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A Collapse Stress Analysis of a Heat Exchanger Subjected to
External Pressure in a Nuclear Power Plant

Jae-Do Kwon*, Yong-Sun Lee, Choon-Yeol Lee, Seung-Wan Woo
Department of Mechanical Engineering., Yeungnam University

The collapse pressure of tubes is determined experimentally by Tschoepe and Maison for
various materials with different geometries. The results are compared with those obtained by
ASME Codes UG-31 and UG-28. A collapse pressure is the pressure required for the incipient
yielding stress of the tubes with and without ovality. This collapse pressure is compared with
the experimental results by Tschoepe and Maison. The present investigation is towards finding
the collapse pressure required to bring the entire wall of tubes into a state of plastic flow for the
pipes, with ovality and without ovality. This collapse pressure is compared with the collapse
pressure obtained through experiments in the present investigation. The experimental results are
compared with the pressure obtained by FEM (finite element methods). The FEM results are
then compared with results obtained through an approximate plastic analysis of the strain
hardening material, SA312-TP304 stainless steel. The structural integrity evaluation is perfor-
med for the heat exchanger used in an actual nuclear power plant by using various methods
described in this paper. The results obtained by the various analyses and the FEM are discussed.
Caonsequently, the paper is oriented towards an actual design purpose of a heat exchanger in an
industrial environment, rather than for the purpose of an academic research project investiga-

tion.
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1. Introduction

in recognition of the limitation of the retracted
figure UG-31 of the ASME Boiler and Pressure
Vessel Code, Section VI, Division 1 and in the
interest of confirming the adequacy of external
pressure charts used for the design of tubes, the
subcommittee on shells of the Pressure Vessel
Research Committee sponsored an experimental
program in fiscal years 1977-1978, The committee
developed rules in the form of charts which could
be applied to steel vessels at a pressure less thun
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34 MPa and for temperatures not exceeding
371°C . The allowable external pressure was fixed
at one-fifth of the collapse pressure{Greene Jr.,).
The original committee on the strength of vessels
under external pressure was chartered in the early
1930’s to review existing empirical formulas for
vessels subjected to external pressures. The second
major effort of the experimental program for
pressure vessels subjected to external pressures in
the last 30 years is described in [SSN 0043-2326
{Tschoepe and Maison, 1983). [SSN 0043-2326 is
unique in that it takes into account dimensional
parameters such as diameter to length(D/L),
diameter to thickness(D/t), material variability
and initial imperfections due to permissible toler-
ances in fabrication (ovality}) which were ignored
in the original consideration. The results obtained
through the experimental program are compared
with those obtained by the UG-31 and UG-28 of
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the ASME Code and the results obtained by the
analysis of elastic instability. The analysis perfor-
med in ISSN 0043-2326 is considered as the
pressure that is required for an incipient yielding
to be the collapse pressure, assuming that there
are perfect plastic materials and the results of the
analysis are compared with those of the experi-
ments {Tschoepe and Maison, 1983).

The paper describes the collapse pressure as the
pressure required to make a cross section of tubes
result in complete plasticity. The collapse pres-
sure is approximately determined, including the
ovality of the specimen used in ISSN 0043-2326,
using the "thin or thick tubes” theory. The analy-
sis of the collapse pressure is performed, assuming
that the materials are perfect plastic and strain
hardening materials that don’t include ovality.
The collapse pressure obtained by the FEM is
compared with the pressure obtained by analysis
and experimentation. The structural integrity of a
heat exchanger in a nuclear power plant is por-
trayed by the scenario established in this paper.
Consequently, the present paper is oriented
towards a structural design in an industry, rather
than strictly for academic purposes.

2, Collapse Pressure of a Heat
Exchanger

21 Analysis

The collapse pressure which is defined as a
pressure required to incipient yielding is obtained
using elastic instability including ovality (Timo-
shenko and Gere, 1961) and these results are
compared with the experimental results in 1SSN
0043-2326. The ¢lastic instability is given as fol-
lows in Timoshenko and Gere, Thoery of elastic
stability, 1961 :

v~ (T h) O

where P,=[2E/(1—")](t/Dy)? ¢: the thick-
ness of a tube, 0),: the outside diameter, K :
Young's
between the maximum and minimum diameter)
and g,=g,.

From Eq. (1) using g,=g,, the pressure /;, can

modulus, gz : the ovality(difference

be found. The smaller value of the two roots in
Eq. (1) is chosen. If the ovality =0, then Eq.
(1) can be written as,

(p-zayD—tU)(P—Pe) =0 (2}

which is the pressure required for incipient yield-
ing based on a thin cylinder. The results obtained
by Eq. (1} are compared with the experimental
values in ISSN 0043-2326 and those results
obtained by ASME Codes, UG-31 and UG-28.
Those results are tabulated in ISSN 0043-2326.
The present paper is intended to obtain the
pressure required to bring about the entire wall of
tubes into a state of perfect plastic flow for pipes
with ovality and without ovality. When ovality is
included in the analysis, the result is nothing but
the approximation. If Tresca’s yielding criteria is
employed, maximum pressure to bring plastic
flow into the entire cross section without ovality
Is given as,
Pmrzgyln%(Timoshenko, 1956) (3)

i

The tangential stress corresponding to P, is
given as,

o=y 1+1072) *)

i

If ovality is included in the analysis, the col-
lapse pressure is approximately obtained using,

P;!z:Putt (Py/P) (5)

Equation (5) is approximately obtained by
assuming that the ratio of collapse pressure
required to bring incipient yielding with avality
{P,) to that without ovality (P) would be identi-
cal to that of the collapse pressure required to
bring complete plastic flow into the cross section
with ovality and without ovality. P, is defined
as the ultimate pressure to cause the plastic flow
through the entire section without ovality and
Py 1s the corresponding pressure with ovality.

It is noted that Egs. (1) and (2) are associated
with the solution of a thin tube while some of the
specimens utilized in the experiments in ISSN
0043-2326 are thick wall tubes(D,/2;<10).
Therefore, the approximate collapse pressure re-
quiring the entire cross section of pipes with
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ovality deforming to plastic flow, is found using
the thick wall tube theory. Lame’s solution of a
thick wall cylinder subjected to an external pres-
sure is obtained using the elastic solution,

The external pressure corresponding to g, at #
=p{v~1/2) is

2(¢/ Do) {1 = ¢/Dh) g
b =24/ Dn( I—t/Du)

<20t/ D)=

H]:

+/D% )

where /D, is assumed. The pressure corre-
sponding to g,=gy{1+In{y/#,)} for the thick
wall cylinder is
_ L+ In oo/ 7e)
Po=2(¢/Dy) Jy T — (f/Do)

The numerator is the pressure corresponding to
se=o{1 +1n{sy/7.)} for a thin cylinder. There-
fore, the correction factor from the thin cylinder
solution to that of the thick wall cylinder is 1/{1-
t{ D} and

Po/20t/ Doy = a1 In{wo/ 7)) }/ (1 = £/ D)
=gl I (we/7) } 44/ Do) /{1 =¥}/ )
(7

The right hand side of Eq. {7) is the corrected
tangential stress of the thick wall cylinder where
ovality is zero. Equation (7) is substituted into
the left hand side of Eq. (1),

a1 +1n (7 /n)}4(”D")

- ;tt T 6sz f u/’f ) (8)

2t/Dﬂ zt/Du‘\l—P;l?/Pe

Equations (1) and (8) are solved with respect
to P, and P}f using various /1), and /¢ given
in ISSN 0043-2326 for various materials. [t 15
noted that Eqgs. (1) and (8) are obtained with the
assumption that all materials are perfect plastic
materials and these assumptions are conservative

for actual design purposes.

2.2 Finite elements and strain hardening
plastic analyses

Finite element analysis is performed finding a

collapse pressure, for both the perfect plastic and

the strain hardening materials. The analysis

includes the effect of [ /1) on collapse pressure
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conditions. Collapse pressure using the FEM is
determined by the pressure where the pressure
gradient with respect to radial displacement
varies abruptly within the inside surface. This can
be found internally in personai computer (PC).
The collapse pressure is found for both perfect
plastic and strain hardening materials with
ovalities and without ovalities and for various [,/
D. The FEM analyses for strain hardening mate-
rials requires the Ramberg-Osgood equation. The
experimental duta of SA-304 at room temperature
(Structural Alloy Hand Book, 1974) is shown in
Fig. 1. The comparison of the digitized experi-
mental stress-strain curve with the result of curve
fisting is shown in Fig. 2. The Ramberg-Osgood
equation is obtained using the resuits of the curve
fitting, and is noted as follows :

£ g _af g\
—=(=147.111 104 —
(Gy)+ 3x10 (Uy) )

Ey

where g,=g,/FE. E=193.1 GPa, 5,=172.4 MPa.
Equation (9) can be represented in an alterna-
tive form as,

sk%:Bf (10)

where B=2.823558x107%, y=1/m=10. The
left hand side of Eq. {10} is the plastic strain.

If & material is power law material, the stress
components of the cylindrical material subjected
to an external pressure can be found in Boyle and
Spence, Stress analysis for creep, 1983,
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Fig. 1 Stress-strain response of various type 304

stainless products
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by experimental(Fig. 1) and curve fitting

om ol (2

Gz:’j(dr+03)

_ 24 i 2m
gm0 ()

Er=%B (a) ﬂ—l(ar'— Gﬁ) =&y

el (8] () mon

As seen in Fig. |, strain variation with respect
to stress variation is very sensitive when the strain
exceeds 0.06% and behaves almost as a perfect
plastic Therefore, effective
required to bring strain arbitrarily ¢=0.008 is

material. stress

found using the equation,
Fe—6—EBg"=0 (12)

Equation (12) is solved by using the Newton-
Raphson numerical method and & in Eq. (11).
The effective stress g corresponding to £=0.008
is found to be g=465.8 MPa while 7 is found to
be #=427.5 MPa using Eq. (9). This errer is
caused by g,=172. 4 MPa in Eq. (9} and g,=
189.6 MPa in Eq. (10). The vielding stress 189.6
MPa is the yielding siress of SA312-TP304 at 37
8°C of the header which is used to evaluate struc-
tural integrity. The 34.5 MPa error may be tolerat-
ed through a curve fitting process. The collapse
pressure at = ; is found to be F=182.2 MPa.

Alternatively, the coltapse pressure can be
approximately obtained using the effective strain,

=—“g;[ grter—co—entt{es+ 29"
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+ (e, )77 (13)
where g,+ £, =0 under the plane strain. g, are
elastic strains and g, are plastic strains. The
effective strain in Eg. {13) is bounded by

@{(Erﬁso) + (s —es) }<E

<\/%((£

The pilastic strain and elastic strain can be
found using Eq. (11) and the solution of elastic-
ity. The radial elastic displacement of a cylinder
(ovality=0) subjected to an external pressure is

_Ea)+(6r’—89')} (14)

given as,

_ A
u-—T{( 21)) Rz? 7}?2 _?,Oj

&= g TR -2 -5} (9)
Approximately y~1/2, then

ik (Y

TG =Ry

5*"‘5“':% IJRZ(L;)Z (16)

Plastic strain at » =; Is

e )
{amn

The first term of Eq. (13) is

iéz{ (Er*Ea) + (Er'_Eﬁr)}

SRR (2

2P |
36 TR (%)

where =10 and m=1/n=0.1.

The pressure required for a rotal lower bound
of an effective strain, with g, =0.008 at =y, can
be obtained using R =i/ re—16.9926/24.13 and
Eq. (18). The pressure is found to be 186.0 MPa.

Similarly the pressure requiring the third term
of the upper bound of an effective strain, g,=0.
008 in Eq. (14) is found to be P=171.2 MPa.
The actual pressure to bring the effective strain in
Eq. (14), #=0.008 is bounded between

171.2< Py 186.0 MPa

The average value of the two bounded pres-
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sures is approximately P,=178.6MPu.

2.3 An example of a heat exchanger col-
lapse pressure calculation

Collapse pressure is found using the actual heat
exchanger dimensions and pressure in a nuclear
power plant. For example, two components of the
heat exchanger are illustrated in this section. The
dimensions and operational pressure of the
header is given as follows. The schematic model
of the header is shown in Fig. 3.

(O Header

Omaterial : SA312-TP304
Otest pressure: 21.4 MPa

Oyielding stress: 4,=1896 MPa, ultimate
stress : ,=2303.3 MPa

allowable stress: g,=126.2 MPa, Young's

modulus : 192.4 GPa

o ovality, =0

2.3.1 Collapse pressure of the heat exchan-
ger header

The collapse pressure is obtained using ASME

Fig. UG-31. If the allowable stress, 126.2 MPa

and ¢/D,=7.1374/49.53=0.15 are known, then

average thickness of
the tube=7.1374mm

AL ALY, T

internal pressure, 271.0 MPa

inside temperature, 7-40.68°C £,=48.26mm

IS ,/_L

external pressure, £,=15.5 MPa
outside temperature, 7,=65.6C

Fig. 3 Dimensions and operational pressure of the
header

from Fig. UG-3l1, the collapse pressure can be
=179 MPa,
required for incipient yielding can be found from
Eq. (2) and the value of the header, 2¢/=0.
296, The pressure for the incipient yielding is
found to be P,=36.1 MPa. Using a thick wall
Lame’s solution, the tangential stress, g, is maxi-

calculated as The pressure

mum at y=y;,

:Po_Pi+PiR2—P0 (R=L) (19)

ST R T I R° 7
= —58.5 MPa (operating pressure,
Py=155 and P;=1.0 MPa)
=—67.6 MPa (testing pressure,
P,=21.4 MPa)

Using ASME Code UG-28, the allowable
pressure for the header is found to be P,=226
MPa. Using Eq. (3), the ultimate pressure to
bring the plastic deformation of the entire cross
section is found 1o be P, =189.6 XIn{sw/s;) =
66. 5 MPa. The salety [actors, the ratio of allow-
able pressure to the applied pressure are summar-
ized in Table 1. The applied pressure is 15.5—1.
0=14.5 MPa for the normal operating condition
and 21.4—1.0=20.4 MPa for the testing pressure.

In Table 1, safety factors associated with UG-
31 and UG-28 show minimum value as expected
since the codes are made so that the code limit
pressure is very conservative. The safety factor of
yielding stress (*mark) in Table 1 is large compar-
ed with that of the allowable stress (**mark) in
Table 1. This is caused by the calculation of the
pressure required for the incipient yielding is
performed using a thin cylinder formula even
though the ratio of mean radius of the header to
the average thickness is approximately 2.9. The
hoop stress obtained by the thin cylinder formula

Table 1 Summary of the safety factors of the header obtained wusing various methods

uG-31 UG-28 Ytelding stress* Allowable stress** Eq. (3)***
179/14.5=1.24 226/145=155 36.1/14.5=3.87 126.2/58.5=2.16 66.5/14.5==4.59
17.9/204=0.88 22.6/204=1.10 56.1/204=2.75 126.2/67.6=1.87 66.5/20.4==3.26

* : Ratio of pressure required for incipient yielding to applied pressure

** : Ratio of allowable stress to the tangential stress caused by applied pressures 14.5 MPa and 20.4 MPa,

respectively

*** . Ratio of Eq. (3) 10 applied pressure
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results into a lower value than that obtained by
the thick wall cylinder on the inside surface.
Therefore, the safety factor associated with *mark
in Table 1 is less reliable than that of **mark in
Table 1. The safety factor associated with Eq. (3)
(***mark) in Table ] shows maximum value
even though a strain hardening effect of the pipe
is neglected and this value can be considered as a
limiting value of the header collapse pressure.
When the ratios of safety factors associated with
UG-31 or UG-28 to those of Eq. (3) (***mark)
in Table | are considered, thase ratios are exceed-
ed 3.0. Therefore, the code of UG-3t or UG-28
implies the safety factors more than 3.0.

3. Results and Discussion

The comparisons of experimental collapse pres-
sure with the results obtained by ASME Codes,
UG-31 and UG-28 are made in ISSN 0043-2326.
ISSN 0043-2326 includes the ratio of the experi-
mental collapse pressure(P*) to F, obtained by

1221

Eq. (1}. The results show that P*/UG-31~ Avg.
6.96 and P*/UG-28~ Avg. 6.0. The ratio of p*/
P, ranges from a minimum of 1. 28 to a maximum
of 2. 42 depending on the tested materials. The
collapse pressure cbtained by ASME Codes, UG
-31 and UG-28 exceeds the safety factor 3 and the
codes are very conservative. The tubes would not
collapse at the incipient of yielding. The coilapse
pressure measured by the experiments are compar-
ed with that obtained by using Eq. (8) and PX}.
The pressure PJrF is found at room temperature
using the geometries of the tubes and the mechani-
cal properties given in ISSN 0043-2326. The
ratios P*/ PNy show a minimum of 1.07 to a
maximum of 1.72 which are closer than those
ratios obtained by experiment(Tschoepe and
Maison, 1983). The deviation between the experi-
mental data and P*/PS5 or P*/P, may be
caused by the strain hardening effect of the tested
specimens. The values of P*/ P, and P*/pht of
SA-192 (the material tested in ISSN 0043-2326)
are given in Table 2. The “ % ” in the 9th and 12th

Table 2 Failure pressure prediction including plasticity (SA 192)

Steel(SA 192) : 6,=239.9 MPa, E=189.6 GPa, at 21.1°C (Experiment)

T pelp b b 7T b, | Bop, | by | Brow | prpeey, (SPECTE
(QC ) (MPa) ] v Pu” % Py/P ult ¥ e ule it [D#
21| 2399 [207) 208 [202(118] 123 1722 | 178 |309] 127 | 1668 3
20| 2399 [224] 206 [197]142] 129 1501 | 157 |287] 152 | 147 52
21| 2399 224] 205 (197|128 134 611 | 174 | 287 137 | 1638 s3
01| 2399 256|246 [235[158) 165 1551 | 162 [490] 172 | 1492 s4
21.1 2399 [25.5] 245 |23.0|16.3 17.7 1.445 1.53 46.1 18.1 1.412 S5
201 2399 1256( 245 |230/174] 184 1392 | 148 [46.01( 189 | 1360 s6
21| 2399 |s65] 293 [274)150] 160 3527 | aase | 772 174 | 3250 s14
21| 2399 |579] 519 [465[366) 408 1421 | t58* 3803 488 | 1.187° | SI6
21| 2399 |ss6| 517 l465[337] 374 1567 | 174 [3803] 450 | 1303 | s17

*Thick Wall Cylinder
P* : Experimental collapse pressure in [SSN 0043-2326

P.. : Collapse pressure required to the entire cross section deforms to the rigid plastic flow

P : Collapse pressure, P=g,(2¢/ D))

P, Eq. (1)

P* =P,y P,/P: Approximate solution of collapse pressure required to the entire cross section deforms to the

rigid plastic flow with ovality

P*/P*,, : Safety factor

P.: Eq. (1}
p*/P** . ' Safety factor

P**.. : Eq. (8)

P*/P, : Safety factor
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Table 3 Results of finite element analysis for collapse pressure(MPa)(inside surface)

Bourjjc?ary L/D Perfectly plastic Strain hardening Remarks
conditions collapse press. cotlapse press.
1.0 113.8 262.0
Radial=0 | 125 80.7 193.1 ovality=0
. Axial=0
Material 5.0 76.5 186.2
A312-304 | COmPlete 3
S - circle 10.0 76.5 186.2 182.2 [see p. 6th, P,=182.2 MPa]
Header 178.6 [Avg. of Eq. (14), see
30.0 76.5 186.2 p. 7th 171.2 <Py < 186.0 MPa]
Free end 10 60.0 144.8
no length effect
Axtal=0 16 76.5 180.6
(66.5: Table I)
SA192
i ovality u/t Table 2, P**,,., =174
specimen 10 21.1 - .
0.111 Experiment 56.5
1.D. 514

columns of Table 2 indicate a thick wall cylinder
(#/Dy>>0.05) and the other tubes indicate a thin
cylinder ( £/ Dy < 0.03). The difference between the
P*/P, and the P*/ Pt of Table 2 is not signifi-
cant for the thin tubes while those values show a
significant difference for the thick wall cylinder.
This implies that the thick wall cylinder is more
affected by plastic deformation.

The results of the collapse pressure obtained by
the FEM analysis are shown in Table 3. The
collapse pressure of SA312-TP304 is found by the
FEM analysis assuming that the material behaves
as both a perfect plastic material and a strain
hardening material without ovality. Table 3
includes the effect of [./D on the collapse pres-
sure. ISSN 0043-2326 found that the collapse
pressure does not affect it if 7./ =10. However,
it is found through FEM analysis that if /D=
5, then the collapse pressure does not have an
affect on [./D while the collapse pressure
increases with a decrease of L/D for both the
perfectly plastic and the strain hardening mate-
rials. This statement is true when ovalities are not
considered. The collapse pressure that includes
the strain hardening effect is approximately 2.4
times larger than that of the perfect plastic maie-
rial for L/D<10. It is noted that the results
shown in Table 3 are obtained by using the

dimensions of the header described in Section 2.3.
The collapse pressure, including the strain har-
dening effect for the case of zero ovality, is
compared with that of the approximate calcula-
tions by plastic analysis and the results are shown
in Table 3. The error between the FEM result and
the analysis is found to be approximately 49
which can be acceptable margin of error. The
collapse pressure of SA-192 which is used in the
experiment (Tschoepe and Maison, 1983) s
compared with the FEM result and the approxi-
mate plastic analysis tn Table 3. The collapse
pressure in the experiment is 56.5 MPa while the
FEM analysis and plastic analysis{Eq. (8)} show
approximately 21.1 MPa and 17.4 MPa, respec-
tively. These calculations do not agree whatso-
ever, and the reason is not ¢lear, The ovality of
specimen, identity number(l.D) used in I[SSN
0043-2326 is S14(u/t=0.11 and ¢/71,=0.058)
which is significantly larger than those of other
specimens such as g /7=0.041, {/[,=0.097 (S16)
or yu/#=0038, {/D,=0.097(817) as noted in
ISSN 0043-2326. The pressure of the incipient
yield for the specimen S14 is 27.4 MPa while
those of specimens, S16 and S17 are 46.5 MPa
when ,=239.9 MPa, as shown in Table 2.

The comparison of collapse pressure of the
perfect plastic and strain hardening material of
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Header}-Axial and radial direction Fixed, P,
= 76.5MPa(perfectly plastic} P .= I86.
2MPa(strain hardening), L/D=10 -ovality.

u=0
200 -
Caorrelation of Ovality & L/D (D=48 26. t=7.1374) !
— —u-- Ovality=0 DS_! .
g 80 ¢ —e— Ovality=01 |
= | —a—. Ovaliy=0.14 | |
o
5 160
2
&
5 140 - 1]
o
a
k]
] » -
Q120 .
100 L L . —
o 5 10 15 20 25 ac as 40 45 50

Lo

Fig. 3 Collapse pressure of SA312-TP304 (Header)
for various L/D -Axial and radial direction
Fixed, including ovality and strain hardening

SA312-TP304 (header) is shown as [./D=10 in
Fig. 4. The pressure of the perfect plastic material
is 76.5 MPa while that of the strain hardening
material (Eq. (9)) is 186.2 MPa. Therefore, the
collapse pressure is affected significantly by the
strain hardening effect. Figures 5 and 6 show the
collapse pressure variation with respect to differ-
ent ovalities. Collapse pressure decreases with an
increase in ovality. Figure 5 shows the effect of
the collapse pressure on [/ with various
ovalities. The pressure is not affected by 71./D
when the /D exceeds 10 for strain hardening
materials with ovality while it 1s not affected if [/
D =<5 for perfect plastic materials without ovality.

The collapse pressure which is not affected by
L/ D requires a targer [./D with ovality than [/
> without ovality. Figure 6 is the collapse pres-

220
Conrelation of Qvality & L/D (D=19.05, 1=3.048)

— | —a— Cvality=0.05
g 20 —u— Ovality=0.1
s —a— Cvality=0.14
o L
5 180
o1
W
o
[

1680
#
a
£
Q
Q 140

120

o 5 10 15 20 25 30 35 40 45 50
L/c

Fig. 6 Collapse pressure of SA213-Grade 316(Coo-
ling tube} for various L/D-Axial and radial
direction Fixed, including ovality and strain
hardening

sire variation with respect to /D for various
ovalities. The {/ {2 in Fig. 5 is smaller than that in
Fig. 6. The collapse pressure in Fig. 6 is larger
than that in Fig. 5, which was expected. The
collapse pressure of the ovality, w/f=0.05 is
approximately 141.3 MPa and that of the ovality,
#/¢#=0.1is approximately 124.1 MPa as noted in
Fig. 5. The collapse pressure is decreased approxi-
mately 139 when 2 //=0.05 increases to 0.1. The
collapse pressure of specimens, $16 and S17 in
Table 2 are 57.9 MPa and 60.0 MPa, respectively,
which are larger than that of S14(56.5 MPa) as
seen in Table 2. These results are consistent with
those shown in Figs. 5 and 6. The ovalities of S16
(2/+=0.041) and S17(x/¢=0.058) are almost
half of the §14 ovality, 0.11. Therefore, it can be
conjectured that the collapse pressure of S14
should be at least 139 less than the collapse
pressures of S16 and S17, which should be less
than 57.9x0.87=350.3 MPa. Therefore, the col-
lapse pressure of S14, 56.5 MPa, may be consid-
ered as an experimental error.

4. Summary and Conclusion

The paper reviews collapse pressure(P*)
which was measured in various experiments
(Tschoepe and Maison, 1983). The ratios of P*/
UG-31, P*/UG-28 and P*/P, obtained by
ISSN  0043-2326 are those
obtained by plasticity analysis, including the

effect of strain hardening. Collapse pressure of the

compared with
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header and cooling tube used in actual nuclear
power plants are obtained by various types of
analysis. The scenario to evaluate collapse pres-
sure is established when applied pressure exceeds
ASME Code criterions, [/G-31 and [J(;-28.
Consequently, the present paper serves as a guide
to evaluate the structural integrity and practicality
of a heat exchanger in industries, rather than
simply an academic investigation. Through the
analyses and calculations of tubes subjected to an
external pressure, the following conclusions can
be made:

{1) Though the review of ISSN 0043-2326, it
can be concluded that :

{a) Even through there are limitations and
arguments to use ASME UG-31 charts, UG-31 is
safe, and there are plenty of margins for calculat-
ing collapse pressures. No conclusions or deduc-
tions can be made whether UG-31 is more conser-
vative than UG-28 criterton.

{b) The ratios of experimental measurements
to UG-31 or UG-28 exceed safety factor 3, and
all rubes do not collapse at the pressure of the
inciptent of yielding.

{2} Through the FEM and the collapse plastic
analyses, it can be concluded that:

(a} The safety factor obtained by the collapse
pressure required to bring about plastic deforma-
tion along the entire tube cross section using the
thick wall cylinder theory is the smallest value,
The largest safety factor is the one obtained by the
pressure required at incipient yielding using the
thin cylinder theory. This conclusion is made
without including the strain hardening effect.

(b} The collapse pressure obtained by assum-
ing a perfect plastic material is approximately
4297 of the pressure, including the strain harden-
ing effect when [/[}=5. The error between the
pressure obtained by the FEM and the approxi-
mate plastic analysis, including strain hardening
effect of SA312-TP304 15 49;. Therefore, the

Jae-Do Kwon, Yong-Sun Lee, Choon-Yeol Lee and Seung-Wan Woo

strain hardening plastic analysis employed in the
paper can be used for collapse pressure calcula-
tions.

(¢} The effect of ./ on the collapse pressure
is decreased if 7./ D=5 for either the strain hat-
dening or perfect plastic material, with an zero
ovality. The effect of /D on the collapse pres-
sure with ovality of tubes is diminished if L./ D=
10 which is in agreement with that in 1SSN 0043-
2326.

(d} The header and cooling tubes used in the
present calculations satisfy both ASME Codes
UG-31, UG-28 and the collapse pressure of the
heat exchanger is less than the results obtained by
various analyses.
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