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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
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INTERNATIONAL STANDARD ISO 13704:2007(E)

Petroleum, petrochemical and natural gas industries —
Calculation of heater-tube thickness in petroleum refineries

1 cope

This [International Standard specifies the requirements and gives recommendations for‘the prdcedures and
design criteria used for calculating the required wall thickness of new tubes and associated compgonent fittings
for petroleum-refinery heaters. These procedures are appropriate for designing fubes for sefvice in both
corrogive and non-corrosive applications. These procedures have been developgd_specifically for the design
of refinery and related process-fired heater tubes (direct-fired, heat-absorbing tubes within enclogures). These
procgdures are not intended to be used for the design of external piping.

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

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

2.1
actual inside diameter
D
insid¢ diameter of a new tube

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

2.2
component fitting

fittind connected to the fited heater tubes
EXAMPLES Return\bends, elbows, reducers.

NOTH 1 Thete jis a distinction between standard component fittings and specially designed component fittings; see 4.9.

NOTH 2 £ Typical material specifications for standard component fittings are ASTM A 234, ASTM A 403 and
ASTM B-366.

2.3
corrosion allowance

%A
additional material thickness added to allow for material loss during the design life of the component

24
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.

© I1SO 2007 — All rights reserved 1
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design metal temperature

Ty

tube-metal or skin temperature used for design

NOTE

This is determined by calculating the maximum tube metal temperature (7y,54 in Annex B) or the equivalent

tube metal temperature (Teq in 2.8) and adding an appropriate temperature allowance (see 2.16). A procedure for
calculating the maximum tube metal temperature from the heat-flux density 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.
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
he elasti

applicable to t
tube metal te

2.6

elastic allowable stress

Ogl
allowable str

See 5.2.

2.7

bss for the elastic range

elastic design pressure

Pel
maximum pr
NOTE TH
2.8
equivalent t
Teq
calculated cd

pssure that the heater coil can sustain for short periods of time

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

ibe metal temperature

nstant metal temperature that in a specified period of time produces the same creep dama

does a changing metal temperature

4.8 the equivalent tube metal temperature concept is described in more detail. It provides a proced
quivalent tube metal temperature,based on a linear change of tube metal temperature from start-of

er of a tube withthé corrosion allowance removed; used in the design calculations

b
-

inside diameéter of an as-cast tube is the inside diameter of the tube with the porosity and cor

je as

Lre to
Fun to

rosion

ickness

NOTE In
calculate the ¢
end-of-run.

29

inside diameter
D{

inside diame
NOTE Th
allowances refnoved.
210

minimum th
5min

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

NOTE

2.1

See Equation (5).

outside diameter

DO
outside diam

eter of a new tube
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212
rupture allowable stress

Or

allowable stress for the creep-rupture range

See 4.4.

213

rupture design pressure

Pr

maximum operating pressure that the coil section can sustain during normal operation

214
rupture exponent
n
paramneter used for design in the creep-rupture range

NOTH See figures in Annexes E and F.

2.15
stregs thickness
b}

(¢)
thickmess, excluding all thickness allowances, calculated from an equation that uses an allowable|stress

2.16
temperature allowance
Ta
part pf the design metal temperature that is included for process- or flue-gas mal-distribution, operating
unknpwns, 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 metaltemperature (see 2.5).

3 General design information

3.1 | Information required

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

a) design life of 'the heater tube;

b) Wwhether the equivalent-temperature concept is to be applied and, if so, the operating conglitions at the
starband at the end of the run;

c) temperature allowance (see ISO 13705), 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 h;

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

© I1SO 2007 — All rights reserved 3
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— temperature allowance equal to 15 °C (25 °F);

corrosion fraction given in Figure 1;

elastic-range thermal-stress limits.

3.2 Limitations for design procedures

3.21

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.

3.22 No
carburization
curves in AP

3.2.3 Theqg

that have a Ipngitudinal weld. ISO 13705 allows only seamless tubes.

3.24 Thes
diameter rati
3.25 Nod

3.2.6 Limit
end connecti

3.2.7 Mosf
traditional s
Consequentl
less than 20

3.2.8 The
tubes are su
heater tube
example, in
unit is coolin
exceed the
design) is ng
apply, it is r¢g
be used, as s

4 Design

considerations are included for adverse environmental effects, such as graphitiz
or hydrogen attack. Limitations imposed by hydrogen attack can be developed fromithe N
941 [11,

e design procedures have been developed for seamless tubes. They are not applicable to

e design procedures have been developed for thin tubes (tubes-with a thickness-to-ou
D, dmin/Do» Of less than 0,15). Additional considerations can apply to the design of thicker tub

pnsiderations are included for the effects of cyclic pressure or cyclic thermal loading.

s for thermal stresses are provided in Annex C. Limits_for stresses developed by mass, sup
pns and so forth are not discussed in this International Standard.

of the Larson-Miller parameter referenced.gurves in 5.6 are not Larson-Miller curves i
bnse but are derived from the 100 000-h " rupture strength as explained in Clause
y, the curves might not provide a reliable<gstimate of the rupture strength for a design life t
000 h or more than 200 000 h.

procedures in this International Standard have been developed for systems in which the h

can be subject to a greater\external pressure than the internal pressure. This can occu
acuum heaters or on othér types of heaters during shutdown or trip conditions, especially w
g or draining, forming™a vacuum inside the heater tubes. Conditions where external pres
nternal pressures. €an govern heater-tube wall thickness. Determination of this (i.e. va
t covered in thisdnternational Standard. In the absence of any local or national codes tha
commended that)a pressure vessel code, such as ASME VIl (Division 1, UG-28) or EN 1
uch codes also address external pressure designs.

ption,
elson

ubes

side-
ES.

borts,

n the
H.3.
hat is

eater

bject to an internal pressure that exceeds the external pressure. There are some cases in which a

r, for
nen a
sures
cuum
t can
B445,

4.1

General

There is a fundamental difference between the behaviour 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 (1 110 °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 non-existent or negligible.
Experience indicates that, in this case, the tube lasts indefinitely, unless a corrosion or an oxidation
mechanism is active.

© 1SO 2007 — All rights reserved


https://standardsiso.com/api/?name=7a75df29ef736920cdc4edc19dd838aa

ISO 13704:2007(E)

Since there is a fundamental difference between the behaviour 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, at lower temperatures, in which allowable stresses are based on the
yield strength (see 4.3). Creep-rupture design (which is 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 4.4).

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
(1 100 °F). The considerations that govern the design range also include the elastic design pressure, the

cteristic that
The rupture
f years. The
pr days. The
s as a result
lastic design
bssure.

ration. If the
aken as the

CUrves cross,
n the design
sheets (see
t tube metal

tempgrature.

The gllowable minimum thickness of a new tube is given in Table 1.

All of|the design equations described in‘\Clause 4 are summarized in Table 2.
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o. is the rupture allowable stress
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p, is the rupture design pressure
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2  Note change of scale at X = 1.

Figure 1 — Corrosion fraction
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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, o, 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 3.2.4 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. It is, therefore,
a good equation to use in both the elastic range and the creep-rupture rangel'6l: [17]. [18], [19] The mean-

diam

wher

sterequation for stressisas giverrim Equationm(1):

_P(Do _,|_r[Di
g 2(5 1j_2(5+1)

W

> is the stress, expressed in megapascals [pounds per square inch!)];

B is the pressure, expressed in megapascals (pounds per square'inch);

b, is the outside diameter, expressed in millimetres (inchesj;

is the inside diameter, expressed in millimetres (inches), including the corrosion allowan

7

is the thickness, expressed in millimetres (inches).

The g¢quations for the stress thickness, &, in 4.3.and 4.4 are derived from Equation (1).

4.3

The

» Yoo

Elastic design (lower temperatures)

wher| a pressure excursion has reached p,, near the end of the design life after the corrosion a

been|used up. With the elastic/design, &, and 6, (see 4.6) are calculated as given in Equations
D D/
5, = Pelo ordy = PelVi
206 + Pl 206~ Pel

wherg

Pmin = 05 ¥ OCA

(1)

Ce,

blastic design is based on preventing failure by bursting when the pressure is at its maximum (that is,

lowance has
2) and (3):

(2)

3)

D; is the inside diameter, expressed in millimetres (inches), with corrosion allowance removed;

Oel

metal temperature.

is the elastic allowable stress, expressed in megapascals (pounds per square inch), at the design

1) The unit “pounds per square inch (psi)’ is referred to as “pound-force per square inch (Ibf/in2)” in ISO/IEC 80000.
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4.4 Rupture design (higher temperatures)

The rupture design is based on preventing failure by creep rupture during the design life. With the rupture

design, o, an

0

o)

m

_ PrDg
G =——2—
20, +p;

in= 05

d g

min (€€ 4.6) are calculated from Equations (4) and (5):

prDi*

or 65 =
° 20, - py

+ fcorré‘CA

where

is
me

=(

is
an

The derivatig
reduced by t

Equations (4
choose a mo

4.5

At temperaty
Annexes E 4
necessary to

4.6 Minim

The minimur
shown in Ta
average wal
average wall
thicknesses
minimum allg

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

Intermediate temperature range

he rupture allowable stress, expressed in megapascals (pounds per square inch), at'the d
tal temperature and the design life;

bAh%

he rupture exponent at the design metal temperature (shown in.the figures given in Anne
d F).

n of the corrosion fraction is described in Annex G. It is,recognized in this derivation that str
he corrosion allowance; correspondingly, the rupture life is increased.

and (5) are suitable for heater tubes; however,\ if ‘special circumstances require that the
re conservative design, a corrosion fraction of unity (1., = 1) may be specified.

res near or above the point where the curves of o, and o, intersect in the figures givi
nd F, either elastic or rupture considerations govern the design. In this temperature rangg
apply both the elastic and the.rupture designs. The larger value of J,;, shall govern the des

um allowable thickness
N thickness, Jy,ipf
ble 1. For ferriti€ steels, the values shown are the minimum allowable thicknesses of schedd

pipe. (Tablg 5 shows which alloys are ferritic and which are austenitic.) The minimum allo
are 0,875'times the average thicknesses. These minima are based on industry practice
wable thickness is not the retirement or replacement thickness of a used tube.

(4)

Psign

esE

BSS iS

user

en in

, it is
gn.

ofva new tube (including the corrosion allowance) shall not be less thanp that

le 40

pipe. For austenitic steels, the values are the minimum allowable thicknesses of schedul¢ 10S

vable
The

4.7 Minim

The minimum thickness,

um and average thicknesses

o)

min’

is calculated as described in 4.3 and 4.4. Tubes that are purchased to this

minimum thickness have a greater average thickness. A thickness tolerance is specified in each ASTM
specification. For most of the ASTM specifications shown in the figures given in Annexes E and F, the
tolerance on the minimum thickness is (+23) % for hot-finished tubes and (+28) % for cold-drawn tubes. This
is equivalent to tolerances on the average thickness of + 12,3 % and + 9,9 %, respectively. The remaining
ASTM specifications require that the minimum thickness be greater than 0,875 times the average thickness,

which is equivalent to a tolerance on the average thickness of + 12,5 %.
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With a (+28) % tolerance, a tube that is purchased to a 12,7 mm (0,500 in) minimum-thickness specification
has the following average thickness:

(12,7)(1 + 0,28/2) = 14,5 mm (0,570 in)

To obtain a minimum thickness of 12,7 mm (0,500 in) in a tube purchased to a = 12,5 % tolerance on the
average thickness, the average thickness shall be specified as follows:

(12,7)/(0,875) = 14,5 mm (0,571 in)

All thickness specifications shall indicate whether the specified value is a minimum or an average thickness.
The {oteranceused—toretate-themmimum—and average watt-thicknesses—shaltbe—thetoteranc given in the
ASTM specification to which the tubes are purchased.

Table 1 — Minimum allowable thickness of new tubes

Tube outside diameter Minimum thickness
Ferritic steel tubes Adustenitic steel tubes
mm (in) mm (in) mm (in)
60,3 (2,375) 3,4 (0,135) 24 (0,09%)
73,0 (2,875) 4,5 (0,178) 2,7 (0,10%)
88,9 (3,50) 4,8 (0,189) 2,7 (0,10%)
101,6 (4,00) 5,0 (0,198) 2,7 (0,10%)
114,3 (4,50) 5,3 (0,207) 2,7 (0,10%)
141,3 (5,563) 5,7 (0,226) 3,0 0,117)
168,3 (6,625) 6,2 (0,245) 3,0 0,117)
219,1 (8,625) 7,2 (0,282) 3,3 (0,130)
273,1 (10,75) 8,1 (0,319) 3,7 (0,144)

4.8 [ Equivalent tube metal temperature

In the creep-rupture_range, the accumulation of damage is a function of the actual operating tube metal
tempgratures (TMJIS).) For applications in which there are significant differences between stgrt-of-run and
end-¢f-run TMTs;.a design based on the maximum temperature can be excessive, since the actlal operating
TMT Jis usually(less than the maximum.

For g linear change in metal temperature from start of run, 7, to end of run, 7, an equivalept tube metal
tempprature, 7, can be calculated as shown in Equation (6). A tube operating at the equivalept tube metal
temperafure sustains the same creep damage as one that operaies from the start-of-run 1o end-of-run
temperatures.

Teq = Tsor +fT(Teor_ Tsor) (6)
where

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

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

© 1SO 2007 — All rights reserved 9
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Toor s the tube metal temperature, expressed in degrees Celsius (Fahrenheit), at end of run;
fr s 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,  and N, as given in Equations (7) and (8):

AT A
V= no " In(—j
Tsor %0

(7)
N = no 2‘—5J
° (8)
where
ng is the rupture exponent at T,
AT* is the temperature change, equal to T, — Ty, €Xpressed in kelvin:[degrees Rankine?)], during

the operating period;

Toor  |= Tsor + 273 K (Tgor + 460 °R);

In is the natural logarithm;

AS is the change in thickness, equal to ¢Corrtop, expressed in millimetres (inches), during the
operating period;

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

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

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

oy is the initial stress, @xpressed 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 conptant 4%is"given in Table 3. The significance of the material constant is explained in Clause G.5.

2) Rankine is a deprecated unit.
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Table 2 — Summary of working equations

Elastic design (lower temperatures):

D D/
Sy = Pelo or 5, = Pelli (2)
20| + Pe 20| — Pel
Smin = 95 + OcA (3)
Rupture design (higher temperatures):
5 - e (4)
— ] 1 U OI" — I 1
? 2¢ + py 7 20, - pr
Smin = & * JeorrSca )]
where
o,  igthe stress thickness, expressed in millimetres (inches);
pel  ifthe elastic design gauge pressure, expressed in megapascals (pounds’per square inch);
Dy ig the rupture design gauge pressure, expressed in megapascals (pounds per square inch);
D, igthe outside diameter, expressed in millimetres (inches);
D;{" igthe inside diameter, expressed in millimetres (inches), with the corrosion allowance removefi;
oy ifthe elastic allowable stress, expressed in megapascals\(pounds per square inch), at the d¢sign
metal temperature;
o,  ifthe rupture allowable stress, expressed in megapascals (pounds per square inch), at the dgsign
metal temperature and design life;
Smin 19 the minimum thickness, expressed in millimetres (inches), including corrosion allowance;
ocp  igthe corrosion allowance, expressed in‘millimetres (inches);
Jeorr is{the corrosion fraction, given in Figlre™1 as a function of B and n, where B = 5gp /5y ;
n ig the rupture exponent at the design metal temperature.
Equivalent fube metal temperature;
Teq =Tkor + /1 (Teor — T'sor) (6)
where
AT (f Teor — Tsop)-Js the temperature change, expressed in kelvin (degrees Rankine), during the
operating period,;
Tsor 9 the tube metal temperature, expressed in degrees Celsius (Fahrenheit), at the start of the riin;
Teor i the tube metal temperature, expressed in degrees Celsius (Fahrenheit), at the end of the n.rn;

ey = Tgor + 273 K (Tagr + 460 °R);

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

TSOF

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

AS (= deorlop) is the change in thickness, expressed in millimetres (inches), during the operating
period;

%0 is the initial thickness, expressed in millimetres (inches), at the start of the run;

deorr IS the corrosion rate, expressed in millimetres per year (inches per year);

top is the duration, expressed in years, of the operating period.

12 © 1SO 2007 — All rights reserved
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Constant
Material Type or grade A
MPa (psi)

Low-carbon steel — 7,46 x 10° (1,08 x 108)

Medium-carbon steel B 2,88 x 10° (4,17 x 107)

C-%Mo steel T1 or P1 2,01 x 107 (2,91 x 109)

1-Y4Cr-¥2Mo steel T11 or P11 5,17 x 107 (7,49 x 109)

2-Y4Cr-1Mo steel T22 or P22 8,64 x 10° (1,25 x 109)

3Cr-1Mo steel T21 or P21 2,12 x 108 (3,07 x108)

5Cr-2Mo steel T5 or P5 5,49 x 10° (7597 x 107)

5Cr-¥2Mo-Si steel T5b or P5b 2,88 x 10° (4,18 x 107)

7Cr-¥zMo steel T7 or P7 1,64 x 10° (2,37 x 107)

9Cr-1Mo steel T9 or P9 7,54 x 108 (1,09 x 109)

9Cr-1Mo V steel T91 or P91 2,23 X408 (3,24 x 108)

18Cr-8Ni steel 304 or 304H 1,55 x 108 (2,25 x 108)

16Cr-12Ni-2Mo steel 316 or 316H 1,24 x 108 (1,79 x 108)

16Cr-12Ni-2Mo steel 316L 1,37 x 108 (1,99 x 108)

18Cr-10Ni-Ti steel 321 1,32 x 106 (1,92 x 108)

18Cr-10Ni-Ti steel 321H 2,76 x 10° (4,00 x 107)

18Cr-10Ni-Nb? steel 347 or 347H 1,23 x 108 (1,79 x 108)

Ni-Fe-Cr Alloy 800H / 800HT 1,03 x 10° (1,50 x 107)

25Cr-20Ni HK40 2,50 x 10° (3,63 x 107)

@  Formerly called columbium,/ Cb.
The {emperature fraction*and the equivalent temperature shall be calculated for the first operating cycle. In
appligations that invaolve very high corrosion rates, the temperature fraction for the last cycle is|greater than
that {or the first..In(Such cases, the calculation of the temperature fraction and the equivalent| temperature
should be based,on the last cycle.
If thg temperature change from start-of-run to end-of-run is other than linear, a judgment shall be made
regarlding the use of the value of £ 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 can be necessary to arrive at the design.

(See

4.9

the sample calculation in 6.4.)

Component fittings

Component fittings manufactured in accordance with ASME B16.9 are considered suitable for use at the
pressure-temperature ratings specified therein. Other component fittings shall be specially designed in
accordance with this subclause.

©1S0
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nbols, see text below Equation (9).

Figure 3 — Return bend and elbow geometry

briations in a return bend or elbow (see Figure 3) are far moréycomplex than in a straight
bsses at the inner radius of a return bend are higher than in @a/straight tube of the same thick
pcessary for the minimum thickness at the inner radius to.be greater than the minimum thick
bd tube.

esses at the inner radius can be sustained without failure in most situations.

Bss o, expressed in megapascals (pounds_per square inch), along the inner radius of the be

e centre line radius.of the bend, expressed in millimetres (inches);
e mean radius. of the tube, expressed in millimetres (inches);

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

The hoop stiess’ o, expressed in megapascals (pounds per square inch), along the outer radius is giv

tube.
hess.
ness

fication processes for forged return bends generally‘result in greater thickness at the inner radius,

nd is

©)

BN by

Equation (10

):

_ 21+
® " 2(rg +1m)

(10)

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).

14
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2Nioc+p

oi

where

o,

» is the stress thickness, expressed in millimetres (inches), at the inner radius;

47d 9
D

N; =0

a4

(11)

(12)

NOTE

The
press

Using
For e

wher

NOTH

The
press

Do

u is the allowable stress, expressed in megapascals (pounds per square inch) at-the
temperature.

1  prepresents both elastic design pressure and rupture design pressure.

eturn bend thickness evaluations shall be made using both elastic design pressure and ru

ure, and the governing thicknesses shall be the larger values at the inher and outer radii.
the approximation given above, Equation (10) can be solved for/the stress thickness at the
lastic design, the stress thickness is as given in Equation (13);
Dyp
Doo = 50—
2Nyo+p
bso is the stress thickness, expressed incmillimetres (inches), at the outer radius;
4%+2
Vo = —2—
4-9 41
DO
u is the allowableystress, expressed in megapascals (pounds per square inch), at the
temperature:
2 prepresents both elastic design pressure and rupture design pressure.

eturn bend thickness evaluations shall be made using both elastic design pressure and rd
ure, and the governing thicknesses shall be the larger values at the inner and outer radii.

The

calcu

design metal

pture design

outer radius.

(13)

(14)

design metal

pture design

lated thickness.

radius shall

be calculated using Equatons (11) and (13). The corrosion allowance, Jcp, shall be added to the minimum

The minimum thickness along the neutral axis of the bend shall be the same as for a straight tube.

5 Allowable stresses

5.1

General

The allowable stresses for various heater-tube alloys are plotted against design metal temperature in
Figures E.1 to E.19 (SI units) and Figures F.1 to F.19 [US Customary (USC) units]. The values shown in these

©1S0
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figures 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 5.2 and 5.3 (see also 3.2.3).

5.2 Elastic allowable stress

The elastic allowable stress, o), 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 elpstic allowable stress shall be developed from the yield strength.
5.3 Ruptyre allowable stress
The rupture allowable stress, o, is 100 % of the minimum rupture strength for a specified design life. Anpex H
defines the rinimum rupture strength and provides the data sources. The 20 000-h, 40,000-h, 60 000-h and
100 000-h rdipture allowable stresses were developed from the Larson-Miller parameter curves for the
minimum rupture strength shown on the right-hand side of Figures E.1 to E.19 (Rigures F.1 to F.19). fFor a
design life other than those shown, the corresponding rupture allowable stress¢shall be developed from the
Larson-Milleff parameter curves for the minimum rupture strength (see 5.6).
If a different|design basis is desired, the user shall specify the basis, ahd-the alternative rupture allowable
stress shall [be developed from the Larson-Miller parameter curves for the minimum or average rypture
strength. If the resulting rupture allowable stress is greater than thekminimum rupture strength for the design
life, the effects of creep on the tube design equation should be considered.
5.4 Ruptyre exponent
Figures E.1 fo E.19 (Figures F.1 to F.19) show the rupture exponent, n, as a function of the design metal
temperature.| The rupture exponent is used for design in the creep-rupture range (see 4.4). The meaning of
the rupture ekponent is discussed in Clause H.4.
5.5 Yield pnd tensile strengths
Figures E.1 to E.19 (Figures F.1 to F.19) also show the yield and tensile strengths. These curves are incjuded
only for reference. Their sources are given in Annex H.
5.6 Larson-Miller parameter curves
On the right-hand side-of Figures E.1 to E.19 (Figures F.1 to F.19) are plots of the minimum and the avérage
100 000-h rypture stremgths against the Larson-Miller parameter. The Larson-Miller parameter is calcylated
from the design metal temperature, T4, and the design life, 7, , as given in Equations (15) and (16):
When T, is expressed-ndegrees-Celsius:

(Ty+273) (Cum +1g 1) x 103 (15)
When T, is expressed in degrees Fahrenheit:

(T4 +460) (Cm +1g ) x 103 (16)

The Larson-Miller constant, C|y, is stated in the curves. (See Clause H.3 for a detailed description of these

curves).

The curves for minimum and average rupture strength can be used to calculate remaining tube life, as shown

in Annex A.

16
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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 4 and
Figures E.1 to E.19 (Figures F.1 to F.19). Furthermore, the curves can give inaccurate rupture allowable
stresses for tube life less than 20 000 h or greater than 200 000 h (see Clause H.3).

5.7 Limiting design metal temperature

The limiting design metal temperature for each heater-tube alloy is given in Table 4. 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

changes in the alloy's microstructure. Lower critical temperatures for ferritic steels are shew

thOS} that exist during steam-air decoking or regeneration. Operation at higher temperatures

can result in
N in Table 4.

Austenitic steels do not have lower critical temperatures. Other considerations can require)lowgr operating-

tempgrature limits, such as oxidation, graphitization, carburization, and hydrogen attack. ,These|factors shall

be cgnsidered when furnace tubes are designed.

Table 4 — Limiting design metal temperature for heater-tube alloys
Matorials Type or grade Limit::g‘g:f;tgur:énetal Lower critical tenperature
°C €F) °C (°F)

Carlpon steel B 540 (1 000) 720 (1 325)
C-4Mo steel T1 or P1 595 (1 100) 720 (1 325)
1%Gr-Y2Mo steel T11 or P11 595 (1100) 775 (1430)
2%¢r-1Mo steel T22 or P22 650 (1 200) 805 (1 480)
3Cr{1Mo steel T21 or P21 650 (1 200) 815 (1 500)
5Cr{¥sMo steel T5or P5 650 (1 200) 820 (1 510)
5Cr{/sMo-Si steel T5b or P5b 705 (1 300) 845 (1 550)
7Cr{2Mo steel T7 or P7 705 (1 300) 825 (1515)
9Cr{1Mo steel T9or P9 705 (1 300) 825 (1515)
9Cr{1Mo-V steel 791 or P91 650 2 (12002) 830 (1 525)
18CF-8Ni steel 304 or 304H 815 (1 500) — —
16Cy-12Ni-2Mo steel 316 or 316H 815 (1 500) — —
16CF-12Ni-2Mo steel 316L 815 (1 500) — —
18CF-10Ni-Ti‘steel 321 or 321H 815 (1 500) — —
18Cr-10Ni*Nb steel 347 or 347H 815 (1 500) — —
Ni-Fe-Cr Alloy 800H/800HT 9854 (1 800 &) — —
25Cr-20Ni HK40 10102 (1 850 @) — —
@  This is the upper limit on the reliability of the rupture strength data (see Annex H); however, these materials are commonly used
go;s?sr?ter tubes at higher temperatures in applications where the internal pressure is so low that rupture strength does not govern the

5.8 Allowable stress curves

Figures E.1 to E.19 provide the elastic allowable stress and the rupture allowable stress in Sl units for most
common heater-tube alloys. Figures F.1 to F.19 show the same data in USC units.

The sources for these curves are provided in Annex H. The figure number for each alloy is shown in Table 5.

© 1SO 2007 — All rights reserved
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Table 5 — Index to allowable stress curves

Steel type Figure number Alloy
E.1(F.1) Low-carbon steel (A 161, A 192)
E.2 (F.2) Medium-carbon steel (A 53B, A 106B, A 210A-1)
E.3 (F.3) C-%2Mo
E.42 (F.4) 1vCr-"2Mo
E.52 (F.5) 2Yv4Cr-1Mo
Ferritie E-6%«(F-6) 3Er-Hve
E.728 (F.7) 5Cr-%2Mo
E.8 (F.8) 5Cr-2Mo-Si
E.92 (F.9) 7Cr-¥2Mo
E.102 (F.10) 9Cr-1Mo
E.11 (F.11) 9Cr-1Mo-V
E.12 (F.12) 18Cr-8Ni (304 and\304H)
E.13 (F.13) 16Cr-12Ni-2Mo~(316 and 316H)
E.14 (F.14) 16Cr-12Ni-2Mo (316L)
Austenitic E.15 (F.15) 18€r-10Ni-Ti (321)
E.16 (F.16) 18Cr-10Ni-Ti (321H)
E.17 (F.17) $#8Cr-10Ni-Nb (347 and 347H)
E.18 (F.18) Ni-Fe-Cr (Alloy 800H/800HT)
E.19 (F.19) 25Cr-20Ni (HK40)
al  Broken lines on these figures indicate the ‘elastic allowable stresses for the A 200 grades. These figures
d¢ not show the yield strengths of the A 200'grades. The yield strengths of the A 200 grades are 83 % of the
yield strengths shown. The tensile strengths, rupture allowable stresses, rupture strengths, and rupture
exponents for the A 200 grades are thé:same as for the A 213 and A 335 grades.
6 Sample calculations

6.1 Elastic design

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

Material = 18€=10Ni-Nbtype-347staintess-steet
D, =168,3 mm (6,625 in)
Pel = 6,2 MPa gauge (900 psig)
Tq=425°C (800 °F)
ca =3,2mm (0,125 in)
From Figure E.17 (Sl units) or Figure F.17 (USC units):
0g = 124 MPa (18 100 psi)

o, = 138 MPa (20 110 psi)

18 © 1SO 2007 — Al rights reserved
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Using Equations (2) and (3):

(6,2)(168,3)
5 =2 = 4,0 mm
2(125)+6,2

Omin=40+32=7,2mm

In USC units:

(900)(6,625)

A aa
" 2(18250)+900
Omin = 0,159 + 0,125 = 0,284 in
This glesign calculation is summarized in the calculation sheet in Figure 4.
CALCULATION SHEET
Sl units (USC units)
Heater Plant Refinery
Coll Material Type 347 ASTM Spec. A 213
Calculation of minimum thickness Elastic design Rupture design
Outsjde diameter, mm (in) Dy = 168,3 (6,625) D, =
Desigin pressure, gauge, MPa (psi) Pei= 6,2(900) Pr=
Maximum or equivalent metal temperature, °C (°F) Thax = Thax =
Temperature allowance, °C (°F) Tp= Tp=
Desigin metal temperature, °C (°F) Ty= 425 (800) Ty=
Design life, h — oL =
Allowable stress at Ty, Figures E,1to E.19 (Figures F.1 to F.19), MPa (psi) oy = 125 (18 250) o=
Stregs thickness, Equation (2) or (4), mm (in) 6, = 4,04 (0,159) Oy =
Corrpsion allowance, mp.(if) ocp= 3,2(0,125) dea=
Corrpsion fraction, Figuire 1, n= B = — Jtorr =
Minimum thickress, Equations (3) or (5), mm (in) Omin= 7,2 (0,284) Fnin =
Figure 4 — Sample calculation for elastic design

6.2 Thermal-stress check (for elastic range only)

The thermal stress, oy, in the tube designed in accordance with 6.1 shall be checked using the following
values for the variables in the equations given in Annex C:

a=1,81x10°K1(10,05 x 106 R1) (thermal expansion coefficient taken from Table C-3 of
Reference [20]);

E =1,66 x 10° MPa (24,1 x 108 psi) (modulus of elasticity taken from Table C-6 of
Reference [20]);

© 1SO 2007 — Al rights reserved 19


https://standardsiso.com/api/?name=7a75df29ef736920cdc4edc19dd838aa

ISO 13704:2007(E)

vy=0,3

g = 63,1 KW/m?2 [20 000 Btu/(h-ft2)]

Js = 20,6 W/(m-K) [11,9 Btu/(h-ft °F)]

(Poisson's ratio value commonly used for steels);

(assumed heat-flux density);

(thermal conductivity).

Using Sl units in Equation (C.2):

={(1,81) (1,66)} {(63,1) (168,3)1
4 (1-0,3) (20,6)
X=553p MPa
Using USC units in Equation (C.2):
(10,05) (24,1) ][ (20 000) (6,625)
X{ 401 - 03) H (11,9) (12) }
X =8,026 x 104 psi

The thicknes
calculation. T

In Sl units:
(7,2) (11
In USC units
(0,284)
The actual in
In Sl units:
D; =168
y =168,
where y is th
In USC units

Dl = 6,6:

s calculated in 6.1 is the minimum. The average thickness shall be used in the thermal-s
he average thickness (see 4.7) is calculated as follows:

L 0,14) = 8,2 mm

1+0,14)=0,324 in

side diameter is calculated as follows:

3-2(8,2)=151,9 mm

B/151,9 = 1,108

e ratio of outside diameter to actual inside diameter, D /D;.

5 - 2(0,324) = 5,977 in

y=6,62

p/5977 = 1,108

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

2(1108)°
(1108)*

In(1108)-1 = 0,106
-1

Using Equation (C.1), the maximum thermal stress, o7y,,y. IS calculated as follows:

OTmax =

OTmax

20

(553,2) (0,106)

=58,6 MPa

tress
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In USC units:
Ormax = (8,026 x 10%) (0,106)

Ormax = 8 508 psi

The limits for this stress for austenitic steels are given by Equations (C.4) and (C.6), in which the yield
strength is 140 MPa (20 200 psi).

oriim1 = [2,7 - 0,9(1,108)] (140)

b7 lim1 = 238 MPa

p7.1im2 = (1,8) (140)

b7 im2 = 292 MPa

In USC units:

b7 1im1 = [2,7 — 0,9(1,108)] (20 200)

b7 lim1 = 34 400 psi

priim2 = (1,8) (20 200)

7 lim2 = 36 360 psi

Since the maximum thermal stress is less than these-imits, the design is acceptable.

If a Iﬂcker tube is specified arbitrarily (as.Schedule 80S can be in this example), the actual @average tube
thickmess shall be used in calculating the thermal stress and its limits as follows:

The ipside diameter of a 6-in Schedule 80S tube is as follows:
D;=146,3 mm

therefore

) = 168,3/146,3=1150

In USC units:

D;=5761in

1 =8.625/5761 =1 150

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

2 (1,150)°

In (1,150) — 1= 0,146
(1,150)% - 1 (1:150)

Using Equation (C.1), the maximum thermal stress is calculated as follows:
Ormax = (9553,2) (0,146)

Ormax = 80,9 MPa
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In USC units

OTmax =

OTmax =

(8,026 x 104) (0,146)

11 718 psi

The average thickness of this tube is 11,0 mm (0,432 in), so the minimum thickness is calculated as follows:

S =— "
mn=14+0,14

11,0 =9,6 mm

In USC units

5min =7

1

Using Equati

[He)

O'pm =

In USC units

| ©

Opm =

The therma
Equation (C.

Orlim1 =
Orlim1 =
In USC units
Orlim1 =
Orlim2 =
The thermal-

OTlim2 =

1432 _ 379 in
1014

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

D

2 (@—q =51,2 MPa
9,6

p0

6,625
“

2229 _ 1| =7 416 psi
0,379

-stress limit based on the primary plus;..secondary stress intensity is calculated
14). Using the values above, this limit is calculated as follows:

(2,7 x 140) - (1,15 x 51,2)

319,1 MPa

(2,7 x 20 200) — (1,15%7 416)
46 010 psi

stress ratchet limit is calculated using Equation (C.19). In this case, the limit is as follows:

4[(4,35™% 140) — 51,2]

using

OTlim2 =
In USC units
OTlim2 =

Orlim2 =

55T,2 MPa

4[(1,35 x 20 200) — 7 416]

79 416 psi

The thermal stress in the thicker tube is well below these limits.

22
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6.3 Rupture design with constant temperature

A modification of the example in 6.1 illustrates how the design equations are used for the creep-rupture range.
Suppose the tube described in 6.1 is designed for the following conditions:

T4=705"°C (1300 °F)

tp. =100 000 h

p, = 5,8 MPa gauge (840 psig)
FromFigure-E-47/{(Stunits)orFigure FA7/{USCunits}—r— ————————
b, = 37,3 MPa (5 450 psi)
Using Equation (4):
In Slunits:

(5,8)(168,3)
g = =2 =12,1mm
2(37.3)+58

In USC units:

(840)(6,625) ,
g =~ = 0,474 in
2(5 450) + 840

From this:
In Sljunits:
B = 2 = 0,264
12,1
In USC units:
B :% =0,264
0,474

From Figure E.17 {Sl|-Units) or Figure F.17 (USC units)
n=4,4

With these values for B and n, use Figure 1 to obtain the following corrosion fraction:

Jeorr = 0,558
Hence, using Equation (5):
In Sl units:

§min

=12,1+ (0,558 x 3,2)

=13,9 mm

é‘min
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In USC units:
Omin = 0,474 + (0,558 x 0,125)

=0,544 in

5min

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:

In S| units:
og = 113 MPa
(6 2)(168,3)
0g =-A——==4,5mm
2(113)+6,2
Omin=4$P +3,2=7,7mm
In USC units
o = 16 00 psi

(900) (6,625)

04771
5= 2({6400) + 900 177"

Sin = 0177 + 0,125 = 0,302 in

Since &

min
the calculatign sheet in Figure 5.

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

CALCULATION SHEET

SLunits (USC units)

Heatgr Plant

Coil

Material

Type 347

Refinery

ASTM Spec. A 213

Calculation of minimum thickness

Elastic design

Rupture design

Outside diameter, mm (in)

Design pressufe, gauge, MPa (psi)

Temperature dllowance;C (°F)

Design metal temperature, °C (°F)

Design life, h

Corrosion allowance, mm (in)

D, = 168,3 (6,625) D, = 168,3 (§,625)
Pe = 6,2 (900) pr= 5,8(840)
Maximum or efjuivalent metaltemperature, °C (°F) Trax = Trax =
T)= T)=
T4= 705 (1300) Ty= 705 (1300)
— fp. = 100 000
Allowable stress at Ty, Figures E.1 to E.19 (Figures F.1 to F.19), MPa (psi) o, = 113 (16 400) o, = 37,3 (5450)
Stress thickness, Equation (2) or (4), mm (in) 6, = 4,5(0,177) 6,= 12,0(0,474)
dcp= 3,18 (0,125) op= 3,18 (0,125)
Corrosion fraction, Figure 1, n = 4,4; B = 0,264 — Soorr= 0,558
Minimum thickness, Equation (3) or (5), mm (in) Smin = 7,67 (0,302) Omin = 13,82 (0,544)

Figure 5 — Sample calculation for rupture design (constant temperature)
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6.4 Rupture design with linearly changing temperature

Suppose the tube described in 6.3 operates in a service for which the estimated tube metal temperature
varies from 635 °C (1 175 °F) at the start of run to 690 °C (1 275 °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:
o = >0 [19%2 41_ 581 MPa
2 8,0
In USC units:
7y = 840 @—1 = 8 413 psi
2 (0,315

At the start-of-run temperature, ng = 4,8. From Table 3, 4 is 1,23 x 108 MPa (1,79 x 108 psi). The¢ parameters
for the temperature fraction are, therefore, as follows:

In Sljunits:

6
 —4.8 55 In 1,23x10 ~29
908 58,1

NV = 4,8 ﬁ =0,2
8,0
In USC units:
8
— 4.8 100 In 1,79x10 _29
1635 8413

V= 48 2018 g2
0,315

From Figure 2,~f5= 0,62, and the equivalent temperature is calculated using Equation (6) as follos:

In Sljunits:

In USC units:

Toq=1175+(0,62 x 100) = 1 237 °F
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A temperature allowance of 15 °C (25 °F) is added to yield a design temperature of 684 °C (1 262 °F), which
is rounded up to 685 °C (1 265 °F). Using this temperature to carry out the design procedure illustrated in 6.3
yields the following:

In Sl units:
0,=99

o)

min —

o)

min

mm

9,9 + (0,572 x 3,2)

=11,7 mm

In USC units

65 =0,388 in

(e}
Emin =0,
o

min = 0,

This thicknes
the initial strg

In Sl units:

51
O'0=—2

In USC units

Op = 7

With this stre

In Sl units:

—(@—1) = 38,8 MPa

_840

388 + (0,572 x 0,125)

460 in

s is different from the 8,0 mm (0,315 in) thickness that was initially assumed. Using this thick
ss is calculated as follows:

11,7

(6,625_1

= 5629 psi
0,460

ss, the temperature-fractionparameters 7 and N become the following:

255

1,23 %10°
38,8

In USC units!

Vo= 4,8(

N= 4,8(

1,79 x 108
5629

100
1635

£

0,013
0,460

| -20

ness,

Using these values in Figure 2, fr= 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
Sl units (USC units)

Heater Plant Refinery

Call Material Type 347 ASTM Spec. A 213
Calculation of minimum thickness Elastic design Rupture design
Outside diameter, mm (in) D, = D,= 168,3 (6,625)
Design pressure, gauge, MPa (psi) Pel = pr= 5,8(840)
Maximum or equivalent metal temperature, °C (°F) Tog= T..= 669 (1237)
Temperature allowance, °C (°F) Tp= Ta= [15 (25)
Design metal temperature, °C (°F) Ty= T4 = 85 (1 265)
Design life, h — tp = [100 000
Allowable stress at T, Figures E.1 to E.19, (Figures F.1 to F.19) MPa (psi) Og = o,= 6,6 (6 750)
Stregs thickness, Equation (2) or (4), mm (in) 0= 6, = P.85(0,388)
Corrgsion allowance, mm (in) OcA = dca= P.18(0,125)
Corrgsion fraction, Figure 1, n =4,5; B = 0,322 — Seorr= P,572
Minirhum thickness, Equation (3) or (5), mm (in) Omin = Smin = [11,68 (0,460)
Calclilation of equivalent tube metal temperature
Duration of operating period, years fop = 1,0
Metal temperature, start of run, °C (°F) Tsor = 635 (1175)
Metal temperature, end of run, °C (°F) Teor = 690 (1 275)
Temperature change during operating period, K-(°R) AT* = 55(100)
Metal absolute temperature, start of run, K,(°R) Teor = 908 (1 635)
Thickness change during operating(period, mm (in) As= 0,33 (0,0(13)
Assumed initial thickness, mm-(in) & = 8,00 (0,3[5)
Corrgsponding initial stress, Equation (1), MPa (psi) op= 58,1 (84[3)
Material constant, Table/3, MPa (psi) 1,23 x 108 (1,79 x 108)
Ruptpre exponent\at 7., Figures E.1 to E.19 (Figures F.1 to F.19) ng= 4,8
Temperature fraction, Figure 2, '=2,9; N=0,2 fr = 0,62
Equiyalent'metal temperature, Equation (6), °C (°F) Toq= 669 (1 237)

Figure 6 — Sample calculation for rupture design (changing temperature)
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Annex A
(informative)

Estimation of remaining tube life

A.1 General

Figures E.1

than for the
about existin
and remainir
about tube r
tube thickne
retirement.

There are th
accumulated
operating pre
factors, parti
actual ruptur
effects of this
However, as
these uncert
information t

The essence
periods of tin
each of thes
total accumd
Finally, the 1
conditions.

A more detai
in APl RP 57|

A.2 Estim

Since the co

o E.19 (Figures F.1 to F.19) and the considerations made in Annex G have applicatiohs
fesign of new tubes. They can also be used to help answer re-rating and retirement ques
g tubes that have operated in the creep-rupture range. This annex describes how fube da
g life can be estimated. Because of the uncertainties involved in these calculations, dec
btirement should not be based solely on the results of these calculations. Othier factors su
5s or diameter-strain measurements should be primary considerations in decisions about

ree primary areas of uncertainty in these calculations. First, it i§ necessary to estimat
tube damage (the life fraction used up) based on the operating histety, i.e. the influence fro
ssure, the tube-metal temperature, and the corrosion rate, of the\tube. The uncertainties in

cularly the temperature, can have a significant effect on the{estimate. Second, knowledge

b strength of a given tube is not precise. The example cal¢ulation in Clause A.2 demonstrate
uncertainty. Finally, it is necessary to consider the tube<damage rule as described in Claus
mentioned in Clause G.2, the limitations of this hypothesis are not well understood. In spite
ainties, the estimation that is made using the procedure described in this annex can pr
hat assists in making decisions about tube re-rating and retirement.

ne during which the pressure, metal temperature, and corrosion rate are assumed constan
b periods, the life fraction used up is.€alculated. The sum of these calculated life fractions
lated tube damage. The fraction remaining is calculated by subtracting this sum from
emaining life fraction is transformed into an estimate of the expected life at specified ope

ed life-assessment evaluation for heater tubes operating in the creep-rupture range can be
9:2000, Appendix F,

ation of accumulated tube damage

ncepts required to estimate damage are developed elsewhere in this International Standard

other
tions
nage
sions
Ch as
tube

b the
m the
hese
pf the
s the
e G.2.
of all
pvide

of this calculation procedure can be outlined as follows. The operating history is divided into

t. For
s the
Unity.
ating

ound

they

are not repegited:here. The calculation procedure can best be explained by working through an example¢. For

this example

the following conditions are assumed:

Material:

Outside

Initial mi

18Cr-10Ni-Nb (type 347) stainless steel;
diameter: 168,3 mm (6,625 in);
nimum thickness: 6,8 mm (0,268 in).

It is also assumed that the operating history of the tube can be approximated as shown in Table A.1. (The SI
conversions are approximate.)
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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 can 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.1 — Approximation of the operating history

. Operating gauge Tube metal Minimum thickness
Opgration Duration ressure temperature
¢ P P Beginning End
period
a® MPa (psi) °C (°F) mm (in) mm (in)
1 1,3 3,96 (575) 649 (1 200) 6,81 (0,268) 6,40 (0,252)
2 0,6 4,27 (620) 665 (1 230) 6,40 0,252) | 6,20 | (0,244)
3 2,1 4,07 (590) 660 (1 220) 6,20 (0,244) | 5,51 (0,217)
4 2,0 4,34 (630) 665 (1 230) 5,51 (0,217) 4,83 (0,190)
a8 ‘b’ s the international unit symbol for “year”.

This [nformation can be used to calculate the life fractions shown in Table A.2.
For tubes undergoing corrosion, an equation similar to, Equation (G.17) can be developed for th¢ life fraction;
howgver, this is not necessary since sufficient acetracy can be achieved for this calculation by using the

averd

ge stress for each period (that is, the average of the stress at the beginning and at th

operating period).

The
the L

or Fig

With
Mille

this €

on th

The

minimum and average Larson-Millerwalues in Table A.2 are determined from the average
arson-Miller parameter curves for minimum and average rupture strength in Figures E.1 to B
ures F.1 to F.19 (USC units). For this example, Figure F.17 was used.

these Larson-Miller valugs.and the metal temperature for each period, the expression fo
parameter was solved. for'the rupture time. This expression is at the top of Figures E.1 tg
xpression gives the rupture time in hours, the value needs converting to years. The resultind
e minimum rupture ‘'strength and the average rupture strength are shown in Table A.2.

following example illustrates how to calculate the minimum-strength rupture time, fp,

e end of the

stress using
.19 (Sl units)

the Larson-
E.19. Since
times based

for the first

operating period\from the equations for o, oyg, the average stress thickness, and o, the ruptyre allowable

stresp. The eduations to be solved are as follows:
In Sl|units:

So.AVE = B8040 5 605 mm
In USC units:

S AVE = 0,268;0,252 —0.260in
In Sl units:

, :%(;;f\;; —pr] = %(%—3,96] = 48,47 MPa
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In USC units:

o =4 PPo _ :l[m—smj:?oss psi
2| 56 Ave 2\ 0,260

At 48,47 MPa, using the minimum rupture strength, the Larson-Miller Parameter, Cy\, equals 19,02 in S| units.

At 7 038 psi, using the minimum rupture strength, the Larson-Miller Parameter, C, equals 34,35 in USC
units.

In USC units
Cim = (T4 + 460) (15 +1g 1p, ) x 1073
Therefore:
34,35 =[1200 + 460) (15 +1g 15, ) x 10-3
lg 1o = $,69
tpL = 49p 000 hours
tpL = 55)9 years

The life fractjons are simply the duration of the operating period divided by the rupture time that corresgonds
to that period. Using the minimum-strength rupture time calctlated above, the fraction for the first line in
Table A.2 is [1,3/55,9, which equals 0,02. The accumulated damage is the sum of the fractions.

The effect of|the uncertainty about the rupture strength is evident in Table A.2. If the actual rupture strength of
this tube is inj the lower part of the scatter band (near the minimum rupture strength), then 64 % 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 23|% of the tube life has been used. If the actual rupture strength is higher, even less of the tube life
has been usg¢d.

The effect of the uncertainty about the operating temperature can also be evaluated. Suppose the gctual
metal tempefature of this tube were 5.°C (9 °F) higher than that shown in Table A.1. To estimate the effgct of
this differenge, the life-fraction calculations in Table A.2 have been made with the slightly higher temperature.
The corresponding accumulated”damage fractions are 0,81 and 0,28, respectively. These should be
compared with the values 0,64-and 0,23 that were calculated first.

Table A.2 — Life fractions for each period

Larson-Miller values Rupture time Rupture tinje
Operating Average stress minimum average ﬁﬁﬁﬂ:.; basegt:enng\t/; [29¢
period strength
MPa psi °C (°F) °C (°F) years life years life
fraction fraction

1 48,47 (7 038) 19,02 | (34,35) | 19,48 | (35,09) | 55,9 0,02 154,8 0,01

2 54,91 (7 973) 18,83 | (33,90) | 19,25 | (34,66) | 13,1 0,05 35,8 0,02

3 56,66 (8 213) 18,77 | (33,80) | 19,19 | (34,55) | 15,0 0,14 42,1 0,05

4 68,78 (9 985) 18,41 | (33,15) | 18,83 | (33,90) 4,7 0,43 13,1 0,15
Accumulated damage = 0,64 0,23
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A.3 Estimation of remaining tube life

As in Clause A.2, this calculation procedure is best explained using an example. The example used is

summarized in Tables A.3 and A.4. The life fraction remaining for this tube is as follows:
Minimum rupture strength:  equals 1 minus 0,64, or 0,36;
Average rupture strength:  equals 1 minus 0,23, or 0,77.

These fractions should be converted to the expected life under the specified operating conditions.

The fpllowing refated questions can be asked at this point.

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

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

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

Not gll of these questions are answered in this annex, but the method.used to develop the answégrs should be

clear|from the following example.

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

perating gauge pressure: 4,27 MPa (620 psi);

etal temperature: 660 °C (1 220 °FY;

orrosion rate: 0,33 mm/a*0;013 in/a).

these values, a table of future-life-fractions can be developed as shown in Table A.3 for

rupture strength and in Table A.4 for the average rupture strength. As before, the average

averdge of the stresses at the beginning and end of each operating period.

Sincg the tube in the example.is undergoing corrosion, the life estimation should be calculated
this gxample, a 1-year step was used. As can be seen from the two tables, the estimated life g
betwgen 1,5 a and 4,5 afithe rupture strength were in the upper part of the scatter band (abovs
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 ¢

, from .the ‘anticipated stress and temperature. The estimated remaining life is simply]
remajning multiplied by the rupture life. In these cases, tables such as Tables A.3 and A.4 are not

the minimum
Stress is the

in steps. For
f this tube is
the average

alculated, as
the fraction
required.

The ¢xample given above describes a way to answer Question a), posed at the beginning of th

s subclause:

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, can be
follows. The pressure and corrosion rate can be used to calculate an average stress from whi

answered as
ch a Larson-

Miller value can be found using the curves in Figures E.1 to E.19. With this value and a rupture life calculated
by dividing the required life by the remaining life fraction, the Larson-Miller-parameter equation can be solved

for the maximum temperature. The other questions can be answered in similar ways.

© 1SO 2007 — All rights reserved
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Table A.3 — Future life fractions, minimum rupture strength

. . . Minimum Larson- | Rupture .
Time | Minimum thickness Average stress Miller value time Fraction | REMaining
Fraction
a mm (in) MPa (psi) °C (°F) a
0 4,83 (0,190) — — — — — — 0,36
1 4,50 (0,177) 74,99 (10 896) 18,25 | (32,85) 4,1 0,24 0,12
1,5 4,34 0,171) 79,19 (11 497) 18,14 | (32,66) 3,1 0,16 -0,04

Table A.4 — Future life fractions, average rupture strength

Minimum Rubture
Time | M|nimum thickness Average stress Larson-Miller P \ Remaihing
value time Fraction | ¢
raction
a mm (in) MPa (psi) °C (°F) a
0 4,83 (0,190) — — — — - — 0,7y
1 4,50 (0,177) 74,99 (10 896) 18,66 | (33,60) 14 0,09 0,68
2 4,17 (0,164) 80,87 (11 753) 18,563 | (33,35) 8,2 0,12 0,5p
3 3,84 (0,151) 87,74 (12 752) 18,37 | (33,07) 55 0,18 0,38
4 3,51 (0,138) 95,84 (13 932) 18,22 | (32,80) 3,8 0,26 0,1
4,5 3,35 (0,132) 102,76 (14 940) 18,07 > (32,53) 2,6 0,19 -0,47
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Annex B
(informative)

Calculation of maximum radiant section tube skin temperat

General

ure

This
Corre
estin
maxi
Clau

The
fired
regin
tube-

If the|
shall

B.2

A val

the ipside wall of the tube. Although the following correlations are extensively used and accep

desig
com

Fors
is th

annex provides a procedure for calculating the maximum radiant section tube metal (skin)

mum tube skin temperature and the temperature distribution through the tube.\Wall are
be B.4. The sample calculation in Clause B.5 demonstrates the use of these equations.

maximum tube metal temperature (TMT) might or might not be located towards the proce

lations for estimating the fluid-film heat-transfer coefficient are given in Clause B:2 A
ating the maximum local heat-flux density is given in Clause B.3. The equations used to

heater. Factors including inside film coefficient, radiant heat flux, heater/tube geometry 3
e all influence the maximum TMT calculation. In some casessuch as with vacuun

heater is required to operate in turndown or operating conditioris other than design mode, t
identify this on the data sheet. A review of these operations\is required.

Heat-transfer coefficient
e necessary for calculating the maximum tube metal temperature is the fluid heat-transfer

n, they have inherent inaccuracies associated with all simplified correlations that are use
lex relationships.

ngle-phase fluids, the heat-transfer coefficient is calculated by one of the two equations bel
b Reynolds number and Pryis the Prandtl number. No correlation is included for the

temperature.
method for
calculate the
described in

bs outlet of a
nd fluid flow
N heaters, a

py-tube analysis from the fluid outlet to before the initial boiling peint(IBP) should be perfornped.

he purchaser

coefficient at
ted in heater
| to describe

bW, where Re
heat-transfer

coefflcient in laminar flow, sincethis flow regime is rare in process heaters. There is inadequatg information
for reliably determining the inside coefficient in laminar flow for oil in tube sizes that are normally used in
procgss 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 [35]:
1 0,14
K|=O,023(—f‘Tb]ReO’SPrO’% —ﬂ”b] (B.1)
[ HiTw
where
Re = Didma (B.2)
HfTb
pr=Sp A0 (8.3)
At b
dmpa  is the areic mass flow rate, in kg/(m2-s) [Ib/(ft2-h)], of the fluid;
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s the specific heat capacity, in J/(kg-K) [Btu/(Ib-°R)], of the fluid at bulk temperature.

s the inside diameter, expressed in metres (feet), of the tube;
s the absolute viscosity, in Pa-s [Ib/(ft-h)], of the fluid at bulk temperature;

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

is the thermal conductivity, expressed in W/(m-K) [Btu/(h-ft2-°F)], of the fluid at bulk temperature;

The heat-trapsfer coefficient, K, expressed in W/(m#-K) [Btu/(h-ft*-°F)], for the vapour flow with Re > 15 (

calculated ug

All of the m
viscosity in

For two-phas
K2p =K

where
sz

W

Wy

The liquid an

mass flow rae but using the liquid and the vapour material properties, respectively.

NOTE In

ing Equation (B.4) from Reference [36]:

05
ﬂ( ]

hoq| 210 | o, 08 p,.04 Ty
D; T

s the absolute bulk temperature, expressed in kelvin (degrees RankKine), of the vapour;
s the absolute wall temperature, expressed in kelvin (degreeS’Rankine), of the vapour.

terial properties except u 1, are evaluated at the bulk fluid temperature. To convert abg
illipascal-seconds to pounds per foot per hour, multiply Ut rw DY 2,42.

e flows, the heat-transfer coefficient can be approximated using Equation (B.5):

|+ Kywy

s the heat-transfer coefficient, expressed in W/(mZ2.K) [Btu/(h-ft2.°F)], for two phases;
s the mass fraction of the.liquid;
s the mass fraction‘of-the vapour.

d vapour heat-transfer coefficients, K, and K,,, should be calculated using the mixed-phase

fwo-phase flow applications where dispersed-flow or mist-flow regimes occur due to entrainment

liquid droplets

using the correlation for the vapour phase using Equation (B.4), based on the total flow rate, rather than

in-the 'vapour (e.g. towards the outlet of vacuum heaters), the heat-transfer coefficient can be calc

00 is

(B.4)

olute

(B.5)

areic

f tiny
Llated
being

approximated

by Equation (B.5).

B.3 Maximum local heat-flux density

The average heat-flux density 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 density at any point in the coil can be estimated from the average heat-flux density.
The maximum local heat-flux density is used with the equations in Clause B.4 to calculate the maximum tube
metal temperature.

34
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Local heat-flux densities vary considerably throughout a heater because of non-uniformities around and along
each tube. Circumferential variations result from variations in the radiant heat-flux density 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 density. 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
can have a high convective heat-flux density.

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

wherg
Fsr  is the factor accounting for circumferential heat-flux-density variations;
v 1 is the factor accounting for longitudinal heat-flux-density variations;
¥r is the factor accounting for the effect of tube metal temperature on the radiant heat-fl
drave IS the average radiant heat-flux density, in W/m? [Btu/(p-ft2)], for the outside surface;
deonv IS the average convective heat-flux density, in W/mZ[Btu/(h-ft2)], for the outside surfa
The g¢ircumferential variation factor, F,, is given as a fun¢tion of tube spacing and coil geometry

The factor given by this figure is the ratio of the maximum local heat-flux density at the fully expo|

tube

radia

convi

value

The |
In af
greater than 1,5 can be appropriate in a firebox that has an extremely uneven distribution of heg
(for &

The 1

’ - ) AR m
R,max — f'cir ' L' TYR,ave ™ Yconv

to the average heat-flux density around the tube. This figure was developed from cong
ht heat transfer only. As mentioned above, influences such as conduction around the tube
bction act to reduce this factor. Since these/influences are not included in this calculation, t
is somewhat higher than the actual maximum heat-flux density.

pngitudinal variation factor, F|, is not easy to quantify. Values between 1,0 and 1,5 are mos
rebox that has a very uniform ‘distribution of heat-flux density, a value of 1,0 can be approp

xample, a long or a tall, narrow firebox with burners in one end only).

ube metal temperature factor, F;, is less than 1,0 near the coil outlet or in areas of maximu

(B.6)

X density;

Ce.

n Figure B.1.
sed face of a
iderations of
and flue-gas
he calculated

t often used.
riate. Values
t-flux density

M tube metal
hs, the factor

(B.7)

point under
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tempgrature. It is greatep than 1,0 in areas of lower tube metal temperatures. For most applicatio
can ke approximatechas given in Equation (B.7):
4 * 4
Tg,ave ~Tim
FT 7 % 4 x 4
Tg,ave - Ttm,ave
where
Tg*‘a\,e is the average flue-gas temperature, expressed in kelvin (degrees Rankine), in the radiant
section;
Tim is the tube metal temperature, expressed in kelvin (degrees Rankine), at the
consideration;
thn,ave is the average tube metal temperature, expressed in kelvin (degrees Rankine), in the radiant
section.
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The convective heat-flux density in most parts of a radiant section is usually small compared with the radiant
heat-flux density. In the shock section, however, the convective heat-flux density can be significant; it should
therefore be added to the radiant heat-flux density when the maximum heat-flux density in the shock section is

estimated.

B.4 Maximum tube metal temperature

In addition to the heat-transfer coefficient and the maximum heat-flux density, 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 coll. For operation at or near design, the design proiflle can be used. For
operation sighificantly different from design, a bulk temperature profile shall be developed.
Once the bulk fluid temperature is known at any point in the coil, the maximum tube metal tempgrature, [T} ...
expressed in[degrees Celsius (Fahrenheit), can be calculated from Equations (B.8) to (B.12):
Tmax = be+ATff+ATf+ATtW (88)
where
Tt s the bulk fluid temperature, expressed in degrees Celsius (Fahtenheit);
AT; s the temperature difference across any internal fouling, expressed in degrees Cglsius
Fahrenheit);
AT;;  Is the temperature difference across the fluid film, expressed in degrees Celsius (Fahrenheit),
ATy, s the temperature difference across the tube wall, expressed in degrees Celsius (Fahrenheit)).
ATy = JRmax [ Do (B.9)
Kes \ Dj
where
K¢ s the fluid-film heat-transfer coefficient, expressed in W/(m2-K) [Btu/(h-ft2-°F)];
drmax IS the maximum radiant heat-flux density, expressed in W/(m2-K) [Btu/(h-ft2.°F)], for the oytside
surface;
D, s the outside diameter, expressed in metres (feet), of the tube;
D; s the inside diameter, expressed in metres (feet), of the tube.
D
AT = R 0 B.10
f = 4R,max f[Di—éf] ( )
where
O¢ is the coke and/or scale thickness, expressed in metres (feet);
R; is the fouling factor inside the tube due to the presence of any internal fouling, coke or scale,

36

expressed in m*K/W (h-ft® °F/Btu).
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D
Dgyln| =2
D;

B.11
24m ( )

ATty = 4R, max

where
Atm is 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
cokelthickness has been provided on the fired heater data sheets (see ISO 13705). 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:

Ri = j—: (B.12)
wherg

b is the coke and/or scale thickness, expressed in metres (feet).

¢ 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 gffective inside diameter of the tube i$ adjusted as
noted in Equation (B.10). The effects of internal fouling; coke or scale on tube metal tempergture can be
calculated using Equations (B.8) and (B.10).

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

The maximum film temperature~shall be calculated on a clean-tube basis except when eyaluating the
maximum tube metal temperattre:

In the¢ absence of thermal-eonductivity data provided by the purchaser, the following range of vdlues may be
used|for 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).

The thermal condugtivity of the tube material, 4;,,, used in Equation (B.11) should be evaluated af the average
tube wall temperature.
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Centreline nominal tube spacing/tube outside diameter
Key
1 curve 1 feriadouble row against a wall, triangular spacing

2 curve 2 for a double row with equal radiation from both sides and two diameters between rows, equilateral spacing

3 curve 3 for a single row against a wall
4 curve 4 for a single row with equal radiation from both sides

These curves are valid when used with a tube-centre-to-refractory-wall spacing of 1,5 times the nominal tube diameter.
Any appreciable variation from this spacing should be given special consideration.

NOTE 1 These curves do not take into consideration the convection heat transfer to the tubes, circumferential heat
transfer by conduction through the tube wall, or variations in heat-flux density in different zones of the radiant section.

NOTE 2 These curves are based on the work of H. C. Hottel. Applicable papers are identified in Reference [35],
page 69.

Figure B.1 — Ratio of maximum local to average heat flux
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B.5 Sample calculation

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

NOTE Differences in results between calculations in Sl 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).

b,=114,3 mm (= 0,375 ft = 4,5 in);

Pt ave = 6,4 mm (= 0,020 8 ft = 0,25 in);
b,=101,6 mm (= 0,333 ft =4,0 in);

b; = 0 mm (0 in);

Lim = 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 vapour. Other gperating conditions are as follqws:
Flow rate (total liquid plus vapour) is 6,3 kg/s (50 000 Ib/h):
T, =271 °C (520 °F);

IR ave = 31 546 W/m?2 [10 000 Btu/(h-ft2)].

The properties of the liquid at the bulk temperature are as follows:
A5 7p = 2,0 x 10-3 Pa-s [4,84 Ib/(h-ft)};

Lt 7p = 0,116 3 W/(m-K) [0,067 2.Btu/(h-ft-°F)];

[(

£ = 2 847 JI(kg-K) [0,68 Btu/(Ib-°F)].

The properties of the vapalr at the bulk temperature are as follows:
Ay o ="7,0x 19~6'Pa-s [0,017 Ib/(ft-h)];

Ly 7p = 0,034 6 W/(m-K) [0,020 Btu/(h-ft-°F)];

4 v2394 Ji(kg-K) [0,572 Btu/(Ib-F)].

From the inside diameter, the flow area is equal to 8,107 x 10~2 m< (0,087 3 ft¢). Using the total flow rate:
dmp = 6,3/(8,107 x 1073),
qma = 777,1 kg/(m2-s).

In USC units:

dma = (50 000/0,087 3),

dma = 5.73 x 105 Ib/(h-ft2).
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The Reynolds number [Equation (B.2)] is calculated as follows:

For liquid:
In Sl units:
Re = (01016) (777.1) _ 5 95, 404
0,002
In USC units:
N - PPN
Re = 2r299) U TOXTY ) 3,94><104
4,84
For vapour
In Sl units:
Re — (0,1016) (772,1) —113 % 107
70 x 10°
In USQ units:
5
Re=(0’333) (5,73x10 ):1712“07

0,017

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

_ (2847) (0,002)
0,116 3

P = 49,0

In USQ units:

b, (0.68) (4.84)C 70
0,067 2

For vapour:

In Sl units:

©) (2395) (7,0x107°%)

0485

oo

o 0,034 6

In USC units:

Pr— (0,572) (0,017) _ 0,486
0,020

Assume that for the liquid:

0,14
[ﬂf,rb] —11
HfTw

40
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Assume that for the vapour:

05
(EJ = 0,91
TW

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

A
K = 0,023{ ;')T b j(3,94 x10%)%8(49,0)%33(1,1)

P
B 433,8( f'TbJ
D;

Using Equation (B.4):

A
K, = 0,021[ fD’Tb](1,12><107)0'8(0,486)0’4(0,91)

yl
=6242[ f’”’j
i
Hende:
In Sllunits:
K| =433,8 0116 31 _ 497 wim? .k
0,101 6
K, = 6242 0,034 €1 _, 126 wimZk
0,101 6
In USC units:
K| =433,8 0.067 242 57 5 Btuh- ft2 . oF
0,333

K, = 6242 90201 _ 375 Brush- 12 . oF
0,333

The fwo-phase heat-transfer coefficient can then be calculated using Equation (B.5):

In Sl lunits:

Kpp = (0,90)K; + (0,10)K,
= (0,90)(497) + (0,10)(2 126)
= 659,9 W/(m2K)
In USC units:
Kpp = (0,90)(87.5) + (0,10)(375)

- 116,3 Btu/(h-ft2 °F)
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The ratio of tube spacing to tube diameter is as follows:

In Sl units:

203,2

=1,78
114,3

In USC units:

From Figure|B.1, F,
convective heat-flux density at this point). Using Equation (B.6):

In Sl units:

qR,maX = (1 ’91 )(1 11 )(1 !0)(31 546)
66 278 W/m?2

In USC units

9R,max (1,91)(1,1)(1,0)(10 000)
21 010 Btu/(h-ft2)

cir = 1,91. Assume that for this heater, /| = 1,1, F;=1,0, and ¢, = 0 (that is, there[is no

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

fluid film:
In Sl units:
ATy = 66 278 114,3 _ 113K
659,9 101,6
In USC units
ATy = 21010 0,375 553 R
116,3 0,333

From Equati¢n (B.11) fof the tube wall:

In Sl units:

3 4.4
LILI

n—: ]
A TU — LAY

2. [114,31n(114,3/101,6) |
ATtW = U 7O
| 2(42,2) |
In USC units:

0,375 In(0,375/0,333)
2(24,4)

ATy, :21028{ }:19°R

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

In Sl units:

Ty =271+ 113 + 11 =395 °C

42
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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). So, for the liquid:

In Sl units:
014 0,14
5 :
o | _[O0020)7 (169014 100
T Tw ) N A
In USC units:
0,14 014
HETb _ (ﬂ) =(1,82)%1* =1,09
HiTw 2,66

For the vapour:

In Slunits:

05
Ty ) (2704273
T 384 + 273

w

0,5
j = (0,83)%% = 0,91

In USC units:

05
ij _ (520 +460

0,5
= —j = (0,83)%° = 0,91
Tw 723 +460

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 Slunits:

270+113+g=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 tull)es, the thermal stress of greatest concern is the one developed by the radial distributipn of

temperature

tubes exposgd to high heat flux densities.

There are tw
These limits
been establig

C.2 Equatf

The following

O Tmax
where
X =| -
2

a isth
E s th
v isP|
AT is th

y isD

hed.

ion for thermal stress

RE

o E AT | ak 90D
1-v)| |Iny | |4(1-v) 2g

e coefficient of thermal expansion;

e modulus of elasticity;

pisson's ratio;

e temperaturé difference across the tube wall;

L /D;; Fatio of outside diameter to actual inside diameter;

equation gives the maximum thermal stress, oy, in a tube:

through the thickness. This stress can become particularly significant in thick stainless|steel

o limits for thermal stress; both are described in Reference [21], paragraphs 4-134 and 5-130.
apply only in the elastic range; in the rupture range, an appropriate limit for thermal stress has not

(C.1)

(C.2)

go istt

A

S

i £l ! R 41 heial " £ ol P
C T1ICATIUA UTTTSILY UTT UTE UULSIUT SUTTalt UT U1 UUT,

is the thermal conductivity of the steel.

The material properties «, E, v, and Ag shall be evaluated at the mean temperature of the tube wall. The

average wall

thickness shall also be used in this equation (see 4.7).

C.3 Limits on thermal stress

The limitation, o im¢, ON primary plus secondary stress intensity of Reference [21], paragraph 4-134, can be
approximated for thermal stress as given in Equations (C.3) and (C.4) (see Clause C.4 for the derivation).

44
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For ferritic steels:

orjim1 = (2,0 - 0,67y) o,

For austenitic steels:

O-T,Iim1 = (2,7 - O,90y) O'y

where oy is the yield strength.

(C.3)

(C.4)

The thermal-stress ratchet limit, oo, of Reference [21], paragraph 5-130, can be approximated for thermal

stres

5-as given in Equations (C.5) and (C.6) (See Clause C.5 for derivation).

For ferritic steels:

For 3

Both
if the

C4

The |
in Eq

wher!

From

P7lim2 = 1’336y

ustenitic steels:
Prlim2 = 1,80y

the primary plus secondary stress limit (o7i1) and the thermalsstress ratchet limit (o7 i)
tube is designed for the elastic range.
Derivation of limits on primary plus secondary stress intensity

mit on primary plus secondary stress intensity cah be expressed symbolically as given by
uation (C.7):

Dol + Opb + Ocirmax <3 Om

o)
-

thermal stress given-by equation (C.1);
ol is the local primary membrane stress;
b IS the primary bending stress.

Reference[21], for tubes with an internal pressure:

2
22 |
D-Inl +O-Inh = Dol ( .-\y

-1

where

Pel I8 the elastic design pressure;

¥ is the ratio of outside to actual inside diameter, equal to D, /D;.

©1SO

2007 — All rights reserved

(C.5)
(C.6)
shall be met
he inequality
(C.7)

bcirmax 1S the maximum cireumferential thermal stress which, for this application, is the maximum

(C.8)
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If the primary

O'pm =

membrane stress intensity, is given by Equation (C.9),

)2 (05)

Fom

y+1
y -1

Pel &

)

_Pel

2 2

(C.9)

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

O'p|+ Opb EyUpm

(C.10)

In Reference [21], o, is the allowable membrane stress intensity. For ferritic steels above about 340 °C

(650 °F), g, [ls equal to two-thirds of the yield strength, oy, as given in Equation (C.17):

3on=90 (c.11)
For austeniti¢ steels above about 260 °C (500 °F), oy, is 90 % of oy, as given in Equation (C2):

3om=247qy (F.12)
Heater tubeg usually operate above these temperatures.
Combining aJl of this, the primary plus secondary stress intensity limit on thérmal stress can be expressged as
given in Equations (C.13) and (C.14):
For ferritic steels

Orlimt 3 20y = YOpm (L.13)
For austeniti¢ steels

orjim1 52,70y~ YOpm (C.14)
where i1 is the maximum value permitted for the thermal stress, or.
For ferritic-sfeel and austenitic-steel cheater tubes designed according to this International Standard, the
inequalities in Equations (C.15) and+C.16), respectively, hold:

oom < 0,670y, (£.15)

opm < 0,000y, (C.16)
The thermal-stress limit, o7 i1, can therefore be approximated as given in Equations (C.17) and (C.18):
For ferritic steels:

oriim1 = (2,0 -0,67y)c, (C.17)
For austenitic steels:

oriim1 = (2,7 -0,90y)0; (C.18)

46
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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 4.3, 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, o7imo, Set to avoid thermal-stress ratchet can be expressed as given in Equation (C.19) [211:

7 lim2 = 4(0 = Opm) (C.19)
For ferritic steels:
5= 0, (C.20)
For gustenitic steels above about 260 °C (500 °F):
r=1,5(0,9 0,) =1,35 o, (C.21)

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

For ferritic steels:
priim2 = 1,33 0y (C.22)
For gustenitic steels:
prlim2 = 1.8 0y (C.23)
As wjth the limits developed in C.4xthese 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 lised with the
primary membrane stress intersity 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 Sl units or
in USC units. These calculation sheets may be reproduced.

1ISO 13704

CALCULATION SHEET

Sl units

Heater

Plant

Coil

Material

Refinery

ASTM Spec.

Calculation ¢f minimum thickness

Elastic design

Rupture desig

Outside diam
Design press
Maximum or
Temperature

Design metal

bter, mm

ire, MPa (gauge)

bquivalent metal temperature, °C
hllowance, °C

temperature, °C

Design life, h — IpL=
Allowable strgss at T, Figures E.1 to E.19, MPa
Stress thickngss, Equation (2) or (4), mm
Corrosion allgwance, mm

Corrosion fragtion, Figure 1,n= ;B = — Jeorr=

Minimum thickness, Equation (3) or (5), mim Smin = Omin =

Calculation (rf equivalent tube metal temperature

Duration of operating period, years to =
Metal tempergture, start of.ruf, °C Toor =

Metal temperature, end.of/run, °C Toor =

Temperature change during operating period, K

Metal absolute-témperature-startofrun & Feor=
Thickness change during operating period, mm
Assumed initial thickness, mm

Corresponding initial stress, Equation (1), MPa op =
Material constant, Table 3, MPa
Rupture exponent at 74, Figures E.1 to E.19 ng =
;N = fr=

Equivalent tube metal temperature, Equation (6), °C

Temperature fraction, Figure 2, V' =
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CALCULATION SHEET

Coil

Heater Plant

Material

Refinery

ASTM Spec.

Calculation of minimum thickness

Elastic design

Rupture design

Outside diameter, in Dy = Dy =
Design pressure, psi (gauge) Pel = pr=
Maximum or equivalent metal temperature, °F Thax = TrnaxF
Temperature allowance, °F Tp= Tpl=
DesiIn metal temperature, °F Ty= T4l=
Design life, h — pLIE
Allowable stress at T, Figures F.1 to F.19, psi Ol = o=
Stregs thickness, Equation (2) or (4), in Y€ 5|
Corrgsion allowance, in A= ScAlF
Corrgsion fraction, Figure 1,n= ;B = — Jeorr
Minimum thickness, Equation (3) or (5), in Smin = SminlF
Calcplation of equivalent tube metal temperature

Duration of operating period, years top =

Meta] temperature, start of run, °F Toor =

Meta)] temperature, end of run, °F Teor=
Temperature change during operating period, °R AT =

Meta] absolute temperature, start-efiun, °R Ts*or _

Thickness change during operating period, in AS=

Assumed initial thickness{in &=
Corrg¢sponding initiakstress, Equation (1), psi oy =

Material constant/ Table 3, psi A=
Rupthre.€xponent at T4, Figures F.1 to F.19 ng =
Temperature-fraction Figure 2, +——~— =

Equivalent tube metal temperature, Equation (6), °F Teq =
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(normative)

Stress curves (Sl units)

Stress curves, given in Sl units, are presented in Figures E.1 to E.19.
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Stress curves (Sl units) for ASTM A 161 and ASTM A 192 low-carbon steels

Stress curves (Sl units) for ASTM A 53 Grade B (seamless), ASTM A 106 Grade B
210 Grade A-1 medium-carbon steels

Stress curves (Sl units) for ASTM A 161 T1, ASTM A 209 T1 and ASTMA335P1C

Stress curves (S| units) for ASTM A 200 T11, ASTM A 213 Tdd-and ASTM A 33!
%Mo steels

Stress curves (S| units) for ASTM A 200 T22, ASTM A 213 "T22 and ASTM A 335
Mo steels

Stress curves (Sl units) for ASTM A 200 T21, ASTM A 213 T21 and ASTM A 335 P21 3Ci
Stress curves (Sl units) for ASTM A 200 T5, ASTMA 213 T5 and ASTM A 335 P5 5Cr

Stress curves (Sl units) for ASTM A 213 T5ba@nd ASTM A 335 P5b 5Cr-2Mo-Si steels
Stress curves (Sl units) for ASTM A 200.T7, ASTM A 213 T7 and ASTM A 335 P7 7Cr

— Stress curves (Sl units) for ASTMA 200 T9, ASTM A 213 T9 and ASTM A 335 P9 9Ci

— Stress curves (S| unitg)yfor ASTM A 200 T91, ASTM A 213 T91 and ASTM A 335
lo-V steels

— Stress curves (Sl-units) for ASTM A 213, ASTM A 271, ASTM A 312 and ASTM A 376
d 304H (18Cr-8Nj) stainless steels

— Stress curyes (Sl units) for ASTM A 213, ASTM A 271, ASTM A 312 and ASTM A 376
d 316H (16Cr<12Ni-2Mo) stainless steels

— Stress\.curves (S| units) for ASTM A 213 and ASTM A 312 type 316L (16Cr-12Ni-
5s steels

< Stress curves (S| units) for ASTM A 213, ASTM A 271, ASTM A 312 and ASTM A 376
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Figure E.16 — Stress curves (S| units) for ASTM A 213, ASTM A 271, ASTM A 312 and ASTM A 376 type

321H (

18Cr-10Ni-Ti) stainless steels

Figure E.17 — Stress curves (Sl units) for ASTM A 213, ASTM A 271, ASTM A 312 and ASTM A 376 types

347 an

d 347H (18Cr-10Ni-Nb) stainless steels

Figure E.18 — Stress curves (S| units) for ASTM B 407 UNS N08810 and UNS N08811 alloys 800H and

800HT

(Ni-Fe-Cr) stainless steels

Figure E.19 — Stress curves (Sl units) for ASTM A 608 Grade HK40 (25Cr-20Ni) stainless steels
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Figure E.1 — Stress curves (Sl units) for ASTM A 161 and ASTM A 192 low-carbon steels
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Figure E.2 — Stress curves (Sl units) for ASTM A 53 Grade B (seamless), ASTM A 106 Grade B and ASTM 210 Grade A-1 medium-carbon steels
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Figure E.3 — Stress curves (Sl units) for ASTM A 161 T1, ASTM A 209 T1 and ASTM A 335 P1 C-"zMo steels
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NOTE Broken lines indicate the elastic allowable stresses for the A 200 grade. This figure does not show the yield strength of the A 200 grade. The yield strength of the A 200 grade is 83 % of the yield strength shown. The tensile strength, rupture allowable stress,
rupture strength, and rupture exponent for the A 200 grade are the same as for the A 213 and A 335 grades.

Figure E.4 — Stress curves (Sl units) for ASTM A 200 T11, ASTM A 213 T11 and ASTM A 335 P11 1'4Cr-"2Mo steels
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NOTE Broken lines indicate the elastic allowable stresses for the A 200 grade. This figure does not show the yield strength of the A 200 grade. The yield strength of the A 200 grade is 83 % of the yield strength shown. The tensile strength, rupture allowable stress,
rupture strength, and rupture exponent for the A 200 grade are the same as for the A 213 and A 335 grades.

Figure E.5 — Stress curves (Sl units) for ASTM A 200 T22, ASTM A 213 T22 and ASTM A 335 P22 2,Cr-1Mo steels
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NOTE Broken lines indicate the elastic allowable stresses for the A 200 grade. This figure does not show the yield strength of the A 200 grade. The yield strength of the A 200 grade is 83 % of the yield strength shown. The tensile strength, rupture allowable stress,

rupture strength, and rupture exponent for the A 200 grade are the same as for the A 213 and A 335 grades.
Figure E.6 — Stress curves (Sl units) for ASTM A 200 T21, ASTM A 213 T21 and ASTM A 335 P21 3Cr-1Mo steels

56 © 1SO 2007 — Al rights reserved


https://standardsiso.com/api/?name=7a75df29ef736920cdc4edc19dd838aa

ISO 13704:2007(E)

(T, +273)(20 +1g tp,) x 107

c
= 16 18 20 22 24
a 1000
g ®©
= 900 900
800 800 =
[)]
100 100 @
600 600 @
fensile strengft
500§ specified minimum fensile strength 57 500
400 400
300 = — 300
specified minimum yield sfrength ] limiting design metal templerature \
fiisE :
200 E yeld}s}f}reng’rh ~_ \ 200
== - ‘\ ‘\ average rupture strength
‘ ] “\\\ \ ¥ - =
} N\ ] \ \
elastic allowble stress, oy AN = minimum Fupture strength
N Q &
NN
—— AN NAN N
100 = u 100
%0 =S == elastic design = 9%
80 elastic ‘allowable stregs, oo (for ASTM A 200 only) SN S===% governs abov
70 NN s s this stress
60 RS SSEee 60
50 SR Ese=as 50
40 \ = “ ‘\ L0
N \ \
30 < —rupture allowable~] X \ NN 30
k= H-tstress, or NN
2 \
[ \C Y
8_ AN AN \
3 'NSE NN
20 3 10 NG 20
E 2 .. Designiite, to, (h x 10%) \
% \_ N ZVJ C
@ 5 RS 40 S
NDY 60
100
10 10
200 250 300 350 400 450 500 550 600 650

Design metal temperature, T4(°C)

NOTE Broken lines indicate the elastic allowable stresses for the A 200 grade. This figure does not show the yield strength of the A 200 grade. The yield strength of the A 200 grade is 83 % of the yield strength shown. The tensile strength, rupture allowable stress,
rupture strength, and rupture exponent for the A 200 grade are the same as for the A 213 and A 335 grades.

Figure E.7 — Stress curves (Sl units) for ASTM A 200 T5, ASTM A 213 T5 and ASTM A 335 P5 5Cr-"2Mo steels
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Figure E.8 — Stress curves (Sl units) for ASTM A 213 T5b and ASTM A 335 P5b 5Cr-2Mo-Si steels
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NOTE Broken lines indicate the elastic allowable stresses for the A 200 grade. This figure does not show the yield strength of the A 200 grade. The yield strength of the A 200 grade is 83 % of the yield strength shown. The tensile strength, rupture allowable stress,
rupture strength, and rupture exponent for the A 200 grade are the same as for the A 213 and A 335 grades.
Figure E.9 — Stress curves (Sl units) for ASTM A 200 T7, ASTM A 213 T7 and ASTM A 335 P7 7Cr-2Mo steels
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NOTE Broken lines indicate the elastic allowable stresses for the A 200 grade. This figure does not show the yield strength of the A 200 grade. The yield strength of the A 200 grade is 83 % of the yield strength shown. The tensile strength, rupture allowable stress,
rupture strength, and rupture exponent for the A 200 grade are the same as for the A 213 and A 335 grades.
Figure E.10 — Stress curves (Sl units) for ASTM A 200 T9, ASTM A 213 T9 and ASTM A 335 P9 9Cr-1Mo steels
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Figure E.11 — Stress curves (Sl units) for ASTM A 200 T91, ASTM A 213 T91 and ASTM A 335 P91 9Cr-1Mo-V steels
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NOTE Above 538 °C, the stress values for type 304 apply only if carbon content is 0,04 % or higher.

Figure E.12 — Stress curves (Sl units) for ASTM A 213, ASTM A 271, ASTM A 312 and ASTM A 376 types 304 and 304H (18Cr-8Ni) stainless steels
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NOTE Above 538 °C, the stress values for type 316 apply only if carbon content is 0,04 % or higher.

Figure E.13 — Stress curves (Sl units) for ASTM A 213, ASTM A 271, ASTM A 312 and ASTM A 376 types 316 and 316H (16Cr-12Ni-2Mo) stainless steels
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Figure E.14 — Stress curves (Sl units) for ASTM A 213 and ASTM A 312 type 316L (16Cr-12Ni-2Mo) stainless steels
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NOTE Above 538 °C, the stress values for type 321 apply only if carbon content is 0,04 % or higher.
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Figure E.15 — Stress curves (Sl units) for ASTM A 213, ASTM A 271, ASTM A 312 and ASTM A 376 type 321 (18Cr-10Ni-Ti) stainless steels
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Figure E.16 — Stress curves (Sl units) for ASTM A 213, ASTM A 271, ASTM A 312 and ASTM A 376 type 321H (18Cr-10Ni-Ti) stainless steels
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NOTE Above 538 °C, the stress values for type 347 apply only if carbon content is 0,04 % or higher.
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Figure E.17 — Stress curves (Sl units) for ASTM A 213, ASTM A 271, ASTM A 312 and ASTM A 376 types 347 and 347H (18Cr-10Ni-Nb) stainless steels
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Figure E.18 — Stress curves (Sl units) for ASTM B 407 UNS N08810 and UNS N08811 alloys 800H and 800HT (Ni-Fe-Cr) stainless steels
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Figure E.19 — Stress curves (Sl units) for ASTM A 608 Grade HK40 (25Cr-20Ni) stainless steels
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Annex F
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Stress curves (USC units)

Stress curves, given in USC units, are presented in Figures F.1 to F.19.
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Figure F.1 — Stress curves (USC units) for ASTM A 161 and ASTM A 192 low-carbon steels
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Figure F.2 — Stress curves (USC units) for ASTM A 53 Grade B (seamless), ASTM A 106 Grade B and ASTM 210 Grade A-1 medium-carbon steels
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Figure F.3 — Stress curves (USC units) for ASTM A 161 T1, ASTM A 209 T1 and ASTM A 335 P1 C-'zMo steels
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NOTE Broken lines indicate the elastic allowable stresses for the A 200 grade. This figure does not show the yield strength of the A 200 grade. The yield strength of the A 200 grade is 83 % of the yield strength shown. The tensile strength, rupture allowable stress,
rupture strength, and rupture exponent for the A 200 grade are the same as for the A 213 and A 335 grades.

Figure F.4 — Stress curves (USC units) for ASTM A 200 T11, ASTM A 213 T11 and ASTM A 335 P11 1'.Cr-'2Mo steels
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NOTE 1 The unit “kip/in?” (kilopounds per square inch) is referred to as kilo “pound-force per square inch” in ISO/IEC 80000.

NOTE 2 Broken lines indicate the elastic allowable stresses for the A 200 grade. This figure does not show the yield strength of the A 200 grade. The yield strength of the A 200 grade is 83 % of the yield strength shown. The tensile strength, rupture allowable stress,
rupture strength, and rupture exponent for the A 200 grade are the same as for the A 213 and A 335 grades.

Figure F.5 — Stress curves (USC units) for ASTM A 200 T22, ASTM A 213 T22 and ASTM A 335 P22 2',Cr-1Mo steels
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NOTE Broken lines indicate the elastic allowable stresses for the A 200 grade. This figure does not show the yield strength of the A 200 grade. The yield strength of the A 200 grade is 83 % of the yield strength shown. The tensile strength, rupture allowable stress,
rupture strength, and rupture exponent for the A 200 grade are the same as for the A 213 and A 335 grades.

Figure F.6 — Stress curves (USC units) for ASTM A 200 T21, ASTM A 213 T21 and ASTM A 335 P21 3Cr-1Mo steels

76 © 1SO 2007 — All rights reserved


https://standardsiso.com/api/?name=7a75df29ef736920cdc4edc19dd838aa

ISO 13704:2007(E)

(T, +460)(20 +Ig tp,) x 107

%_ 32 34 36 38 40 42 L
= 100
2 90 90
o e : : £
& 80 specified minimum tensile strength 80 S
X
10 tensile strength 10 g
60 60 £
)
50 50
&0 specified minimum yield strength limiting design metal temperature &0
p y g
“ yield strengfh ~ 0
: \ : \\ elastic design
NN\ N
2 elas,’rlcI }allowable Stress, oy A X ] : . ’?,I'?i\;ersr]rsreztsmve 20
H NN :
| '\ \\ /
= \\
] T SRANN S N 14
T TN ™ \ B N N\
S~ \ hn, N
- \C u A .
N \\ \\
1;) e 190
(for ASTM A 200 only 7N ERRNE ENEE I S————average rupfure sfrengthE==5
8 = N 8
7 rupfture allowable Sayen minimdm A A 7
stress, or SSSSES rupture A s
6 NN strengtp N N 6
5 =T S S 5
h A VA A Y - - l,_
\
3 < N N 3
- N\
& N 20 - : .
S . i
g \\ 40 Design life, fp| (h x 10™) e
o -
2 o 10 60 2
2 100
Q
=}
@ 5
1 1
300 400 500 600 700 800 900 1000 1100 1200

Design metal temperature, T4(°F)

NOTE  Broken lines indicate the elastic allowable stresses for the A 200 grade. This figure does not show the yield strength of the A 200 grade. The yield strength of the A 200 grade is 83 % of the yield strength shown. The tensile strength, rupture allowable stress,
rupture strength, and rupture exponent for the A 200 grade are the same as for the A 213 and A 335 grades.

Figure F.7 — Stress curves (USC units) for ASTM A 200 T5, ASTM A 213 T5 and ASTM A 335 P5 5Cr-"2Mo steels
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Figure F.8 — Stress curves (USC units) for ASTM A 213 T5b and ASTM A 335 P5b 5Cr-'2Mo-Si steels
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NOTE  Broken lines indicate the elastic allowable stresses for the A 200 grade. This figure does not show the yield strength of the A 200 grade. The yield strength of the A 200 grade is 83 % of the yield strength shown. The tensile strength, rupture allowable stress,
rupture strength, and rupture exponent for the A 200 grade are the same as for the A 213 and A 335 grades.

Figure F.9 — Stress curves (USC units) for ASTM A 200 T7, ASTM A 213 T7 and ASTM A 335 P7 7Cr-"2Mo steels
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NOTE Broken lines indicate the elastic allowable stresses for the A 200 grade. This figure does not show the yield strength of the A 200 grade. The yield strength of the A 200 grade is 83 % of the yield strength shown. The tensile strength, rupture allowable stress,
rupture strength, and rupture exponent for the A 200 grade are the same as for the A 213 and A 335 grades.

Figure F.10 — Stress curves (USC units) for ASTM A 200 T9, ASTM A 213 T9 and ASTM A 335 P9 9Cr-1Mo steels
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Figure F.11 — Stress curves (USC units) for ASTM A 200 T91, ASTM A 213 T91 and ASTM A 335 P91 9Cr-1Mo-V steels
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NOTE 1 The unit “kip/in2” (kilopounds per square inch) is referred to as kilo “pound-force per square inch” in ISO/IEC 80000.
NOTE 2  Above 1 000 °F, the stress values for type 304 apply only if carbon content is 0,04 % or higher.

Figure F.12 — Stress curves (USC units) for ASTM A 213, ASTM A 271, ASTM A 312 and ASTM A 376 types 304 and 304H (18Cr-8Ni) stainless steels
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NOTE 1 The unit “kip/in?” (kilopounds per square inch) is referred to as kilo “pound-force per square inch” in ISO/IEC 80000.
NOTE 2 Above 1 000 °F, the stress values for type 316 apply only if carbon content is 0,04 % or higher.

Figure F.13 — Stress curves (USC units) for ASTM A 213, ASTM A 271, ASTM A 312 and ASTM A 376 types 316 and 316H (16Cr-12Ni-2Mo) stainless steels
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NOTE The unit “kip/in?” (kilopounds per square inch) is referred to as kilo “pound-force per square inch” in ISO/IEC 80000.

Figure F.14 — Stress curves (USC units) for ASTM A 213 and ASTM A 312 type 316L (16Cr-12Ni-2Mo) stainless steels
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