

Ta

Part of the design metal temperature that is included for process- or flue-gas mal-distribution, operating
unknowns, and design inaccuracies.

NOTE  The temperature allowance is added to the calculated maximum tube metal temperature or to the equivalent
tube metal temperature to obtain the design metal temperature (see 3.5).

4 General Design Information
4.1 Information Required

The design parameters (design pressures, design fluid temperature, corrosion allowance, and tube material)
shall be defined. In addition, the following information shall be furnished:

a) design life of the heater tube;

b) whether the equivalent-temperature concept is to be applied and, if so, the operating conditions at the
start and at the end of the run;

c) temperature allowance (see ANSI/API 560), if any;

d) corrosion fraction (if different from that shown in Figure 1);

e) whether elastic-range thermal-stress limits are to be applied.

If any of items a) to e) are not furnished, use the following applicable parameters:
— design life equal to 100,000 hours;

— design metal temperature based on the maximum metal temperature (the equivalent-temperature
concept shall not apply);

— temperature allowance equal to 15 °C (25 °F);
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— corrosion fraction given in Figure 1;
— elastic-range thermal-stress limits.
4.2 Limitations for Design Procedures

4.21 The allowable stresses are based on a consideration of yield strength and rupture strength only;
plastic or creep strain has not been considered. Using these allowable stresses can result in small
permanent strains in some applications; however, these small strains do not affect the safety or operability of
heater tubes.

4.2.2 No considerations are included for adverse environmental effects, such as graphitization,
carburization or hy{?rogen attack. Limitations imposed by hydrogen attack may be developed from the Nelson
curves in AP 941 .

4.2.3 These design procedures have been developed for seamless tubes. They are not applicable to tubes
that have a longitudinal weld. ANSI/API 560 allows only seamless tubes.

4.2.4 These design procedures have been developed for thin tubes (tubes with a thickness-to-outside-
diameter ratio, d,,/D,, of less than 0.15). Additional considerations can apply to the design of thicker tubes.

4.2.5 No considerations are included for the effects of cyclic pressure or cyclic thermal loading.

4.2.6 Limits for thermal stresses are provided in Annex C. Stresses imposed by tube/fluid weight, supports,
end connections, and so forth are not discussed in this standard.

4.2.7 The relationship between temperature, stress, and time to failure (taken here to mean test, service, or
design life) is represented by the Larson-Miller Parameter (LMP) as explained 6.6 and in H.5. The limiting
design metal temperature ranges for each material for which the LMP applies are shown in Table 5.

4.2.8 The procedures in this standard have been developed for systems in which the heater tubes are
subject to an internal pressure that exceeds the external pressure. There are some cases in which a heater
tube can be subject to a greater external pressure than the internal pressure. This can occur, for example, in
vacuum heaters or on other types of heaters during shutdown or trip conditions, especially when a unit is
cooling or draining, forming a vacuum inside the heater tubes. Conditions where external pressures exceed
the internal pressures can govern heater-tube wall thickness. Determination of this (i.e. vacuum design) is
not covered in this standard. In the absence of applicable local or national codes, it is recommended that a
pressure vessel code, such as ASME BPVC, Section VIII, Division 1 be used to address external pressure
designs.

5 Design
5.1 General

There is a fundamental difference between the behavior of carbon steel in a hot-oil heater tube operating at
300 °C (575 °F) and that of chromium-molybdenum steel in a catalytic-reformer heater tube operating at
600 °C (1110 °F). The steel operating at the higher temperature creeps, or deforms permanently, even at
stress levels well below the yield strength. If the tube metal temperature is high enough for the effects of
creep to be significant, the tube eventually fails due to creep rupture, although no corrosion or oxidation
mechanism is active. For the steel operating at the lower temperature, the effects of creep are nonexistent or
negligible. Experience indicates that, in this case, the tube lasts indefinitely, unless a corrosion or an
oxidation mechanism is active.
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Since there is a fundamental difference between the behaviors of the materials at these two temperatures,
there are two different design considerations for heater tubes: elastic design and creep-rupture design.
Elastic design is design in the elastic range, in which allowable stresses are based on the yield strength (see
5.3) and are independent of service time. Creep-rupture design (referred to below as rupture design) is the
design for the creep-rupture range, at higher temperatures, in which allowable stresses are based on the
rupture strength (see 5.4) and are dependent of service time.

The temperature that separates the elastic and creep-rupture ranges of a heater tube is not a single value; it
is a range of temperatures that depends on the alloy. For carbon steel, the lower end of this temperature
range is about 425 °C (800 °F); for type 347 stainless steel, the lower end of this temperature range is about
590 °C (1100 °F). The considerations that govern the design range also include the elastic design pressure,
the rupture design pressure, the design life, and the corrosion allowance.

The rupture design pressure is never more than the elastic design pressure. The characteristic that
differentiates these two pressures is the relative length of time over which they are sustained. The rupture
design pressure is a long-term loading condition over a period of years. The elastic design pressure is
usually a short-term loading condition that typically lasts only hours or days. The rupture design pressure is
used in the rupture design equation, since creep damage accumulates as a result of the action of the
operating, or long-term, stress. The elastic design pressure is used in the elastic design equation to prevent
excessive stresses in the tube during periods of operation at the maximum pressure.

The tube shall be designed to withstand the rupture design pressure for long periods of operation. If the
operating pressure increases during an operating run, the highest pressure shall be taken as the rupture
design pressure.

In the temperature range near or above the point where the elastic and rupture allowable stress curves cross,
both elastic and rupture design equations are to be used. The larger value of J,,, shall govern the design
(see 5.5). A sample calculation that uses these methods is included in Section 7. Calculation sheets (see
Annex D) are available for summarizing the calculations of minimum thickness and equivalent tube metal

temperature.

The minimum allowable thickness of a new tube is given in Table 1. All of the design equations described in
Section 5 are summarized in Table 2.

If the heater is required to operate in turndown or operating conditions other than design mode, the
purchaser shall identify this on the datasheet. A review of these operations is required with the purpose of
identifying the most conservative case.

Copyright American Petroleum Institute
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS




CALCULATION OF HEATER-TUBE THICKNESS IN PETROLEUM REFINERIES

5
wy
g 0.9 T 12
= - -
S = A 10
\.: LA H 9 <
= -
Re) P P A = 4 8 c
8 A | 1 — 7 g
— Vi
£ 085 paira = 2
o S - T 6 %
AP SV 4D ar=d (0]
émm:§w+;mv§6ﬁ '/‘:, "’pA o 5 g
- . ALV AV =
7 o =2
Wy 7| [
0.8 L ”' A ,gif 4
: ! : - a7 7 e e
V.AV.8 4 2z
F [ 277 A yAr.d4
VA . Vi 3
ol 7 Ay ]r '_/ >,
1 1 ’if LA Jr‘.’f/ /1/ f:}p‘ L // L
» 4 e / 7 LA
0.75 av.dv.dvd 7
4 'l" | yd r“ 2 ,V pd » {I
!,' 4 i;f o fr‘/gf AL
ydr /] faPalV / vd dEaR
7 | A 7 ~d = A
P4 4 v 7 4
F, . 7 v
0.7 A A A
. ’ 7 / jff fffj"s” " / /
AN AR A7 o '{’//”
A AL ATH 21 1A
7 F AV .4 yd
AV S r S aviv. A L F Al 7
4 FraAvird ol PZanP S ars
/ it anaaras &
.85 Fd AL Z S
7. 7. A .
Vi 7’ rARP pr
Fi 7 ¥
Fd .y
I |
F7 A Ay 1
e
0.8 e
AL P
pd
. " 4’9 |
94V
7
7/
/, A
0.55 77
[ 1] vy,
/94
] /.
Thd
05 A1
0 0.25 0.5 0.75 1@ 15 2 25
Parameter B
Key
_ Pr Dy
o =——>—
20+ pr

oca 18 the corrosion allowance

‘D, is the outside diameter

-0, isthe rupture allowable stress

épr is the rupture design pressure
;B = 0cal O

2 Note change of scale at X = 1.

Figure 1—Corrosion Fraction
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5.2 Equation for Stress

In both the elastic range and the creep-rupture range, the design equation is based on the mean-diameter
equation for stress in a tube. In the elastic range, the elastic design pressure, p,, and the elastic allowable

stress, oy, are used. In the creep-rupture range, the rupture design pressure, p,, and the rupture allowable
stress, o, are used.

The mean-diameter equation gives a good estimate of the pressure that produces yielding through the entire
tube wall in thin tubes (see 4.2, fourth paragraph, for a definition of thin tubes). The mean-diameter equation
also provides a good correlation between the creep rupture of a pressurized tube and a uniaxial test
specimen. Therefore, it shall be used in both the elastic range and the creep-rupture range [51 [6l. [7]. [8], The
mean-diameter equation for stress is as given in Equation (1):

o-(5-9-5(29

o is the stress, expressed in megapascals (pounds per square inch);
is the pressure, expressed in megapascals (pounds per square inch);

is the outside diameter, expressed in millimeters (inches);
is the inside diameter, expressed in millimeters (inches), including the corrosion allowance;

60 s the thickness, expressed in millimeters (inches).

The equations for the stress thickness, d;, in 5.3 and 5.4 are derived from Equation (1).

5.3 Elastic Design

The elastic design is based on preventing failure by bursting when the pressure is at its maximum (that is,
when a pressure excursion has reached p,,) near the end of the design life after the corrosion allowance has

been used up. With the elastic design, J; and 4, (see 5.6) are calculated as given in Equations (2) and (3):

o = pelDo or 50 — pelDi (2)
20| + Pl 206 — Pel
Smin = 95+ ca (3)

where
D; s the inside diameter, expressed in millimeters (inches), with corrosion allowance removed;

o, s the elastic allowable stress, expressed in megapascals (pounds per square inch), at the design
metal temperature.
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5.4 Rupture Design

The rupture design is based on preventing failure by creep rupture during the design life. With the rupture
design, J; and 4, (see 5.6) are calculated from Equations (4) and (5):

D D
o — Pr [e] or 50 — pr 1 (4)
20, + py 20, - pr
5min = 5(5 +fcorr5CA ()
where

o, s the rupture allowable stress, expressed in megapascals (pounds per square inch), at the design
metal temperature and the design life;

Jeorr is the corrosion fraction, given as a function of B and » in Figure 1;

B = é‘CA/é‘G;
n is the rupture exponent at the design metal temperature (shown in the figures given in Annexes E
and F).

The derivation of the corrosion fraction is described in Annex G. It is recognized in this derivation that stress
is reduced by the corrosion allowance; correspondingly, the rupture life is increased.

Equations (4) and (5) are suitable for heater tubes; however, if special circumstances require that the user
choose a more conservative design, a corrosion fraction of unity (f.,,, = 1) may be specified.

5.5 Intermediate Temperature Range

At temperatures near or above the point where the curves of o, and o, intersect in the figures given in

Annex E and Annex F, either elastic or rupture considerations govern the design. In this temperature range,
it is necessary to apply both the elastic and the rupture designs. The larger value of &, shall govern the

min
design.
5.6 Minimum Allowable Thickness

The minimum thickness, d,;,, of a new tube (including the corrosion allowance) shall not be less than that

shown in Table 1. For ferritic steels, the values shown are the minimum allowable thicknesses of
schedule 40 average wall pipe. For austenitic steels, the values are the minimum allowable thicknesses of
schedule 10S average wall pipe. (Table 6 shows which alloys are ferritic and which are austenitic.) The
minimum allowable thicknesses are as defined in applicable ASTM specifications. These minima are based
on industry practice. The minimum allowable thickness is not the retirement or replacement thickness of a
used tube.

5.7 Minimum and Average Thicknesses

All thickness specifications shall indicate whether the specified value is a minimum or an average thickness.
The tolerance used to relate the minimum and average wall thicknesses shall be the tolerance given in the
ASTM specification to which the tubes or pipes are purchased.
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Table 1—Minimum Allowable Thickness of New Tubes

Minimum Thickness
Tube Outside Diameter
Ferritic Steel Tubes Austenitic Steel Tubes
mm (in.) mm (in.) mm (in.)
60.3 (2.375) 34 (0.135) 24 (0.095)
73.0 (2.875) 45 (0.178) 2.7 (0.105)
88.9 (3.50) 4.8 (0.189) 2.7 (0.105)
101.6 (4.00) 5.0 (0.198) 2.7 (0.105)
114.3 (4.50) 5.3 (0.207) 27 (0.105)
141.3 (5.563) 5.7 (0.226) 3.0 (0.117)
168.3 (6.625) 6.2 (0.245) 3.0 (0.117)
2191 (8.625) 7.2 (0.282) 3.3 (0.130)
2731 (10.75) 8.1 (0.319) 3.7 (0.144)

5.8 Equivalent Tube Metal Temperature

In the creep-rupture range, the accumulation of damage is a function of the actual operating tube metal
temperatures (TMTs). For applications in which there are significant differences between start-of-run and
end-of-run TMTs, a design based on the maximum temperature can be excessive, since the actual operating
TMT is usually less than the maximum.

For a linear change in metal temperature from start of run, 7y, to end of run, T, an equivalent tube metal
tpmperature, Tgq» May be calculated as shown in Equation (6). A tube operating at the equivalent tube metal
temperature sustains the same creep damage as one that operates from the start-of-run to end-of-run

tpmperatures.
| Teq = Tsor +JT (Teor = Tsor) (6)
where

Teq is the equivalent tube metal temperature, expressed in degrees Celsius (Fahrenheit);

T s the tube metal temperature, expressed in degrees Celsius (Fahrenheit), at start of run;

Toor s the tube metal temperature, expressed in degrees Celsius (Fahrenheit), at end of run;

fr is the temperature fraction given in Figure 2.

The derivation of the temperature fraction is described in Annex G. The temperature fraction is a function of
two parameters, V and N, as given in Equations (7) and (8):

(A" [ 4)

V= ng LE} |nLaJ (7)
(A48)

V(2] ®)
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CALCULATION OF HEATER-TUBE THICKNESS IN PETROLEUM REFINERIES 11

where

ng is the rupture exponent at T

AT* is the temperature change, equal to T, — T, during the operating period;

Toor = Tsop+ 273 °K (OF T, + 460 °R);

In is the natural logarithm;

A6 is the change in thickness, equal to Peorrlops expressed in millimeters (inches), during the
operating period;

Beorr is the corrosion rate, expressed in millimeters per year (or inches per year);

fop is the duration of operating period, expressed in years;

do is the initial thickness, expressed in millimeters (inches), at the start of the run;

o is the initial stress, expressed in megapascals (pounds per square inch), at the start of the run,
using Equation (1);

A is the material constant, expressed in megapascals (pounds per square inch).

The constant 4 is given in Table 3. The significance of the material constant is explained in G.5.

— -
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c c
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3 ! B
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“ 09 = 0.9
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Figure 2—Temperature Fraction
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Table 2—Summary of Working Equations

Elastic design:

D D
__ PelPo or 8y = PelVj 2)
20 + pe 206 — Pel
Smin = 05+ dca (3)
Rupture design:
D D
50:&0”50:”—' 4)
20, +p, 20, - p;
Omin = 9 +JeorrOcA (5)
where
O is the stress thickness, expressed in millimeters (inches);
pPel I8 the elastic design gauge pressure, expressed in megapascals (pounds per square inch);
Dy is the rupture design gauge pressure, expressed in megapascals (pounds per square inch);
D, s the outside diameter, expressed in millimeters (inches);
D{" is the inside diameter, expressed in millimeters (inches), with the corrosion allowance removed;
o, s the elastic allowable stress, expressed in megapascals (pounds per square inch), at the design
metal temperature;
o, is the rupture allowable stress, expressed in megapascals (pounds per square inch), at the design
metal temperature and design life;
Omin I8 the minimum thickness, expressed in millimeters (inches), including corrosion allowance;
oca is the corrosion allowance, expressed in millimeters (inches);
feorr is the corrosion fraction, given in Figure 1 as a function of B and n, where B = dcp /95 ;
n is the rupture exponent at the design metal temperature.

Equivalent tube metal temperature:

Tequsor"’fT(Teor_Tsor) (6)
where
AT™ (= Teor — Tsor) iS the temperature change, expressed in degrees Kelvin (degrees Rankine), during

the operating period;
is the tube metal temperature, expressed in degrees Celsius (Fahrenheit), at the start of the run;

is the tube metal temperature, expressed in degrees Celsius (Fahrenheit), at the end of the run;
=Tgor + 273 °K (0Or T, + 460 °R);

is the material constant, expressed in megapascals (pounds per square inch) from Table 3;

is the initial stress, expressed in megapascals (pounds per square inch), at the start of the run
using Equation (1);

(= Peorrlop) is the change in thickness, expressed in millimeters (inches), during the operating
period;

is the initial thickness, expressed in millimeters (inches), at the start of the run;

is the corrosion rate, expressed in millimeters per year (inches per year);

is the duration, expressed in years, of the operating period.
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Table 3—Material Constant for Temperature Fraction

Constant
Material Type or Grade 4
MPa (psi)
Low-carbon steel — 4.10 x 10% (5.95 x 107)
Medium-carbon steel B 3.55 x 10° (5.15 x 107)
C-¥zMo steel T1 or P1 473 x 108 (6.86 x 1010)
1-Y4Cr-VsMo steel T11 or P11 9.10 x 108 (1.32 x 109)
2-4Cr-1Mo steel T22 or P22 3.30 x 105 (4.79 x 107)
3Cr-1Mo steel T21 or P21 3.38 x 10° (4.91 x 107)
5Cr-%:Mo steel T5 or P5 3.38 x 10° (4.91 x 107)
5Cr-%2Mo-Si steel T5b or P5b 3.38 x 10° (4.91 x 107)
9Cr-1Mo steel T9 or P9 1.68 x 10° (2.43 x 108)
9Cr-1Mo V steel T91 or P91 1.13 x 10° (1.64 x 108)
18Cr-8Ni steel 304 or 304H 2.05 x 10° (2.98 x 107)
18Cr-8Ni steel 304L 1.37 x 10° (1.99 x 107)
16Cr-12Ni-2Mo steel 316 or 316H 4.02 x 105 (5.83 x 107)
16Cr-12Ni-2Mo steel 316L 4.67 x 10% (6.77 x 107)
16Cr-12Ni-3Mo steel 317L 3.23x 10° (4.69 x 107)
18Cr-10Ni-Ti steel 321 1.57 x 108 (2.28 x 108)
18Cr-10Ni-Ti steel 321H 8.77 x 10° (1.27 x 108)
18Cr-10Ni-Nb 2 steel 347 3.74 x 10° (5.43 x 107)
18Cr-10Ni-Nb 2 steel 347H 5.05 x 105 (7.33 x 107)
Ni-Fe-Cr Alloy 800 1.37 x 108 (1.99 x 108)
Ni-Fe-Cr Alloy 800H 2.20 x 105 (3.18 x 107)
Ni-Fe-Cr Alloy 800HT 1.80 x 10% (2.61 x 107)
25Cr-20Ni HK-40 9.57 x 104 (1.39 x 107)

a

Formerly called columbium, Cb.

The temperature fraction and the equivalent temperature shall be calculated for the first operating cycle. In
applications that involve very high corrosion rates, the temperature fraction for the last cycle is greater than

that for the first. In such cases, the calculation of the temperature fraction and the equivalent temperature

should be based on the last cycle.

If the temperature change from start-of-run to end-of-run is other than linear, a judgment shall be made

regarding the use of the value of f; given in Figure 2.

Note that the calculated thickness of a tube is a function of the equivalent temperature, which, in turn, is a
function of the thickness (through the initial stress). A few iterations may be necessary to arrive at the design.
(See the sample calculation in 7.4.)
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5.9 Component Fittings

Component fittings manufactured in accordance with ASME B16.9 ® are considered suitable for use at the
pressure-temperature ratings specified therein. Other wrought (non-ASME B16.9) component fittings shall be
specially designed in accordance with this. Cast components are not covered by this standard.

¢

oo

Key < >
r, is the outer radius;

r. is the inner radius.

For other symbols, see text below Equation (9).
Figure 3—Return Bend and Elbow Geometry

The stress variations in a return bend or elbow (see Figure 3) are far more complex than in a straight tube.
The hoop stresses at the inner radius of a return bend are higher than in a straight tube of the same
thickness. It might be necessary for the minimum thickness at the inner radius to be greater than the
minimum thickness of the attached tube. Forged return bends generally result in greater thickness at the
inner radius.

Thé hoop stress ¢;, expressed in megapascals (pounds per square inch), along the inner radius of the bend
is given by Equation (9):

o = 2ry—ny,
2(r5 = 1) (9)
where
rq is the center line radius of the bend, expressed in millimeters (inches);
rm is the mean radius of the tube, expressed in millimeters (inches);

o isthe stress, expressed in megapascals (pounds per square inch), given by Equation (1).

The hoop stress o, expressed in megapascals (pounds per square inch), along the outer radius is given by
Equation (10):

21y +1,

2(r0|+rm) g (10)

Oy =
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Using the approximation that r,,, is almost equal to D /2, Equation (9) can be solved for the stress thickness
at the inner radius. For design, the stress thickness is given by Equation (11).

D
oi= sl — (11)
2Ni0'+p
where
Osi is the stress thickness, expressed in millimeters (inches), at the inner radius;
4 _p
D
N, =—2 (12)
47d 4
o
o is the allowable stress, expressed in megapascals (pounds per square inch) at the design metal
temperature.

NOTE 1  p represents both elastic design pressure and rupture design pressure.

The return bend thickness evaluations shall be made using both elastic design pressure and rupture design
pressure, and the governing thicknesses shall be the larger values at the inner and outer radii.

Using the approximation given above, Equation (10) can be solved for the stress thickness at the outer
radius. For elastic design, the stress thickness is as given in Equation (13):

co = Dop (13)
2Nyo+p
where
050 Is the stress thickness, expressed in millimeters (inches), at the outer radius;
47d 12
No = —2— (14)
4-9 41
DO
o is the allowable stress, expressed in megapascals (pounds per square inch), at the design metal
temperature.

NOTE 2  p represents both elastic design pressure and rupture design pressure.

The return bend thickness evaluations shall be made using both elastic design pressure and rupture design
pressure, and the governing thicknesses shall be the larger values at the inner and outer radii.

The minimum thickness, J;, at the inside radius and the minimum thickness, J;,, at the outside radius shall
be calculated using Equations (11) and (13). The corrosion allowance, dcp, shall be added to the minimum

calculated thickness.

The minimum thickness along the neutral axis of the bend shall be the same as for a straight tube.
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6 Allowable Stresses
6.1 General

The allowable stresses for various heater-tube alloys are plotted against design metal temperature in
Figures E.1 to E.64 (Sl units) and Figures F.1 to F.64 [U.S. customary (USC) units]. The data is also shown
in tabular format in Tables E.1 to E.22 and Tables F.1 to F.22. The values shown in these figures and tables
are recommended only for the design of heater tubes. These figures show two different allowable stresses,
the elastic allowable stress and the rupture allowable stress. The bases for these allowable stresses are
given in 6.2 and 6.3 (see also 4.2.3).

6.2 Elastic Allowable Stress

The elastic allowable stress, g, is two-thirds of the yield strength at temperature for ferritic steels and 90 %

of the yield strength at temperature for austenitic steels. The data sources for the yield strength are given in
Annex H.

If a different design basis is desired for special circumstances, the user shall specify the basis, and the
alternative elastic allowable stress shall be developed from the yield strength.

6.3 Rupture Allowable Stress

The rupture allowable stress, o, is 100 % of the minimum rupture strength for a specified design life within

the limiting design metal temperatures shown in Table 5. Section H.6 defines rupture strength and provides
the data sources. The 20,000-hour, 40,000-hour, 60,000-hour, and 100,000-hour rupture allowable stresses
were developed from the Larson-Miller Parameter curves for the minimum rupture strength. For a design life
other than those shown, the corresponding rupture allowable stress shall be developed from the Larson-
Miller Parameter curves for the minimum rupture strength (see 6.6). The Larson-Miller curves used are
based on curves published in WRC Bull 541 and reflect the mechanical property data obtained from tubes
manufactured using modern techniques.

If a different design basis is desired, the user shall specify the basis, and the alternative rupture allowable
stress shall be developed from the Larson-Miller Parameter curves for the minimum or average rupture
strength. If the resulting rupture allowable stress is greater than the minimum rupture strength for the design
life, the effects of creep on the tube design equation should be considered.

6.4 Rupture Exponent

Figures E.2 to E.65 and Figures F.2 to F.65 show the rupture exponent, », as a function of the design metal
temperature. The rupture exponent is used for design in the creep-rupture range (see 5.4). The meaning of
the rupture exponent is discussed in H.7. The rupture exponent values for each material are also listed in
tabular format in Tables E.1 to E.22 and Tables F.1 to F.22.

6.5 Yield and Tensile Strengths

Figures E.1 to E.64 and Figures F.1 to F.64 in Annex F also show the yield and tensile strengths. These
curves are included for reference only. Their sources are given in Annex H.

6.6 Larson-Miller Parameter Curves

Figures E.3 to E.66 and Figures F.3 to F.66 show the Larson-Miller Parameter as a function of stress. The
Larson-Miller Parameter as a function of stress [LMP(0)] is calculated from the design metal temperature, T,

and the design life, 7y, as given in Equations (15) and (16). LMP dimensions are not specified in this
document.

Copyright American Petroleum Institute
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS




CALCULATION OF HEATER-TUBE THICKNESS IN PETROLEUM REFINERIES 17

When T is expressed in degrees Celsius:

LMP(0) = (T4 + 273) (CLm + logio tp;) (15)
When T is expressed in degrees Fahrenheit:

LMP(0) = (T4 + 460) (C_m + log1o 7p) ) (16)

In past editions of this document, the Larson-Miller constant, C|\, used was a single value used for broad
material groups [i.e. Cp = 20 for ferrous materials and C\ = 15 for high alloy and nonferrous (high-nickel)
materials].

However, in this document, the Larson-Miller constant have been optimized, specific for each individual
material group. Table 4 lists the Larson-Miller Constants for minimum and average properties for each alloy.
These values were obtained from Table 3 and Table 3M of WRC Bull 541. Refer to H.5 for a detailed
description of how these curves were derived.

The Larson-Miller Parameter versus rupture strength curve are shown as Figures E.3 through E.66 and
Figures F.3 through F.66 for each individual material. These curves may be used to calculate remaining tube
life, as described in Annex A.

The plot of the minimum rupture strength against the Larson-Miller Parameter is included so that the rupture
allowable stress can be determined for any design life. The curves shall not be used to determine rupture
allowable stresses for temperatures higher than the limiting design metal temperatures shown in Table 5.
Furthermore, the curves can give inaccurate rupture allowable stresses for a tube life of less than
20,000 hours or greater than 200,000 hours (refer to H.5).

6.7 Limiting Design Metal Temperature

The limiting design metal temperature for each heater-tube alloy is given in Table 5. The limiting design
metal temperature is the upper limit of the reliability of the rupture strength data. Higher temperatures, i.e. up
to 30 °C (50 °F) below the lower critical temperature, are permitted for short-term operating conditions, such
as those that exist during steam-air decoking or regeneration. Operation at higher temperatures can result in
changes in the alloy’s microstructure. Lower critical temperatures for ferritic steels are shown in Table 5.
Austenitic steels do not have lower critical temperatures. Other considerations can require lower operating-
temperature limits, such as oxidation, graphitization, carburization, and hydrogen attack. These factors shall
be considered when furnace tubes are designed.

6.8 Allowable Stress Curves

The rupture allowable stress curves were developed from the information found in Section 6 of WRC Bull
541 and reflect the mechanical property data obtained from tubes manufactured using modern techniques.
The figure number for set of curves for each alloy is shown in Table 6 below.
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Table 4—Larson-Miller Constants

Larson-Miller Constants
Material Type or Grade Cum
minimum properties average properties
Low-carbon steel — 18.15 17.70
Medium-carbon steel B 15.6 15.15
C-%:Mo steel T1 or P1 19.007756 18.72537
1-%4Cr-2Mo steel T11 or P11 22.05480 21.55
2-Y4Cr-1Mo steel T22 or P22 19.565607 18.9181
3Cr-1Mo steel T21 or P21 15.785226 15.38106
5Cr-"2Mo steel T5 or P5 16.025829 15.58928
5Cr-"2Mo-Si steel T5b or P5b 16.025829 15.58928
9Cr-1Mo steel T9 or P9 26.223587 25.85909
9Cr-1Mo V steel T91 or P91 30.886006 30.36423
18Cr-8Ni steel 304 or 304H 16.145903 15.52195
18Cr-8Ni steel 304L 18.287902 17.55
16Cr-12Ni-2Mo steel 316 or 316H 16.764145 16.30987
16Cr-12Ni-2Mo steel 316L 15.740107 15.2
16Cr-12Ni-3Mo steel 317L 15.740107 15.2
18Cr-10Ni-Ti steel 321 13.325 12.8
18Cr-10Ni-Ti steel 321H 15.293986 14.75958
18Cr-10Ni-Nb? steel 347 14.889042 14.25
18Cr-10Ni-Nb? steel 347H 14.17 13.65
Ni-Fe-Cr Alloy 800 17.005384 16.50878
Ni-Fe-Cr Alloy 800H 16.564046 16.04227
Ni-Fe-Cr Alloy 800HT 13.606722 13.2341
25Cr-20Ni HK-40 10.856489 10.4899
@ Formerly called columbium, Cb.
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Table 5—Limiting Design Metal Temperature for Heater-tube Alloys

Limiting Design Metal Temperature

Lower Critical Temperature

Materials Type or Grade

°C (°F) °C (°F)
Low carbon steel — 540 (1000) 720 (1325)
Medium carbon steel B 540 (1000) 720 (1325)
C-% Mo steel T1 or P1 566 (1050) 720 (1325)
1% Cr-2 Mo steel T11 or P11 650 (1200) 775 (1430)
2%,Cr-1Mo steel T22 or P22 650 (1200) 805 (1480)
3Cr-1Mo steel T21 or P21 650 (1200) 815 (1500)
5Cr-%2 Mo steel T5 or P5 650 (1200) 820 (1510)
5Cr-%2 Mo-Si steel T5b or P5b 650 (1200) 845 (1550)
9Cr-1Mo steel T9 or P9 705 (1300) 825 (1515)
9Cr-1Mo-V steel T91 or P91 705 (1300) 830 (1525)
18Cr-8Ni steel 304 or 304H 815 (1500) — —
18Cr-8Ni steel 304L 677 (1250) — —
16Cr-12Ni-2Mo steel 316 or 316H 815 (1500) — —
16Cr-12Ni-2Mo steel 316L 704 (1300) — —
16Cr-12Ni-3Mo steel 317L 704 (1300) — —
18Cr-10Ni-Ti steel 321 815 (1500) — —
18Cr-10Ni-Ti steel 321H 815 (1500) — —
18Cr-10Ni-Nb steel 347 815 (1500) — —
18Cr-10Ni-Nb steel 347H 815 (1500) — —
Ni-Fe-Cr Alloy 800 815 (1500) — —
Ni-Fe-Cr Alloy 800H 900 (1650) — —
Ni-Fe-Cr Alloy 800HT 900 (1650) — —
25Cr-20Ni HK-40 954 (1750) — —
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Table 6—Index to Allowable Stress Curves

Steel Type Figure Number Alloy
E.1(F.1) Low-carbon steel (A 192)
E.4 (F.4) Medium-carbon steel (A 106B, A 210A1)
E.7 (F.7) C-% Mo Steel
E.10 (F.10) 1% Cr-2 Mo Steel
E.13 (F.13) 2% Cr-1 Mo Steel
Ferritic
E.16 (F.16) 3Cr-1 Mo Steel
E.19 (F.19) 5Cr-2 Mo Steel
E.22 (F.22) 5Cr-%2 Mo-Si Steel
E.25 (F.25) 9Cr-1Mo Steel
E.28 (F.28) 9Cr-1Mo-V Steel
E.31 (F.31) 18Cr-8Ni (304 and 304H) Stainless Steel
E.34 (F.34) 18Cr-8Ni (304L) Stainless Steel
E.37 (F.37) 16Cr-12Ni-2Mo (316 and 316H) Stainless Steel
E.40 (F.40) 16Cr-12Ni-2Mo (316L) Stainless Steel
E.40 (F.40) 16Cr-12Ni-3Mo (317L) Stainless Steel
E.43 (F.43) 18Cr-10Ni-Ti (321) Stainless Steel
Austenitic E.46 (F.46) 18Cr-10Ni-Ti (321H) Stainless Steel
E.49 (F.49) 18Cr-10Ni-Nb (347) Stainless Steel
E.52 (F.52) 18Cr-10Ni-Nb (347H) Stainless Steel
E.55 (F.55) Ni-Fe-Cr (Alloy 800)
E.58 (F.58) Ni-Fe-Cr (Alloy 800H)
E.61 (F.61) Ni-Fe-Cr (Alloy 800HT)
E.64 (F.64) 25Cr-20Ni (HK-40)

7 Sample Calculations

7.1 Elastic Design

The following example illustrates the use of design equations for the elastic range. Suppose the following
information is given (the USC unit conversions in parentheses are approximate):

Material = 18Cr-10Ni-Nb, type 347 stainless steel
Dy =168.3 mm (6.625 in.)

Del = 6.2 MPa gauge (900 psig)
T4 =425 °C (800 °F)

oca=3.2mm (0.125in.)
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From Figure E.49 (Sl units) or Figure F.49 (USC units):
o, = 125 MPa (18,130 psi)

Using Equations (2) and (3):

5o lo2ees)
2(125)+ 62

Omin=41+32=73mm
In USC units:
62
. = M =0161in.

° "~ 2(18,130)+ 900

5min

=0.161+0.125=0.286 in.

This design calculation is summarized in the calculation sheet in Figure 4.

CALCULATION SHEET
S| Units (USC Units)

Heater Plant

Coil Material Type 347

Refinery

ASTM Spec

A 213/A 213M

Calculation of Minimum Thickness

Elastic Design

Rupture Design

Outside diameter, mm (in.)

Design pressure, gauge, MPa (psi)

Maximum or equivalent metal temperature, °C (°F)
Temperature allowance, °C (°F)

Design metal temperature, °C (°F)

Design life, h

Dy = 168.3 (6.625)

Pel= 6.2 (900)

T,

max =

TA:

Ty= 425 (800)

Allowable stress at Ty, Figure E.49 (Figure F.49), MPa (psi)
Stress thickness, Equation (2) or (4), mm (in.)

Corrosion allowance, mm (in.)

0y = 125 (18,130)
.= 4.1(0.161)

Sca= 3.2(0.125)

Corrosion fraction, Figure 1,n= B=

Minimum thickness, Equations (3) or (5), mm (in.)

Smin= 7.3 (0.286)

Dy =

Jeorr =

min =

Figure 4—Sample Calculation for Elastic Design
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7.2 Thermal-stress Check (for Elastic Range Only)

The thermal stress, o, in the tube designed in accordance with 7.1 shall be checked using the following
values for the variables in the equations given in Annex C:

a=1.81x10°K"1(10.05 x 106 R-1) (thermal expansion coefficient taken from ASME
B31.3, Process Piping Code);

E =1.66 x 105 MPa (24.1 x 108 psi) (modulus of elasticity taken from ASME B31.3,
Process Piping Code);

v=0.3 (Poisson’s ratio value commonly used for steels);

4, = 63.1 kW/m?2 [20,000 Btu/(h-ft2)] (assumed heat-flux);

As =20.6 W/(m-K) [11.9 Btu/(h-ft °F)] (thermal conductivity).

Using Sl units in Equation (C.2):

XL(?E)M%HM?—E)HL]H

Yo [(1.81)(1.66)} [(63.1)(168.3)}

4(1-03) 206

X=553.2 MPa

Using USC units in Equation (C.2):

Yo {(1 0.05)(24.1)} {(20,000)(6.625):'

4(1-03) (119)(12)

X =8.026 x 10% psi

The thickness calculated in 7.1 is the minimum. The average thickness shall be used in the thermal-stress
calculation. The average thickness (see 5.7) is calculated as follows:

In Sl units:
(7.2) (1 +0.14) =8.2 mm
In USC units:
(0.284) (1+0.14) =0.324 in.
‘ The actual inside diameter is calculated as follows:
In Sl units:
D;=168.3 -2(8.2)=151.9 mm
y=168.3/151.9=1.108

where y is the ratio of outside diameter to actual inside diameter, D /D,.
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In USC units:
D;=6.625 -2(0.324) = 5.977 in.
y=6.625/5.977 = 1.108

The term in brackets in Equation (C.1) is calculated as follows:

2(1108)
———*—In(1.108)-1=0.106
(1.108)" -1
Using Equation (C.1), the maximum thermal stress, o,y i calculated as follows:
Ormax = (553.2) (0.106)
Ormax = 98.6 MPa

In USC units:
OTmax = (8.026 x 10%) (0.106)
OTmax = 8508 psi

The limits for this stress for austenitic steels are given by Equations (C.4) and (C.6), in which the yield
strength is 139 MPa (20,000 psi).

o7 lim1 = [2.7 - 0.9(1.108)] (139)
o7 jim1 = 237 MPa
o7 im2 = (1.8) (139)
o7 jim2 = 250 MPa
In USC units:
o7 jim1 = [2.7 — 0.9(1.108)] (20,000)
O im1 = 34,100 psi
o7 im2 = (1.8) (20,000)
o7 jim2 = 36,000 psi

Since the maximum thermal stress is less than these limits, the design is acceptable.
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If a thicker tube is specified arbitrarily (as Schedule 80S can be in this example), the actual average tube
thickness shall be used in calculating the thermal stress and its limits as follows:

The inside diameter of a 6-in. Schedule 80S tube is as follows:
D;=146.3 mm
therefore
y=168.3/146.3 = 1.150
In USC units:
D;=5.761n.
y=6.625/5.761=1.150

The term in brackets in Equation (C.1) is calculated as follows:

2(1150)

S In(1150)~1=0.146
(1.150)” 1

Using Equation (C.1), the maximum thermal stress is calculated as follows:

Ormax = (653.2) (0.146)
Ormax = 80.9 MPa

In USC units:

OTmax = (8.026 x 10%) (0.146)
Ormax = 11,718 psi
The average thickness of this tube is 11.0 mm (0.432 in.), so the minimum thickness is calculated as follows:

110

dmin = m =96 mm
In USC units:
0432 .
min = 1014 - 0379 in.

Using Equation (C.9), the stress is calculated as follows:

Opm = 62 (@— ] =512 MPa
2 \ 96
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In USC units:

900 [6.625 ) .
_ 90016625 )\ 7446
%m = 5 0379 pst

The thermal-stress limit based on the primary plus secondary stress intensity is calculated using
Equation (C.14). Using the values above, this limit is calculated as follows:

o7 limt = (2.7 x139) - (1.15 x 51.2)
OT limt = 316.4 MPa
In USC units:
OT jim1 = (2.7 x 20,000) — (1.15 x 7416)
OT limz = 45,470 psi
The thermal-stress ratchet limit is calculated using Equation (C.19). In this case, the limit is as follows:
OT jimz2 = 4[(1.35 x 139) - 51.2]
OT limz = 540.4 MPa
In USC units:
o7 limz = 4[(1.35 % 20,000) - 7416]
OT jim2 = 78,340 psi
The thermal stress in the thicker tube is well below these limits.

7.3 Rupture Design with Constant Temperature

A modification of the example in 7.1 illustrates how the design equations are used for the creep-rupture
range. Suppose the tube described in 7.1 is designed for the following conditions:

T4=705 °C (1300 °F)
tp. = 100,000 hours
p, = 5.8 MPa gauge (840 psig)
From Figure E.49 (Sl units) or Figure F.49 (USC units):

o, = 20.7 MPa (3000 psi)
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Using Equation (4):

In Sl units:
58)(168.3
Oy = M =207 mm
2(20.7)+ 58
In USC units:
840)(6.625
05 = w =081in.
2(3000)+ 840
From this:
In Sl units:
B= 2 =0155
207
In USC units:
g=912° 4155
081

From Figure E.50 (Sl units) or Figure F.50 (USC units):
n=35

With these values for B and n. use Figure 1 to obtain the following corrosion fraction:
Jeorr =0.53

Hence, using Equation (5):

In Sl units:

Sin = 20.7 +(0.53 x 3.2)

Omin = 22.4 mm

In USC units:

Syin = 0.81 + (0.53 x 0.125)

5min

=0.876 in.

To confirm that this is an appropriate design, the elastic design is checked using the elastic design pressure
instead of the rupture design pressure. Using Equations (2) and (3) with the conditions given above:

Iin Sl units:

0 =117 MPa
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§min

=4.07+3.2=7.27 mm

In USC units:
0, = 16,980 psi

(840)(6.625) .
s =———————= 016 in.
2(16,980)+840

§min

=0.16 +0.125=0.285in.

Since ¢,

m
on the calculation sheet in Figure 5.

in based on rupture design is greater, it governs the design. This design calculation is summarized

CALCULATION SHEET
S| Units (USC Units)

Heater Plant

Coll Material Type 347

Refinery

ASTM Spec A 213/A 213M

Calculation of Minimum Thickness

Elastic Design

Rupture Design

Outside diameter, mm (in.)

Design pressure, gauge, MPa (psi)

Maximum or equivalent metal temperature, °C (°F)
Temperature allowance, °C (°F)

Design metal temperature, °C (°F)

Design life, h

Allowable stress at Ty, Figure E.49 (Figure F.49), MPa (psi)
Stress thickness, Equation (2) or (4), mm (in.)

Corrosion allowance, mm (in.)

Corrosion fraction, Figure 1, n=4.4; B =0.264

Minimum thickness, Equation (3) or (5), mm (in.)

D,= 168.3 (6.625)

Pe = 6.2(900)
Thax =

Tph=

Ty= 705 (1300)

Oy = 117 (16980)

5,= 4.34 (0.171)

Sop= 3.18 (0.125)

Snin= 7.27 (0.285)

Dy = 168.3 (6.625)

p,= 5.8(840)

Ty= 705 (1300)
fpL = 100,000

o,= 20.7 (3000)
85= 20.7 (0.81)
dcp= 3.18 (0.125)
Jeorr= 0.53

Snin= 22.4 (0.88)

Figure 5—Sample Calculation for Rupture Design (Constant Temperature)
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7.4 Rupture Design with Linearly Changing Temperature

Suppose the tube described in 7.3 operates in a service for which the estimated tube metal temperature
varies from 635 °C (1175 °F) at the start of run to 690 °C (1275 °F) at the end of run. Assume that the run
lasts a year, during which the thickness changes by about 0.33 mm (0.013 in.).

Assume that the initial minimum thickness is 8.0 mm (0.315 in.); therefore, using Equation (1), the initial
stress is as follows:

In Sl units:
P Do ]
o, == |—=-
=505
= 52 (1993 1) g1 upa
2 80
In USC units:
o, = @ [ —6'625 —1) = 8413 psi
2 0315

At the start-of-run temperature, ny=4.96. From Table 3, 4 is 3.74 x 10° MPa (5.43 x 107 psi). The
parameters for the temperature fraction are, therefore, as follows:

In SI units:
)
_r
V=496 [95058) |n(3'7‘51£’;1 05} =264

N =496 (E) =02
80

In USC units:

100) In(5.43><107\

V=49 [1635 | Tea13 )72

N =496 (m] =02
0315
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From Figure 2, f; = 0.62, and the equivalent temperature is calculated using Equation (6) as follows:
In S| units:
Teq =635+ (0.62 x 55) =669 °C
In USC units:
Toq=1175+(0.62 x 100) = 1237 °F
A temperature allowance of 15 °C (25 °F) is added to yield a design temperature of 684 °C (1262 °F), which

is rounded up to 685 °C (1265 °F). Using this temperature to carry out the design procedure illustrated in 6.3
yields the following:

In Sl units:
05=9.9mm
Omin = 9:9 + (0.572 x 3.2)
Omin = 11.7 mm
In USC units:
65=0.388 in.
Omin = 0.388 + (0.572 x 0.125)
Onmin = 0.460 in.

This thickness is different from the 8.0 mm (0.315in.) thickness that was initially assumed. Using this
thickness, the initial stress is calculated as follows:

In Sl units:
O, = ﬁ [—168'3 - j =388 MPa
2 \117
In USC units:
O, = 840 (@—0 =5629 psi
2 0460
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With this stress, the temperature-fraction parameters " and N become the following:

In Sl units:

6
V:4.96[ 55] IIn(1_23><10 \:3.11
208 L 388 J

N = 4.96[E] =014
117
In USC units:
7
V:4.96( 100} In(5.43 x 10 \:2'78
1635 L 5629 )
N =496 (%] =014
0.460

Using these values in Figure 2, f1=0.62, the value that was determined in the first calculation. Since the

temperature fraction did not change, further iteration is not necessary. This design calculation is summarized
in the calculation sheet in Figure 6.
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CALCULATION SHEET
S| Units (USC Units)

Heater Plant Refinery

Coil Material Type 347 ASTM Spec A 213/A 213M
Calculation of Minimum Thickness Elastic Design Rupture Design
Outside diameter, mm (in.) Dy = Dy= 168.3 (6.625)
Design pressure, gauge, MPa (psi) Pel = pr= 5.8 (840)
Maximum or equivalent metal temperature, °C (°F) Teq= Teq= 669 (1237)
Temperature allowance, °C (°F) Tp= Tp= 15(25)
Design metal temperature, °C (°F) Ty= Ty= 685 (1265)
Design life, h — tp. = 100,000
Allowable stress at Ty, Figure E.49 (Figure F.49) MPa (psi) O = o= 27.6 (4,000)
Stress thickness, Equation (2) or (4), mm (in.) O5= O5= 9.85(0.388)
Corrosion allowance, mm (in.) oca= oca= 3.18 (0.125)
Corrosion fraction, Figure 1, n =4.5; B =0.322 — Jeorr= 0.572
Minimum thickness, Equation (3) or (5), mm (in.) Omin = Omin = 11.68 (0.460)

Calculation of Equivalent Tube Metal Temperature

Duration of operating period, years lop=
Metal temperature, start of run, °C (°F) Tsor =
Metal temperature, end of run, °C (°F) Toor =
Temperature change during operating period, K (°R) AT™ =
Metal absolute temperature, start of run, K (°R) Ts*gr =
Thickness change during operating period, mm (in.) Ad=
Assumed initial thickness, mm (in.) &=
Corresponding initial stress, Equation (1), MPa (psi) oy =
Material constant, Table 3, MPa (psi) A=
Rupture exponent at T, Figure E.50 (Figure F.50) ng =
Temperature fraction, Figure 2, V'=2.64; N=0.2 Jr=
Equivalent metal temperature, Equation (6), °C (°F) Toq=

1.0
635 (1175)

690 (1275)

55 (100)

908 (1635)

0.33 (0.013)

8.00 (0.315)

58.1 (8413)

3.74 x 105 (5.43 x 107)
4.96

0.62

669 (1237)

Figure 6—Sample Calculation for Rupture Design (Changing Temperature)
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Annex A
(informative)

Estimation of Allowable Skin Temperature, Tube
Retirement Thickness, and Remaining Life

A.1 General

Figures E.1 to E.66 (in Annex E) and Figures F.1 to F.66 (in Annex F) have applications other than for the
design of new tubes. They may also be used to help establish operating skin tube metal temperature (TMT)
limits and answer rerating and retirement questions about operating tubes. This annex will first discuss how
operating limits may be set that provide conservative upper bound on operating skin TMT. The second part
of the annex will discuss how to estimate tube remaining life by determining an operating retirement wall
thickness that may then be directly compared with measured thickness data. Finally, the third part of this
annex will discuss in more detail how to estimate lifetime creep damage, including the considerations made
in Annex G.

This annex describes how tube damage and remaining life may be estimated. This assessment of inspection
data is collected in accordance with APl 573 "% and API 570 """ and, assuming the normal or worst case
conditions, may be used to quickly assess the fitness for service of individual tubes. It is recommended that
tubes, return bends, or coil sections that fail the fitness for service assessment be further evaluated by
performing a rigorous Level 1 or 2 assessment of metal loss and/or creep damage following the standard
provided in Parts 4, 5, and 10 of APl 579-1/ASME FFS-1 4. Tubes that pass this evaluation approach
should also pass the rigorous APl 579-1 assessment.

A.2 Establishment of Operating Skin TMT Limits

Once the fired heater is put into service, the design criteria may or may not apply to the actual operating
conditions. However, the capability of the heater is limited by the design conditions. As discussed in API
584 % it is essential to define, monitor, and maintain Integrity Operating Windows (IOWs) as a vital
component of mechanical equipment integrity. The essence of this section is to provide a process to
establish IOW limits for fired heater tubes that will ensure the long-term reliability and short-term safe
operation of the fired heater.

The following process may be used to set TMT operating limits. The operating stress based on the maximum
pressure limit and the design corroded thickness is calculated using the standard equations for hoop stress.
Using the material’s creep properties and the calculated stress, the long-term and short-term TMT operating
limit is selected. The recommended procedure is shown in the process logic diagram, Figure A.1, appearing
on the next page.

The key point is establishing the IOWs and ensuring that the responsible parties understand the basis and
are prepared to act if the limit is reached. For most heaters, these limits will not normally be reached without
a change in operating conditions, e.g. internal fouling. The limits may be conservatively determined by
selecting worst case conditions or less so, but still effective, by applying local knowledge of the operating
process.

For fired heaters that routinely operate in the creep regime the selection of the creep material strength is an
important consideration. It should be appropriate for these heaters to use the average creep material
strength to provide sufficient operating margin between the normal condition and the limit. It may also be
necessary to divide the heater into operating zones, e.g. high, medium, and low pressure, to provide further
clarity to the operating limit.
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A.3 Estimation of Retirement Thickness and Remaining Life

A fitness-for-service assessment for metal loss and creep damage should be performed utilizing the
allowable stress properties provided in this standard. The essence of this assessment procedure may be
outlined as follows. The allowable (or required) minimum wall thickness (Jdmin) to handle the existing
operating conditions is calculated using the standard equations for hoop stress. Based on expected
operating time to the next inspection and measured damage rate, the allowable minimum wall thickness is
increased to account for future metal loss, resulting in an estimate of retirement thickness. Finally, the
remaining life, i.e. time to reach allowable minimum wall thickness, should be estimated based on the
minimum measured wall thickness and measured damage rate. The assessment procedure is shown in the
process logic diagram, Figures A.2a to A.2c, appearing on the next three pages.

As shown in Table A.1, a retirement wall thickness for a 40,000-hour (approximately five-year) run for the
convection and radiant coils has been calculated. This approach is used to quickly assess the fitness for
service of individual tubes in each coil section. The results of the assessment are reported as either pass or
fail. Each tube is evaluated for fitness for service by comparing the minimum measured wall thickness (Jnm)
to the retirement wall thickness (Jeire). The pass determination is based on satisfying the following criterion
for minimum measured wall thickness:

dnm > detire = dnin + FCA (A1)

Satisfying this criterion indicates that the tube is fit for service based on the observed damaged and provided
heater specifications, operating conditions and scheduled turnaround time. The assumption being made is
that future operating conditions will be consistent with the past conditions and future damage is adequately
captured in the future corrosion allowance (FCA). The time to reach the minimum allowable wall thickness
may be estimated as follows:

Remaining life = (Snm — Jmin)/corrosion damage rate (A.2)

Note this assessment is based on heaters that have not operated in the creep regime, i.e. no existing creep
damage. If creep damage (as indicated by measured strain damage) has been observed, further fithess for
service assessment should be done. The extent of creep damage may be estimated as described in the next
section of this annex.

The input conditions for this approach are broken into two basic operating regimes: normal average
operation and normal maximum operation. “Normal”’ term refers to operation that follows defined best
practice or typical practices. Transient, or other nontypical, events are not captured in the assessment, since
these events are obviously not normal practice, not planned and impossible to predict. Note for this reason
design maximum parameters are not used in the assessment, only actual maximum operations are
considered relevant to the assessment. If a significant event does occur, such as hot-spot on an individual
tube, the event would need to be accounted for, in a reassessment, to capture the impact on the individual
tube’s remaining life.

In determining the allowable minimum wall thickness, possible combinations of (long-term and short-term)
temperature and pressure should be defined and evaluated. For the most conservative assessment, the
maximum operating conditions could be used, i.e. maximum pressure and tube metal temperature, to
determine the elastic and creep allowable minimum wall thickness. For the least conservative assessment,
the normal operating conditions could be used, i.e. normal pressure and tube metal temperature. For a
moderately conservative assessment, the normal operating pressure and maximum tube metal temperature
could be used for creep assessment and the maximum operating pressure and normal tube metal
temperature could be used for elastic assessment.

For example, the most conservative assessment, i.e. maximum pressure and tube metal temperature, is
used for Figure A.2 in determining allowable minimum wall thickness. A blank calculation sheet may be
found in Annex D.
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Table A.1—Retirement Wall Thickness

Parameter | Convection | Radiant | Unit | Reference

Pressure, P

Normal 1.83 (265) 1.83 (265) MPa.g (psig)

Maximum 2.41 (350) 2.41 (350) MPa.g (psig)
Tube metal temperature, TMT

Normal 303 (578) 414 (778) °C (°F)

Maximum 370 (698) 482 (900) °C (°F)
Operating plan

Time to next inspection 40,000 40,000 hours

Time to tube retirement Unknown Unknown hours

Future corrosion allowance, FCA 1.02 (0.040) 1.07 (0.042) mm (inch)

Allowance for supplemental load(s) None None mm (inch)
Tube parameters

Outside diameter, D 127 (5.000) 127 (5.000) mm (inch)

Nominal wall thickness, dhom 9.52 (0.375) 9.52 (0.375) mm (inch)

. S Medium Medium
Material specification —
carbon steel carbon steel

Creep material strength property Minimum Minimum —
Creep life fraction consumed None None —
Allowable stress, S

Elastic 109.0 (15,805) | 89.4 (12,969) MPa (psi) API 530

Creep 109.0 (15,805) | 55.6 (8,065) MPa (psi) API 530
Minimum required thickness, dmin

Value 2.54 (0.100) 2.69 (0.106) mm (inch) API 579

Basis Structural Creep — API 579
Retirement wall thickness, Jetire 3.56 (0.140) 3.76 (0.148) mm (inch) Equation (1)
Minimum measured thickness, dnm 8.13 (0.320) 8.18 (0.322) mm (inch)
Remaining life >20 >20 years Equation (2)

A.4 Estimation of Accumulated Creep Damage

A.41 General

The information presented in this section and considerations made in Annex G may be used to estimate life-
time creep damage for heaters operating in the creep regime. Because of the uncertainties involved in these
calculations, decisions about tube retirement should not be based solely on the results of these calculations.
Other factors such as tube thickness or diameter-strain measurements should be primary considerations in
decisions about tube retirement.

The essence of this calculation procedure may be outlined as follows. The operating history is divided into
periods of time during which the pressure, metal temperature, and corrosion rate are assumed constant. For
each of these periods, the life fraction used up is calculated. The sum of these calculated life fractions is the
total accumulated tube damage. The fraction remaining is calculated by subtracting this sum from unity.
Finally, the remaining life fraction is transformed into an estimate of the expected life at specified operating
conditions.

There are three primary areas of uncertainty in these calculations. First, it is necessary to estimate the
accumulated tube damage (the life fraction used up) based on the operating history, i.e. the influence from
the operating pressure, the tube-metal temperature, and the corrosion rate, of the tube. The uncertainties in
these factors, particularly the temperature, may have a significant effect on the estimate. Second, knowledge
of the actual rupture strength of a given tube is not precise. The example calculation in A.4 demonstrates the
effects of this uncertainty. Finally, it is necessary to consider the tube-damage rule as described in G.2.
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However, as mentioned in G.2, the limitations of this hypothesis are not well understood. In spite of all these
uncertainties, the estimation that is made using the procedure described in this annex may provide
information that assists in making decisions about tube rerating and retirement.

A more detailed life-assessment evaluation for heater tubes operating in the creep-rupture range may be
found in API 579.

Since the concepts required to estimate damage are developed elsewhere in this standard, they are not
repeated here. The calculation procedure may be explained by working through an example. For this
example, the following conditions are assumed:

Material: 16Cr-12Ni-2Mo (type 316) stainless steel;
Outside diameter: 168.3 mm (6.625 in.);
Initial minimum thickness: 6.8 mm (0.268 in.).

It is also assumed that the operating history of the tube may be approximated as shown in Table A.2. (The SI
conversions are approximate.)

It is not necessary that the operating periods be of uniform length. In an actual heater, neither the operating
pressure nor the metal temperature is uniform. Nonetheless, for this calculation, they are assumed to be
uniform during each period. The values chosen for each period should represent typical values. The choice
of the length of the operating period depends on the extent of the variation of the pressure and temperature.

It is necessary to approximate the operating history for the tube thickness. This history may usually be
developed from thickness measurements made before the initial start-up and during routine heater-tube
inspections. For all of these estimates, it is assumed that the outside diameter remains constant.

Table A.2—Approximation of the Operating History

. Operating Gauge Tube Metal Minimum Thickness
Operation | Duration P T t
X ressure emperature Beginning End
Period
a@d MPa.g (psig) °C (°F) mm (in.) mm (in.)
1 1.3 3.96 (575) 649 (1200) 6.81 (0.268) 6.40 (0.252)
2 0.6 4.27 (620) 665 (1230) 6.40 (0.252) 6.20 (0.244)
3 21 4.07 (590) 660 (1220) 6.20 (0.244) 5.51 (0.217)
a8  “a”is the international unit symbol for “year.”

This information may be used to calculate the life fractions shown in Table A.3.

For tubes undergoing corrosion, an equation similar to Equation (G.17) may be developed for the life
fraction; however, this is not necessary since sufficient accuracy may be achieved for this calculation by
using the average stress for each period (i.e. the average of the stress at the beginning and at the end of the
operating period).

The minimum and average Larson-Miller values in Table A.3 are determined from the average stress using
the Larson-Miller Parameter curves for minimum and average rupture strength in Figures E.3 to E.66 (SI
units) or Figures F.3 to F.66 (USC units). For this example, Figure F.39 was used.
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With these Larson-Miller values and the metal temperature for each period, the expression for the Larson-
Miller Parameter was solved for the rupture time. These expressions are shown in Equations (H.2) (in USC
units) and (H.3) (in Sl units). Since this expression gives the rupture time in hours, the value needs
converting to years. The resulting times based on the minimum rupture strength and the average rupture
strength are shown in Table A.3.

The following example illustrates how to calculate the minimum-strength rupture time, 7p,, for the first
operating period from the equations for 5(5,AVE1 the average stress thickness, and ¢,, the rupture allowable
stress. The equations to be solved are as follows:

In Sl units:
O AVE = % =6.605 mm
In USC units:
05 AVE = w =0.260 in.
In Sl units:
o= ( 51:; fVoE ale 5 (73'966;015683 - 3.96] ~ 4847 MPa
In USC units:
o, = % (;:%E —pr\ = % (%6%625_ 575) =7038 psi
At 48.47 MPa, using the minimum rupture strength, the Larson-Miller Parameter, C m, equals 20.53 in Si
units.

At 7038 psi, using the minimum rupture strength, the Larson-Miller Parameter, Cy ), equals 36.95 in USC
units.

To determine the rupture time using minimum strength, in USC units:
Cim = (T4 +460) (16.76 +1g 1) x 1073
Therefore:
36.95 = (1200 + 460) (16.76 + g 75, ) x 1073
Ig tp. =5.5
Ip. = 316,225 hours

fp = 36.1 years
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To determine the rupture time using average strength, in USC units:
Cum = (Ty +460) (16.31 +1g 7 ) x 1073
Therefore:

36.95 = (1200 + 460) (16.31 +1g 7 ) x 1073
lg tp. =5.95

oL = 891,250 hours

tp. = 101.7 years

The life fractions are the duration of the operating period divided by the rupture time that corresponds to that
period. Using the minimum-strength rupture time calculated above, the fraction for the first line in Table A.3 is
1.3/36.1, which equals 0.04. The accumulated damage is the sum of the fractions.

The effect of the uncertainty about the rupture strength is evident as shown in the example in Table A.3. If
the actual rupture strength of this tube is in the lower part of the scatter band (near the minimum rupture
strength), then 37 % of the tube life has been used. If the actual strength is in the middle of the scatter band
(near the average rupture strength), then only 12 % of the tube life has been used. If the actual rupture
strength is higher, even less of the tube life has been used.

The effect of the uncertainty about the operating temperature may also be evaluated. Suppose the actual
metal temperature of this tube were 5 °C (9 °F) higher than that shown in Table A.2. To estimate the effect of
this difference, the life-fraction calculations in Table A.3 have been made with the slightly higher
temperature. The corresponding accumulated damage fractions are 0.51 and 0.17, respectively. These
should be compared with the values 0.37 and 0.12 that were calculated first.

Table A.3—Life Fractions for Each Period

Larson-Miller Values Rupture Time .
Rupture Time
Based on
Average Stress . Based on Average
Operating minimum average Minimum Strength
Period Strength
MP Si °C (°F) °C (°F) ears life ears life
a P y fraction y fraction
1 48.47 (7038) 20.53 | (36.95) | 20.53 | (36.95) | 36.1 0.04 101.7 0.01
2 54.90 (7970) 20.25 | (36.43) | 20.25 | (36.43) 7.2 0.08 20.3 0.03
3 56.46 (8183) 20.18 | (36.34) | 20.18 | (36.34) 8.5 0.25 23.9 0.08
Accumulated damage = 0.37 0.12

A.4.2 Estimation of Remaining Tube Life

As in A.4, this calculation procedure is best explained using an example. The example used is summarized
in Tables A.4 and A.5. The life fraction remaining for this tube is as follows:

Minimum rupture strength:  equals 1 minus 0.37, or 0.63;

Average rupture strength:  equals 1 minus 0.12, or 0.88.
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These fractions should be converted to the expected life under the specified operating conditions.
The following related questions may be asked at this point.

a) What is the estimated life at a given operating pressure, metal temperature, and corrosion rate?

b) For a specified operating pressure and corrosion rate, what temperature limit should be imposed for the
tube to last a minimum period of time?

c) How much should the operating pressure or metal temperature be reduced to extend the expected life
by a given percentage?

Not all of these questions are answered in this annex, but the method used to develop the answers should
be clear from the following example.

For this example, the expected operating conditions are as follows:

Operating gauge pressure:  4.27 MPa (620 psi);
Metal temperature: 660 °C (1220 °F);
Corrosion rate: 0.33 mml/year (0.013 in./year).

From these values, a table of future-life fractions may be developed as shown in Table A.4 for the minimum
rupture strength and in Table A.5 for the average rupture strength. As before, the average stress is the
average of the stresses at the beginning and end of each operating period.

Since the tube in the example is undergoing corrosion, the life estimation should be calculated in steps. For
this example, a 1-year step was used. As may be seen from the two tables, the estimated life of this tube is
less than 1.2 years (for minimum rupture strength) and less than 3 years (for average rupture strength). If the
rupture strength were in the upper part of the scatter band (above the average rupture strength), the
estimated life would be even longer.

For tubes that are not undergoing corrosion, estimating the life is easier. The rupture life is calculated, as
above, from the anticipated stress and temperature. The estimated remaining life is the fraction remaining
multiplied by the rupture life. In these cases, tables such as Tables A.4 and A.5 are not required.

The example given above describes a way to answer Question a), posed at the beginning of this subsection:
What is the estimated life for a specified set of operating conditions? Question b), concerning the
temperature limit that should be imposed for a specified pressure, corrosion rate, and minimum life, may be
answered as follows. The pressure and corrosion rate may be used to calculate an average stress from
which a Larson-Miller value may be found using the curves in Figures E.3 through E.66 and F.3 through
F.66. With this value and a rupture life calculated by dividing the required life by the remaining life fraction,
the Larson-Miller Parameter equation may be solved for the maximum temperature. The other questions may
be answered in similar ways.

Table A.4—Future Life Fractions, Minimum Rupture Strength

. i . Minimum Larson- | Rupture
Time Minimum Thickness Average Stress Miller Value Time Eraction Remaining
Fraction
a mm (in.) MPa (psi) °C (°F) a
0 4.83 (0.190) — — — — — — 0.63
1 4.50 (0.177) 74.80 (10,850) 19.53 | (35.17) 1.7 0.59 0.04
1.2 443 (0.174) 78.34 (11,392) 19.43 | (34.97) 1.3 0.77 -0.73
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Table A.5—Future Life Fractions, Average Rupture Strength
Minimum Rubture
Time | Minimum Thickness Average Stress Larson-Miller u!) Y R in
Time | Eraction | ~oranng
Value Fraction

a mm (in.) MPa (psi) °C (°F) a
0 4.83 (0.190) — — — — — — 0.88
1 4.50 (0.177) 74.80 (10,850) 19.53 | (35.17) 4.8 0.21 0.67
2 417 (0.164) 80.66 (11,698) 19.15 | (34.87) 3.2 0.31 0.35
3 3.84 (0.151) 87.47 (12,686) 19.18 | (34.52) 2.0 0.50 -0.15
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Annex B
(informative)

Calculation of Maximum Radiant Section Tube Skin Temperature

B.1 General

This annex provides a procedure for calculating the maximum radiant section tube metal (skin) temperature.
Correlations for estimating the fluid-film heat-transfer coefficient are given in B.2. A method for estimating the
maximum local heat flux is given in B.3. The equations used to calculate the maximum tube skin temperature
and the temperature distribution through the tube wall are described in B.4. The sample calculation in B.5
demonstrates the use of these equations.

The maximum tube metal temperature (TMT) might or might not be located towards the process outlet of a
fired heater. Factors including inside film coefficient, radiant heat flux, heater/tube geometry, internal fouling,
-and fluid flow regime all influence the maximum TMT calculation. In some cases, such as with vacuum
‘heaters, a tube-by-tube analysis from the fluid outlet to before the initial boiling point (IBP) should be
performed.

B.2 Heat-transfer Coefficient

A value necessary for calculating the maximum tube metal temperature is the fluid heat-transfer coefficient at
the inside wall of the tube. Although the following correlations are extensively used and accepted in heater
design, they have inherent inaccuracies associated with all simplified correlations that are used to describe
complex relationships.

For single-phase fluids, the heat-transfer coefficient is calculated by one of the two equations below, where
Re is the Reynolds number and Pr is the Prandtl number. No correlation is included for the heat-transfer
coefficient in laminar flow, since this flow regime is rare in process heaters. There is inadequate information
for reliably determining the inside coefficient in laminar flow for oil in tube sizes that are normally used in
process heaters.

The heat-transfer coefficient, K|, expressed in W/(m2-K) [Btu/(h-ft2-°F)], for the liquid flow with Re > 10,000 is
calculated using Equation (B.1) from Reference [14]:

( 014
K, = 0023 [—Af'“’] Re?® Pr°'33L'u aL ) (B.1)
D Hs 1w
where

Re = Didma. (B.2)

Hs b
C

pr_ P HtTo (B.3)

At 1o

dma  is the mass flow rate, in kg/(m2-s) [Ib/(ft2-h)], of the fluid;

c is the specific heat capacity, in J/(kg-K) [Btu/(Ib-°R)], of the fluid at bulk temperature;

B-1

Copyright American Petroleum Institute
Provided by IHS under license with API

No reproduction or networking permitted without license from IHS r




B-2 API STANDARD 530

Astp IS the thermal conductivity, expressed in W/(m-K) [Btu/(h-ft-°F)], of the fluid at bulk temperature;
D; is the inside diameter, expressed in meters (feet), of the tube;
UsTp  is the absolute viscosity, in Pa-s [Ib/(ft-h)], of the fluid at bulk temperature;

Uiy is the absolute viscosity, in Pa-s [Ib/(ft-h)], of the fluid at wall temperature.

The heat-transfer coefficient, K,,, expressed in W/(m?2-K) [Btu/(h-ft2.°F)], for the vapor flow with Re > 15,000 is
calculated using Equation (B.4) from Reference [15]:

K, = 0.021(’1;—?’] Re%® pPro {TT—:}O‘S (B.4)
where

Ty, is the absolute bulk temperature, expressed in Kelvin (degrees Rankine), of the vapor;

Tw is the absolute wall temperature, expressed in Kelvin (degrees Rankine), of the vapor.

All of the material properties except Us T\ a@re evaluated at the bulk fluid temperature. To convert absolute
viscosity in millipascal-seconds or centipoise to pounds per foot per hour, multiply z 1, by 2.42.

For two-phase flows, the heat-transfer coefficient may be approximated using Equation (B.5):

Kop = Ky + Kywy (B.5)
where

Koy is the heat-transfer coefficient, expressed in W/(mZ2.K) [Btu/(h-ft2.°F)], for two phases;

W is the mass fraction of the liquid,;

Wy is the mass fraction of the vapor.

The liquid and vapor heat-transfer coefficients, K, and K, should be calculated using the mixed-phase mass
flow rate and using the liquid and the vapor material properties, respectively.

NOTE In two-phase flow applications where dispersed-flow or mist-flow regimes occur due to entrainment of tiny liquid
droplets in the vapor (e.g. towards the outlet of vacuum heaters), the heat-transfer coefficient may be calculated using
the correlation for the vapor phase using Equation (B.4), based on the total flow rate, rather than being approximated by
Equation (B.5). In vertical tube two-phase flow applications where annular flow regimes occur upflow and downflow have
been noted as having different heat transfer coefficients. The downflow coefficient tends to be lower than upflow. Many
default calculations methods are good at predicting upflow coefficients.

B.3 Maximum Local Heat Flux

The average heat flux in the radiant section of a heater (or in a zone of the radiant section) is equal to the
duty in the section or zone divided by the total outside surface area of the coil in the section or zone. The
maximum local heat flux at any point in the coil may be estimated from the average heat flux. The maximum
local heat flux is used with the equations in B.4 to calculate the maximum tube metal temperature.
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CALCULATION OF HEATER-TUBE THICKNESS IN PETROLEUM REFINERIES B-3

Local heat fluxes vary considerably throughout a heater because of nonuniformities around and along each
tube. Circumferential variations result from variations in the radiant heat flux produced by shadings of other
tubes or from the placement of the tubes next to a wall. Conduction around the tubes and convection flows of
flue gases tend to reduce the circumferential variations in the heat flux. The longitudinal variations result from
the proximity to burners and variations in the radiant firebox and the bulk fluid temperatures. In addition to
variations in the radiant section, the tubes in the shock section of a heater may have a high convective heat
flux.

The maximum radiant heat flux, gg nax €xpressed in W/mZ [Btu/(h-ft2)], for the outside surface at any point in
a coil may be estimated from Equation (B.6):

9R,max = Feir FLETYR ave T 9conv (B.6)
where

Fg s the factor accounting for circumferential heat flux variations;

F is the factor accounting for longitudinal heat flux variations;

Fy is the factor accounting for the effect of tube metal temperature on the radiant heat flux;

drave IS the average radiant heat flux, in W/m?2 [Btu/(h-ft2)], for the outside surface;
deony IS the average convective heat flux, in W/m? [Btu/(h-ft2)], for the outside surface.

The circumferential variation factor, F,, is given as a function of tube spacing and coil geometry in Figure

B.1. The factor given by this figure is the ratio of the maximum local heat flux at the fully exposed face of a
tube to the average heat flux around the tube. This figure was developed from considerations of radiant heat
transfer only. As mentioned above, influences such as conduction around the tube and flue-gas convection
act to reduce this factor. Since these influences are not included in this calculation, the calculated value is
somewhat higher than the actual maximum heat flux.

The longitudinal variation factor, F| is used to account for the variation in heat flux along the flame path, from

the burner to the firebox exit. The longitudinal variation factor, is not easy to quantify. Values between 1.0
and 1.5 are most often used. In a firebox that has a very uniform distribution of heat flux, a value of 1.0 may
be appropriate. Depending on firebox and flame aspect ratios, this factor may be higher than 1.5 at the peak
heat flux elevation (typically 2/3 of flame length) and as low as 0.7 at the floor and 0.5 at the roof. For new or
existing heaters, this factor may be estimated with CFD modeling methods that have been field checked for
burner type, fuels and heater configuration. In existing heaters, infrared measurement of tubes or tube
supports along the flame path may be used to estimate the heat flux profile.

The tube metal temperature factor, Fr, is less than 1.0 near the coil outlet or in areas of maximum tube metal

temperature. It is greater than 1.0 in areas of lower tube metal temperatures. For most applications, the
factor may be approximated as given in Equation (B.7):

(T4 -Tod )

g, ave
Tg, ave Ttm, ave
where

Tg*’a\,e is the average flue-gas temperature, expressed in Kelvin (degrees Rankine), in the radiant

section;
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thn is the tube metal temperature, expressed in Kelvin (degrees Rankine), at the point under
consideration;

Tt?n,ave is the average tube metal temperature, expressed in Kelvin (degrees Rankine), in the radiant

section.

The convective heat flux in most parts of a radiant section is usually small compared with the radiant heat
flux. In the shock section, however, the convective heat flux may be significant; it should therefore be added
to the radiant heat flux when the maximum heat flux in the shock section is estimated. Note that frequently
the location of maximum convective heat flux does not coincide with maximum radiant heat flux.

B.4 Maximum Tube Metal Temperature

In addition to the heat-transfer coefficient and the maximum heat flux, the temperature profile of the fluid in
the coil is necessary for calculating the maximum tube metal temperature in the radiant section of the heater.
This profile, which is often calculated by the heater supplier, defines the variation of the bulk fluid
temperature through the heater coil. For operation at or near design, the design profile may be used. For
operation significantly different from design, a bulk temperature profilemay be developed.

Once the bulk fluid temperature is known at any point in the coil, the maximum tube metal temperature, 7,,,,.
expressed in degrees Celsius (Fahrenheit), can be calculated from Equations (B.8) to (B.12):

Tax = Tos+ ATy + AT, + AT, (B.8)
where
Tt is the bulk fluid temperature, expressed in degrees Celsius (Fahrenheit);
AT; is the temperature difference across any internal fouling, expressed in degrees Celsius
(Fahrenheit);

ATy;  is the temperature difference across the fluid film, expressed in degrees Celsius (Fahrenheit);

ATy, is the temperature difference across the tube wall, expressed in degrees Celsius (Fahrenheit).

AT, = qRI';:f"’X (%} (B.9)
where
K is the fluid-film heat-transfer coefficient, expressed in W/(m2) [Btu/(h-ft2)];
IR max is the maximum radiant heat flux, expressed in W/m2 [Btu/h-ft2], for the outside surface;
D, is the outside diameter, expressed in meters (feet), of the tube;
D; is the inside diameter, expressed in meters (feet), of the tube.
ATs = R max Ry {%} (B.10)
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CALCULATION OF HEATER-TUBE THICKNESS IN PETROLEUM REFINERIES B-5

where
Of is the coke and/or scale thickness, expressed in meters (feet);
R¢ is the fouling factor inside the tube due to the presence of any internal fouling, coke or scale,
expressed in m%K/W (h-ft® °F/Btu).
( )
Doln(%’]
ATtw = 4R max Tml (B-11)
where

Am s the thermal conductivity, expressed in W/(m-K) [Btu/(h-ft-°F)], of the tube metal.

The effect of internal fouling on the tube metal temperature can be calculated if a fouling factor rather than
coke thickness has been provided on the fired heater datasheets (see API 560). The fouling factor, R;, may

also be expressed as a function of coke or scale thickness and thermal conductivity, as given in
Equation (B.12), if only coke or scale thickness is provided:

R = . (B.12)
A
where
o5 is the coke and/or scale thickness, expressed in meters (feet);
As is the thermal conductivity of coke or scale, expressed in W/(m2-K) [Btu/h-ft-°F].

If a thickness for a layer of coke or scale is specified, the effective inside diameter of the tube is adjusted as
noted in Equation (B.10). The effects of internal fouling, coke or scale on tube metal temperature can be
calculated using Equations (B.8) and (B.10).

Equation (B.13) should be used to calculate the maximum fluid-film temperature coincident with maximum
radiant heat flux, T;,,, expressed in degrees Celsius (Fahrenheit).

In the absence of thermal conductivity data provided by the Purchaser, the following range of values may be
used. Petroleum coke: 4.91 W/m-K to 5.89 W/m-K (2.8 Btu/h-ft-°F to 3.4 Btu/h-ft:°F) and iron oxide scale:
0.87 W/m-K to 1.05 W/m-K (0.5 Btu/h-ft-°F to 0.6 Btu/h-ft-°F).

The thermal conductivity of the tube material, A, used in Equation (B.11), should be evaluated at the
average tube wall temperature.

See Figure B.1 depicting the ratio of maximum local to average heat flux based on centerline nominal tube
spacing and tube diameter.
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Key
1 Curve 1 for a double row against a wall, triangular spacing
2 Curve 2 for a double row with equal rediation from both sides and two dismelers between rows, ianguler specing
3 Curve 3 for a single row agalinst a wall
4 Gurve 4 for a single row against a wall

These curves are valid when used with a ube-center-iorefraciory-wall spacing of 1.5 times the nominal Wwbe diamsater.
Any appreciable variation from this spacing should be given special consideration.

NOTE 1 These curves do nol take into consideration the conveciion heat iransfer 1o the iubes, circurmiferential heat
transfer by conduction through the tube wall, or variafions in heat fux in different zones of the radiant seclion.

NOTE 2  These curves are based on the work of H. €. Hollel. Applicable papers ars identified in Reference [14].

Figure B.1—Ratio of Maximum Local to Average Heat Flux
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CALCULATION OF HEATER-TUBE THICKNESS IN PETROLEUM REFINERIES B-7

B.5 Sample Calculation
The following sample calculation demonstrates how to use the equations given in B.2 to B.4.

NOTE Differences in results between calculations in SI and USC units for dimensionless numbers are due to the
significant figures used in the dimension conversions.

In the heater under consideration, the medium-carbon-steel tubes are in a single row against the wall. Other
aspects of the heater configuration are as follows:

Tube spacing is 203.2 mm (= 0.667 ft=8.0 in.).

Dy=1143 mm (= 0.375 ft =4.5in.);
Ot ave = 6.4 mm (= 0.020 8 ft = 0.25 in.);
D;=101.6 mm (=0.333 ft=4.0in.);
0¢=0mm (0 in);
Aim = 42.2 W/(m-K) [24.4 Btu/(h-ft-°F)] at an assumed tube metal temperature of 380 °C (720 °F).
The flow in the tubes is two-phase with 10 % mass vapor. Other operating conditions are as follows:
Flow rate (total liquid plus vapor) is 6.3 kg/s (50,000 Ib/h).
Ty, =271 °C (520 °F);
9R ave = 31,546 W/m2 [10,000 Btu/(h-ft2)].
The properties of the liquid at the bulk temperature are as follows:
UsTp=2.0x 10-3 Pa-s [4.84 Ib/(h-ft)];
As 1p = 0.1163 W/(m-K) [0.0672 Btu/(h-ft-°F)];
cp,f = 2.847 Jl(kg-K) [0.68 Btu/(Ib-°F)].
The properties of the vapor at the bulk temperature are as follows:
Uy Tp=T7.0x 10~ Pa-s [0.017 Ib/(ft-h)];
Ay 1 = 0.0346 W/(m-K) [0.020 Btu/(h-ft-°F)];
cpv = 2.394 JI(kg-K) [0.572 Btu/(Ib-°F)].
From the inside diameter, the flow area is equal to 8.107 x 1073 m2 (0.0873 ft2). Using the total flow rate:
dma = 6.3/(8.107 x 1073),

dma = 777.1 kgl(m2:s).
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In USC units:
gma = (50,000/0.0873),
dma = 5.73 x 109 Ib/(h-ft2).
The Reynolds number [Equation (B.2)] is calculated as follows:
For liquid:
In Sl units:

1016)(7771
Re :M =395 x 10*
0.002

In USC units:

(0333)(573 x 10°)

=394 x 10*
484

Re =

For vapor:

In Sl units:

(01016)(7771) ,
Re=+"——" 2 =113 x 10
70 x 10

In USC units:

(0333)(573 x 10°)

Re = =112 x 10’
0017

The Prandtl number [Equation (B.3)] is calculated as follows:
For liquid:
In Sl units:

2847)(0002
pr - (2847)(0002) _ o,
01163

In USC units:

(0.68)(4.84)
Pr=——"_—"-490
00672

For vapor:

In Sl units:

(2395)(70 x10°°)

Pr= =0485
0.0346
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B-9

In USC units:

_(0572)(0017)
0020

=0486

Assume that for the liquid:

014

j =11

(,Uf Tb
L:Uf Tw
Assume that for the vapor:

()"

L J —0.91

These assumptions will be checked later. Using Equation (B.1):

K = 0023{” 2 TbJ(3.94 x 10°)"° (490)°* (11)

—4338(% Tb}

Using Equation (B.4):

08
_0021{”f Tb}(mz x 107)" (0.486)" (091)
- 6242(‘“ ™
i
Hence:
In Sl units:
K, = 433.8[0'1 L 63) =497 W/m? K
01016
K, = 6242[0'0346j = 2126 W/m? -K
01016
In USC units:
~ 4338 29972 _g75 Bium. 2 F
0333
K, = 6242 0020 _ 375 Biun-t?-F
0333
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The two-phase heat-transfer coefficient can then be calculated using Equation (B.5):
In Sl units:
Kpp=(0.90)K; + (0.10)K,
=(0.90)(497) + (0.10)(2126)
=659.9 W/(m2K)
In USC units:
Kpp =(0.90)(87.5) + (0.10)(375)
= 116.3 Btu/(h-ft2 °F)

The ratio of tube spacing to tube diameter is as follows:

In Sl units:
203.2 iy
114.3

In USC units:
8.0
—=1.78
4.5

From Figure B.1, F;, = 1.91. Assume that for this heater, /| = 1.1, F; =1.0, and ¢g,,, =0 (i.e., there is no
convective heat flux at this point). Using Equation (B.6):

In Sl units:
IR max = (1.91)(1.1)(1.0)(31,546)
= 66,278 W/m?
In USC units:
9Rmax = (1.91)(1.1)(1.0)(10,000)
=21,010 Btu/(h~ﬂ2)

The temperature difference through each part of the system can now be calculated from Equation (B.9) for

the fluid film:
In Sl units:
AT, =[66,278j[114.3) 113 K
6599 /\101.6
In USC units:
AT, :(21,010] (0.375] _203°R
116.3 /\0.333
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CALCULATION OF HEATER-TUBE THICKNESS IN PETROLEUM REFINERIES

From Equation (B.11) for the tube wall:

In Sl units:
t143i( 1143)
AT, = 66,278 ——————= |x107° =11K
2(422)
In USC units:
0.375In(82%j
AT, =21,028) ————""" |=19 °R
2(244)

Using Equation (B.8), the maximum tube metal temperature is as follows:
In Sl units:

Tax =271+ 113+ 11 =395 °C

In USC units:

Tpnax = 520 + 203 + 19 = 742 °F

Checking the assumed viscosity ratio, at the oil-film temperature calculated above, 271 + 113 =384 °C
(520 + 203 = 723 °F), the viscosity is 1.1 mPa-s (2.66 Ib/ft-h). So, for the liquid:

In Sl units:

( \014 014

k,uf, ™ :( 0.002) _ (1.82)0'14 109
Hs Tw 0.0011

In USC units:

( \ 014 014

L"f' Tb) =(ﬁ] - (182)°" =109
Hs, Tw 266

For the vapor:

In Sl units:

(> (270+273

\7,) =

In USC units:

05
—J =(0.83)*° =091
384+273

(5,)" _(520+460J0‘5 _(083)°° =091
\7,) “\7237460) T T
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Both values are close to the values assumed for the calculation of K| and X,,, so no additional work is
needed.

The mean tube wall temperature is as follows:

In Sl units:
11
270+113+7:388°C

In USC units:

520+203+%=732 °F

This is close to the temperature assumed for the tube conductivity, so no additional work is required.
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Annex C
(normative)

Thermal-stress Limitations (Elastic Range)

C.1 General

In heater tubes, the thermal stress of greatest concern is the one developed by the radial distribution of
temperature through the thickness. This stress can become particularly significant in thick stainless steel
tubes exposed to high heat fluxes.

There are two limits for thermal stress; both are described in Section 5.5.6 of ASME Section VIII, Division 2
Code. These limits apply only in the elastic range; in the rupture range, an appropriate limit for thermal stress
has not been established.

In addition to the above limitations, it should be noted that the applicability of the following thermal stress
methodologies are limited to “thin wall” tubes (e.g. tubes with a thickness-to-outside diameter ratio of less
than 0.15).

C.2 Equation for Thermal Stress

The following equation gives the maximum thermal stress, o, in a tube:

(

OT max = X|:k

where

X{zﬁf v)H%H«f )}{%} ©2)

o s the coefficient of thermal expansion;

yzzy:]my_q (C.1)

E is the modulus of elasticity;
v is Poisson's ratio;
AT is the temperature difference across the tube wall;

y is D,ID, ratio of outside diameter to actual inside diameter;
g, is the heat flux on the outside surface of the tube;

A

s is the thermal conductivity of the steel.

The material properties ¢, E, v, and /g shall be evaluated at the mean temperature of the tube wall. The
average wall thickness shall also be used in this equation (see 5.7). Poisson’s ratio at elevated temperature
is not readily available. However, E and G (modulus of rigidity) at high temperature can be found in
numerous references and used to calculate vwith the equation: v= (E/2G) — 1.

C-1
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C.3 Limits on Thermal Stress

The limitation, o ;im¢, ON primary plus secondary stress intensity of Mandatory Appendix 4 of ASME Section

VIII, Division 2 Code (2004 Edition), Paragraph 4-134, can be approximated for thermal stress as given in
Equations (C.3) and (C.4) (see Section C.4 for the derivation).

For ferritic steels:

ot jim1 = (2.0 - 0.67y) g, (C.3)
For austenitic steels:

O1jim1 = (2.7 - 0.90y) o, (C4)
where o, is the yield strength.

The thermal-stress ratchet limit, o7 j,», of Mandatory Appendix 5 of ASME Section VI, Division 2 Code

(2004 Edition), Paragraph 5-130, can be approximated for thermal stress as given in Equations (C.5) and
(C.6) (see Section C.5 for derivation).

For ferritic steels:

orjim2 = 1.330 (C.5)
For austenitic steels:

o1jim2 = 1.80, (C.6)

Both the primary plus secondary stress limit (o7 in¢) @and the thermal-stress ratchet limit (o ) shall be met
if the tube is designed for the elastic range.

C.4 Derivation of Limits on Primary Plus Secondary Stress Intensity

The limit on primary plus secondary stress intensity can be expressed symbolically as given by the inequality
in Equation (C.7):

Opl + Opb + Ocirmax <3 O (C.7)
where

Ocirmax 1S the maximum circumferential thermal stress which, for this application, is the maximum
thermal stress given by equation (C.1);

0p s the local primary membrane stress;
Opp  is the primary bending stress.

From ASME BPVC Section VIII, Division 2, for tubes with an internal pressure:

( 2y2 \
Op tO0pb = Del LZ——'IJ
Y (C.8)
where
Del is the elastic design pressure;
y is the ratio of outside to actual inside diameter, equal to D,/D,.
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CALCULATION OF HEATER-TUBE THICKNESS IN PETROLEUM REFINERIES C-3

If the primary membrane stress intensity, 0, is given by Equation (C.9),

G = &[&_0: P [ y+1) (C.9)
2 5 2 51

it can, then, be easily shown that Equation (C.10) gives a first approximation and provides an upper bound:

Opl + Opb = Y0 (C.10)

In ASME Section VIII, Division 2 Pressure Vessel Code (2004 Edition)], o, is the allowable membrane stress
intensity. For ferritic steels above about 340 °C (650 °F), g, is equal to two-thirds of the yield strength, o, as
given in Equation (C.11):

3on=20 (C.11)
For austenitic steels above about 260 °C (500 °F), o, is 90 % of o, as given in Equation (C.12):
3on=270 (C.12)

Heater tubes usually operate above these temperatures.

Combining all of this, the primary plus secondary stress intensity limit on thermal stress can be expressed as
given in Equations (C.13) and (C.14):

For ferritic steels:

07T lim1 =20y = YOpm (C.13)
For austenitic steels:

OTim1 = 2.70, = yOp (C.14)
where 07 i1 is the maximum value permitted for the thermal stress, or.

For ferritic-steel and austenitic-steel heater tubes designed according to this standard, the inequalities in
Equations (C.15) and (C.16), respectively, hold:

Opm < 0.670'y (C.15)
Opm < 0.900, (C.16)

The thermal-stress limit, o ;.,;, can therefore be approximated as given in Equations (C.17) and (C.18):

For ferritic steels:

For austenitic steels:
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The limits expressed by these equations are simple and appropriate. If the thermal stress is less than this
limit, the design is appropriate. If the thermal stress exceeds the limit given by these equations, then, the
more exact form of Equation (C.13) or (C.14) shall be used with the primary membrane stress intensity given
by Equation (C.9). Also, if the tube thickness is arbitrarily increased over the thickness calculated in 5.3, then
the primary membrane stress intensity shall be calculated using the actual average thickness, and
Equation (C.13) or Equation (C.14) shall be used to calculate the thermal-stress limit.

C.5 Derivation of Limits on Thermal-stress Ratchet
The limit, o i, Set to avoid thermal-stress ratchet can be expressed as given in Equation (C.19):
o1 im2=4(0— 0pm) (C.19)

For ferritic steels:

o=o0 (C.20)
For austenitic steels above about 260 °C (500 °F):
0=15(090)=1350; (C.21)

- As before, g, is derived from Equation (C.9). Using the inequalities in Equation (C.15) or Equation (C.16),
this limit can be approximated as given in Equations (C.22) and (C.23):

For ferritic steels:

1 jim2 = 1.33 G, (C.22)

For austenitic steels:

As with the limits developed in Section C.4, these limits are approximate. If the thermal stress exceeds this
limit or if the tube thickness is arbitrarily increased, the exact limit expressed by Equation (C.19) shall be
used with the primary membrane stress intensity given by Equation (C.9).
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Annex D
(informative)

Calculation Sheets

This annex contains calculation sheets that are useful in aiding and documenting the calculation of minimum
thickness and equivalent tube metal temperature. Individual sheets are provided for calculations in S| units or
in USC units. These calculation sheets may be reproduced.

API Std 530
CALCULATION SHEET
S| Units
Heater Unit Item No.
Coil Material ASTM Spec
Calculation of Minimum Thickness Elastic Design Rupture Design
Outside diameter, mm D, = D, =
Design pressure, MPa (gauge) Pel = Pr=
Maximum or equivalent metal temperature, °C Thax = Tax =
Temperature allowance, °C Tp= Tp=
Design metal temperature, °C Ty= Iy=
Design life, h — IpL=
Allowable stress at T, Figures E.1 to E.64, MPa O = o, =
Stress thickness, Equation (2) or (4), mm o5 = o5 =
Corrosion allowance, mm A= Oep=
Corrosion fraction, Figure 1, n= ;B= — Jeorr =
Minimum thickness, Equation (3) or (5), mm Omin = Smin =

Calculation of Equivalent Tube Metal Temperature

Duration of operating period, years top =
Metal temperature, start of run, °C Toor =
Metal temperature, end of run, °C Toor =
Temperature change during operating period, K AT =
Metal absolute temperature, start of run, K Teor =
Thickness change during operating period, mm Ad=
Assumed initial thickness, mm 6=
Corresponding initial stress, Equation (1), MPa Oy =
Material constant, Table 3, MPa A=
Rupture exponent at T4, Figures E.2 to E.65 ngy =
Temperature fraction, Figure 2, V= ; N= =
Equivalent tube metal temperature, Equation (6), °C Toq =
" D-1
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Std 530
CALCULATION SHEET
(USC Units)
Heater Unit Item No.
Coil Material ASTM Spec
Calculation of Minimum Thickness Elastic Design Rupture Design
Outside diameter, in. D, = D, =
Design pressure, psi (gauge) Pel = P =
Maximum or equivalent metal temperature, °F Thax = Thax =
Temperature allowance, °F Tp= Tp=
Design metal temperature, °F Iy= Iy=
Design life, h — oL =
Allowable stress at T, Figures F.1 to F.64, psi Oy = o, =
Stress thickness, Equation (2) or (4), in. o5 = o5 =
Corrosion allowance, in. OcA= OcA=
Corrosion fraction, Figure 1,n= ;B = — Jeorr =
Minimum thickness, Equation (3) or (5), in. Omin = Omin =

Calculation of Equivalent Tube Metal Temperature

Duration of operating period, years top =
Metal temperature, start of run, °F Teor =
Metal temperature, end of run, °F Teor=
Temperature change during operating period, °R AT =
Metal absolute temperature, start of run, °R Ter =
Thickness change during operating period, in. Ad=
Assumed initial thickness, in. 0=
Corresponding initial stress, Equation (1), psi Oy =
Material constant, Table 3, psi A=
Rupture exponent at T4, Figures F.2 to F.65 ny=
Temperature fraction, Figure 2, V= ; N= Jr=
Equivalent tube metal temperature, Equation (6), °F Toq=
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API Std 530—Retirement Wall Thickness

CALCULATION SHEET

Parameter

Convection Radiant

Unit

Reference

Pressure, P

Normal

Maximum

Tube metal temperature, TMT

Normal

Maximum

Operating plan

Time to next inspection

Time to tube retirement

Future corrosion allowance, FCA

Allowance for supplemental load(s)

Tube parameters

Outside diameter, D

Nominal wall thickness, Jhom

Material specification

Creep material strength property

Creep life fraction consumed

Allowable stress, S

Elastic

Creep

Minimum required thickness, dmin

Value

Basis

Retirement wall thickness, &etire

Equation (1)

Minimum measured thickness, dnm

Remaining life

Equation (2)
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Annex E
(normative)

Stress Curves and Data Tables (Sl Units)

Stress curves and data table (in Sl units) are presented in Figures E.1 to E.66 and Tables E.1 to E.22.
List of Figures and Tables (Sl Units)
Low Carbon Steels

Figure E.1—Stress Curves (S| Units) for ASTM A192 Low-carbon Steels

Figure E.2—Rupture Exponent vs. Temperature Curve (S| Units) for ASTM A192 Low-carbon Steels

Figure E.3—Larson-Miller Parameter vs. Stress Curve (Sl Units) for ASTM A192 Low-carbon Steels

Table E.1—Elastic, Rupture Allowable Stresses and Rupture Exponent (S| Units) for ASTM A192 Low-carbon Steels
Medium Carbon Steels

Figure E.4—Stress Curves (S| Units) for ASTM A106 Grade B and ASTM A210 Grade A1 Medium-carbon Steels

Figure E.5—Rupture Exponent vs. Temperature Curve (S| Units) for ASTM A106 Grade B and ASTM A210 Grade A1 Medium-carbon Steels

Figure E.6—Larson-Miller Parameter vs. Stress Curve (S| Units) for ASTM A106 Grade B and ASTM A210 Grade A1 Medium-carbon Steels

Table E.2—Elastic, Rupture Allowable Stresses and Rupture Exponent (Sl Units) for ASTM A106 Grade B and ASTM A210 Grade A1 Medium-carbon Steels
Carbon-1/2Moly Steels

Figure E.7—Stress Curves (S| Units) for ASTM A209 T1 and ASTM A335 P1 Carbon-1/2Mo Steels

Figure E.8—Rupture Exponent vs. Temperature Curve (S| Units) for ASTM A209 T1 and ASTM A335 P1 Carbon-1/2Mo Steels

Figure E.9—Larson-Miller Parameter vs. Stress Curve (Sl Units) for ASTM A209 T1 and ASTM A335 P1 Carbon-1/2Mo Steels

Table E.3—Elastic, Rupture Allowable Stresses and Rupture Exponent (S| Units) for ASTM A209 T1 and ASTM A335 P1 Carbon-1/2Mo Steels
1-1/4Cr-1/2Moly Steels

Figure E.10—Stress Curves (S| Units) for ASTM A213 T11 and ASTM A335 P11 1-1/4Cr-1/2Mo Steels

Figure E.11—Rupture Exponent vs. Temperature Curve (S| Units) for ASTM A213 T11 and ASTM A335 P11 1-1/4Cr-1/2Mo Steels

Figure E.12—Larson-Miller Parameter vs. Stress Curve (S| Units) for ASTM A213 T11 and ASTM A335 P11 1-1/4Cr-1/2Mo Steels

Table E.4—Elastic, Rupture Allowable Stresses and Rupture Exponent (Sl Units) for ASTM A213 T11 and ASTM A335 P11 1-1/4Cr-1/2Mo Steels
2-1/4Cr-1Moly Steels

Figure E.13—Stress Curves (S| Units) for ASTM A213 T22 and ASTM A335 P22 2-1/4Cr-1Mo Steels

Figure E.14—Rupture Exponent vs. Temperature Curve (S| Units) for ASTM A213 T22 and ASTM A335 P22 2-1/4Cr-1Mo Steels

Figure E.15—Larson-Miller Parameter vs. Stress Curve (S| Units) for ASTM A213 T22 and ASTM A335 P22 2-1/4Cr-1Mo Steels

Table E.5—Elastic, Rupture Allowable Stresses and Rupture Exponent (Sl Units) for ASTM A213 T22 and ASTM A335 P22 2-1/4Cr-1Mo Steels
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3Cr-1Moly Steels

Figure E.16—Stress Curves (S| Units) for ASTM A213 T21 and ASTM A335 P21 3Cr-1Mo Steels

Figure E.17—Rupture Exponent vs. Temperature Curve (S| Units) for ASTM A213 T21 and ASTM A335 P21 3Cr-1Mo Steels

Figure E.18—Larson-Miller Parameter vs. Stress Curve (S| Units) for ASTM A213 T21 and ASTM A335 P21 3Cr-1Mo Steels

Table E.6—Elastic and Rupture Allowable Stresses (S| Units) for ASTM A213 T21 and ASTM A335 P21 3Cr-1Mo Steels
5Cr-1/2Moly Steels

Figure E.19—Stress Curves (S| Units) for ASTM A213 T5 and ASTM A335 P5 5Cr-1/2Mo Steels

Figure E.20—Rupture Exponent vs. Temperature Curve (S| Units) for ASTM A213 T5 and ASTM A335 P5 5Cr-1/2Mo Steels

Figure E.21—Larson-Miller Parameter vs. Stress Curve (Sl Units) for ASTM A213 T5 and ASTM A335 P5 5Cr-1/2Mo Steels

Table E.7—Elastic, Rupture Allowable Stresses and Rupture Exponent (S| Units) for ASTM A213 T5 and ASTM A335 P5 5Cr-1/2Mo Steels
5Cr-1/2Moly-Si Steels

Figure E.22—Stress Curves (S| Units) for ASTM A213 T5b and ASTM A335 P5b 5Cr-1/2Mo-Si Steels

Figure E.23—Rupture Exponent vs. Temperature Curve (S| Units) for ASTM A213 T5b and ASTM A335 P5b 5Cr-1/2Mo-Si Steels

Figure E.24—Larson-Miller Parameter vs. Stress Curve (Sl Units) for ASTM A213 T5b and ASTM A335 P5b 5Cr-1/2Mo-Si Steels

Table E.8—Elastic, Rupture Allowable Stresses and Rupture Exponent (SI Units) for ASTM A213 T5b and ASTM A335 P5b 5Cr-1/2Mo-Si Steels
9Cr-1Moly Steels

Figure E.25—Stress Curves (S| Units) for ASTM A213 T9 and ASTM A335 P9 9Cr-1Mo Steels

Figure E.26—Rupture Exponent vs. Temperature Curve (S| Units) for ASTM A213 T9 and ASTM A335 P9 9Cr-1Mo Steels

Figure E.27—Larson-Miller Parameter vs. Stress Curve (SI Units) for ASTM A213 T9 and ASTM A335 P9 9Cr-1Mo Steels

Table E.9—Elastic, Rupture Allowable Stresses and Rupture Exponent (SI Units) for ASTM A213 T9 and ASTM A335 P9 9Cr-1Mo Steels
9Cr-1Moly-V Steels

Figure E.28—Stress Curves (S| Units) for ASTM A213 T91 and ASTM A335 P91 9Cr-1Mo-V Steels

Figure E.29—Rupture Exponent vs. Temperature Curve (S| Units) for ASTM A213 T91 and ASTM A335 P91 9Cr-1Mo-V Steels

Figure E.30—Larson-Miller Parameter vs. Stress Curve (S| Units) for ASTM A213 T91 and ASTM A335 P91 9Cr-1Mo-V Steels

Table E.10—Elastic, Rupture Allowable Stresses and Rupture Exponent (SI Units) ASTM A213 T91 and ASTM A335 P91 9Cr-1Mo-V Steels
TP 304-304H Stainless Steels

Figure E.31—Stress Curves (S| Units) for ASTM A213, ASTM A312, and ASTM 376 TP 304 and 304H (18Cr-8Ni) Stainless Steels

Figure E.32—Rupture Exponent vs. Temperature Curve (S| Units) for ASTM A213, ASTM A312, and ASTM 376 TP 304 and 304H (18Cr-8Ni) Stainless Steels

Figure E.33—Larson-Miller Parameter vs. Stress Curve (Sl Units) for A213, ASTM A312, and ASTM 376 TP 304 and 304H (18Cr-8Ni) Stainless Steels

Table E.11—Elastic, Rupture Allowable Stresses and Rupture Exponent (S| Units) for A213, ASTM A312, and ASTM 376 TP 304 and 304H (18Cr-8Ni) Stainless Steels
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TP 304L Stainless Steels
Figure E.34—Stress Curves (S| Units) for ASTM A213, ASTM A312, and ASTM 376 TP 304L (18Cr-8Ni) Stainless Steels
Figure E.35—Rupture Exponent vs. Temperature Curve (S| Units) for ASTM A213, ASTM A312, and ASTM 376 TP 304L (18Cr-8Ni) Stainless Steels
Figure E.36—Larson-Miller Parameter vs. Stress Curve (S| Units) for A213, ASTM A312, and ASTM 376 TP 304L (18Cr-8Ni) Stainless Steels
Table E.12—Elastic, Rupture Allowable Stresses and Rupture Exponent (SI Units) for A213, ASTM A312, and ASTM 376 TP 304L (18Cr-8Ni) Stainless Steels
TP 316-316H Stainless Steels
Figure E.37—Stress Curves (S| Units) for ASTM A213, ASTM A312, and ASTM 376 TP 316 and 316H (16Cr-12Ni-2Mo) Stainless Steels
Figure E.38—Rupture Exponent vs. Temperature Curve (S| Units) for ASTM A213, ASTM A312, and ASTM 376 TP 316 and 316H (16Cr-12Ni-2Mo) Stainless Steels
Figure E.39—Larson-Miller Parameter vs. Stress Curve (Sl Units) for ASTM A213, ASTM A312, and ASTM 376 TP 316 and 316H (16Cr-12Ni-2Mo) Stainless Steels
Table E.13—Elastic, Rupture Allowable Stresses and Rupture Exponent (SI Units) for ASTM A213, ASTM A312, and ASTM 376 TP 316 and 316H (16Cr-12Ni-2Mo) Stainless Steels
TP 316L—317L Stainless Steels
Figure E.40—Stress Curves (S| Units) for ASTM A213, ASTM A312, ASTM 376 TP 316L (16Cr-12Ni-2Mo) Stainless Steels and ASTM A213, A312 TP 317L Stainless Steels
Figure E.41—Rupture Exponent vs. Temperature Curve (S| Units) for ASTM A213, ASTM A312, ASTM 376 TP 316L (16Cr-12Ni-2Mo) Stainless Steels and ASTM A213, A312 TP 317L Stainless Steels
Figure E.42—Larson-Miller Parameter vs. Stress Curve (S| Units) for ASTM A213, ASTM A312, ASTM 376 TP 316L (16Cr-12Ni-2Mo) Stainless Steels and ASTM A213, A312 TP 317L Stainless Steels
Table E.14—Elastic, Rupture Allowable Stresses and Rupture Exponent (S| Units) for ASTM A213, ASTM A312, ASTM 376 TP 316L (16Cr-12Ni-2Mo) Stainless Steels and ASTM A213, A312 TP 317L Stainless Steels
TP 321 Stainless Steels
Figure E.43—Stress Curves (S| Units) for ASTM A213, ASTM A312, and ASTM 376 TP 321 (18Cr-10Ni-Ti) Stainless Steels
Figure E.44—Rupture Exponent vs. Temperature Curve (S| Units) for ASTM A213, ASTM A312, and ASTM 376 TP 321 (18Cr-10Ni-Ti) Stainless Steels
Figure E.45—Larson-Miller Parameter vs. Stress Curve (Sl Units) for ASTM A213, ASTM A312, and ASTM 376 TP 321 (18Cr-10Ni-Ti) Stainless Steels
Table E.15—Elastic, Rupture Allowable Stresses and Rupture Exponent (SI Units) for ASTM A213, ASTM A312, and ASTM 376 TP 321 (18Cr-10Ni-Ti) Stainless Steels
TP 321H Stainless Steels
Figure E.46—Stress Curves (S| Units) for ASTM A213, ASTM A312, and ASTM 376 TP 321H (18Cr-10Ni-Ti) Stainless Steels
Figure E.47—Rupture Exponent vs. Temperature Curve (S| Units) for ASTM A213, ASTM A312, and ASTM 376 TP 321H (18Cr-10Ni-Ti) Stainless Steels
Figure E.48—Larson-Miller Parameter vs. Stress Curve (Sl Units) for ASTM A213, ASTM A312, and ASTM 376 TP 321H (18Cr-10Ni-Ti) Stainless Steels
Table E.16—Elastic, Rupture Allowable Stresses and Rupture Exponent (S| Units) for ASTM A213, ASTM A312, and ASTM 376 TP 321H (18Cr-10Ni-Ti) Stainless Steels
TP 347 Stainless Steels
Figure E.49—Stress Curves (S| Units) for ASTM A213, ASTM A312, and ASTM 376 TP 347 (18Cr-10Ni-Nb) Stainless Steels
Figure E.50—Rupture Exponent vs. Temperature Curve (S| Units) for ASTM A213, ASTM A312, and ASTM 376 TP 347 (18Cr-10Ni-Nb) Stainless Steels
Figure E.51—Larson-Miller Parameter vs. Stress Curve (S| Units) for ASTM A213, ASTM A312, and ASTM 376 TP 347 (18Cr-10Ni-Nb) Stainless Steels

Table E.17—Elastic, Rupture Allowable Stresses and Rupture Exponent (S| Units) for ASTM A213, ASTM A312, and ASTM 376 TP 347 (18Cr-10Ni-Nb) Stainless Steels
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TP 347H Stainless Steels
Figure E.52—Stress Curves (S| Units) for ASTM A213, ASTM A312, and ASTM 376 TP 347H (18Cr-10Ni-Nb) Stainless Steels
Figure E.53—Rupture Exponent vs. Temperature Curve (S| Units) for ASTM A213, ASTM A312, and ASTM 376 TP 347H (18Cr-10Ni-Nb) Stainless Steels
Figure E.54—Larson-Miller Parameter vs. Stress Curve (S| Units) for ASTM A213, ASTM A312, and ASTM 376 TP 347H (18Cr-10Ni-Nb) Stainless Steels
Table E.18—Elastic, Rupture Allowable Stresses and Rupture Exponent (Sl Units) for ASTM A213, ASTM A312, and ASTM 376 TP 347H (18Cr-10Ni-Nb) Stainless Steels
Alloy 800 Steels
Figure E.55—Stress Curves (S| Units) for ASTM B407 UNS N08800 Alloy 800 Steels
Figure E.56—Rupture Exponent vs. Temperature Curve (S| Units) for ASTM B407 UNS N08800 Alloy 800 Steels
Figure E.57—Larson-Miller Parameter vs. Stress Curve (S| Units) for ASTM B407 UNS N08800 Alloy 800 Steels
Table E.19—Elastic, Rupture Allowable Stresses and Rupture Exponent (S| Units) for ASTM B407 UNS N08800 Alloy 800 Steels
Alloy 800H Steels
Figure E.58—Stress Curves (S| Units) for ASTM B407 UNS N08810 Alloy 800H Steels
Figure E.59—Rupture Exponent vs. Temperature Curve (S| Units) for ASTM B407 UNS N08810 Alloy 800H Steels
Figure E.60—Larson-Miller Parameter vs. Stress Curve (Sl Units) for ASTM B407 UNS N08810 Alloy 800H Steels
Table E.20—Elastic, Rupture Allowable Stresses and Rupture Exponent (S| Units) for ASTM B407 UNS N08810 Alloy 800H Steels
Alloy 800HT Steels
Figure E.61—Stress Curves (S| Units) for ASTM B407 UNS N08811 Alloy 800HT Steels
Figure E.62—Rupture Exponent vs. Temperature Curve (S| Units) for ASTM B407 UNS N08811 Alloy 800HT Steels
Figure E.63—Larson-Miller Parameter vs. Stress Curve (S| Units) for ASTM B407 UNS N08811 Alloy 800HT Steels
Table E.21—Elastic, Rupture Allowable Stresses and Rupture Exponent (S| Units) for ASTM B407 UNS N08811 Alloy 800HT Steels
Alloy HK-40 Steels
Figure E.64—Stress Curves (S| Units) for ASTM A608 Grade HK-40 Steels
Figure E.65—Rupture Exponent vs. Temperature Curve (S| Units) for ASTM A608 Grade HK-40 Steels
Figure E.66—Larson-Miller Parameter vs. Stress Curve (Sl Units) for ASTM A608 Grade HK-40 Steels

Table E.22—Elastic, Rupture Allowable Stresses and Rupture Exponent (S| Units) for ASTM A608 Grade HK-40 Steels
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Table E.1—Elastic, Rupture Allowable Stresses and Rupture Exponent (Sl Units) for ASTM A192 Low-carbon Steels
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Low Carbon Steel
Design Metal Elastic Rupture Allowable Stress, o,
Temperature, | Allowable Rupture Exponent,
Tq Stress, 0a |t =100,000h | tp =60,000h to. = 40,000 h to. = 20,000 h n
(Centigrade) | (MPa) (MPa) (MPa) (MPa) (MPa)

300 894

310 88.2

320 87.0

330 85.8

340 84.6

350 83.3

360 82.1

370 80.8

380 79.6

390 78.3 .
400 77.0 97.1 103.9 109.6 119.9 7.8
410 75.8 87.1 93.6 98.9 108.6 7.5
420 74.5 77.9 83.9 89.0 98.0 7.2
430 73.2 69.4 751 79.8 88.3 6.9
440 71.9 61.7 66.9 71.3 79.3 6.6
450 70.6 54.5 594 63.5 70.9 6.3
460 69.3 48.0 52.5 56.3 63.3 6.0
470 67.9 42.0 46.2 49.7 56.2 5.7
480 66.6 36.5 40.4 43.7 49.7 54
490 65.3 316 352 38.2 43.7 5.1
500 64.0 27.2 304 33.2 38.3 4.8
510 62.7 23.1 26.1 28.6 334 4.5
520 61.3 19.5 22.2 245 28.9 4.2
530 60.0 16.3 18.7 20.8 248 4.0
538 58.9 14.0 16.2 18.2 21.8 3.7
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Figure E.4—Stress Curves (Sl Units) for ASTM A106 Grade B and ASTM A210 Grade A1 Medium-carbon Steels
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Figure E.6—Larson-Miller Parameter vs. Stress Curve (Sl Units) for ASTM A106 Grade B and ASTM A210 Grade A1 Medium-carbon Steels
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Table E.2—Elastic, Rupture Allowable Stresses and Rupture Exponent (Sl Units) for ASTM A106 Grade B and ASTM A210 Grade A1 Medium-carbon Steels

Medium Carbon Steel

Rupture Allowable Stress, o,

Design Metal Elastic
Temperature, | Allowable
T4 Stress, 0

(Centigrade) (MPa)
300 1204
310 118.8
320 1171
330 115.5
340 113.8
350 112.2
360 110.5
370 108.8
380 107 1
390 1054
400 103.7
410 102.0
420 100.3
430 98.5
440 96.8
450 95.0
460 93.2
470 91.5
480 89.7
490 87.9
500 86.1
510 84.4
520 82.6
530 80.8
538 79.4

toL =100,000 h
(MPa)

128.6
116.7
105.6
95.3
85.7
76.8
68.6
61.1
54.1
47.8
41.9
36.6
31.8
27.4
23.4
20.5

tpL =60,000 h
(MPa)

137.7
125.3
113.7
102.9
92.9
83.6
74.9
67.0
59.6
52.9
46.7
41.0
35.8
31.1
26.8
23.7

toL = 40,000 h
(MPa)

145.2
132.4
120.4
109.3
98.9
89.2
80.3
72.0
64.3
57.2
50.7
447
39.3
34.3
29.8
26.4

toL =20,000 h
(MPa)

158.7
145.2
132.6
120.8
109.8
99.5
89.9
81.1
72.8
65.2
58.2
51.7
45.7
40.2
35.2
31.6

Rupture Exponent,
n

7.8
7.5
7.2
6.9
6.6
6.4
6.1
5.8
5.6
53
5.1
4.8
4.6
43
4.1
3.9
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Figure E.7—Stress Curves (Sl Units) for ASTM A209 T1 and ASTM A335 P1 Carbon-1/2Mo Steels
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Figure E.8—Rupture Exponent vs. Temperature Curve (Sl Units) for ASTM A209 T1 and ASTM A335 P1 Carbon-1/2Mo Steels
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Table E.3—Elastic, Rupture Allowable Stresses and Rupture Exponent (Sl Units) for ASTM A209 T1 and ASTM A335 P1 Carbon-1/2Mo Steels

C-0.5Mo Steel

Rupture Allowable Stress, o,

Design Metal Elastic
Temperature, | Allowable
T4 Stress, 0
(Centigrade) (MPa)

300 116.6
310 115.8
320 115.0
330 114 .2
340 113.3
350 112.5
360 111.6
370 110.7
380 109.8
390 108.8
400 107.9
410 106.9
420 105.9
430 104.8
440 103.7
450 102.6
460 101.5
470 100.4
480 99.2

490 98.0

500 96.7

510 954

520 94.2

530 92.8
540 91.5
550 90.1

560 88.7
566 87.8

tp. =100,000 h

(MPa)

125.9
103.0
84.3
68.9
56.4
46.1
37.7
30.8
25.2
224

tpL. =60,000 h tpL. =40,000 h
(MPa) (MPa)

144.9 161.9
118.7 132.8
97.3 109.0
79.7 89.5
65.3 734
53.5 60.2
43.9 494
35.9 40.6
294 33.3
26.1 296

tpL =20,000 h
(MPa)

195.7
161.0
132.5
109.0
89.7
73.8
60.7
49.9
411
36.5

Rupture Exponent,
n

3.7
3.6
3.6
3.5
3.5
3.4
3.4
3.3
3.3
3.3
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Figure E.10—Stress Curves (Sl Units) for ASTM A213 T11 and ASTM A335 P11 1-1/4Cr-1/2Mo Steels
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Table E.4—Elastic, Rupture Allowable Stresses and Rupture Exponent (Sl Units) for ASTM A213 T11 and ASTM A335 P11 1-1/4Cr-1/2Mo Steels

1.25Cr-0.5Mo Steel

Design Metal Elastic Rupture Allowable Stress, o,
Temperature, Allowable Rupture Exponent,
Ta Stress, 0o | t,, =100,000 h tp. = 60,000 h tp. = 40,000 h tp, = 20,000 h n
(Centigrade) (MPa) (MPa) (MPa) (MPa) (MPa)
300 116.2
310 115.8
320 115.5
330 115.1
340 114.7
350 114.3
360 113.8
370 113.3
380 112.7
390 112.1
400 111.4
410 110.7
420 109.9
430 109.0
440 108.0
450 107.0
460 105.9
470 104.7
480 103.4 140.2 153.2 164.2 184.9 5.9
490 102.0 121.5 132.9 142.7 161.1 57
500 100.5 105.2 115.3 123.9 140.2 5.6
510 98.9 91.0 99.9 107.5 121.9 55
520 97.3 78.7 86.5 93.2 106.0 54
530 95.5 68.0 74.8 80.8 92.0 53
540 93.6 58.6 64.7 69.9 79.8 53
550 91.7 50.6 55.9 60.5 69.2 52
560 89.6 43.6 48.2 52.3 60.0 5.1
570 87.5 37.5 41.6 45 .1 51.9 5.0
580 85.3 32.2 35.8 39.0 44 .9 4.9
590 83.0 27.7 30.8 33.6 38.8 4.8
600 80.7 23.8 26.5 28.9 335 4.7
610 78.2 204 22.8 24.9 28.9 4.6
620 75.8 17.5 19.6 21.4 24.9 4.6
630 73.2 14.9 16.8 18.4 21.5 4.5
640 70.6 12.8 14.4 15.8 18.5 4.4
649 68.3 11.1 12.5 13.7 16.1 4.3
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Table E.5—Elastic, Rupture Allowable Stresses and Rupture Exponent (Sl Units) for ASTM A213 T22 and ASTM A335 P22 2-1/4Cr-1Mo Steels

2.25Cr-0.5Mo Steel
Design Metal Elastic Rupture Allowable Stress, o,
Temperature, Allowable Rupture Exponent,
Tq Stress, o tpL =100,000 h tp, = 60,000 h tp. = 40,000 h tpL = 20,000 h n
(Centigrade) (MPa) (MPa) (MPa) (MPa) (MPa)

300 116.2

310 115.8

320 115.5

330 115.1

340 114.7

350 114.3

360 113.8

370 113.3

380 112.7

390 1121

400 1114

410 110.7

420 109.9

430 109.0

440 108.0

450 107.0

460 105.9

470 104.7

480 103.4 .
490 102.0 113.3 123.2 131.7 147.5 6.1
500 100.5 100.4 109.3 116.9 131.1 6.0
510 98.9 88.9 96.9 103.7 116.5 6.0
520 97.3 78.8 85.9 92.0 103.6 59
530 95.5 69.8 76.2 81.7 92.1 5.8
540 93.6 61.8 67.5 72.5 81.8 5.7
550 91.7 54.7 59.9 64.3 72.7 57
560 89.6 48.5 53.1 57.1 64.6 5.6
570 87.5 451 49.4 53.2 60.2 5.6
580 85.3 38.0 41.8 45.0 51.1 5.5
590 83.0 33.7 37.0 39.9 454 54
600 80.7 29.8 32.8 354 40.3 53
610 78.2 26.4 29.1 31.4 35.8 5.3
620 75.8 23.4 25.8 27 .9 31.9 52
630 73.2 20.7 22.9 24.8 28.3 5.2
640 70.6 18.4 20.3 22.0 25.2 5.1
649 68.3 16.5 18.2 19.7 22.6 5.1
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Table E.6—Elastic and Rupture Allowable Stresses (Sl Units) for ASTM A213 T21 and ASTM A335 P21 3Cr-1Mo Steels

3Cr-1Mo Steel
Design Metal Elastic Rupture Allowable Stress, o,
Temperature, Allowable Rupture Exponent,
Tq Stress, 0. | ¢, =100,000 h tp. = 60,000 h to. = 40,000 h tp, = 20,000 h n
(Centigrade) (MPa) (MPa) (MPa) (MPa) (MPa)
300 110.5
310 110.5
320 110.5
330 110.5
340 110.5
350 110.5
360 110.5
370 110.5
380 110.4
390 110.3
400 110.1
410 109.9
420 109.7
430 109.4
440 109.0
450 108.5 132.9 144.5 154.5 173.1 6.1
460 108.0 119.3 129.8 138.9 155.8 6.0
470 107.4 107.0 116.6 124.9 140.3 5.9
480 106.7 96.0 104.8 112.3 126.4 5.9
490 105.8 86.2 94 .1 100.9 113.8 5.8
500 104.9 77.3 84.5 90.8 102.5 5.7
510 103.9 69.4 75.9 81.6 92.3 5.6
520 102.7 62.2 68.2 734 83.1 5.6
530 101.5 55.8 61.3 66.0 74.8 5.5
540 100.1 50.1 55.0 59.3 67.4 5.4
550 98.6 44.9 49 4 53.3 60.7 5.4
560 96.9 40.3 44 4 47.9 54.6 5.3
570 95.1 37.8 41.6 45.0 51.3 5.3
580 93.2 325 35.8 38.8 443 5.2
590 91.2 29.1 32.2 34.8 39.9 5.1
600 89.0 26.1 28.9 31.3 35.9 5.0
610 86.7 23.4 26.0 28.2 32.4 5.0
620 84.3 21.0 23.3 25.3 29.1 4.9
630 81.8 18.9 21.0 22.8 26.2 4.9
640 79.2 16.9 18.8 20.5 23.6 4.8
649 76.7 15.4 171 18.6 21.5 4.8
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Table E.7—Elastic, Rupture Allowable Stresses and Rupture Exponent (Sl Units) for ASTM A213 T5 and ASTM A335 P5 5Cr-1/2Mo Steels

5Cr-0.5Mo Steel
Design Metal Elastic Rupture Allowable Stress, o,
Temperature, Allowable Rupture Exponent,
Tq Stress, 0. | t,, =100,000 h tp, = 60,000 h tp, = 40,000 h tp, = 20,000 h n
(Centigrade) (MPa) (MPa) (MPa) (MPa) (MPa)

300 126.2

310 126.1

320 126.0

330 125.8

340 125.6

350 125.4

360 125.1

370 124.8

380 124 .4

390 124.0

400 123.5

410 122.9

420 122.3

430 121.5 .
440 120.7 135.5 1471 157.1 175.7 6.2
450 119.7 121.4 132.0 1411 158.0 6.1
460 118.7 108.8 118.4 126.7 142.1 6.0
470 117.5 97.5 106.2 113.8 127.8 5.9
480 116.2 87.4 95.3 102.1 115.0 5.9
490 114.8 78.3 85.5 91.7 103.4 5.8
500 113.3 70.1 76.7 82.4 93.0 57
510 111.6 62.9 68.8 74.0 83.6 5.6
520 109.8 56.3 61.7 66.4 75.2 5.6
530 107.8 50.5 55.4 59.6 67.7 5.5
540 105.7 45.2 49.7 53.6 60.8 5.4
550 103.5 40.5 44.6 48.1 54.7 5.4
560 101.1 36.3 40.0 43.2 49.2 5.3
570 98.6 325 35.9 38.8 443 5.2
580 96.0 29.2 32.2 34.8 39.8 52
590 93.2 26.1 28.9 31.3 35.8 5.1
600 90.3 23.4 25.9 28.1 32.2 5.0
610 87.3 21.0 23.2 25.2 29.0 5.0
620 84.2 18.8 20.9 22.6 26.0 4.9
630 81.0 16.9 18.7 20.3 23.4 4.9
640 77.7 15.1 16.8 18.3 21.1 4.8
649 74.6 13.7 15.2 16.6 19.2 4.8
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Table E.8—Elastic, Rupture Allowable Stresses and Rupture Exponent (Sl Units) for ASTM A213 T5b and ASTM A335 P5b 5Cr-1/2Mo-Si Steels

5Cr-0.5Mo-Si Steel
Design Metal Elastic Rupture Allowable Stress, o,
Temperature, | Allowable Rupture Exponent,
Tq Stress, 0o | t, =100,000 h tp, = 60,000 h tp, = 40,000 h to. = 20,000 h n
(Centigrade) (MPa) (MPa) (MPa) (MPa) (MPa)
300 126.2
310 126.1
320 126.0
330 125.8
340 125.6
350 125.4
360 125.1
370 124.8
380 124 4
390 124.0
400 123.5
410 122.9
420 122.3
430 1215 151.2 164.0 174.9 195.4 6.3
440 120.7 135.5 147 1 157.1 175.7 6.2
450 119.7 121.4 132.0 141.1 158.0 6.1
460 118.7 108.8 118.4 126.7 142.1 6.0
470 117.5 97.5 106.2 113.8 127.8 5.9
480 116.2 87 .4 95.3 102.1 115.0 5.9
490 114.8 78.3 85.5 91.7 103.4 5.8
500 113.3 70.1 76.7 82.4 93.0 5.7
510 111.6 62.9 68.8 74.0 83.6 5.6
520 109.8 56.3 61.7 66.4 75.2 5.6
530 107.8 50.5 55.4 59.6 67.7 55
540 105.7 452 49.7 53.6 60.8 5.4
550 103.5 405 446 48.1 54.7 5.4
560 101.1 36.3 40.0 432 49.2 5.3
570 98.6 325 35.9 38.8 443 5.2
580 96.0 29.2 32.2 34.8 39.8 5.2
590 93.2 26.1 28.9 31.3 35.8 5.1
600 90.3 23.4 25.9 28.1 32.2 5.0
610 87.3 21.0 23.2 25.2 29.0 5.0
620 84.2 18.8 20.9 226 26.0 4.9
630 81.0 16.9 18.7 20.3 234 4.9
640 77.7 15.1 16.8 18.3 21.1 4.8
649 74.6 13.7 15.2 16.6 19.2 4.8
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Table E.9—Elastic, Rupture Allowable Stresses and Rupture Exponent (Sl Units) for ASTM A213 T9 and ASTM A335 P9 9Cr-1Mo Steels

9Cr-1Mo Steel

Rupture Allowable Stress, o,

Design Metal Elastic
Temperature, Allowable
T4 Stress, O,
(Centigrade) (MPa)
300 117.0
310 116.7
320 116.3
330 115.9
340 115.4
350 115.0
360 114 .4
370 113.8
380 113.2
390 112.4
400 111.6
410 110.7
420 109.7
430 108.5
440 107.3
450 106.0
460 104.5
470 102.9
480 101.2
490 99.3
500 97 .4
510 95.3
520 93.0
530 90.7
540 88.2
550 85.6
560 82.9
570 80.2
580 77.3
590 74.3
600 71.3
610 68.3
620 65.2
630 62.0
640 58.9
650 55.7
660 52.6
670 49.5
680 46.5
690 43.5
700 40.6
704 394

tp. =100,000 h
(MPa)

113.4
102.8
93.0
83.9
75.4
67.6
60.3
53.7
47.6
42.0
36.9
32.2
28.0
242
20.8
17.7
15.0
12.6
10.5
8.6
7.1
6.5

tp. = 60,000 h
(MPa)

119.6
108.6
98.5
89.0
80.2
721
64.5
57.6
51.2
45.3
40.0
35.1
30.6
26.6
23.0
19.7
16.8
14.2
11.9
9.9
8.1
7.5

tpL =40,000 h
(MPa)

124.6
113.4
103.0
93.2
84.2
75.8
68.0
60.9
54.2
48.2
42.6
37.5
32.8
28.6
24.8
214
18.3
16.5
131
10.9
9.1
8.4

tpL. = 20,000 h
(MPa)

133.6
121.9
111.0
100.8
91.3
82.5
74.3
66.7
59.7
53.3
47.3
41.8
36.9
323
28.2
24 .4
211
18.0
15.3
13.0
10.8
10.1

Rupture Exponent,
n

9.9
9.6
9.2
8.8
8.5
8.1
7.8
7.5
7.1
6.8
6.5
6.2
5.9
5.6
5.4
5.1
4.8
4.6
4.3
4.1
3.8
3.7
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Table E.10—Elastic, Rupture Allowable Stresses and Rupture Exponent (Sl Units) ASTM A213 T91 and ASTM A335 P91 9Cr-1Mo-V Steels

9Cr-1Mo-V Steel

Design Metal Elastic Rupture Allowable Stress, o,
Temperature, | Allowable Rupture Exponent,
Tq Stress, 0. | t,, =100,000 h tp, = 60,000 h to, = 40,000 h tp, = 20,000 h n
(Centigrade) (MPa) (MPa) (MPa) (MPa) (MPa)

400 234.8

410 232.6

420 2301

430 227.3

440 224.2

450 220.7

460 216.9

470 212.8

480 208.3

490 203.6 234.0 2437 251.7 265.7 12.8

500 198.4 2143 223.6 231.1 2445 124

510 193.0 195.9 204 .6 211.8 2245 12.0

520 187.3 178.6 186.9 193.7 205.8 11.5

530 181.3 162.4 170.3 176.8 188.2 11.1

540 175.0 147 4 154.8 160.9 171.7 10.7

550 168.5 133.3 140.3 146.1 156.3 10.3

560 161.8 120.2 126.8 132.3 141.9 9.9

570 154.9 108.0 114.2 1194 128.5 9.5

580 147.8 96.7 102.5 107.4 116.0 9.0

590 140.6 86.1 91.7 96.2 104.3 8.6

600 133.3 76.4 81.6 85.8 934 8.2

610 126.0 67.4 72.2 76.2 83.3 7.7

620 118.7 59.0 63.6 67.3 74.0 7.3

630 111.3 513 55.6 59.0 65.3 6.9

640 104 .1 443 48.2 51.4 57.3 6.5

650 96.9 37.7 41.4 44 4 49.9 6.1

660 89.9 31.7 35.1 37.9 43.0 5.6

670 83.0 26.2 294 32.0 36.7 52

676 79.0 231 26.1 28.6 33.2 4.9

680 76.4 211 24 1 26.5 30.9 4.7

690 69.9 16.3 191 21.4 255 41

700 63.7 11.7 14.5 16.7 20.6 3.4

702 62.5 10.8 13.6 15.8 19.6 3.2

704 61.3 9.8 12.7 14.9 18.7 3.1
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Table E.11—Elastic, Rupture Allowable Stresses and Rupture Exponent (S| Units) for A213, ASTM A312, and ASTM 376 TP 304 and 304H (18Cr-8Ni) Stainless Steels

TP304-304H SS
Design Metal Elastic Rupture Allowable Stress, o,
Temperature, | Allowable Rupture Exponent,
Tq Stress, o, tp. =100,000 h tp,. = 60,000 h tp. =40,000 h tp. =20,000 h n
(Centigrade) (MPa) (MPa) (MPa) (MPa) (MPa)

400 127.2

410 126.7

420 126.2

430 125.7

440 125.2

450 124.6

460 124 .1

470 123.5

480 122.9

490 122.2

500 121.5

510 120.8

520 120.0

530 119.2

540 118.3 .
550 117.3 123.9 133.9 142.4 158.3 6.6
560 116.3 113.2 122.5 1304 145.1 6.5
570 115.3 103.5 112.0 119.3 133.0 6.4
580 114.2 94.5 102.5 109.3 121.9 6.3
590 113.0 86.4 93.7 100.0 111.7 6.3
600 111.8 79.0 85.8 91.6 102.4 6.2
610 110.5 72.2 78.4 83.8 93.9 6.1
620 109.2 65.9 71.8 76.7 86.0 6.1
630 107.9 60.3 65.6 70.2 78.9 6.0
640 106.5 551 60.0 64.3 72.3 59
650 105.1 50.3 54.9 58.9 66.3 59
660 103.6 46.0 50.2 53.9 60.7 5.8
670 102.1 42.0 46.0 49.3 55.7 5.7
680 100.6 384 42.0 452 51.0 57
690 991 351 38.5 41.3 46.8 5.6
700 97.6 321 35.2 37.8 429 5.6
710 96.1 29.3 32.2 34.6 393 55
720 94.6 26.8 294 31.7 36.0 54
730 93.2 245 26.9 29.0 33.0 54
740 91.8 224 24.6 26.6 30.3 53
750 90.4 20.5 22.5 24.3 27.7 53
760 89.1 18.7 20.6 22.3 254 52
770 87.8 171 18.9 20.4 23.3 52
780 86.6 15.6 17.2 18.7 21.4 5.1
790 85.5 14.3 15.8 171 19.6 5.1
800 84.5 13.0 14.4 15.6 17.9 5.0
810 83.6 11.9 13.2 14.3 16.4 5.0
816 83.1 11.3 12.5 13.6 15.6 5.0
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Table E.12—Elastic, Rupture Allowable Stresses and Rupture Exponent (S| Units) for A213, ASTM A312, and ASTM 376 TP 304L (18Cr-8Ni) Stainless Steels

TP304L SS
Design Metal Elastic Rupture Allowable Stress, o,
Temperature, | Allowable Rupture Exponent,
Ty Stress, 0. |t =100,000 h to, = 60,000 h to, = 40,000 h to, = 20,000 h n
(Centigrade) |  (MPa) (MPa) (MPa) (MPa) (MPa)

400 89.1

410 88.4

420 87.7

430 87.0

440 86.3

450 85.7

460 85.0

470 84.3

480 83.7

490 83.0 9.2
500 82.4 9.0
510 81.7 8.9
520 81.0 8.7
530 80.4 8.5
540 79.7 8.3
550 79.0 8.2
560 78.3 90.6 96.8 101.9 111.2 8.0
570 77.5 83.4 89.2 94.0 102.8 7.8
580 76.8 76.7 82.1 86.7 94.9 7.7
590 76.0 70.5 75.6 79.8 87.6 7.5
600 75.2 64.7 69.5 73.5 80.8 7.4
610 74.4 59.4 63.9 67.6 74.5 7.2
620 73.6 54.5 58.6 62.2 68.6 71
630 72.8 49.9 53.8 571 63.2 6.9
640 71.9 45.6 49.3 52.4 58.1 6.8
650 71.0 41.7 45.2 48.0 534 6.7
660 701 38.1 41.3 44.0 49.0 6.5
670 69.2 34.8 37.8 40.3 45.0 6.4
677 68.5 32.6 354 37.8 42.3 6.3
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Table E.13—Elastic, Rupture Allowable Stresses and Rupture Exponent (Sl Units) for ASTM A213, ASTM A312;. and ASTM 376 TP 316 and 316H (16Cr-12Ni-2Mo) Stainless Steels

TP316-316H SS

Rupture Allowable Stress, o,

Design Metal Elastic
Temperature, | Allowable
Tq Stress, o

(Centigrade) (MPa)
400 120.8
410 120.2
420 119.7
430 119.2
440 118.7
450 118.2
460 117.6
470 1171
480 116.6
490 116.0
500 115.4
510 114.8
520 114.2
530 113.6
540 112.9
550 112.2
560 111.5
570 110.7
580 109.9
590 109.1
600 108.3
610 107.4
620 106.5
630 105.7
640 104.8
650 103.9
660 103.0
670 102.1
680 101.2
690 100.4
700 99.6
710 98.8
720 98.1
730 97.5
740 96.9
750 96.5
760 96.1
770 95.8
780 957
790 95.8
800 96.0
810 96.4
816 96.7

tp. = 100,000 h
(MPa)

114.7
104.2
94.7
86.1
78.2
71.1
64.6
58.7
53.3
48.5
44.0
40.0
36.4
33.1
30.0
27.3
24.8
22.5
20.5
18.6
16.9
154
14.0
12.7
12.0

tp. = 60,000 h
(MPa)

124.6
113.3
103.1
93.8
85.3
77.6
70.6
64.2
58.4
53.1
48.3
44.0
40.0
36.4
33.1
30.1
27.4
24.9
22.7
20.6
18.8
171
15.5
141
13.3

tpL = 40,000 h
(MPa)

133.1
121.2
110.3
100.4
91.4
83.2
75.8
69.0
62.8
57.2
52.0
47 .4
43.1
39.3
35.7
325
29.6
27.0
24.5
22.3
20.3
18.5
16.9
153
14.5

tp. = 20,000 h
(MPa)

149.0
135.8
123.8
112.9
102.9
93.8
85.5
77.9
71.0
64.8
59.0
53.8
49.1
447
40.8
37.2
33.9
30.9
281
257
234
21.3
194
17.7
16.8

Rupture Exponent,
n

6.2
6.1
6.0
59
59
5.8
57
57
5.6
5.6
55
54
54
53
53
52
52
5.1
5.1
5.0
5.0
4.9
4.9
4.8
4.8
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Figure E.40—Stress Curves (S| Units) for ASTM A213, ASTM A312, ASTM 376 TP 316L (16Cr-12Ni-2Mo) Stainless Steels and ASTM A213, A312 TP 317L Stainless Steels
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Figure E.41—Rupture Exponent vs. Temperature Curve (Sl Units) for ASTM A213, ASTM A312, ASTM 376 TP 316L (16Cr-12Ni-2Mo) Stainless Steels and ASTM A213, A312 TP 317L Stainless Steels
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AP| STANDARD 530

Table E.14—Elastic, Rupture Allowable Stresses and Rupture Exponent (S| Units) for ASTM A213, ASTM A312, ASTM 376 TP 316L (16Cr-12Ni-2Mo) Stainless Steels and ASTM A213, A312 TP 317L Stainless Steels

TP316L-317L SS
Design Metal Elastic Rupture Allowable Stress, o,
Temperature, | Allowable Rupture Exponent,
Tq Stress, 0o | t,, =100,000h | t, =60,000h tp. = 40,000 h tp, = 20,000 h n
(Centigrade) (MPa) (MPa) (MPa) (MPa) (MPa)

400 87.6

410 87.0

420 86.5

430 86.0

440 85.6

450 85.2

460 84.8

470 84.4

480 84.0

490 83.7 8.4
500 834 8.3
510 83.1 8.1
520 82.8 7.9
530 82.5 7.7
540 82.2 7.5
550 81.9 7.4
560 81.6 7.2
570 81.2 7.0
580 80.9 6.9
590 80.6 6.7
600 80.2 88.6 96.0 102.2 113.6 6.6
610 79.8 81.2 88.2 94.0 104.8 6.4
620 79.4 744 80.9 86.4 96.6 6.3
630 78.9 68.0 74.2 79.3 88.9 6.1
640 78.4 62.1 67.9 72.8 81.8 6.0
650 77.8 56.7 62.1 66.6 75.1 5.8
660 77.2 51.6 56.7 61.0 68.9 57
670 76.6 47.0 51.7 55.7 63.2 55
680 75.8 42.7 47 1 50.8 57.8 54
690 75.0 38.7 42.8 46.3 52.8 5.3
700 74.1 35.0 38.8 42.1 48.2 5.1
704 73.7 33.6 37.3 40.5 46.5 5.1




CALCULATION OF HEATER-TUBE THICKNESS IN PETROLEUM REFINERIESV

E-61

|dV UM 8suadl| Japun SHI AQ pepiAoid
ansu| wnajosed ueouawy ybuidon

1000.0
900.0

800.0
700.0

600.0
500.0

SHI WOy 8SuLdl| INoyiMm papiwad Buiyiomiau Jo uononpoidal oN

400.0

300.0

200.0

150.0

100.0
90.0

80.0
70.0

60.0
50.0

40.0

30.0

Stress, MPa

20.0

10.0
9.0
8.0
7.0

6.0
5.0

4.0

3.0

2.0

1.5

1.0

TP321 SS Curves

-

Design life,

tDL
(h x 103)

20
40
60
100

Design metal temperature, T, (°C)

Figure E.43—Stress Curves (Sl Units) for ASTM A213, ASTM A312, and ASTM 376 TP 321 (18Cr-10Ni-Ti) Stainless Steels
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Figure E.45—Larson-Miller Parameter vs. Stress Curve (Sl Units) for ASTM A213, ASTM A312, and ASTM 376 TP 321 (18Cr-10Ni-Ti) Stainless Steels
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Table E.15—Elastic, Rupture Allowable Stresses and Rupture Exponent (S| Units) for ASTM A213, ASTM A312, and ASTM 376 TP 321 (18Cr-10Ni-Ti) Stainless Steels

TP321 SS
Design Metal Elastic Rupture Allowable Stress, o,
Temperature, Allowable Rupture Exponent,
Tq Stress, 0o | t,, =100,000 h to. = 60,000 h to. = 40,000 h to. = 20,000 h n
(Centigrade) (MPa) (MPa) (MPa) (MPa) (MPa)

400 124.5

410 123.7

420 122.9

430 122.1

440 121.4

450 120.7

460 120.0

470 119.4

480 118.8

490 118.2 5.9
500 117.6 5.8
510 117.1 5.7
520 116.6 5.6
530 116.1 5.5
540 115.6 54
550 115.2 134.3 148.2 160.2 182.8 53
560 114.7 121.5 134 .4 145.5 166.5 5.2
570 114.3 109.8 121.7 132.0 151.5 5.1
580 113.9 99.2 110.2 119.7 137.7 5.0
590 113.4 89.5 99.6 108.4 125.1 4.9
600 113.0 80.7 90.0 98.1 113.6 4.8
610 112.5 72.7 81.3 88.7 103.0 4.7
620 112.0 65.4 73.3 80.2 93.3 4.6
630 111.4 58.7 66.0 72.4 84.5 4.5
640 110.8 52.7 594 65.2 76.4 4.4
650 110.1 47.3 53.4 58.8 69.1 4.3
660 109.3 42 .4 48.0 52.9 62.4 4.2
670 108.4 37.9 43.0 47.5 56.3 4.1
680 107 .4 33.9 38.6 42.7 50.7 4.1
690 106.3 30.2 34.5 38.3 45.6 4.0
700 105.0 26.9 30.8 34.3 41.0 3.9
710 103.6 24.0 27.5 30.7 36.9 3.8
720 102.0 21.3 24.5 27.4 33.1 3.7
730 100.1 18.9 21.9 24.5 29.6 3.7
740 98.1 16.8 19.4 21.8 26.5 3.6
750 95.8 14.8 17.3 19.4 23.7 3.5
760 93.3 13.1 15.3 17.3 21.2 34
770 90.6 11.5 13.5 15.3 18.9 34
780 87.6 10.2 12.0 13.6 16.8 3.3
790 84.4 8.9 10.5 12.0 14.9 3.2
800 80.9 7.8 9.3 10.6 13.3 3.1
810 77.2 6.9 8.2 94 11.7 3.1
816 74.9 6.3 7.5 8.7 10.9 3.0
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Figure E.46—Stress Curves (Sl Units) for ASTM A213, ASTM A312, and ASTM 376 TP 321H (18Cr-10Ni-Ti) Stainless Steels



E-66

API STANDARD 530

1dV Ulm 95u]| 18pun SHI Aq Papinoig
aJnyisu| wnajosled ueouawy ybukdon

Rupture Exponent vs. Temperature (°C) for TP321H SS
g 7.00
T~
L \
6.00 \\
e I \
5 * ™~
c | S~
o i \
Q_ L
I.,I.I< i \
0 ’ T
2 i T~
= 5.00 / T~
(1’4 - / \
i P T~
L Rupture exponent, n \
I ~——
L \
a0 | \*\
L \
L ~—
300 535 545 | 555 | 565 | 575 | 585 | 595 | 605 | 615 | 625 | 635 | 645 | 655 | 665 | 675 685 | 695 | 705 | 715 | 725 | 735 | 745 | 755 | 765 | 775 | 785 | 795 | 805 |
Design metal temperature, T, (°C)

Figure E.47—Rupture Exponent vs. Temperature Curve (Sl Units) for ASTM A213, ASTM A312, and ASTM 376 TP 321H (18Cr-10Ni-Ti) Stainless Steels
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Table E.16—Elastic, Rupture Allowable Stresses and Rupture Exponent (S| Units) for ASTM A213, ASTM A312, and ASTM 376 TP 321H (18Cr-10Ni-Ti) Stainless Steels

TP321H SS
Design Metal Elastic Rupture Allowable Stress, o,
Temperature, | Allowable Rupture Exponent,
Ta Stress, o, tp. =100,000 h tp,. = 60,000 h toL =40,000 h toL =20,000 h n
(Centigrade) (MPa) (MPa) (MPa) (MPa) (MPa)
400 1234
410 122.6
420 121.9
430 121.2
440 120.5
450 119.7
460 119.0
470 118.3
480 117.6
490 116.9
500 116.2
510 115.5
520 114.8
530 114 1
540 113.5 6.4
550 112.8 6.3
560 1121 6.2
570 1114 124.7 135.9 145.5 163.2 6.0
580 110.8 113.5 123.9 132.8 149.3 59
590 1101 103.2 112.9 121.2 136.6 5.8
600 109.5 93.8 102.8 110.5 124.8 57
610 108.8 85.1 93.5 100.6 114.0 5.6
620 108.2 77.2 84.9 91.6 104.0 55
630 107.5 70.0 771 83.3 94.8 54
640 106.9 63.3 69.9 75.6 86.3 53
650 106.2 57.3 63.4 68.7 78.6 52
660 105.6 51.7 57.4 62.3 71.5 5.1
670 105.0 46.7 51.9 56.4 64.9 5.0
680 104.3 421 46.9 51.0 58.9 4.9
690 103.7 37.9 42.3 46.1 53.4 4.8
700 1031 341 38.1 41.7 48.4 4.7
710 102.5 30.6 34.3 37.6 43.8 4.6
720 101.9 27.4 30.9 33.9 39.6 4.5
730 101.3 24.6 27.7 30.5 35.7 4.4
740 100.7 22.0 24 .9 27 .4 32.2 4.3
750 100.1 19.6 22.3 24.6 29.1 4.2
760 99.5 17.5 19.9 221 26.1 4.1
770 98.9 15.6 17.8 19.7 23.5 4.0
780 98.3 13.9 15.9 17.7 21.1 3.9
790 97.7 12.3 14 .1 15.8 18.9 3.8
800 97 .1 10.9 12.6 14.0 16.9 37
810 96.5 9.7 11.2 12.5 15.1 3.7
816 96.2 9.0 104 11.6 14 .1 3.6
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Figure E.50—Rupture Exponent vs. Temperature Curve (Sl Units) for ASTM A213, ASTM A312, and ASTM 376 TP 347 (18Cr-10Ni-Nb) Stainless Steels
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API STANDARD 530

Table E.17—Elastic, Rupture Allowable Stresses and Rupture Exponent (SI Units) for ASTM A213, ASTM A312, and ASTM 376 TP 347 (18Cr-10Ni-Nb) Stainless Steels

TP347 SS

Rupture Allowable Stress, o,

Design Metal Elastic

Temperature, Allowable
Tq Stress, Og

(Centigrade) (MPa)
400 127 1
410 126.2
420 1254
430 124.7
440 124.0
450 1234
460 122.8
470 122.3
480 121.9
490 121.6
500 121.3
510 121.0
520 120.9
530 120.8
540 120.7
550 120.7
560 120.7
570 120.8
580 120.9
590 121.0
600 121.1
610 121.1
620 121.2
630 121.1
640 121.0
650 120.9
660 120.6
670 120.1
680 119.5
690 118.7
700 117.7
710 116.4
720 114.9
730 113.1
740 110.9
750 108.4
760 105.5
770 102.3
780 98.7
790 94.8
800 90.4
810 85.8
816 82.9

tpL. =100,000 h
(MPa)

121.7
111.9
102.6
93.8
85.3
77.3
69.7
62.6
56.0
49.7
44.0
38.7
33.9
29.6
25.7
22.3
19.3
16.7
14.5
12.6
11.0
9.6
8.5
7.5
6.7
6.0
54
5.0

tp,. =60,000 h
(MPa)

131.0
121.0
111.4
102.2
93.4
85.1
77.2
69.7
62.7
56.1
49.9
44 .2
39.0
34.2
29.9
26.0
22.6
19.6
17.0
14.7
12.8
11.2
9.8

8.7

7.7

6.8

6.1

57

tDL = 40,000 h
(MPa)

138.7
128.4
118.6
109.2
100.2
91.6
83.4
75.7
68.3
61.4
55.0
49.0
43.4
38.2
33.6
294
25.6
22.2
19.3
16.8
14.6
12.7
111
9.8
8.6
7.6
6.8
6.4

tDL = 20,000 h
(MPa)

152.3
141.7
131.5
121.7
112.3
103.3
94.7
86.5
78.7
71.3
64.3
57.8
51.6
46.0
40.7
35.9
31.5
27.5
24.0
20.9
18.2
15.8
13.8
121
10.6
9.3
8.3
7.7

Rupture Exponent,
n

7.6
7.3
6.9
6.6
6.3
6.0
57
54
51
4.8
4.6
4.3
4.1
3.9
3.7
3.6
3.4
3.3
3.2
3.2
3.1
3.1
3.1
3.1
3.2
3.3
3.4
3.5
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Figure E.52—Stress Curves (Sl Units) for ASTM A213, ASTM A312, and ASTM 376 TP 347H (18Cr-10Ni-Nb) Stainless Steels
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Table E.18—Elastic, Rupture Allowable Stresses and Rupture Exponent (S| Units) for ASTM A213, ASTM A312, and ASTM 376 TP 347H (18Cr-10Ni-Nb) Stainless Steels

TP347HSS
Design Metal Elastic Rupture Allowable Stress, o,
Temperature, | Allowable Rupture Exponent,
Tq Stress, Oa | t,, =100,000 h to. = 60,000 h to. = 40,000 h to. = 20,000 h n
(Centigrade) (MPa) (MPa) (MPa) (MPa) (MPa)

400 127 1

410 126.2

420 125.4

430 124.7

440 124.0

450 123.4

460 122.8

470 122.3

480 121.9

490 121.6

500 121.3

510 121.0

520 120.9

530 120.8

540 120.7

550 120.7 .
560 120.7 137.3 149.0 158.6 175.9 6.6
570 120.8 125.8 137.0 146.3 163.1 6.3
580 120.9 114.8 125.6 134.6 150.8 6.0
590 121.0 104.5 114.8 123.4 139.0 5.8
600 1211 94.8 104.6 112.9 127.8 55
610 1211 85.8 95.0 102.9 117.2 5.3
620 121.2 77.3 86.0 93.5 107.1 5.0
630 1211 69.5 77.7 84.7 97.6 4.8
640 121.0 62.3 69.9 76.5 88.7 4.6
650 120.9 55.7 62.8 68.9 80.3 4.5
660 120.6 49.8 56.2 61.9 72.6 4.3
670 120.1 44 .4 50.3 55.5 65.4 4.2
680 119.5 39.6 44.9 49.6 58.8 4.1
690 118.7 35.3 401 44 .4 52.7 4.0
700 117.7 31.5 35.8 39.7 47.3 4.0
710 116.4 28.2 32.0 35.5 42.3 3.9
720 114.9 25.3 28.7 31.8 37.9 3.9
730 113.1 227 257 28.5 34.0 3.9
740 110.9 20.5 23.1 256 305 4.0
750 108.4 18.5 20.9 23.0 27.4 4.0
760 105.5 16.8 18.9 20.8 247 4.1
770 102.3 15.3 171 18.8 223 4.2
780 98.7 14.0 15.6 171 20.2 4.3
790 94.8 12.8 14.3 15.6 18.3 4.4
800 90.4 11.8 13.1 14.3 16.7 4.5
810 85.8 10.8 12.0 13.1 15.2 4.6
816 82.9 10.3 11.4 12.4 14.4 4.7
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Table E.19—Elastic, Rupture Allowable Stresses and Rupture Exponent (Sl Units) for ASTM B407 UNS N08800 Alloy 800 Steels

Alloy 800

Rupture Allowable Stress, o,

Design Metal Elastic
Temperature, Allowable
T4 Stress, o
(Centigrade) (MPa)
400 145.2
410 144.6
420 143.9
430 143.3
440 142.7
450 142 .1
460 141.5
470 140.9
480 140.3
490 139.7
500 139.2
510 138.6
520 138.0
530 137 .4
540 136.7
550 136.0
560 135.3
570 134.5
580 133.7
590 132.8
600 131.7
610 130.6
620 129.3
630 127.9
640 126.4
650 124.7
660 122.8
670 120.7
680 118.4
690 115.9
700 113.2
710 110.2
720 107.0
730 103.5
740 99.8
750 95.8
760 91.6
770 87.2
780 82.6
790 77.9
800 73.0
810 68.0
816 64.9

tpL. = 100,000 h
(MPa)

136.6
122.1
109.2
97.6
87.3
78.1
69.8
62.4
55.8
49.9
44.6
39.9
35.6
31.9
28.5
25.5
22.8
204
18.2
16.3
14.6
13.0
11.6
10.4
9.3
8.3
7.4
7.0

tpL = 60,000 h
(MPa)

149.9
134.2
120.1
107.5
96.2
86.1
771
69.0
61.8
553
49.5
44 .3
39.7
35.5
31.8
28.4
25.5
22.8
20.4
18.3
16.3
14.6
13.1
1.7
10.5
9.4
8.4
7.9

tpL = 40,000 h
(MPa)

161.4
144.6
129.5
116.0
104.0
93.1
83.4
74.8
67.0
60.0
53.8
48.2
43.1
38.7
34.6
31.0
27.8
24.9
22.3
20.0
17.9
16.0
14.4
12.9
11.5
10.3
9.3
8.7

tpL = 20,000 h
(MPa)

183.1
164.3
147 .4
132.2
118.7
106.5
95.5
85.7
76.9
69.0
61.9
55.6
49.9
44.7
40.1
36.0
32.3
29.0
26.0
23.3
20.9
18.8
16.9
15.1
13.6
12.2
10.9
10.2

Rupture Exponent,
n

55
5.4
5.4
5.3
5.2
5.2
5.1
5.1
5.0
5.0
4.9
4.8
4.8
4.7
4.7
4.7
4.6
4.6
45
45
4.4
4.4
4.3
4.3
4.3
4.2
4.2
4.2
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Table E.20—Elastic, Rupture Allowable Stresses and Rupture Exponent (Sl Units) for ASTM B407 UNS N08810 Alloy 800H Steels

Alloy 800H
Design Metal Elastic Rupture Allowable Stress, o,
Temperature, | Allowable Rupture Exponent,
Ta Stress, o, tpL =100,000 h tpL = 60,000 h tpL. =40,000 h tpL = 20,000 h n

(Centigrade) (MPa) (MPa) (MPa) (MPa) (MPa)
500 109.5
510 109.3
520 109.0
530 108.7
540 108.3
550 107.9
560 107.5
570 107.0 120.5 129.5 137.2 151.4
580 106.4 111.0 119.3 126.4 139.6
590 105.8 102.2 109.9 116.5 128.8
600 105.1 94 1 101.3 107.5 118.8 6.9
610 104 .4 86.7 93.4 99.1 109.7 6.8
620 103.5 79.9 86.2 91.5 101.3 6.8
630 102.6 73.7 79.5 84 .4 93.6 6.7
640 101.6 67.9 73.3 77.9 86.5 6.7
650 100.5 62.6 67.7 71.9 79.9 6.6
660 99.3 57.8 62.4 66.4 73.8 6.5
670 98.0 53.3 57.6 61.3 68.3 6.5
680 96.6 49.1 53.2 56.6 63.1 6.4
690 95.1 453 49.1 52.3 58.3 6.4
700 93.6 41.7 45.3 48.3 53.9 6.3
710 91.9 38.5 41.8 44.6 49.9 6.2
720 90.2 35.5 38.6 41.2 46.1 6.2
730 88.3 327 35.6 38.0 42.6 6.1
740 86.4 30.1 32.8 35.1 394 6.0
750 84 .4 27.7 30.2 32.4 36.4 5.9
760 82.3 25.5 27 .9 29.9 33.6 5.9
770 80.1 23.5 25.7 27.6 311 5.8
780 77.9 21.6 23.7 254 28.7 57
790 75.6 19.9 21.8 23.4 26.5 5.6
800 73.3 18.2 20.0 21.6 24 .4 5.6
810 70.9 16.8 18.4 19.9 22.5 55
820 68.5 15.4 16.9 18.3 20.8 54
830 66.0 141 15.6 16.8 19.2 53
840 63.5 12.9 14.3 15.5 17.7 52
850 61.0 11.8 13.1 14.2 16.2 5.1
860 58.5 10.8 12.0 13.0 14.9 5.0
870 56.0 9.9 11.0 11.9 13.7 5.0
880 53.5 9.0 10.0 10.9 12.6 4.9
890 51.0 8.2 9.2 10.0 11.6 4.8
899 48.8 7.5 8.5 9.2 10.7 4.7
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Table E.21—Elastic, Rupture Allowable Stresses and Rupture Exponent (Sl Units) for ASTM B407 UNS N08811 Alloy 800HT Steels

Alloy 800HT
Design Metal Elastic Rupture Allowable Stress, o,
Temperature, | Allowable Rupture Exponent,
Ta Stress, o tp. =100,000 h tp,. = 60,000 h tpL = 40,000 h tpL = 20,000 h n
(Centigrade) (MPa) (MPa) (MPa) (MPa) (MPa)
480 107.8
490 107.0
500 106.0
510 105.0
520 104.0
530 102.9
540 101.7
550 100.4
560 991
570 97.7
580 96.2
590 94.6
600 93.0 .
610 91.3 99.6 109.0 117.0 132.1 5.7
620 89.6 91.5 100.2 107.7 121.7 5.6
630 87.7 84 .1 921 991 112.2 5.6
640 85.8 77.2 84.7 91.2 103.4 5.5
650 83.8 70.9 77.9 83.9 95.2 5.5
660 81.8 65.2 71.6 77.2 87.8 54
670 79.7 59.9 65.9 711 80.9 53
680 77.5 55.0 60.6 65.4 74.5 53
690 75.3 50.5 55.7 60.2 68.7 52
700 73.0 46.4 51.2 554 63.3 52
710 70.7 42.6 47 1 51.0 58.3 5.1
720 68.3 39.2 43.3 46.9 53.7 5.1
730 65.9 36.0 39.8 43.2 49.5 5.0
740 63.5 33.0 36.6 39.7 45.6 5.0
750 61.1 30.3 33.7 36.5 421 4.9
760 58.6 27.9 31.0 33.6 38.8 4.9
770 56.1 25.6 28.5 31.0 35.7 4.8
780 53.6 23.5 26.2 28.5 32.9 4.8
790 511 21.6 24 1 26.2 30.3 4.7
800 48.7 19.8 221 24 1 28.0 4.7
810 46.2 18.2 20.3 22.2 25.8 4.7
820 43.8 16.7 18.7 20.4 23.7 4.6
830 41.4 154 17.2 18.8 21.9 4.6
840 39.0 14 .1 15.8 17.3 20.2 4.5
850 36.7 13.0 14.5 15.9 18.6 4.5
860 34.5 11.9 13.4 14.7 17.1 4.5
870 32.3 11.0 12.3 13.5 15.8 4.4
880 301 10.1 11.3 12.4 14.5 4.4
890 28.0 9.2 10.4 11.4 13.4 4.3
899 26.2 8.6 9.6 10.6 12.4 4.3
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Figure E.66—Larson-Miller Parameter vs. Stress Curve (Sl Units) for ASTM A608 Grade HK-40 Steels
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Table E.22—Elastic, Rupture Allowable Stresses and Rupture Exponent (S| Units) for ASTM A608 Grade HK-40 Steels

Alloy HK-40
Design Metal Elastic Rupture Allowable Stress, o,
Temperature, Allowable Rupture Exponent,
Tq Stress, 0o | t, =100,000 h to. = 60,000 h to. = 40,000 h toL = 20,000 h n
(Centigrade) (MPa) (MPa) (MPa) (MPa) (MPa)
400 144.7
410 144.6
420 144.6
430 144.7
440 144 .9
450 145.1
460 145.4
470 145.8
480 146.2
490 146.6 162.2 173.6 183.2 200.7
500 147 .1 152.2 163.1 172.2 189.0
510 147.6 142.7 153.1 161.9 177.9
520 148.1 133.8 143.7 152.1 167.5
530 148.6 125.4 134.9 142.9 157.5
540 149.1 117.4 126.5 134.1 148.2
550 149.6 110.0 118.6 125.9 139.3
560 150.0 102.9 111.2 118.1 131.0
570 150.4 96.3 104.2 110.8 123.1
580 150.8 90.1 97.6 103.9 115.6
590 151.1 84.3 91.4 97.4 108.6
600 151.4 78.8 85.5 91.3 101.9
610 151.5 73.6 80.0 85.5 95.7
620 151.6 68.7 74.9 80.1 89.7
630 151.6 64.2 70.0 74.9 84.2
640 151.5 59.9 65.4 70.1 78.9
650 151.2 55.9 61.1 65.6 73.9
660 150.8 52.1 571 61.3 69.3
670 150.3 48.6 53.3 57.3 64.9
680 149.6 45.2 49.7 53.5 60.7
690 148.8 42 .1 46.4 50.0 56.8
700 147.8 39.2 43.2 46.7 53.2
710 146.6 36.5 40.3 43.6 49.7
720 145.3 33.9 37.5 40.6 46.5
730 143.8 31.5 34.9 37.9 43 .4
740 142.0 29.3 32.5 35.3 40.5
750 140.1 27.2 30.2 32.9 37.8
760 138.1 25.2 28.1 30.6 353 4.8
770 135.8 234 26.1 28.5 32.9 4.7
780 133.3 21.7 243 26.5 30.7 4.7
790 130.7 20.1 225 24.6 28.6 4.6
800 127.9 18.6 20.9 22.9 26.7 4.5
810 124 .9 17.2 19.4 21.2 24.8 4.4
820 121.8 15.9 18.0 19.7 23.1 4.4
830 118.5 14.7 16.6 18.3 21.5 4.3
840 115.1 13.6 15.4 17.0 20.0 4.2
850 111.5 12.6 14.2 15.7 18.6 4.2
860 107.9 11.6 13.2 14.6 17.2 4.1
870 104.1 10.7 12.2 13.5 16.0 4.0
880 100.3 9.9 11.2 12.5 14.8 4.0
890 96.4 9.1 10.4 11.5 13.8 3.9
900 92.5 8.4 9.6 10.6 12.7 3.8
910 88.5 7.7 8.8 9.8 11.8 3.8
920 84.6 71 8.1 9.1 10.9 3.7
930 80.6 6.5 7.5 8.4 10.1 3.6
940 76.6 5.9 6.9 7.7 9.3 3.6
950 72.7 5.4 6.3 71 8.6 3.5
954 71.2 5.3 6.1 6.9 8.4 3.5
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Annex F
(normative)

Stress Curves and Data Tables (USC Units)

Stress curves and data table (in USC units) are presented in Figures F.1 to F.66 and Tables F.1 to F.22.
List of Figures and Tables (USC Units)
Low Carbon Steels

Figure F.1—Stress Curves (USC Units) for ASTM A192 Low-carbon Steels

Figure F.2—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM A192 Low-carbon Steels

Figure F.3—Larson-Miller Parameter vs. Stress Curve (USC Units) for ASTM A192 Low-carbon Steels

Table F.1—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A192 Low-carbon Steels
Medium Carbon Steels

Figure F.4—Stress Curves (USC Units) for ASTM A106 Grade B and ASTM A210 Grade A1 Medium-carbon Steels

Figure F.5—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM A106 Grade B and ASTM A210 Grade A1 Medium-carbon Steels

Figure F.6—Larson-Miller Parameter vs. Stress Curve (USC Units) for ASTM A106 Grade B and ASTM A210 Grade A1 Medium-carbon Steels

Table F.2—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A106 Grade B and ASTM A210 Grade A1 Medium-carbon Steels
Carbon-1/2Moly Steels

Figure F.7—Stress Curves (USC Units) for ASTM A209 T1 and ASTM A335 P1 Carbon-1/2Mo Steels

Figure F.8—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM A209 T1 and ASTM A335 P1 Carbon-1/2Mo Steels

Figure F.9—Larson-Miller Parameter vs. Stress Curve (USC Units) for ASTM A209 T1 and ASTM A335 P1 Carbon-1/2Mo Steels

Table F.3—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A209 T1 and ASTM A335 P1 Carbon-1/2Mo Steels
1-1/4Cr-1/2Moly Steels

Figure F.10—Stress Curves (USC Units) for ASTM A213 T11 and ASTM A335 P11 1-1/4Cr-1/2Mo Steels

Figure F.11—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM A213 T11 and ASTM A335 P11 1-1/4Cr-1/2Mo Steels

Figure F.12—Larson-Miller Parameter vs. Stress Curve (USC Units) for ASTM A213 T11 and ASTM A335 P11 1-1/4Cr-1/2Mo Steels

Table F.4—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A213 T11 and ASTM A335 P11 1-1/4Cr-1/2Mo Steels
2-1/4Cr-1Moly Steels

Figure F.13—Stress Curves (USC Units) for ASTM A213 T22 and ASTM A335 P22 2-1/4Cr-1Mo Steels

Figure F.14—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM A213 T22 and ASTM A335 P22 2-1/4Cr-1Mo Steels

Figure F.15—Larson-Miller Parameter vs. Stress Curve (USC Units) for ASTM A213 T22 and ASTM A335 P22 2-1/4Cr-1Mo Steels

Table F.5—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A213 T22 and ASTM A335 P22 2-1/4Cr-1Mo Steels
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3Cr-1Moly Steels

Figure F.16—Stress Curves (USC Units) for ASTM A213 T21 and ASTM A335 P21 3Cr-1Mo Steels

Figure F.17—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM A213 T21 and ASTM A335 P21 3Cr-1Mo Steels

Figure F.18—Larson-Miller Parameter vs. Stress Curve (USC Units) for ASTM A213 T21 and ASTM A335 P21 3Cr-1Mo Steels

Table F.6—Elastic and Rupture Allowable Stresses (USC Units) for ASTM A213 T21 and ASTM A335 P21 3Cr-1Mo Steels
5Cr-1/2Moly Steels

Figure F.19—Stress Curves (USC Units) for ASTM A213 T5 and ASTM A335 P5 5Cr-1/2Mo Steels

Figure F.20—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM A213 T5 and ASTM A335 P5 5Cr-1/2Mo Steels

Figure F.21—Larson-Miller Parameter vs. Stress Curve (USC Units) for ASTM A213 T5 and ASTM A335 P5 5Cr-1/2Mo Steels

Table F.7—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A213 T5 and ASTM A335 P5 5Cr-1/2Mo Steels
5Cr-1/2Moly-Si Steels

Figure F.22—Stress Curves (USC Units) for ASTM A213 T5b and ASTM A335 P5b 5Cr-1/2Mo-Si Steels

Figure F.23—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM A213 T5b and ASTM A335 P5b 5Cr-1/2Mo-Si Steels

Figure F.24—Larson-Miller Parameter vs. Stress Curve (USC Units) for ASTM A213 T5b and ASTM A335 P5b 5Cr-1/2Mo-Si Steels

Table F.8—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A213 T5b and ASTM A335 P5b 5Cr-1/2Mo-Si Steels
9Cr-1Moly Steels

Figure F.25—Stress Curves (USC Units) for ASTM A213 T9 and ASTM A335 P9 9Cr-1Mo Steels

Figure F.26—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM A213 T9 and ASTM A335 P9 9Cr-1Mo Steels

Figure F.27—Larson-Miller Parameter vs. Stress Curve (USC Units) for ASTM A213 T9 and ASTM A335 P9 9Cr-1Mo Steels

Table F.9—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A213 T9 and ASTM A335 P9 9Cr-1Mo Steels
9Cr-1Moly-V Steels

Figure F.28—Stress Curves (USC Units) for ASTM A213 T91 and ASTM A335 P91 9Cr-1Mo-V Steels

Figure F.29—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM A213 T91 and ASTM A335 P91 9Cr-1Mo-V Steels

Figure F.30—Larson-Miller Parameter vs. Stress Curve (USC Units) for ASTM A213 T91 and ASTM A335 P91 9Cr-1Mo-V Steels

Table F.10—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) ASTM A213 T91 and ASTM A335 P91 9Cr-1Mo-V Steels
TP 304-304H Stainless Steels

Figure F.31—Stress Curves (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 304 and 304H (18Cr-8Ni) Stainless Steels

Figure F.32—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 304 and 304H (18Cr-8Ni) Stainless Steels

Figure F.33—Larson-Miller Parameter vs. Stress Curve (USC Units) for A213, ASTM A271, ASTM A312, and ASTM 376 TP 304 and 304H (18Cr-8Ni) Stainless Steels

Table F.11—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for A213, ASTM A271, ASTM A312, and ASTM 376 TP 304 and 304H (18Cr-8Ni) Stainless Steels
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TP 304L Stainless Steels
Figure F.34—Stress Curves (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 304L (18Cr-8Ni) Stainless Steels
Figure F.35—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 304L (18Cr-8Ni) Stainless Steels
Figure F.36—Larson-Miller Parameter vs. Stress Curve (USC Units) for A213, ASTM A271, ASTM A312, and ASTM 376 TP 304L (18Cr-8Ni) Stainless Steels
Table F.12—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for A213, ASTM A271, ASTM A312, and ASTM 376 TP 304L (18Cr-8Ni) Stainless Steels
TP 316-316H Stainless Steels
Figure F.37—Stress Curves (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 316 and 316H (16Cr-12Ni-2Mo) Stainless Steels
Figure F.38—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 316 and 316H (16Cr-12Ni-2Mo) Stainless Steels
Figure F.39—Larson-Miller Parameter vs. Stress Curve (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 316 and 316H (16Cr-12Ni-2Mo) Stainless Steels
Table F.13—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 316 and 316H (16Cr-12Ni-2Mo) Stainless Steels
TP 316L—317L Stainless Steels
Figure F.40—Stress Curves (USC Units) for ASTM A213, ASTM A271, ASTM A312, ASTM 376 TP 316L (16Cr-12Ni-2Mo) Stainless Steels and ASTM A213, A312 TP 317L Stainless Steels
Figure F.41—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM A213, ASTM A271, ASTM A312, ASTM 376 TP 316L (16Cr-12Ni-2Mo) Stainless Steels and ASTM A213, A312 TP 317L Stainless Steels
Figure F.42—Larson-Miller Parameter vs. Stress Curve (USC Units) for ASTM A213, ASTM A271, ASTM A312, ASTM 376 TP 316L (16Cr-12Ni-2Mo) Stainless Steels and ASTM A213, A312 TP 317L Stainless Steels
Table F.14—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A213, ASTM A271, ASTM A312, ASTM 376 TP 316L (16Cr-12Ni-2Mo) Stainless Steels and ASTM A213, A312 TP 317L Stainless Steels
TP 321 Stainless Steels
Figure F.43—Stress Curves (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 321 (18Cr-10Ni-Ti) Stainless Steels
Figure F.44—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 321 (18Cr-10Ni-Ti) Stainless Steels
Figure F.45—Larson-Miller Parameter vs. Stress Curve (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 321 (18Cr-10Ni-Ti) Stainless Steels
Table F.15—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 321 (18Cr-10Ni-Ti) Stainless Steels
TP 321H Stainless Steels
Figure F.46—Stress Curves (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 321H (18Cr-10Ni-Ti) Stainless Steels
Figure F.47—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 321H (18Cr-10Ni-Ti) Stainless Steels
Figure F.48—Larson-Miller Parameter vs. Stress Curve (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 321H (18Cr-10Ni-Ti) Stainless Steels
Table F.16—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 321H (18Cr-10Ni-Ti) Stainless Steels
TP 347 Stainless Steels
Figure F.49—Stress Curves (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 347 (18Cr-10Ni-Nb) Stainless Steels
Figure F.50—Rupture Exponent vs. Temperature Surve (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 347 (18Cr-10Ni-Nb) Stainless Steels
Figure F.51—Larson-Miller Parameter vs. Stress Curve (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 347 (18Cr-10Ni-Nb) Stainless Steels

Table F.17—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 347 (18Cr-10Ni-Nb) Stainless Steels
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Figure F.52—Stress Curves (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 347H (18Cr-10Ni-Nb) Stainless Steels
Figure F.53—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 347H (18Cr-10Ni-Nb) Stainless Steels

Figure F.54—Larson-Miller Parameter vs. Stress Curve (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 347H (18Cr-10Ni-Nb) Stainless Steels
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Table F.18—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 347H (18Cr-10Ni-Nb) Stainless Steels
Alloy 800 Steels

Figure F.55—Stress Curves (USC Units) for ASTM B407 UNS N08800 Alloy 800 Steels

Figure F.56—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM B407 UNS N08800 Alloy 800 Steels

Figure F.57—Larson-Miller Parameter vs. Stress Curve (USC Units) for ASTM B407 UNS N08800 Alloy 800 Steels

Table F.19—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM B407 UNS N0O8800 Alloy 800 Steels
Alloy 800H Steels

Figure F.58—Stress Curves (USC Units) for ASTM B407 UNS N08810 Alloy 800H Steels

Figure F.59—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM B407 UNS N08810 Alloy 800H Steels

Figure F.60—Larson-Miller Parameter vs. Stress Curve (USC Units) for ASTM B407 UNS N08810 Alloy 800H Steels

Table F.20—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM B407 UNS N08810 Alloy 800H Steels
Alloy 800HT Steels

Figure F.61—Stress Curves (USC Units) for ASTM B407 UNS N08811 Alloy 800HT Steels

Figure F.62—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM B407 UNS N08811 Alloy 800HT Steels

Figure F.63—Larson-Miller Parameter vs. Stress Curve (USC Units) for ASTM B407 UNS N08811 Alloy 800HT Steels

Table F.21—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM B407 UNS N08811 Alloy 800HT Steels
Alloy HK-40 Steels

Figure F.64—Stress Curves (USC Units) for ASTM A608 Grade HK-40 Steels

Figure F.65—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM A608 Grade HK-40 Steels

Figure F.66—Larson-Miller Parameter vs. Stress Curve (USC Units) for ASTM A608 Grade HK-40 Steels

Table F.22—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A608 Grade HK-40 Steels
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Figure F.1—Stress Curves (USC Units) for ASTM A192 Low-carbon Steels
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Figure F.2—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM A192 Low-carbon Steels
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Figure F.3—Larson-Miller Parameter vs. Stress Curve (USC Units) for ASTM A192 Low-carbon Steels
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Table F.1—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A192 Low-carbon Steels

Low Carbon Steel

Elastic Rupture Allowable Stress, o,
Temperature | Allowable Rupture Exponent,
(Fahrenheit) | Stress,oq | ¢ =100,000h | ¢, =60,000h | ¢, =40,000h | ¢, =20,000h n
(ksi) (ksi) (ksi) (ksi) (ksi)

560 13.1

580 12.9

600 12.7

620 125

640 12.3

660 12.1

680 11.9

700 117 8.7
720 115 8.4
740 113 8.0
760 11.1 77
780 10.9 7.3
800 10.7 105 11.3 12.0 13.3 7.0
820 105 9.2 10.0 10.6 11.8 6.6
840 10.3 8.0 8.7 9.3 10.4 6.3
860 10.1 7.0 76 8.2 9.2 6.0
880 9.8 6.0 6.6 71 8.0 56
900 9.6 5.1 5.7 6.2 7.0 53
920 9.4 4.4 4.9 53 6.1 50
940 9.2 3.7 4.1 45 5.2 47
960 9.0 3.1 35 38 4.5 4.4
980 8.8 25 2.9 3.2 3.8 4.1
1000 8.6 2.0 2.4 26 3.2 3.7
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Figure F.4—Stress Curves (USC Units) for ASTM A106 Grade B and ASTM A210 Grade A1 Medium-carbon Steels
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Medium Carbon Steel Rupture Exponent vs. Temperature
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Figure F.5—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM A106 Grade B and ASTM A210 Grade A1 Medium-carbon Steels
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Table F.2—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A106 Grade B and ASTM A210 Grade A1 Medium-carbon Steels

Medium Carbon Steel

Elastic Rupture Allowable Stress, o,
Temperature | Allowable Rupture Exponent,
(Fahrenheit) | Stress,oa | ¢, =100,000h | ¢, =60,000h | ¢, =40,000h | ¢, =20,000h n
(ksi) (ksi) (ksi) (ksi) (ksi)

560 176

580 17 4

600 17.1

620 16.9

640 16.6

660 16.3

680 16.0

700 15.8 8.4
720 155 8.0
740 152 18.1 19.4 20.4 224 77
760 15.0 16.2 17 4 18.4 20.2 73
780 14.7 145 15.6 16.6 18.3 7.0
800 14.4 12.9 13.9 14.8 16.4 6.7
820 14.1 114 12.4 132 14.8 6.4
840 13.8 10.1 11.0 118 13.2 6.1
860 135 8.9 9.7 10.4 118 58
880 13.3 77 85 9.2 10.4 55
900 13.0 6.7 75 8.1 9.2 53
920 12.7 58 6.5 7.1 8.1 50
940 124 5.0 56 6.1 71 4.7
960 12.1 4.2 4.8 53 6.2 4.4
980 11.8 36 4.1 4.5 53 4.2
1000 115 3.0 3.4 3.8 4.6 3.9
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Figure F.7—Stress Curves (USC Units) for ASTM A209 T1 and ASTM A335 P1 Carbon-1/2Mo Steels
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C-0.5Mo Steel
Elastic Rupture Allowable Stress, o,
Temperature | Allowable Rupture Exponent,
(Fahrenheit) | Stress,ou | ¢  =100,000h | ¢, =60,000h | ¢, =40,000h | ¢, =20,000h n
(ksi) (ksi) (ksi) (ksi) (ksi)

600 16.7

620 16.6

640 16.5

660 16.3

680 16.2

700 16.0 4.3
720 15.9 4.2
740 15.7 4.1
760 15.6 4.1
780 15.4 4.0
800 15.2 3.9
820 15.1 3.9
840 14.9 38
860 147 38
880 145 3.7
900 14.3 175 20.1 225 27.2 36
920 14.1 14.0 16.1 18.0 21.9 36
940 13.9 112 12.9 145 176 35
960 137 8.9 10.3 116 14.2 35
980 135 7.1 8.3 9.3 114 3.4
1000 13.3 5.7 6.6 75 9.2 3.4
1020 13.1 4.6 5.3 6.0 74 3.3
1040 12.9 3.7 4.3 4.8 6.0 3.3
1050 12.7 3.3 38 4.3 5.3 3.3
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Figure F.10—Stress Curves (USC Units) for ASTM A213 T11 and ASTM A335 P11 1-1/4Cr-1/2Mo Steels
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Table F.4—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A213 T11 and ASTM A335 P11 1-1/4Cr-1/2Mo Steels

1.25Cr-0.5Mo Steel

Elastic Rupture Allowable Stress, o,
Temperature | Allowable Rupture Exponent,
(Fahrenheit) | Stress,o. | ¢, =100,000h | ¢, =60,000h to. = 40,000 h to. = 20,000 h n
(ksi) (ksi) (ksi) (ksi) (ksi)

600 16.8

620 16.7

640 16.6

660 16.6

680 16.5

700 16.4

720 16.3

740 16.2

760 16.1

780 16.0

800 15.8 6.5
820 15.7 6.3
840 15.5 6.2
860 15.3 6.1
880 15.2 6.0
900 14.9 19.7 21.5 23.1 26.0 58
920 14.7 16.8 18.4 19.8 22.3 57
940 145 14.3 15.7 16.9 19.1 56
960 14.2 12.2 134 14.4 16.4 55
980 13.9 104 114 12.3 14.0 54
1000 13.6 8.8 9.7 10.5 12.0 53
1020 13.3 7.5 8.2 8.9 10.2 52
1040 13.0 6.3 7.0 7.6 8.7 51
1060 12.6 53 59 6.4 7.4 5.0
1080 12.3 4.5 5.0 55 6.3 4.9
1100 11.9 3.8 4.3 4.6 54 4.8
1120 11.5 3.2 3.6 3.9 4.6 4.7
1140 11.1 2.7 3.0 3.3 3.9 4.6
1160 10.7 2.3 2.6 2.8 3.3 4.5
1180 10.3 1.9 2.2 2.4 2.8 4.4
1200 9.9 1.6 1.8 2.0 2.3 4.3
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Table F.5—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A213 T22 and ASTM A335 P22 2-1/4Cr-1Mo Steels

2.25Cr-1Mo Steel

Elastic Rupture Allowable Stress, o,
Temperature | Allowable Rupture Exponent,
(Fahrenheit) | Stress,oq | ¢, =100,000h | ¢, =60,000 h toL = 40,000 h toL = 20,000 h n
(ksi) (ksi) (ksi) (ksi) (ksi)

600 16.8

620 16.7

640 16.6

660 16.6

680 16.5

700 16.4

720 16.3

740 16.2

760 16.1

780 16.0

800 15.8 6.7
820 15.7 6.6
840 15.5 6.5
860 15.3 6.4
880 15.2 6.3
900 14.9 18.1 19.6 21.0 23.5 6.2
920 14.7 15.8 17.2 18.4 20.6 6.1
940 14.5 13.8 15.0 16.1 18.0 6.0
960 14.2 12.1 13.1 14.1 15.8 5.9
980 13.9 10.5 11.5 12.3 13.9 5.8
1000 13.6 9.2 10.1 10.8 12.2 5.7
1020 13.3 8.0 8.8 9.5 10.7 5.7
1040 13.0 7.0 7.7 8.3 9.4 5.6
1060 12.6 6.1 6.7 7.3 8.2 5.5
1080 12.3 5.4 5.9 6.4 7.2 5.4
1100 11.9 47 5.2 5.6 6.3 5.4
1120 11.5 4.1 45 4.9 5.6 5.3
1140 11.1 3.6 3.9 43 49 5.2
1160 10.7 3.1 35 3.7 43 5.2
1180 10.3 2.7 3.0 3.3 3.7 5.1
1200 9.9 2.4 2.6 2.9 3.3 5.1
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Table F.6—Elastic and Rupture Allowable Stresses (USC Units) for ASTM A213 T21 and ASTM A335 P21 3Cr-1Mo Steels

3Cr-1Mo Steel

Elastic Rupture Allowable Stress, o,
Temperature | Allowable Rupture Exponent,
(Fahrenheit) | Stress,de | ¢, =100,000h | ¢, =60,000h to. = 40,000 h tpL = 20,000 h n
(ksi) (ksi) (ksi) (ksi) (ksi)
600 16.0
620 16.0
640 16.0
660 16.0
680 16.0
700 16.0
720 16.0
740 16.0
760 15.9
780 15.9
800 15.9
820 15.8
840 15.7 19.5 21.2 22.7 254 6.1
860 15.7 17.3 18.8 20.1 226 6.0
880 15.6 15.3 16.7 17.9 20.1 5.9
900 15.4 13.6 14.8 15.9 17.9 5.8
920 15.3 12.1 13.2 14.1 15.9 5.8
940 15.1 10.7 11.7 12.6 14.2 5.7
960 15.0 9.5 10.4 11.2 12.6 5.6
980 14.8 8.4 9.2 9.9 11.2 55
1000 14.6 7.4 8.2 8.8 10.0 5.4
1020 14.3 6.6 7.3 7.8 8.9 5.4
1040 14.0 5.8 6.4 7.0 7.9 5.3
1060 13.8 5.2 5.7 6.2 7.1 5.2
1080 13.4 4.6 5.1 55 6.3 5.2
1100 13.1 4.1 45 4.9 5.6 5.1
1120 12.8 3.6 4.0 4.3 5.0 5.0
1140 12.4 3.2 3.5 3.9 4.4 5.0
1160 12.0 2.8 3.2 3.4 3.9 4.9
1180 11.6 25 2.8 3.0 3.5 4.8
1200 11.1 2.2 25 27 3.1 48
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Table F.7—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A213 T5 and ASTM A335 P5 5Cr-1/2Mo Steels

5Cr-0.5Mo Steel

Elastic Rupture Allowable Stress, o,
Temperature | Allowable Rupture Exponent,
(Fahrenheit) | Stress, 0a | ¢, =100,000h | 5 =60,000h | 5 =40,000h | ¢t5 =20,000h n

(ksi) (ksi) (ksi) (ksi) (ksi)
600 18.3
620 18.2
640 18.2
660 18.2
680 18.1
700 18.1
720 18.0
740 17.9
760 17.9
780 17.8
800 17.6
820 17.5 20.1 21.9 23.3 26.1
840 17.4 17.8 19.4 20.7 23.2
860 17.2 15.8 17.2 18.4 20.6
880 17.0 14.0 15.2 16.3 18.3
900 16.8 12.4 13.5 14.5 16.3 5.8
920 16.6 10.9 12.0 12.8 14.5 5.8
940 16.3 9.7 10.6 11.4 12.9 5.7
960 16.0 8.6 9.4 10.1 11.4 5.6
980 15.7 76 8.3 9.0 10.2 5.5
1000 15.4 6.7 7.4 8.0 9.0 5.4
1020 15.0 6.0 6.5 7.1 8.0 5.4
1040 14.7 5.3 5.8 6.3 7.1 5.3
1060 14.3 47 5.1 5.6 6.3 5.2
1080 13.8 4.1 46 49 5.6 5.2
1100 13.4 3.7 4.0 4.4 5.0 5.1
1120 12.9 3.2 3.6 3.9 45 5.0
1140 12.4 2.9 3.2 3.4 4.0 5.0
1160 11.9 25 2.8 3.1 35 49
1180 11.4 2.2 2.5 2.7 3.1 4.8
1200 10.8 2.0 2.2 2.4 2.8 4.8
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Table F.8—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A213 T5b and ASTM A335 P5b 5Cr-1/2Mo-Si Steels

5Cr-0.5Mo-Si Steel

Elastic Rupture Allowable Stress, o,
Temperature | Allowable Rupture Exponent,
(Fahrenheit) | Stress,o0. | ¢, =100,000h | ¢, =60,000h tp. = 40,000 h tp. = 20,000 h n

(ksi) (ksi) (ksi) (ksi) (ksi)
600 18.3
620 18.2
640 18.2
660 18.2
680 18.1
700 18.1
720 18.0
740 17.9
760 17.9
780 17.8
800 17.6
820 175 20.1 21.9 23.3 26.1
840 17 4 17.8 19.4 20.7 23.2
860 172 15.8 17.2 18.4 20.6
880 17.0 14.0 15.2 16.3 18.3
900 16.8 12.4 135 145 16.3 5.8
920 16.6 10.9 12.0 12.8 145 5.8
940 16.3 9.7 10.6 114 12.9 5.7
960 16.0 8.6 9.4 10.1 114 5.6
980 15.7 7.6 8.3 9.0 10.2 55
1000 15.4 6.7 7.4 8.0 9.0 5.4
1020 15.0 6.0 6.5 7.1 8.0 5.4
1040 147 53 5.8 6.3 7.1 53
1060 143 4.7 5.1 5.6 6.3 5.2
1080 13.8 4.1 46 4.9 5.6 5.2
1100 13.4 3.7 4.0 4.4 5.0 5.1
1120 12.9 3.2 3.6 3.9 45 5.0
1140 12.4 2.9 3.2 3.4 4.0 5.0
1160 11.9 25 238 3.1 3.5 4.9
1180 11.4 2.2 25 2.7 3.1 4.8
1200 10.8 2.0 2.2 2.4 2.8 4.8
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Table F.9—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A213 T9 and ASTM A335 P9 9Cr-1Mo Steels

9Cr-1Mo Steel

Elastic Rupture Allowable Stress, o,
Temperature | Allowable Rupture Exponent,
(Fahrenheit) | Stress,ou | ¢, =100,000h | ¢, =60,000h | t5 =40,000h | ¢t5 =20,000h n
(ksi) (ksi) (ksi) (ksi) (ksi)

700 16.5

720 16.4

740 16.3

760 16.1

780 16.0

800 15.8

820 15.6

840 154

860 15.1

880 14.9

900 14.6 10.6
920 14.3 17.5 18.5 19.2 20.6 10.2
940 14.0 15.8 16.6 17.3 18.6 9.8
960 13.6 14 1 14.9 15.6 16.8 94
980 13.3 12.6 134 14.0 151 8.9
1000 12.9 11.2 11.9 12.5 13.5 8.6
1020 12.5 9.9 10.6 11.1 121 8.2
1040 12.0 8.8 94 9.9 10.8 7.8
1060 11.6 7.7 8.2 8.7 9.6 7.4
1080 11.1 6.7 7.2 7.7 84 71
1100 10.6 58 6.3 6.7 7.4 6.7
1120 10.1 50 55 58 6.5 6.4
1140 9.6 4.3 4.7 51 57 6.1
1160 9.1 3.7 4.0 4.3 4.9 57
1180 8.6 3.1 3.4 3.7 4.2 54
1200 8.1 2.6 2.9 3.1 3.6 51
1220 7.6 2.2 2.4 2.7 3.1 4.8
1240 71 1.8 2.0 2.2 2.6 4.5
1260 6.6 1.5 1.7 1.8 2.1 4.3
1280 6.2 1.2 1.3 1.5 1.8 4.0
1300 57 0.9 1.1 1.2 1.4 3.7
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Table F.10—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) ASTM A213 T91 and ASTM A335 P91 9Cr-1Mo-V Steels

9Cr-1Mo-V Steel

Elastic Rupture Allowable Stress, o,
Temperature | Allowable Rupture Exponent,
(Fahrenheit) | Stress,ou | ¢, =100,000h | ¢, =60,000h tp. =40,000 h tp. = 20,000 h n
(ksi) (ksi) (ksi) (ksi) (ksi)

700 347
720 345
740 342
760 33.9
780 335
800 33.1
820 326
840 32.0
860 314
880 30.8
900 30.0 36.3 37.8 39.0 41.1 13.2
920 293 33.0 34.4 355 375 12.7
940 28.4 29.9 31.2 323 34.1 12.2
960 275 27.0 282 29.2 31.0 1.7
980 26.6 243 255 26.4 28.1 11.3
1000 256 218 229 238 254 10.8
1020 24 5 19.6 20.6 214 229 10.4
1040 234 17.4 18.4 19.2 20.6 9.9
1060 223 15.5 16.4 17.1 18.4 9.4
1080 212 13.7 14.5 15.2 16.4 8.9
1100 20.0 12.0 12.8 13.4 14.6 8.5
1120 18.9 10.5 11.2 11.8 12.9 8.0
1140 17.7 9.1 9.8 10.3 11.3 7.5
1160 16.5 7.8 8.4 9.0 9.9 7.1
1180 15.3 6.6 7.2 7.7 8.6 6.6
1200 14.2 5.6 6.1 6.6 7.3 6.1
1220 13.0 4.6 5.1 5.5 6.2 5.6
1240 11.9 3.7 42 45 5.2 5.1
1250 11.4 3.3 3.7 4.1 4.8 4.8
1260 10.9 2.9 3.3 3.7 4.3 4.5
1280 9.8 2.1 2.5 2.9 3.5 3.9
1300 8.9 14 1.8 2.1 2.7 3.0
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Table F.11—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for A213, ASTM A271, ASTM A312, and ASTM 376 TP 304 and 304H (18Cr-8Ni) Stainless Steels

TP304-304H SS
Elastic Rupture Allowable Stress, o,
Temperature | Allowable Rupture Exponent,
(Fahrenheit) | Stress,oq | ¢, =100,000h tp. = 60,000 h tp. = 40,000 h tp. = 20,000 h n
(ksi) (ksi) (ksi) (ksi) (ksi)

800 18.2
820 18.2
840 18.1
860 18.0
880 17.9
900 17.8
920 17.7
940 17.6
960 17.4
980 17.3
1000 17.2 20.1 21.7 23.0 25.5 6.7
1020 17.0 18.1 19.6 20.9 23.2 6.6
1040 16.9 16.4 17.8 18.9 21.0 6.5
1060 16.7 14.9 16.1 17.1 19.1 6.4
1080 16.5 13.4 14.6 15.5 17.3 6.3
1100 16.3 12.2 13.2 14.1 15.7 6.3
1120 16.1 11.0 12.0 12.8 14.3 6.2
1140 15.9 10.0 10.8 11.6 13.0 6.1
1160 15.7 9.0 9.8 10.5 11.8 6.0
1180 15.5 8.1 8.9 9.5 10.7 5.9
1200 15.2 7.4 8.0 8.6 9.7 5.9
1220 15.0 6.7 7.3 7.8 8.8 5.8
1240 14.8 6.0 6.6 7.1 8.0 57
1260 14.5 55 6.0 6.4 7.3 57
1280 14.3 4.9 5.4 5.8 6.6 5.6
1300 14.1 4.5 4.9 5.3 6.0 55
1320 13.8 4.0 4.4 4.8 5.4 55
1340 13.6 3.7 4.0 4.3 4.9 5.4
1360 13.3 3.3 3.6 3.9 45 5.3
1380 13.1 3.0 3.3 3.6 4.1 5.3
1400 12.9 27 3.0 3.2 3.7 52
1420 12.7 25 2.7 2.9 3.3 52
1440 12.5 2.2 25 2.7 3.0 5.1
1460 12.3 2.0 2.2 2.4 2.8 5.1
1480 12.2 1.8 2.0 22 25 5.0
1500 12.1 16 1.8 2.0 2.3 5.0




oN

CALCULATION OF HEATER-TUBE THICKNESS IN PETROLEUM REFINERIESV F-49

110 UO|

|dV Ym 85UBI| 18pUN SHI AQ PapIAOIY
aIN}su| Wnajosad uesuswy ybuidon

SHI WOy 8SULd1| INOYNM

, PSi
|

100000
90000

o TP304L

70000

T T T T T T T T
I I I 1 I 1 1 I I
L I 1

30 S ICIUI"VGS

Tensile strength —

60000

\\
\
50000 ‘y

Limiting design metal temperature

40000

30000

20000

Yield strength

Vs

15000

10000 & ——— = e i i s B
9000 Elastic allowable stress, o,

~ .
8000 s :\s

(h x 103)
7000

— Design life,

/]

Stress

[

!H/

— — 20

6000 Rupture allowable stress, o,

5000 ] 40
60

100

4000

3000

2000

1500

1000

900 950 1000 1050 1100 1150 1200 1250

Design metal temperature, T, (°F)

Figure F.34—Stress Curves (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 304L (18Cr-8Ni) Stainless Steels



N
oid
o}

oonpo.dai of
ouawy JybuAdo:

F-50 AP| STANDARD 530

91| Japun SH Aq papiA

SINIISU| WINB|0Lad UE:

1dV iim 85U

Rupture Exponent vs. Temperature (°F) for TP304L SS

1991] Inoym papiwiad Buiyiomiau Jo ul

9.5
9.0 L\\‘
: T ~—_

8.5 1 —~—

SHI Woyy asu

8.0

7.0 + /
- rupture exponent, n | T —
6.5 —

6.0

Rupture Exponent
!

5.5

5.0

4.5

4.0 : ' ' ' ' ' ' ' ' ' ' ' : ' ' ' ' '
900 950 1000 1050 1100 1150 1200 1250

Design metal temperature, T, (°F)

Figure F.35—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 304L (18Cr-8Ni) Stainless Steels



£38
%%g CALCULATION OF HEATER-TUBE THICKNESS IN PETROLEUM REFINERIESV F-51
8¢
355
I 100 7 ——F——F 77—
%5% 90 1 1 1 1 1 1 1 1 1 1 1 L 1 1 1 L 1 1 L 1 1 1 L 1
80 TP304L SS: Larson-Miller Parameter vs. Stress (ksi)
§; 70
g
z 60
50
Minimum Larson-Miller Constant = 18.287902
40 Average Larson=Miller Constant = 17.55
30
20
—
_—
n— 11.2 ksi
2 =
A g 10 :ﬂ T
9 / —_—
m s_g
N 8 / ——
(V) / —
- 7
by /
m 6 II
5 /
4 Elastic design governs above this stress
3
2
1
33 34 35 36 37 38 39 40

Larson-Miller Parameter/1000

Figure F.36—Larson-Miller Parameter vs. Stress Curve (USC Units) for A213, ASTM A271, ASTM A312, and ASTM 376 TP 304L (18Cr-8Ni) Stainless Steels



N
id
o}

uawy 1ybuAdo:

npo.dai o
papino.

o1

F-52 API STANDARD 530

uaol| Jopun SHi Aq

QINIISU| WINB|0Ldd UED

901 Inoym papiwiad Bunjiomiau Jo u
1dV yum asi

SHI Woyy 8su;

Table F.12—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for A213, ASTM A271, ASTM A312, and ASTM 376 TP 304L (18Cr-8Ni) Stainless Steels

TP304L SS
Elastic Rupture Allowable Stress, o,

Temperature | Allowable Rupture Exponent,
(Fahrenheit) | Stress, 0w | ¢  =100,000h | ¢, =60,000h | ¢, =40,000h | ¢, =20,000h n
(ksi) (ksi) (ksi) (ksi) (ksi)

800 127

820 126

840 125

860 124

880 122

900 12.1 9.4
920 12.0 9.2
940 119 9.0
960 1138 8.8
980 117 8.6
1000 116 8.4
1020 115 8.2
1040 114 13.1 14.0 14.8 16.1 8.0
1060 113 12.0 128 135 14.8 78
1080 11.1 10.9 117 12.3 135 76
1100 11.0 9.9 10.7 11.3 12.4 75
1120 10.9 9.0 9.7 10.3 113 73
1140 108 8.2 8.8 9.4 10.3 72
1160 10.6 74 8.0 8.5 9.4 7.0
1180 10.5 6.8 73 77 8.6 6.8
1200 10.3 6.1 6.6 7.0 78 6.7
1220 102 55 6.0 6.4 7.1 6.5
1240 10.0 5.0 5.4 538 6.5 6.4
1250 10.0 4.7 5.2 55 6.2 6.3
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Table F.13—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 316 and 316H (16Cr-12Ni-2Mo) Stainless Steels

TP316-316H SS
Elastic Rupture Allowable Stress, o,
Temperature | Allowable Rupture Exponent,
(Fahrenheit) | Stress,oa | ¢, =100,000h to. = 60,000 h tp. = 40,000 h tp. = 20,000 h n
(ksi) (ksi) (ksi) (ksi) (ksi)

800 17.3

820 17.2

840 17.1

860 17.0

880 17.0

900 16.9

920 16.8

940 16.7

960 16.6

980 16.5

1000 16.4 6.5
1020 16.3 6.4
1040 16.2 6.3
1060 16.0 18.1 19.7 21.0 235 6.2
1080 15.9 16.3 17.7 18.9 21.2 6.1
1100 15.8 14.6 15.9 17.0 19.1 6.1
1120 15.6 13.2 14.3 15.3 17.2 6.0
1140 15.5 11.8 12.9 13.8 15.6 5.9
1160 15.4 10.6 11.6 12.5 14.0 5.8
1180 15.2 9.6 10.5 11.2 12.7 5.8
1200 15.1 8.6 9.4 10.1 11.4 5.7
1220 14.9 7.7 8.5 9.1 10.3 5.6
1240 14.8 7.0 76 8.2 9.3 55
1260 14.6 6.3 6.9 74 8.4 5.5
1280 14.5 5.6 6.2 6.7 76 5.4
1300 14.4 5.1 5.6 6.0 6.8 54
1320 14.3 45 5.0 5.4 6.2 5.3
1340 14.2 4.1 45 4.9 5.6 5.2
1360 14.1 3.7 4.1 4.4 5.0 5.2
1380 14.0 3.3 3.7 4.0 45 5.1
1400 13.9 3.0 3.3 3.6 4.1 5.1
1420 13.9 2.7 3.0 3.2 3.7 5.0
1440 13.9 24 27 2.9 3.3 5.0
1460 13.9 2.2 24 2.6 3.0 4.9
1480 13.9 1.9 2.2 2.3 2.7 4.8
1500 14.0 1.7 1.9 2.1 2.4 4.8
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Table F.14—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A213, ASTM A271, ASTM A312, ASTM 376 TP 316L (16Cr-12Ni-2Mo) Stainless Steels and ASTM A213, A312 TP 317L Stainless Steels

TP316L-317L SS
Elastic Rupture Allowable Stress, o,
Temperature | Allowable Rupture Exponent,
(Fahrenheit) | Stress,oq | ¢, =100,000h | ¢, =60,000h tp. = 40,000 h to. = 20,000 h n
(ksi) (ksi) (ksi) (ksi) (ksi)

800 125

820 125

840 12.4

860 12.3

880 12.3

900 12.2 8.6
920 12.2 8.4
940 12.1 8.2
960 12.0 8.0
980 12.0 7.8
1000 12.0 7.6
1020 11.9 7.4
1040 11.9 7.2
1060 11.8 7.0
1080 11.7 6.8
1100 1.7 13.6 14.7 15.7 17.4 6.7
1120 11.6 12.4 13.4 14.3 15.9 6.5
1140 11.6 11.2 12.2 13.0 145 6.3
1160 115 10.2 11.1 11.8 13.3 6.2
1180 11.4 9.2 10.0 10.8 12.1 6.0
1200 11.3 8.3 9.1 9.8 11.0 5.8
1220 11.2 75 8.2 8.8 10.0 5.7
1240 11.1 6.7 7.4 8.0 9.1 55
1260 11.0 6.1 6.7 7.2 8.2 5.4
1280 10.9 5.4 6.0 6.5 7.4 5.2
1300 10.7 4.9 5.4 59 6.7 5.1
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Table F.15—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 321 (18Cr-10Ni-Ti) Stainless Steels

TP321 SS
Elastic Rupture Allowable Stress, o,
Temperature | Allowable Rupture Exponent,
(Fahrenheit) | Stress,ou | ¢, =100,000h to. = 60,000 h tpL = 40,000 h toL = 20,000 h n
(ksi) (ksi) (ksi) (ksi) (ksi)

800 17.7
820 17.6
840 17.5
860 17 .4
880 17.3
900 17.2 6.0
920 17.1 5.9
940 17.0 5.8
960 16.9 5.7
980 16.8 5.5
1000 16.8 5.4
1020 16.7 19.7 21.7 235 26.8 5.3
1040 16.6 17.6 19.5 21.1 24 .1 5.2
1060 16.6 15.7 17.5 18.9 21.7 5.1
1080 16.5 14.1 15.6 17.0 19.6 4.9
1100 16.4 12.5 14.0 15.2 17.6 4.8
1120 16.3 1.2 12.5 13.6 15.8 47
1140 16.3 9.9 11.1 12.2 14.1 4.6
1160 16.2 8.8 9.9 10.9 12.7 4.5
1180 16.1 7.8 8.8 9.7 11.3 4.4
1200 16.0 6.9 7.8 8.6 10.1 4.3
1220 15.8 6.1 7.0 7.7 9.0 4.2
1240 15.7 5.4 6.2 6.8 8.1 4.1
1260 15.5 4.8 55 6.0 7.2 4.0
1280 15.3 4.2 4.8 5.4 6.4 3.9
1300 15.1 3.7 4.3 47 57 3.9
1320 14.9 3.3 3.7 4.2 5.0 3.8
1340 14.6 2.9 3.3 3.7 4.5 3.7
1360 14.3 2.5 2.9 3.2 3.9 3.6
1380 13.9 2.2 2.5 2.9 3.5 3.5
1400 13.5 1.9 2.2 2.5 3.1 3.4
1420 13.1 1.7 1.9 2.2 2.7 3.3
1440 12.6 1.4 1.7 1.9 2.4 3.3
1460 12.1 1.2 1.5 1.7 2.1 3.2
1480 1.5 1.1 1.3 15 1.8 3.1
1500 10.9 0.9 1.1 1.3 1.6 3.0
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Table F.16—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 321H (18Cr-10Ni-Ti) Stainless Steels
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TP321HSS
Elastic Rupture Allowable Stress, o,
Temperature | Allowable Rupture Exponent,
(Fahrenheit) | Stress,o0q | ¢, =100,000 h tp. = 60,000 h tp. = 40,000 h tp. = 20,000 h n
(ksi) (ksi) (ksi) (ksi) (ksi)

800 17.6

820 17.5

840 17 .4

860 17.3

880 17.2

900 171 7.1
920 17.0 7.0
940 16.8 6.8
960 16.7 6.7
980 16.6 6.6
1000 16.5 6.4
1020 16.4 6.3
1040 16.3 6.2
1060 16.2 17.9 19.5 20.9 23.4 6.0
1080 16.1 16.1 17.6 18.9 21.2 5.9
1100 16.0 14.5 15.9 17.0 19.2 5.8
1120 15.9 13.0 14.3 15.4 17 .4 5.7
1140 15.8 1.7 12.9 13.8 15.7 5.5
1160 15.7 10.5 11.6 12.5 14.2 5.4
1180 15.6 9.4 10.4 11.2 12.8 5.3
1200 15.5 8.4 9.3 10.1 1.5 5.2
1220 15.3 7.5 8.3 9.0 10.4 5.1
1240 15.2 6.7 7.4 8.1 9.3 4.9
1260 15.1 6.0 6.6 7.2 8.4 4.8
1280 15.0 5.3 5.9 6.5 7.5 4.7
1300 14.9 4.7 5.3 5.8 6.7 4.6
1320 14.8 4.2 4.7 5.1 6.0 45
1340 14.7 3.7 4.2 4.6 5.4 4.4
1360 14.6 3.3 37 4.1 4.8 4.3
1380 14.6 2.9 3.3 3.6 4.3 4.2
1400 14.5 2.5 2.9 3.2 3.8 4.1
1420 14 .4 2.2 2.6 2.8 3.4 4.0
1440 14.3 2.0 2.2 2.5 3.0 3.9
1460 14.2 1.7 2.0 2.2 2.6 3.8
1480 14.1 15 1.7 1.9 2.3 3.7
1500 14.0 1.3 15 1.7 2.1 3.6
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Table F.17—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 347 (18Cr-10Ni-Nb) Stainless Steels

TP347 SS

Elastic

Rupture Allowable Stress, o,

Temperature Allowable Rupture Exponent,
(Fahrenheit) | Stress,oq | ¢, =100,000 h to. = 60,000 h to. = 40,000 h to. = 20,000 h n
(ksi) (ksi) (ksi) (ksi) (ksi)

700 18.8

720 18.7

740 18.5

760 18.4

780 18.2

800 18.1

820 18.0

840 17.9

860 17.8

880 17.7

900 17.7 10.2
920 17.6 9.7
940 17.6 9.3
960 17.5 8.9
980 17.5 8.5
1000 17.5 19.5 20.9 22.0 24.0 8.1
1020 17.5 17.8 19.2 20.3 22.3 7.7
1040 17.5 16.2 17.5 18.6 20.5 7.3
1060 17.5 14.7 16.0 17.0 18.9 6.9
1080 17.5 13.3 14.5 15.5 17.3 6.5
1100 17.5 12.0 13.1 141 15.8 6.2
1120 17.5 10.7 11.8 12.7 14.4 5.8
1140 17.6 9.5 10.6 11.5 13.1 5.5
1160 17.6 8.4 9.4 10.3 11.8 5.2
1180 17.5 7.4 8.3 9.1 10.6 4.9
1200 17.5 6.5 7.3 8.1 9.4 4.6
1220 17.5 5.6 6.4 7.1 8.4 4.3
1240 17 4 4.8 56 6.2 7.4 4.1
1260 17.3 4.2 4.8 5.4 6.5 3.9
1280 17.2 3.6 4.1 4.7 5.7 3.7
1300 17.0 3.0 35 4.0 4.9 3.5
1320 16.8 2.6 3.0 3.4 4.2 3.4
1340 16.5 2.2 2.6 2.9 3.6 3.3
1360 16.1 1.9 2.2 25 3.1 3.2
1380 15.8 1.6 1.9 2.1 2.7 3.1
1400 15.3 1.4 1.6 1.8 2.3 3.1
1420 14.8 1.2 1.4 1.6 2.0 3.1
1440 14.2 1.1 1.2 1.4 1.7 3.1
1460 13.5 0.9 1.1 1.2 1.5 3.2
1480 12.8 0.8 0.9 1.1 1.3 3.3
1500 12.0 0.7 0.8 0.9 1.1 3.5
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Table F.18—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A213, ASTM A271, ASTM A312, and ASTM 376 TP 347H (18Cr-10Ni-Nb) Stainless Steels

TP347HSS
Elastic Rupture Allowable Stress, o,
Temperature | Allowable Rupture Exponent,
(Fahrenheit) | Stress,odq | ¢, =100,000h tp. = 60,000 h to. = 40,000 h tp. = 20,000 h n
(ksi) (ksi) (ksi) (ksi) (ksi)

700 18.8

720 18.7

740 18.5

760 18.4

780 18.2

800 18.1

820 18.0

840 17.9

860 17.8

880 17.7

900 17.7 9.4
920 17.6 9.0
940 17.6 8.5
960 17.5 8.1
980 17.5 7.7
1000 17.5 7.4
1020 17.5 7.0
1040 17.5 19.9 21.6 23.0 255 6.6
1060 17.5 18.1 19.7 21.0 23.5 6.3
1080 17.5 16.3 17.9 19.2 215 6.0
1100 17.5 14.7 16.2 17 .4 19.6 5.7
1120 17.5 13.2 14.5 15.7 17.8 5.4
1140 17.6 1.7 13.0 14.2 16.2 5.1
1160 17.6 10.4 1.7 12.7 14.6 4.9
1180 17.5 9.3 10.4 1.3 13.1 47
1200 17.5 8.2 9.2 10.1 11.8 45
1220 17.5 7.2 8.2 9.0 10.5 4.3
1240 17.4 6.4 7.2 7.9 9.4 4.2
1260 17.3 5.6 6.4 7.0 8.3 4.1
1280 17.2 4.9 5.6 6.2 7.4 4.0
1300 17.0 4.4 4.9 55 6.5 3.9
1320 16.8 3.8 4.4 4.8 5.8 3.9
1340 16.5 3.4 3.9 4.3 5.1 3.9
1360 16.1 3.0 3.4 3.8 45 4.0
1380 15.8 27 3.1 3.4 4.0 4.0
1400 15.3 2.4 27 3.0 3.6 4.1
1420 14.8 22 2.5 2.7 3.2 4.2
1440 14.2 2.0 22 2.4 29 4.3
1460 13.5 1.8 2.0 2.2 2.6 4.4
1480 12.8 1.6 1.8 2.0 2.3 45
1500 12.0 15 1.7 1.8 2.1 4.7
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Table F.19—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM B407 UNS N08800 Alloy 800 Steels

Alloy 800
Elastic Rupture Allowable Stress, o,
Temperature | Allowable Rupture Exponent,
(Fahrenheit) | Stress,oa | ¢, =100,000h | ¢ =60,000h tp. = 40,000 h tpL = 20,000 h n
(ksi) (ksi) (ksi) (ksi) (ksi)

800 20.8
820 20.7
840 20.6
860 205
880 20.4
900 20.3 6.0
920 20.2 5.9
940 20.1 5.8
960 20.0 5.7
980 19.9 5.7
1000 19.8 227 24.9 26.8 30.3 5.6
1020 19.7 20.1 22.0 23.7 26.9 5.5
1040 19.6 17.7 19.5 21.0 23.8 5.4
1060 19.5 15.6 17.2 18.6 21.1 5.4
1080 19.3 13.8 15.2 16.4 18.7 5.3
1100 19.2 12.2 13.5 145 16.6 5.2
1120 19.0 10.8 11.9 12.9 14.7 5.2
1140 18.8 9.5 10.5 11.4 13.0 5.1
1160 18.6 8.4 9.3 10.1 1.6 5.0
1180 18.4 74 8.2 8.9 10.3 5.0
1200 18.1 6.5 7.3 7.9 9.1 4.9
1220 17.8 5.8 6.4 7.0 8.1 4.8
1240 17.5 5.1 5.7 6.2 7.1 4.8
1260 171 4.5 5.0 5.5 6.3 47
1280 16.7 4.0 4.4 4.8 5.6 4.7
1300 16.2 3.5 3.9 4.3 5.0 4.6
1320 15.7 3.1 3.5 3.8 4.4 4.6
1340 15.2 2.7 3.1 3.4 3.9 4.5
1360 14.6 2.4 2.7 3.0 3.5 4.5
1380 14.0 2.1 2.4 2.6 3.1 4.4
1400 13.3 1.9 2.1 2.3 2.7 4.4
1420 12.6 1.7 1.9 2.1 2.4 4.3
1440 11.8 1.5 1.7 1.8 2.1 4.3
1460 11.1 1.3 15 1.6 1.9 4.2
1480 10.3 1.1 1.3 1.4 1.7 4.2
1500 9.4 1.0 1.1 1.3 15 4.2
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Table F.20—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM B407 UNS N08810 Alloy 800H Steels

Alloy 800H

Elastic Rupture Allowable Stress, o,
Temperature | Allowable Rupture Exponent,
(Fahrenheit) | Stress,o. | ¢,, =100,000 h to. = 60,000 h to. = 40,000 h tp. = 20,000 h n
(ksi) (ksi) (ksi) (ksi) (ksi)

800 16.1
820 16.1
840 16.1
860 16.0
880 16.0
900 16.0
920 15.9
940 15.9
960 15.9
980 15.8
1000 15.8 7.2
1020 15.7 7.1
1040 15.6 7.1
1060 15.5 17.3 18.6 19.7 21.8 7.0
1080 15.5 15.8 17.0 18.0 19.9 7.0
1100 15.3 14 .4 15.5 16.4 18.2 6.9
1120 15.2 13.2 14.2 15.0 16.6 6.8
1140 15.1 12.0 13.0 13.7 15.2 6.8
1160 15.0 11.0 11.8 12.6 13.9 6.7
1180 14.8 10.0 10.8 11.5 12.8 6.7
1200 14.6 9.2 9.9 10.5 11.7 6.6
1220 14 .4 8.4 9.1 9.6 10.7 6.5
1240 14.2 7.7 8.3 8.8 9.8 6.5
1260 14.0 7.0 7.6 8.1 9.0 6.4
1280 13.8 6.4 6.9 7.4 8.2 6.3
1300 13.5 5.8 6.3 6.8 7.6 6.3
1320 13.2 5.3 5.8 6.2 6.9 6.2
1340 12.9 4.9 5.3 5.7 6.3 6.1
1360 12.6 4.4 4.8 5.2 5.8 6.0
1380 12.3 4.1 4.4 4.7 5.3 6.0
1400 12.0 3.7 4.0 4.3 4.9 5.9
1420 11.6 34 3.7 4.0 45 5.8
1440 11.3 3.1 34 3.6 4.1 5.7
1460 10.9 2.8 3.1 3.3 3.7 5.6
1480 10.5 25 2.8 3.0 3.4 5.5
1500 10.1 2.3 2.6 2.8 3.1 5.4
1520 9.7 2.1 2.3 25 2.9 5.3
1540 9.3 1.9 2.1 2.3 2.6 5.2
1560 8.9 1.7 1.9 2.1 24 5.1
1580 8.5 1.6 1.7 1.9 2.2 5.0
1600 8.1 1.4 1.6 1.7 2.0 4.9
1620 7.7 1.3 1.4 1.6 1.8 4.8
1640 7.3 1.2 1.3 1.4 1.6 4.7
1650 7.1 1.1 1.2 1.3 1.6 4.7
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Table F.21—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM B407 UNS N08811 Alloy 800HT Steels

Alloy 800HT
Elastic Rupture Allowable Stress, o,
Temperature | Allowable Rupture Exponent,
(Fahrenheit) | Stress,o. | ¢, =100,000 h tp. = 60,000 h tpL = 40,000 h tpL = 20,000 h n
(ksi) (ksi) (ksi) (ksi) (ksi)

800 16.2

820 16.1

840 16.0

860 15.9

880 15.8

900 15.6 6.7
920 15.5 6.6
940 15.3 6.5
960 15.2 6.4
980 15.0 6.3
1000 14.8 6.2
1020 14.6 6.1
1040 14.4 6.1
1060 14.2 6.0
1080 13.9 5.9
1100 13.7 5.8
1120 134 15.2 16.6 17.8 20.0 5.7
1140 13.1 13.8 15.1 16.2 18.3 5.7
1160 12.8 12.5 13.7 14.8 16.7 5.6
1180 125 11.4 12.5 13.5 15.3 55
1200 12.2 10.4 1.4 12.3 13.9 55
1220 11.9 9.5 10.4 11.2 12.7 5.4
1240 115 8.6 9.5 10.2 11.6 5.3
1260 11.2 7.8 8.6 9.3 10.6 5.3
1280 10.8 71 7.9 8.5 9.7 5.2
1300 105 6.5 7.2 7.7 8.9 5.2
1320 10.1 5.9 6.5 7.1 8.1 5.1
1340 9.7 5.4 5.9 6.4 7.4 5.0
1360 9.3 4.9 5.4 5.9 6.7 5.0
1380 8.9 4.4 4.9 5.3 6.2 4.9
1400 8.5 4.0 45 4.9 5.6 4.9
1420 8.1 3.7 4.1 4.4 5.1 4.8
1440 7.7 3.3 3.7 4.1 4.7 4.8
1460 7.3 3.0 3.4 3.7 4.3 47
1480 6.9 2.8 3.1 3.4 3.9 47
1500 6.5 2.5 2.8 3.1 3.6 46
1520 6.1 2.3 2.6 2.8 3.3 46
1540 5.8 2.1 2.3 2.6 3.0 45
1560 5.4 1.9 2.1 2.3 2.7 45
1580 5.0 1.7 1.9 2.1 25 45
1600 4.7 1.6 1.8 1.9 2.3 4.4
1620 43 1.4 1.6 1.8 2.1 44
1640 4.0 1.3 15 1.6 1.9 4.3
1650 3.8 1.2 14 15 1.8 43




oN

CALCULATION OF HEATER-TUBE THICKNESS IN PETROLEUM REFINERIESV F-89

1 10 UOy|

|dV Ym 85UI| 18pUN SHI AQ PapPIAOIG
ansu| wnajosad uesuswy ybukdon

SHI WOy 8SUBd1| INOYNM

, psi

Stress

100000 ESESSESSESEESSESESEEEE! S ESESSESSESEESESSSSSSESSESSSSSSSES
90000 EES=S==S=SESSSs======

80000 Tensile strength | Alloy HK-40 Curves
60000 EeEsEsscees
50000 Limiting design metal temperature

40000 T T
Yield strength

|
NENER

30000

/

= i ——
20000 - = SSEEES %_E —

15000 Elastic allowable stress, o,
!

10000 = —~__
9000
8000
7000

6000 -
5000

4000 ~

3000

Rupture allowable stress, o, Design life,

tDL
(h x 103)

2000 =

1500

20
1 =
0&))(()) 40

800
700 60

600 100
500

400

300

200

150

100

800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 1650 1700 1750

Design metal temperature, T, (°F)

Figure F.64—Stress Curves (USC Units) for ASTM A608 Grade HK-40 Steels



N
oid
0

d
P!
Lawy JybuAdo:

oonpoidai of

g ?; 3 F-90 API| STANDARD 530
Rupture Exponent vs. Temperature (°F) for Alloy HK-40
5.00
s
SN
SN
4.50 T~
whd \\
c \\
(ob) \\
{ = S
(@) \\
Q. \\
3  4.00 —~—~—_
LLl A T~
v —~~
D \\
- // \\
- Rupture exponent, n —~——
wid ~—
o \\
- T~
m 3.50
1400 1450 1500 1550 1600 1650 1700 1750
Design metal temperature, T4 (°F)

Figure F.65—Rupture Exponent vs. Temperature Curve (USC Units) for ASTM A608 Grade HK-40 Steels




oN

"

CALCULATION OF HEATER-TUBE THICKNESS IN PETROLEUM REFINERIESV F-91

10

|dV Yim 85U801[ 18pUN SHI Aq PapIAOIg
aJnyisu| wnajolled ueouswy ybuidon

SHI Wouj 85Ul INoYHM

Stress (ksi)

10 /—/—/—TY—T—T—T—"T—"—"T"T T T

o Alloy HK-40: Larson-Miller Parameter vs. Stress (ksi)

70

60

50

40

Minimum LM Constant = 10.856489
Average LM Constant = 10.4899

30

SESE 21.4 ksi

20

4

10 — Elastic design governs above this stress

21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

Larson-Miller Parameter/1000

Figure F.66—Larson-Miller Parameter vs. Stress Curve (USC Units) for ASTM A608 Grade HK-40 Steels




1dV UM 8sudl| Japun SHI AQ papiroid
ajnsu| wnajosed uesuawy ybukdon

SHI woyy 8suadl| Inoyim papiwsad Bunpiomiau Jo uononpoidas oN

F-92

AP| STANDARD 530

Table F.22—Elastic, Rupture Allowable Stresses and Rupture Exponent (USC Units) for ASTM A608 Grade HK-40 Steels

Alloy HK-40

Elastic Rupture Allowable Stress, o,
Temperature Allowable Rupture Exponent,
(Fahrenheit) | Stress,oca | ¢, =100,000h toL = 60,000 h toL = 40,000 h toL = 20,000 h n

(ksi) (ksi) (ksi) (ksi) (ksi)
800 21.0
820 21.0
840 21.0
860 211
880 21.2
900 21.2 24.7 26.4 27.9 30.5
920 21.3 23.0 24.7 26.0 285
940 21.4 21.5 23.0 24.3 26.7
960 21.4 20.0 21.4 22.7 25.0
980 215 18.6 20.0 21.2 23.3
1000 21.6 17.3 18.6 19.7 21.8
1020 21.7 16.1 17.3 18.4 20.3
1040 21.8 14.9 16.1 17.1 19.0
1060 21.8 13.9 15.0 16.0 17.7
1080 21.9 12.9 13.9 14.9 16.5
1100 21.9 12.0 13.0 13.8 15.4
1120 22.0 11.1 12.0 12.9 14.4
1140 22.0 10.3 11.2 12.0 134
1160 22.0 9.5 10.4 11.1 12.5
1180 22.0 8.8 9.6 10.3 11.6
1200 21.9 8.2 8.9 9.6 10.8
1220 21.9 7.6 8.3 8.9 10.0
1240 21.8 7.0 7.7 8.2 9.3
1260 21.7 6.5 7.1 7.6 8.7
1280 21.5 6.0 6.6 71 8.1
1300 21.4 5.5 6.1 6.6 7.5
1320 21.2 5.1 5.6 6.1 6.9
1340 20.9 4.7 5.2 5.6 6.4
1360 20.7 4.3 4.8 5.2 6.0
1380 20.4 4.0 4.4 4.8 55
1400 20.0 3.7 4.1 4.4 5.1 4.8
1420 19.7 3.4 3.8 4.1 4.7 4.7
1440 19.3 3.1 35 3.8 4.4 47
1460 18.8 2.8 3.2 3.5 4.1 4.6
1480 18.4 2.6 2.9 3.2 3.7 4.5
1500 17.9 2.4 2.7 3.0 3.5 4.4
1520 17.3 2.2 2.5 2.7 3.2 4.3
1540 16.8 2.0 2.3 2.5 2.9 4.2
1560 16.2 1.8 2.1 2.3 2.7 4.2
1580 15.6 1.7 1.9 2.1 2.5 4.1
1600 15.0 1.5 1.8 1.9 2.3 4.0
1620 14.4 1.4 1.6 1.8 2.1 3.9
1640 13.8 1.3 1.5 1.6 1.9 3.9
1660 13.2 1.2 1.3 1.5 1.8 3.8
1680 12.5 1.1 1.2 1.4 1.6 3.7
1700 11.9 1.0 1.1 1.2 1.5 3.7
1720 11.2 0.9 1.0 1.1 1.4 3.6
1740 10.6 0.8 0.9 1.0 1.3 3.5
1750 10.3 0.8 0.9 1.0 1.2 3.5




Annex G
(informative)

Derivation of Corrosion Fraction and Temperature Fraction

G.1 General

The 1958 edition of API 530 [6] contained a method for designing tubes in the creep-rupture range. The
method took into consideration the effects of stress reductions produced by the corrosion allowance. In
developing this design method, the following ideas were used.

At temperatures in the creep-rupture range, the life of a tube is limited. The rate of using up the life depends
on temperature and stress. Under the assumption of constant temperature, the rate of using up the life
increases as the stress increases. In other words, the tube lasts longer if the stress is lower.

If the tube undergoes corrosion or oxidation, the tube thickness will decrease over time. Therefore, under the
assumption of constant pressure, the stress in the tube increases over time. As a result, the rate of using up
the rupture life also increases in time.

An integral of this effect over the life of the tube was solved graphically in the 1988 edition of API 530 [17] and
developed using the linear-damage rule (see G.2). The result is a nonlinear equation that provides the initial
tube thickness for various combinations of design temperature and design life.

The concept of corrosion fraction used in 5.4 and derived in this annex is developed from the same ideas and
is a simplified method of achieving the same results.

Suppose a tube has an initial thickness, J;, calculated using Equation (4). This is the minimum thickness

required to achieve the design life without corrosion. If the tube does not undergo corrosion, the stress in the
tube will always equal the minimum rupture strength for the design life, o;. This tube will probably fail after the

end of the design life.

If this tube were designed for use in a corrosive environment and had a corrosion allowance of Jgp, the

minimum thickness, d,;,, can be set as given in Equation (G.1):

Smin = 05 + Ica (G.1)
The stress is initially less than o,. After operating for its design life, the corrosion allowance is used up, and the

stress is only then equal to o;. Since the stress has always been lower than ¢, the tube still has some time to
operate before it fails.

Suppose, instead, that the initial thickness were set as given in Equation (G.2):

Smin = O *JeorrdcA (G.2)
In this equation, f..,, is a fraction less than unity. The stress is initially less than o;, and the rate of using up the
rupture life is low. At the end of the design life, the tube thickness is as given in Equation (G.3):

§min - §CA = 60 -(1 _fcorr)gCA (G.3)

This thickness is less than J5; therefore, at the end of the design life, the stress is greater than o;, and the rate
of using up the rupture life is high. If the value of 1, is selected properly, the integrated effect of this changing

G-1
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rate of using up the rupture life yields a rupture life equal to the design life. The corrosion fraction, 1., given in
Figure 1 is such a value.

The curves in Figure 1 were developed by solving the nonlinear equation that results from applying the linear-
damage rule. Figure 1 can be applied to any design life, provided only that the corrosion allowance, d.,, and

rupture allowable stress, o, are based on the same design life.

G.2 Linear-damage Rule

Consider a tube that is operated at a constant stress, o, and a constant temperature, 7, for a period of time, Ar.
Corresponding to this stress and temperature is the rupture life, ¢, as given in Equation (G.4):

= 1(a7) (G.4)

The fraction, 4t/t, is then the fraction of the rupture life used up during this operating period. After j operating
periods, each with a corresponding fraction as given in Equation (G.5),

: (G.5)
k Ly J,‘:1,2,3,.---j

the total fraction, F (also known as the life fraction), of the rupture life used up would be the sum of the
fractions used in each period, as given in Equation (G.6):

(G.6)

In developing this equation, no restrictions were placed on the stress and temperature from period to period. It
was assumed only that during any one period the stress and temperature were constant. The life fraction,
therefore, provides a way of estimating the rupture life used up after periods of varying stress and
temperature.

The linear-damage rule asserts that creep rupture occurs when the life fraction totals unity, that is, when

F(j)=1.

The limitations of this rule are not well understood. Nevertheless, the engineering utility of this rule is widely
accepted, and this rule is frequently used in both creep-rupture and fatigue analysis (18], [13]. (20}, and [21]

G.3 Derivation of Equation for Corrosion Fraction

With continually varying stress and temperature, the life fraction can be expressed as an integral as given in
Equation (G.7):

)= [

where

fop is the operating life;

t. ist (og,7), i.e. the rupture life at stress, o, and temperature, T;

t is the time.
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CALCULATION OF HEATER-TUBE THICKNESS IN PETROLEUM REFINERIES G-3

In general, both the stress, o, and the temperature, 7, are functions of time.

The rupture life, ¢, can be related to the stress as given in Equation (G.8), at least over limited regions of
stress or time (see H.4):

tr=mo™ (G.8)
where

m is a material parameter which is a function of temperature;

n is the rupture exponent, which is a function of temperature and is related to the slope of the stress-
rupture curve.

For a specified design life, tp , and corresponding rupture strength, o;, Equations (G.9) through (G.11) hold:

tDL = mO'r_” (Gg)
So:
m= tDLO-I.’1 (G10)
Hence:
=t [i] (G.11)
o

Substituting Equation (G.11) into Equation (G.7), the life fraction can be expressed as given in
Equation (G.12):

Fliop) = 1" {ﬂ} & ©.12)

0 Or | oL
where o(t) is the stress expressed as a function of time.

This integral can be calculated once the temperature and stress history are known, but in general this
calculation is difficult to perform. For the purposes of this development for tube design, the temperature is
assumed to be constant. (This assumption is not made in G.5.) The remaining variable is, therefore, the stress
as a function of time, o(¢), which is given by the mean-diameter equation for stress as in Equation (G.13):

D (D )
a(t)_7 W(t’)—w (G.13)

where

Dy is the rupture design pressure;

D is the outside diameter;

(o]

o(7) is the thickness expressed as a function of time.
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In general, the rupture design pressure (operating pressure) is also a function of time; however, like
temperature, it is assumed to be constant for the purposes of tube design. The thickness is determined from
Equation (G.14):

0(t) = & — Peorr (G.14)
where

% is the initial thickness;

Porr 18 the corrosion rate.

Calculating F(top) is then simply a matter of substituting Equations (G.13) and (G.14) into Equation (G.12) and
integrating. This integration cannot be done in closed form; a simplifying assumption is needed.

Let & be the thickness calculated from o, as given in Equation (G.15):

PrDo
5. =_~tr-o G.15
% 20, +p, ( )

To a first approximation, Equation (G.16) holds:

(G.16)

Substituting Equations (G.13), (G.14), and (G.16) into Equation (G.12) and integrating results in
Equation (G.17):

53 ( 1 \\n—1 ( 1 \\/1—1
Flr )= b G.17
(top) (” - 1)¢corrtDL h é‘O - ¢corrtopJ L §0J ( )

At t = ty,, F(tp) should equal unity; that is, the accumulated damage fraction should equal unity at the end of
the design life. Using F(f) = 1 and ¢ = #,, in Equation (G.17) results in Equation (G.18):

n n—1 n—1
1= % [ 1 ] _ (LJ (G.18)
(n=N@corrtpL | | 6o ~ PeorrDL o

Now let & = I +/feorOca @nd B = Ocp/ I, Where ey = @, Ip; that is, the corrosion allowance is defined as

being equal to the corrosion rate times the design life. With these changes, Equation (G.18) reduces to an
equation as a function of the corrosion fraction, f_.,,, as given in Equation (G.19):

orr?

1 l: 1 n—1 1 n—1
1= - — (G.19)
(n=1)B £1+fcorrB_BJ (1+fcorr8j

For given values of B and n, Equation (G.19) can be solved for the corrosion fraction, f_,,,.. The solutions are
shown in Figure 1.
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G.4 Limitations of the Corrosion Fraction

In addition to the limitations of the linear-damage rule mentioned in G.2, the corrosion fraction has other
limitations. For the derivation, the temperature, pressure, and corrosion rate were assumed to be constant
throughout the operating life. In an operating heater, these factors are usually not constant; nevertheless, the
assumptions of constant pressure, temperature and corrosion rate are made for any tube design. The
assumptions are, therefore, justified in this case, since the corrosion fraction is part of the rupture design
procedure. (The assumption of constant temperature is not made in G.5.)

The derivation of the corrosion fraction also relies on the relationship between rupture life and stress
expressed in Equation (G.11). For those materials that show a straight-line Larson-Miller Parameter curve in
Figures E.3 to E.66 in Anxex E [in metric (Sl) units] and Figures F.3 to F.66 in Annex F [in U.S. customary
(USC) units], this representation is exact. For those materials that show a curvilinear Larson-Miller Parameter
curve, using Equation (G.11) is equivalent to making a straight-line approximation of the curve. To minimize
the resulting error, the values of the rupture exponent shown in Figures E.3 to E.66 and in Figures F.3 to F.66
were developed from the minimum 60,000-hour and 100,000-hour rupture strengths (see H.4). In effect, this
applies the straight-line approximation to a shorter segment of the curved line and minimizes the error over the
usual range of application.

Finally, the mathematical approximation of Equation (G.16) was used. A more accurate approximation is
available; however, when it is used, the resulting graphical solution for the corrosion fraction is more difficult to
use. Furthermore, the resulting corrosion fraction differs from that given in Figure 1 by less than 0.5 %. This
small error and the simplicity of using Figure 1 justify the approximation of Equation (G.16).

G.5 Derivation of Equation for Temperature Fraction

Since tube design in the creep-rupture range is very sensitive to temperature, special consideration should be
given to cases in which a large difference exists between start-of-run and end-of-run temperatures. In the
derivation of the corrosion fraction in G.3, the temperature was assumed to remain constant. The corrosion
fraction can be applied to cases in which the temperature varies if an equivalent temperature can be
calculated. The equivalent temperature should be such that a tube operating at this constant equivalent
temperature sustains the same creep damage as a tube operating at the changing temperature.
Equation (G.6) can be used to calculate an equivalent temperature for a case in which the temperature
changes linearly from start of run to end of run.

Equation (G.11) was developed to relate the rupture life, ¢, to the applied stress, o. A comparable equation is
needed to relate the rupture life to both stress and temperature. This equation can be derived by means of the

Larson-Miller Parameter plot. When this plot is a straight line (or when the curve can be approximated by a
straight line), the stress, o, can be related to the Larson-Miller Parameter, I as given in Equation (G.20):
o=ax10"" (G.20)

where

a, b  are curve-fit constants;
=T (Cum +1gt,) x 1073;

T* s the absolute temperature, expressed in Kelvin;
Cm s the Larson-Miller constant;

t, is the rupture time, expressed in hours.

r
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Solving Equation (G.20) for ¢, yields Equation (G.21):

a 1000/(171*)
=(2)

t :10CLM (G.21)
Using Equation (G.21), the life fraction, F(¢,,) given by Equation (G.7) becomes Equation (G.22):
Fltop) =, ‘o 4 9im ( ”]1000/(br*) dr (G.22)
a
where
o s stress as a function of time;
T" is the absolute temperature as a function of time.
The thickness, d(¢), which is also a function of time, can be expressed as given in Equation (G.23):
5(1) =, {2-% £=0, [1 (45) ( H
p (G.23)
where
oy s theinitial thickness;
49 is the thickness change in time tops
top is the duration of the operating period.
For this derivation, let
p=49 (G.24)
50
p = (G.25)
top
Therefore,
d(1)=6,(1-Bp) (G.26)

Using Equations (G.13) and (G.26) and the approximation given by Equation (G.16), the stress can be
expressed as given in Equation (G.27):

- & __ 0o
o(t)=oy [S(t):l KT (G.27)
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CALCULATION OF HEATER-TUBE THICKNESS IN PETROLEUM REFINERIES G-7

where

_p(Ds )

on AW 1
0 (G.28)

If a linear change in temperature occurs during the time 7, then the temperature, T*, can be expressed as a
function of time, ¢, as given in Equation (G.29):

t

' . (ar) . ()
T (t)=T, +Lgy=To [1+(AT—0T)LEJ}

where

(G.29)

T(*, is the initial absolute temperature, expressed in Kelvin;
AT is the temperature change in operating time period, 7op, €xpressed in Kelvin.

Let

Y= (G.30)

Using Equations (G.25) and (G.30), the equation for temperature becomes as given in Equation (G.31):
T(1)=To(1+ ) (G.31)

Using Equations (G.27) and (G.31), Equation (G.22) can be written as given in Equation (G.32):

1 c o 4 ng I(1+p)
= w90 || ——
Fltop) ! 10 K . j(1_3pﬂ topdp (G.32)

where

1000
bTy

L)

ny is the rupture exponent at the initial temperature, 7.

The aim of this analysis is to find a constant equivalent temperature, T:q, between Ty and (T g+ A7) such

that the life fraction at the end of the period 7y, with the linearly changing temperature is equal to the life
fraction with the equivalent temperature. This equivalent temperature can be expressed as given in

Equation (G.33):
Toa=T (1+@), O0<@<1 (G.33)
From Equation (G.32), the resulting life fraction is as given in Equation (G.34):

G (1 \no/(1+ym)
Flen) =10 (%))

lopdp (G.34)
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Equating Equations (G.32) and (G.34) and dividing out common terms yields an integral equation for the
parameter @:

o\ 1 \no/(1+;/p) T 1 \”0/(1+yw)
IOH 0](1 Bpﬂ dp:jo{(jo)U—BpJ} o (6.39)

For given values of oy, a, ny, b, and y Equation (G.35) can be solved numerically for @. Using @ and
Equations (G.30) and (G.33), the equivalent temperature is calculated as given in Equation (G.36):

T =7§(1+AT

A
o| =T, +@AT G.36
. J 0 ( )

The parameter @is the temperature fraction, f, in 4.8.

The solutions to Equation (G.35) can be approximated by a graph if the given values are combined into two
parameters as given in Equations (G.37) and (G.38):

a)  (ar) (a)

V= no}/lnk J L J o (G.37)
( Ac)

N =nyB = nOL (G.38)

Using these two parameters, the solutions to Equation (G.35) are shown in Figure 2.

The constant 4 in Table 3 is one of the least-squares curve-fit constants, a and b, in the equation
o=a x 1077 where I'is the Larson-Miller Parameter and o is the minimum rupture strength. For materials
that have a linear Larson-Miller Parameter curve, 4 can be calculated directly from any two points on the
curve. For all other materials, a least-squares approximation of the minimum rupture strength is calculated in
the stress region below the intersection of the rupture and elastic allowable stresses, since this is the region of
most applications. For the purpose of calculating the temperature fraction, this accuracy is sufficient.
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Annex H
(informative)

Data Sources

H.1 General

The American Petroleum Institute [through the API Committee on Refining Equipment (CRE) Subcommittee
on Heat Transfer Equipment (SCHTE) Standard 530 Task Group] contracted the Materials Property Council
(MPC) to gather new mechanical property data for heater tube alloys and analyze this data using modern
parametric data analysis methods to derive equations suitable for incorporation into APl 530. The alloys
analyzed by the MPC are used for petroleum refinery heater applications and reflect modern steel making
practices.

The data collections for prior editions of APl 530 were limited to alloys produced in the United States. The new
data gathered and analyzed by the MPC included materials test results produced and tested at facilities
outside of the United States. For heater tube design calculations per this standard, the material data required
include the yield strength, ultimate tensile strength, stress-rupture exponent, and minimum and average stress
rupture properties (as described using Larson-Miller Parameter equations). The aforementioned material data
is used to calculate the (time-independent) elastic allowable stress and the (time-dependent) rupture allowable
stress for the specified design service life and design temperature.

WRC Bull 541 details and outlines the results of the material data review performed by MPC. The scope of this
work is summarized in a paper titled Development of a Material Databook for API Std 530 %2

The yield-, tensile-, and rupture-strength data displayed in Figures E.1 to E.64 and Figures F.1 to F.64
originated in WRC Bull 541.

WRC Bull 541 provides mechanical property data for alloys that have been gathered and analyzed using
systematic computerized statistical data fitting methods. Detailed descriptions of the data are not repeated in
this annex. The material that follows is limited to a discussion of the deviations from published data and of data
that have been used, but are not generally available.

H.2 Yield Strength

Equation (1) in WRC Bull 541 is used to calculate the yield strength as a function of temperature for all
materials listed in Table 4. Additionally, the material coefficients for use with this equation are listed in Table 1
(in USC units) and Table 1M (in SI units) of WRC Bull 541. Figures E.1 to E.64 and Figures F.1 to F.64
graphically depict the material yield strength for a range of temperatures in both Sl and USC units,
respectively.

H.3 Ultimate Tensile Strength

Equation (2) in WRC Bull 541 is used to calculate the ultimate tensile strength as a function of temperature for
all materials listed in Table 4. Additionally, the material coefficients for use with this equation are listed in Table
1 (in USC units) and Table 1M (in Sl units) of WRC Bull 541. Figures E.1 to E.64 and Figures F.1 to F.64
graphically depict the materials’ ultimate tensile strength for a range of temperatures, in both SI and USC
units, respectively.

The use of Figures E.1 to E.64 and Figures F.1 to F.64 or Tables E.1 to E.22 and Tables F.1 to F.22 is equally
acceptable. When using the tables, semi-log interpolation can be used to determine rupture allowable stresses
at intermediate temperatures.

H-1
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H.4 Elastic Allowable Stress

The elastic allowable stress (time-independent stress) for all materials listed in Table 4 is directly proportional
to the materials yield strength over the specific range of temperatures as calculated using the following:

Se:Fed*Gys (H1)
where
Se is the Elastic Allowable Stress (time-independent);

F

=4 IS the Elastic Allowable Stress Factor; for ferritic steels, F4 = 0.66; for austenitic steels, Fy = 0.90

(refer to Table 2 of WRC Bull 541);

g,

vs is the material yield strength at temperature.

Figures E.1 to E.64 and Figures F.1 to F.64 graphically depict the materials’ elastic allowable stresses for a
range of temperatures, in both Sl and USC units, respectively. Additionally, Tables E.1 to E.22 and Tables F.1
to F.22 list the materials’ elastic allowable stresses for a range of temperatures, in both Sl and USC units.

The use of Figures E.1 to E.64 and Figures F.1 to F.64 or Tables E.1 to E.22 and Tables F.1 to F.22 is equally
acceptable. When using the tables, semi-log interpolation can be used to determine rupture allowable stresses
at intermediate temperatures.

H.5 Larson-Miller Parameter

The relationship between temperature, 7, design life, Ly, expressed in hours, and stress is provided by the

Larson-Miller Parameter (LMP). Equations (H.2) and (H.3), below, give the basic expression for the Larson-
Miller Parameter. The term LMP(0) is evaluated using Equation (H.4).

LMP(0) = (T + 460)(C| \ + log1olLyl) (hours, ksi, °F) (H.2)
LMP(0) = (T + 273)( C_ * 10g40lLg]) (hours, MPa, °C) (H.3)

The coefficient C, in Equations (H.2) and (H.3) is the Larson-Miller Constant. As explained in Section 5 of

WRC Bull 541, the Larson-Miller Constant for each heater tube alloy has been optimized by the parametric
analysis (Lot-Centered Analysis) of test results from various sources or lots. The log stress and the reciprocal
of the absolute temperature were used as the independent variables, while the log time was used as the
dependent variable. As a result of the analysis, a value of C| ), is obtained for each lot of material studied in the

data set, and minimum and average values computed.

The LMP for each heater tube alloy is presented as a polynomial in log,, of stress in the form given by
Equation (H.3). Refer to Table 3 of WRC Bull 541 for the list of coefficients (i.e. 4y, 4 4, etc.), the applicable
Larson-Miller Constant, C|,, (for the average and minimum properties for each material) and the applicable

temperature range. Additionally, it is important to note that the equations for the Larson-Miller Parameter
should not be used for temperatures outside of the limiting metal design temperatures shown in Table 3 of
WRC Bull 541. The minimum constant entries shown in the aforementioned Table 3 are appropriate to
represent the variance expected at a 95 % confidence interval.

LMP(0) = Ag + A4 * l0g4g[0] + 45 * (log4ol0])2 + A3 * (logyolo])3 (H.4)

Figures E.3 to E.66 and Figures F.3 to F.66 graphically depict the materials’ Larson-Miller Parameters for a
range of stresses, in both Sl and USC units, respectively. Additionally, the Larson-Miller Constants for the
minimums and averages of the materials’ properties are listed as well.
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H.6 Rupture Allowable Stress

The rupture allowable stress, o, (time-dependent stress) and rupture strength for all materials listed in Table 4,
may be determined from the Larson-Miller Parameter calculated from Equation (H.4). The solution is given by
the following equation:

St =0= 10X
where

Sy is rupture Allowable Stress (time-dependent);

o s rupture strength at temperature;

X is exponent computed based on the values of the coefficients in Equation (H.4). A thorough
explanation of the calculation for X is detailed in Section 6 of WRC Bull 541.

Figures E.1 to E.64 and Figures F.1 to F.64 graphically depict the materials’ rupture allowable stresses for a
range of temperatures, in both Sl and USC units, respectively, for 20,000-hour, 40,000-hour, 60,000-hour, and
100,000-hour design lives. Additionally, Tables E.1 to E.22 and Tables F.1 to F.22 list the material rupture
allowable stress for a range of temperatures in both Sl and USC units for each of the design life values listed
above in tabular form.

The use of Figures E.1 to E.64 and Figures F.1 to F.64 or Tables E.1 to E.22 and Tables F.1 to F.22 is equally
acceptable. When using the tables, semi-log interpolation can be used to determine rupture allowable stresses
at intermediate temperatures.

H.7 Rupture Exponent

The rupture exponent can be obtained from the first derivative of log time with respect to stress at any
temperature. The rupture exponents used in this document were determined between 60,000 hours and
100,000 hours for the minimum rupture strengths determined from the Larson-Miller Parameter curves.

_ log;,[100,000] - log;, [60,000]

n= (H.5)
logyo [S1oo,ooo] —logo [Seo,ooo]
where
n is the rupture exponent, at the desired temperature;

S100,000 IS the rupture allowable stress at 100,000 hours at the desired temperature;
S60,000 is the rupture allowable stress at 60,000 hours at the desired temperature.

The values of the rupture exponents obtained were fitted with up to a fifth order polynomial as shown in
Equation (H.6). The resulting coefficients are presented in Table 4 of WRC Bull 541.

Figures E.2 to E.65 and Figures F.2 to F.65 graphically depict the materials’ rupture exponents for a range of
temperatures, in both SI and USC units, respectively. Additionally, Tables E.1 to E.22 and Tables F.1 to F.22
list the materials’ rupture exponents for a range of temperatures, in both S| and USC units.
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H.8 Modification of, and Additions to, Published Data

The data and equations used to generate the curves exhibited and Annex F were obtained from WRC Bull
541. The Tables listing all of the coefficients used to calculate the Annex E and F curves are provided in
Section 14 of WRC Bull 541; additionally, notes addressing the data group studied for each material is
explained in Section 15 of WRC Bull 541. A summary of several material notes are provided in H.9.

H.9 Steels
H.9.1 5Cr-0.5Mo-Si Steel

Since there are no new data sources for this material, the material parameters developed for the 5Cr-0.5Mo
steels were used.

H.9.2 9Cr-1Mo-V Steel

For this material, new data was obtained primarily from Japan.

H.9.3 Type 304L Stainless Steel

Very little rupture testing of Type 304L materials is intentionally conducted; therefore, the performance of this
alloy was estimated from data for Type 304 stainless steel with a carbon content in the range of 0.04 %. Note
that the limiting design metal temperature for this low-carbon stainless alloy was established at 677 °C
(1250 °F).

H.9.4 Type 304/304H Stainless Steel

Only data from tube materials from overseas sources was utilized in this study; more than 450 heats were
included in the final database. The high carbon grade and the normal grade materials were grouped together.
The minimum was about the same, but the resulting scatter band was less than the current curves.

H.9.5 Type 316L/317L Stainless Steel

The data analysis indicates that the differences in the yield and ultimate tensile strength trend curves for Type
316L and Type 317L materials are indistinguishable; therefore, the material parameters for these two alloys
are identical. Note that the limiting design metal temperature for these low-carbon stainless alloys was
established at 704 °C (1300 °F).

H.9.6 Type 347 Stainless Steel

New data analyzed for this material was obtained primarily from Japan. Microstructural changes at higher
temperatures associated with carbide precipitation or dissolution/formation of sigma phase cause the rupture
exponent plot to increase slightly with increasing temperatures (see curve deflection in Figures E.50 and F.50).
Thus, for this alloy, the minimum value is noted on the rupture exponent curves.

The owner/user should specify whether their Type 347 stainless steel heater tubes should be optimized for
corrosion resistance (fine grained practice) or for creep resistance (coarse grained practice).

H.9.7 Type 347H Stainless Steel

New data analyzed for this material was obtained primarily from Japan. Microstructural changes at higher
temperatures associated with carbide precipitation or dissolution/formation of sigma phase cause the rupture
exponent plot to increase slightly with increasing temperatures (see curve deflection in Figures E.53 and F.53).
Thus, for this alloy, the minimum value is noted on the rupture exponent curves.
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H.9.8  Alloy 800

Material results from heats that do not take advantage of the heat treating and compositional controls imposed
to obtain the Alloy 800H and Alloy 800HT grades were excluded from the analysis. Thus, this unrestricted
material is not usually used for creep service and the database is relatively small.

H.9.9  Alloy 800H

Tubular product data for yield and ultimate tensile strength was obtained for this alloy. A broad international
material database is represented in the stress rupture data shown and is generally in conformance with prior
estimates. Some test results lasted in excess of 100,000 hours.

H.9.10 Alloy 800HT

More recent material data from tubular products from overseas sources was combined with the original
database. Due to the strengthening nickel-aluminum-titanium compounds and redissolving of carbides, the
improvement of Alloy 800HT, over Alloy 800H, is not expected to be very large at intermediate temperatures,
and it disappears at very high temperatures.

H.9.11 Alloy HK-40

Material properties (elevated temperature yield and ultimate tensile strength) from high carbon content Alloy
HK-40 castings were evaluated. The analysis showed an increase in yield strength in the 1200 °F to 1300 °F
range due to precipitation. Lower minimums are shown, as compared to the existing ANSI/API 530 curves,
from this large database collected.
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