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Fracture Mechanics Evaluation

In order to perform a fracture mechanics evaluation, one needs
the material fracture toughness, yiel . strength, elastic modulus
and crack growth rate. The number ©. siress cycles over a given
time interval and the stress range sssociated with these cycles
are also nended. The effect of ad erse environmental conditions
is generally represented as an increased crack growth rate and/or
decreased fracture toughness, as appropriate.

For the Quad Cities Nuclear Power Station Unit 1 penetration X~25
bellows, we want to d termine:

o The critical crack length for a meridional (longitudinal’
through crack.

2. The number of cycles required for & meridional through crack
1.7 inches long to grow to critical crack length with a
conventional austenitic stainless crack growth rate.

3. The ﬁritical crack length for a circumferential through
crack.

4. The number of cycles required for a string of equally spaced
pinhole through cracks to grow to critical crack length with
a conventional austenitic stainless growth rate.

The penetration X-25 pdellows as a 1.7 inches long meridional
(longitudinal) crack over one of its convolutions. It has been
replaced because of its excessive (137 SCFH) leak rate. The
largest crack in any remaining bellows should be much smaller
than 1.7 inches based upon the leak rate test results. This
bellows has also been reported to have many smaller through
cracks. Most of these are pinhole cracks.

A review of the size, configuration and design movements of all
penetration bellows indicates the X~25 penetration bellows is one
of the most highly stressed, aiong with bellows for penetrations
X=12, X=14, X~16A and X~16B. The penetration X~16A and X~16B
bellows have been recently replaced because they leaked
excessively. Hence, the penetration X-25 bellows, with its 1.7
inches long meridional crack, is belisved to represent a worst
case condition. Work is currently in progress to evaluate the
designs of the other bellows in detail.
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-
Section VIIl of the ASME Boil™r and Pressurse Vesse 1@ givi
the ninimum vield strength of 304 stainless stee.l as K81 ar

"
the salastic modulus as 28.3 X | psi Rolfe and Barson
"PFracture and Fatigue Control in Structures”, gives the rac)
irowth rate for austenitic stainless steel as
da/dN = 3.0 x 10 aK) '

where a is in inches and AK 1is in kei/In, .
A fracture toughness of 105 ksi/in. ¢t represent degraded 4
stainless steel was calculated frow typical Charpy keyhole mpac?
test data 1 nited States Stee) s "Steels for Elevated
Temperature Scrvice" conservay’vely accounting for the differe:
between Charpy keyhole-notch and V-notch specimens and using thi
upper shelf correlation equation 1ir Rolfe and Barsom, Materlia.
touaghness degradation was conservatively assumed to be similar t
that resulting from long term exposure tc temperatures above
800"}
104 stainless is ductile at room temperature with Lypic charpy
keyhole-notch impact values of 89 to 9l ft-lb. Room t@n;v:a'le
jmpact values are significantly lower when tested after long time
exposure to temperatures above BOO*F. Although the bellows have
not been exposed to this type of environme , it was judged
conservative to base the fracture toughness on the 47 ft-lii

4 typical Charpy keyhole-riotch value after 10,000 hours at 1200°}

weading

'he number of stress cycles for which the bellows have been rate
swwer a thirty year lifetime and over one piant cyc.ie elghtes
mnonths are
30 yeal one planc . €
2( pressure cycle 0 to 65 psig range )
el pressure cycles ~-48 to 0 psig range
490C pressure cycles 4 psig range (=7 PsSig) 24
490¢ lateral motion cycles 0 to 1.785 inches range 24°
or lateral motion cycles 0 to 1.023% inch range
Since internal pressure is positive, the -4F psig local leak rate
test pressure represents external pressure a plied to the inne:
ply of the bellows. The outer bellows would be subjected toO A
+48 psig pressure during this test. It has been reported that
the actual number of lateral motion cycles 1@ to temperatur
transients is eguivalent to about forty per lant cycle

This analysis conservatively uses the 1.785 inches lateral moti
based upon the accident condition which brackets tne LOCA, NOT
that although lateral motion and pressure stresses are calcula
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for the worst case inner ply of the bellows, outer ply lateral
motion and pressure stresses would be similar., Calculations are
also repeated for comparison using the 1.0239 inch lateral motion
based upon do.iyn operating cycles. Seismic events are not
explicitly considerad in the analysis because the bellows
stresses associated with such events are small relative to the
conservatisms in the calculations.

Meridional stresses are stresses in the plane of the bellows
convelution shell including both the axial and radial directions.
Meridional stresses tend to open circumfarential cracks while
hoop (circumferential) stresses tend to open meridional cracks.
These are illustrated in the figure on page 7.

The per c¥c1¢ stress range associated with each of these loadings
was calculated using equations in the 1980 edition of the
Standards of the Expansion Jeoint Manufacturers Association, Inc,
The lnrzo range test pressure cycles were combined into cycles

-4

from psig to +65 psig. The meridional stress ranges are:
pressure cycle 11) psig range 18,200 psi range
ressure czclo 4 pslg range 650 psi range
ateral motion cycle 1.785 inches range 85,000 psi range
lateral motion cycle 1.0239 inch range 48,800 psi range

The stress ranges indicate that crack propagation over one plant
cycle will be driven by the 245 lateral motion cycles since the
low pressure oscillations have a very small stress range and
there is only one 113 psig :rousurizltion cycle. The range of
circumferential stress for these cycles are:

lateral motion cycle 1.785 inches range 76,000 psi range
lateral motion cycle 1,0239 inch range 43,000 psi range

The 7% ksi and 85 ksi stress ranges are more than twice the 10
ksi minimum or the 32.2 ksi typical yield strengths of the
material. This indicates the first half of a lateral motion
cycle will exceed yield and produce some plastic deformation.
Subsequent lateral motion cycling goes between an elastically
calculated ~37.5 ksi and an olnlticall{ calculated +37.5 ksi for
a meridional crack and between an elastically calculated -42.5
ksi and an elastically calculated +42.5 ksi for a circumferential
crack. This is not unexpected:; the EJMA Standards state, "The
major stresses in a bellows result fro. the e“fects of frolcuro
and deflection. Normally the deflection stresses are higher than
pressure stresses, qonarnllf above the yield point of the bellows
material, and are meridional."

The bellows fatigue curves for austenitic stainless steel in the
EJMA Standards state, "These curves are intended to predict
average fatigue life at ambient temperature for austenitic
stainless steel bellows which have not been heat treated. They
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eritical circumferential through crack length using the 1,0239
inch lateral displacement is 7.799 inches.

Assessment of a string of pinhole cracks

One additional issue will be addressed: a bellows conveolution
with several pinholes equally spaced along its entire
circumference. This calculation conservatively assumes that they
are larger and far more numerous than have been reported. Each
iin:oio is conservatively considered to be a through crack 1/8

nch long.

The stress intensity factor for & row of equal length collinear
through cracks was obtained from the Handbook of Stress-Intensity
Factors for Researchers and Engineers published by Lehigh
University. The variable coefficient of the stress intensity
factor depends upon the size, pitch and the number of cracks.
Since parametric curves are provided for this coefficient for 3,
§, 7, 11 and an infin.%e number of cracks, the coefficient was
obtained from the curve for an infinite number.

Although, as expected, the critical crack length for this case is
smaller than for a single crack, there are 2,077 displacement
cxclol between 1/8 inch and c¢ritical crack length, his is abcut
eight and a half times the 245 docign displacement cycles in one
glnnt cycle. There are 13,225 displacement cycles between 1/8
nch and critical crack length using the 1.0239 inch lateral

displacement. This is about fifty-seven times the 245 design
displacement cycles in cone plant cycle.

cenclusions

The precr iing extremely conservative calculations demonstrate
that using a bellows with a meridional crack 1.7 inches long
througr one additional plant cycle would not result in its
catast.rophic failure. hey also demonstrate that a bellows
convr.lution with several 1/8 inch long "pinhole" cracks equally
sproed along its circumference will not fail catastrophically in
on: plant cycle. Slightly more realistic calculations using the
1,0239 inch lateral displacement show substantially greater
margins to failure.

Local leak rate test data are much more useful to quantify the
extent of cracking in the bellows than dye penetrant examination
results. Since only the outer surface of the two-ply bellows can
be examined, the dye penetrant test can reveal nothing about the
condition of the inner ply.
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Transgranular Stress Corrosion Cracking

Corrosion is an electrochemical process; "electro" because an
electrical current is involved, "chemical" because a chemical
reaction occurs. Stress corrosion is the initiation and
propagation of cracks under the simultaneous influence of stress
and corrosion. Chloride cracking of austenitic stainless steel
is a common example.

The form of stress corrosion cracking can be intergranular or
transgranular and the cracking is difficult to detect. Despite
the large amount of research which has been done, particularly on
stainless steels, no agreed upon mechanism for transgranular
stress corrosion cracking exists.

Based upon Appendix A to EPRI RP-50648, a conservative value for
stress corrosion crack propagation }n 304 stainless steel due to

chlorides would be 10" m/sec = 10 mm/sec. Data presented for
sensitized 304 stainless steel in EPRI RP~2293-1 (ngt yet issued)

shows propagation rates in the range of 10°" to 10" mm/sec. The
steel in the X25 bellows should not be sensitized since its
design temperature is only J00'F.

Using this conservative crack propagation rate, the increase in
crack length over a plant cycle can be calculated:

-l0

(100 m/sec) (39.37 in./m) (3600 sec/hr) (24 hr/day) (365,25 day/yr)x
(1.5 lr/plant cycle) = 0.1864 inch/plant cycle

This implies that a crack 1.7 inches long would grow to no more

than about 1-7/8 inches over one plant e¥clo. Note that this

calrulation tacitly assumes the bellows is continuously loaded

above the stress corrosion cracking threshold throughout the

plant cycle.
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o JAD __ oare 341291 sunser 2 SHEET MO, s 0f 1€

enko. By AL oare 2L/ PROLNO. 2D

. ”-C,c//c.' Lond/avj i o Loadwg e Cycles
Design  FPressure = eSpsg !

o Local leak Rate Tect Fressure ~= 46psi¢ 20

Zutegrated leak Rate Test Presure = 45 p3/y 20
Normal O,ycfmf Pressure - 72 2/5/3 4900

i Bellows Movements: 400
Axial - -0
Lateral - 166" .
f%jul’:r - 0

Pressure /ﬁﬂpcrl/‘urg Trawsients

CASE NO. (G 2 | 3| 4
Drywel| Pressure [psig] | 62 0 56 2
Drywell Temperature C/wvjc. 22)°F | 130F | 221F| GOF
-y Axial y X [inches]| © (@] () @)
§ Lateral , yO(mehs] | 1785 | 10239 | 1.749 | 0.5399
AL | . Awqular, [degres]| 0. | _0..| 0. O
4 TS
E Fer &Nvo/u#ay; e Dﬂq ROTIS | GONRE | AeNRE | S0le

NOTES :

1. Ruference: Stress Report QCNPS-CBI Cowtrect 7- 4735,
Velume A = Drywe/

é Pzﬂchm‘/ﬂj PIPE tond (Fions

: Pressure - 65 psg
Temperature = 200°F
- 3, The 8" allowable lateral movement due o
M/so//,zvﬂcﬂ;" at wsta/latien 15 ineluded .
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STANDARDS OF THE EXPANSION JOINT MANUFACTURERS ASSOCIATION, INC

C:1.4.]1 (continued)
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STANDARDS OF THE EXPANSION JOINT MANUFACTURERS ASSOCIATION, INC.

BELLOWS

COLLAR
[
Iy

‘e TANGENT '

UNREINFORCED BELLOWS
d FIGURE C 16

§REIN FORCING RINGS

REINFORCED BELLOWS Dio.
FIGURE C17

® Expansion Joint Manufacturers Association, Ine SECTION C / ISSLE 1 / PAGE 91
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ov . ZAD ___ oave 3-1/-3/ sunscr Bellows ﬁg""” Jowl sueerno b ov 16
CHKD. lv.JM.W. pATE 2LB/3) n_Evaluatrw RO NO e llef
i QCHPS Unwit L, Pen X-25

Bellows Movements
The /c//ews Jx/al, Za/en/ / and 0ﬁju/ar MO veMin s
are #he result of pelafrve deflections befween He
f/r/well an A paﬂefm/'/bu /a//j ar e &/c//aws
assené// commeeFrom /om/s As shown 1w The
Fuble ow prye Z, bellows mMovements have
beew computed fvr Feur represextntive lr/wc//
" pressure / temperature condiFons,

Cases [ end 3 bracket Hhe GCC/chf
condi Frons (LOCA, ete ), Case 4 represents Fhe
wvormal 0pz.mf‘/~f conditions ( Hle pressure May
acﬁu/// be befween =2 v +2psyg), whik
Case 2 15 Hhe condiFraws Jor an iNterrediate
%cm,cra Fure. Fransient.

The be/lows h:/?N 15 evaluated For ﬁﬁjue, fased
on The conservative assumption Hat the accidewt conditrons act
For the Full wumber of speciFied loadivg cycles,
Hat /s, l/ usivg e Case | condifion For all
c/clu. 772 actnal cycles will occur at
conditrons similer 4o %ose For Cases 2 and 4.
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o LAD _ oare 2-01-Y sonser Bellows Expersion ,T‘V”f sweerno. L. or /&
cHkD. BY LML pate 32878 oN PROJ NO. llS

% vl ], N K25

Co/d Sprmf Mar&HM*S -'

An axial movement X of/.;” dua o Mi.sa//,~~¢~)“ a”
fﬁt 2‘7/«& of w Stullafron ,Mrm/ﬁ/ é;» e s/euﬁc‘//on.
The dellows lSJ&NJér Fre rods elimmate any further

axial movemants ., Hewce the axsal moverent per convelitior

/s ) e
e az-%' v 1_4_,__“2; s 0.0/125 Compression or Tensiown

There. are wo  awqulor movements € specihied .

6'-9, = é—!ﬂ - O
2N
A leteral movement y of V8" 15 allowed by He

specidrcation for M/'Sa//,A/McNf at He Fme of mstul/latiom,

K dp y b valent axial moverment
e)’ : ZN(L—C;X/Z) ;,ue:,:w/u)‘/‘:w/a'a/o
L 29" lateral movement y
1c 29 217
g = 3LE-3CL | 3(32)°-3(9X(32)
ILWGCL+4CY  3(32)%=0(9)(1) +4(9)}
¥ s-]-82

3/ asSUMING Yhe oxial moverment X ach H Compress

the bellows, we Find

. 132 (18.125)(0.125)
I 200)(3.'-9" - 028/2)

#
6/ = 0-0065
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o ZAD _ oare 3=11=9 sunscr Bellows Expomsion Towt  sugerno. 2_or 16
2les5

ewko. oy W oare 328/3/ - ation PROJ. NO
o QCNPE Uit 1, Pew X-25

DCS/j;u S*"CSSCS

Bellows Circumberentral Membrave Shess Due to
T wnternal Pressure

S a Pagg( )
LOIntp \ 0571+ 2w/g

2 ,D//ACS
0.040 " ¢

N %) 17 \/2 .
7.‘, t(;‘{;) = ”“(18./25) = 00367
P o= 6E psi

51 2(2)(00337) 0871 + Z(/JZS')/&.,

o >
U 1

S, 2 2480ps < S;= 14 100 psi @ 300°F

Fe//ws /‘70;‘(/0"4( /‘fuvémwc S'/'rc..u D«. /b
T nternal Pressure

S, » wol¥

’ 2n ?,,

P = 65';!1
-Gy = 45(1.125)
2(2)(0.0387)

Sy = 472 psi &S, = [4,{00ps @ 300°F

Local ‘#Hmw‘p#j of the bellows wall Hiekness dua
s corresion has ot beew observed .

S RS .
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ov JAD __ oare 2:/1-9 sussecr Bellows Expansion Jon? suaerno 1L or 16
CHKD. n..lmmml 38/ va/uat;on PROJ. NO. uf__

QCNPS Unit 1, Pen X-2.5
Bellows Merdional Buul/ﬂj Shest Due +o Deflectron

CtL = 1.6 7Crvr1 ETMA F/]urL €20

5(28.3x10')(0.0387)(2.1/2 )
3(r.128)*( 1.6 )

S¢ = 101,000 psi

Total Meridional Stress Wujcf

S¢ = 0.7 (554 Se) *+ (Ss +S¢)

St = 0.7(4 72ﬁ5/' *‘10,000’5!) ‘*(/7’0/5/1' 70/,000/051)

S = 109,000psi

77 = temperature correction Factor for be/lows
1‘4/;4«. Life

Tf - 5“ CO/J +S£( é’f) WA¢~ C/C/IC« HOVM‘N# occurs
2 5S¢ cold 47" wr//lv] Fermperatures due

Mrmal exparsion

Sa = w/timate fl'wsl’/(. Sfrwfﬂt (n//v/muv w/us are am/)
Sweold = 75,000 psi at T0'F (room f'e»rfzn/ur&]
S hot = 61,000 ps/ at 300'F (accident Jemperature)

= J5000+61,000 -p9
7 2(75,000) ot s
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ov_TAD _ oare 3://-F/ sunsecr _3¢//%‘§ Expowsiow Jont  sueervo (2. ov 16
cHKD. By MW pare 3/28/2/ ?f 1gn_Evaluation prosNO. BLGE

PS Uit | = Pen. X-25

”C = N‘dﬁjcr of C/c/ts '1(! ‘ifl//un.

)66 x10* 24 |
/VC- - (S-:é_xsioo?) for unreinfored bellows
Ve (LLex10(0.91) |
. 104,000 =5 4,000

Ne = 1]5X/0r

Note that +he actual shess range S, Hor He
lateral mvenw'f' cyeles Showld Naiz welude Phe stress
renge dua. +o nstal/ation H/sa/ljfvnehfﬂ'. fhn;‘m,,

Fhe. Ao Flection renge /s €y =0.0982 “awd,

Sr '(55 +S‘)‘§L- ‘(”70*/01,000)5—'%%2

-SK = £5000 PSI‘

This lsr‘rc.ss range wi// be used v the Fracture Mechan ies
Evaluation For critical size of circumferentral cracKs.

Design Internal Fressure By Based on Column

L/le/ﬂj
Iﬂshéx//%/ ( quirn) = Bo b Lnis of Bellows are 7?//!4///
Su”orf“J:
A oS3 fi
. 3 (R
/:u. = /7 f:féj:) 2 . f:'{/oc;zjw%;;/(a:prmj rate

NPT (/8.125)(28.3x10%) (0.0387) (2) & o,

/ 0 /2.5')’(/,5') #7300 /6/1W
. L.3m(47300)

A (20)*(0.9)

P = /24 psi > 65psi, OK

!
\

|
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ov TAD _ oare 2279/ sunsecr Belle sneeTno. 23 or 16
CHKD. BY mMla/ DATE B/22/9/ pROJ NO. Ll 5

Vibration !
THhe lowest watural frc’mc/ 7‘, Jor a Universal

¢Xfl~$/'0~ JO/N?" /S for 0;/.0/ mofren .
K
= 443 |~
f W

k’” = .f..‘.“_ = overall arial 5-"”.”'_7 rafe- of
N one bellows

Ksa ® .'_’}162_0_2_ = 4730 bs//n

W = m,jJH' of center Spool pipe plis wuf/?‘
of one bellows

W = F(18%17")(14)(0.283)
#2 7 (10)0.29)(0.080) [ (1925+17)(F )+ f(1125%17Y)]

W = 109 lbs + 27 Jbs
w = 136 /bs

47
*} = 4.43 /, z

-fy = 26.1 he.

All other natural ﬁ-eftauc/u For the Uwiversal
EX/O‘A/I/‘ON J'O/.AI/, /'/vc/alzhj A‘?‘U"l W‘/‘ﬂ)"/'ﬂv Hodu;

ore af last a mr/ﬁplo. /7{,/!” then fy.

At a wvatural frefm.»/c/ of 26.1 he. He Universel

Expansion Towt will bt acted i/wv by UTle more
fhan The accelaration 4,0,0/41 o/ é/ 74, Dr/we//'
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PIYTSBURGH, PENNEY LY ANIA

oy AL oare 3:0/-9L sussecr ' ol suserno J€ o8 16
cHKD. BY SJMLY pate 3283/ n Evalnation brOJ NO BLBE

GCNPS Ymit I = Pen. X=25

povements which will be essmha/// the zero piriod
accelevation +or He Seismic Bome . Loads acting ow Hhe
Unersal Expansion Tomt duw o axial sesmic piping
movemen?s will ba coried // pe tie reds, while
[ateval seismic ppe Movements will be small

and eas/ly absorbed at low Sstress J/ e ‘
bellows. \

For exarmple,using o jfu:‘// exagqerated horivontal acceleratron
of 19, a bellows convolutron will deFlect axially,

ey = (1(W)(1/Fiu)

ex = (1)(136)(1/47300) = 0. 0021 "
The bellows Mmeridomal A(/v/(/ﬂ] stress For i
Ae Flection 1 o~//,

¢, = SEityex _ 5(28.31/0°)(0.0387)(0.0029)
SR PRI 201,728)%(/.%)

S 2600'95/'
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PITTEOURGH PENNA YL vANA
oL AD _ oare 3:23-1/ sussect _aLZW‘ Expansion Jow?t SHEETNO, /2o L
oKD, BY MW pare 32872/ €S/gN

o/wf ON ___ srounNo BIGE

Total Circum Arwvtial Shress Rmvjc :

To evaluate frowM rates For rmeridional
cracks, #he circumfberentral stresses must be
Kwown, The ETMA Standard: tase Her aﬁsfj:v
eva/uations /arrmm// on Hhe. Meridional spresses
becouse ey are somewhat Aipher Fhan He Civcumtberential
Stresses. Therefore , stress valuks Found ‘/ usimg e
" Fiwal FRaport on the Developrrent of Awaly Feal Techwigues
sor Bellows and D/a,p/mjn Zesign, "AFRPL Report
Ne. TR 48-22, March 196§ 5/ T-M. Trawer et al.,
are ased '/v suﬁﬂbﬁtﬂ\li‘ #C. EJ’M Sf?’w Vd/aas.

7ZL be/lows C/rc«Mferem‘m/ Membrane 5Press
due +o juternal pressure taken by ot ply, Sy 4940ps,
15 Found i/ Uusmg He ETMA Stawndards.

The belows  tircur Ferentral MeMbiane Stress due o
Fhe 14k weh cyclic lateral moverment 1s Found é/ u:wj

He apprepriate ﬁ!un N He above refrrence as tfollows:
&zE& CS'

s = 700 7

Tem 0.0733(2%. 3x/0%) //32)
100(0.9)

O'SM d 3!,7«?0 pll.
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v TAD _ oare 3:23-2/ sunscr Bellows Expansion Jom £ e oo Jbo
eHKD. BY LAl oaTe 3L8/2) alkation PROLNO, 2l &5
LCNPS Unit ] Few. X2E.

The Jt//vws civcumberential étzv/xbj 5#:55:: dus *o

iNFernal pressure Fakew é/ one f// awd Lattrel moverent are siply

Porsson'’s ratip (V=0.3) times 79 cw*upwt(/ﬂj Merid onal
bewd /g stresses

0y =YASs = 03(2)(10,000) = 6000psi
Tu = VS, = 03(101,000) 5545 = 25 200p5 -

This results From the fact et He belows

i a shll of revelution , For which rotations iw

Movdional sechions are suppressed by e s/m-m‘r/
of Hhe shell. Siwce the bellows shell canwet band

' ———y ‘ '
Frce[/ IN '#7/5 ,v/wv&, a ao’wfnmw] roissons MoMen !

occurs

The etnl cireumberential  shress range /5
Séc’??52+0':.,‘r b+d;.

Si. = 2(2480)+ 38,700 + 4,000 + 25,200

Ste 75;000f$/
This stress range will bt used w e Fracture

Mechanies Evaluation o jww#\ rates of meridioval
cracks.



