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1. INTRODUCTION

Examination of the Hatch 2 vent header revealed a through-wall flaw which was
nearly 360° of the header circumference in length, Figure 1 shows the vent
header, and Figure 2 shows & sketch of the flaw. Metallurgical examination at
General Electric Compary of samples removed from the pipe containing the crack
faces revealed that failure was in a brittle manner, and that crack initiation
occurred near the butt weld at top center of the header. The most likely
cause for brittle fracture is that the temperature of the vent header
material, SAS516 Gr. 70 carbon steel, dropped below the Nil Ductility
Temperature (NDT). Below NDT, a material is susceptible to brittle fracture
given that an initiated flaw and a driving force for crack propagation are
present, Examination of the torus area in the vi;inity of the failure showed
that a nitrogen line was directly above the initiation location. Further
investigation of the nitrogen injection system showed that cold nitrogen was
deposited on the vent header on several occasions. The temperature of the
nitrogen was capable of dropping the material temperature well below the NDT,

and producing thermal stress that could cause crack extension.

Although the presence of the cracked vent header does not impede normal
operation of the plant, depressurization during a Loss of Coolant Accident
(LOCA) could be hampered by leakage of steam through the cracked area.

This analysis is for the purpose of addressing three key areas:

1. Determination of thermal stresses produced by cold nitrogen injection and

if the observed cracking can be explained.

2. Determination that existing cracks, if any, grow through-wall and thus

become detectable by leak monitoring.

3. Determination of maximum through-wall crack length that could be tolerated
without pipe rupture during a LOCA event,



Responses to the above e~®is are required ¢o explain the fissture of the vent
Besder and to evaluste tis comsequence of ss existing orack during a LOCA

event,

2. THERMAL STRESS ANLYSIS

Fathed

Due to the complex three dimensional geométry ef ihe structure, aand applied
thereal loading, the finite element method wes used to determine the thermal
stresses. The ANSYS compnter program was ssed to perform the amalysis. The
three dimensional shell element (STIF 63) of th: ANSYS element library was
selected to model the vent header. This el-ment is capable of both membrane
«»4 bendiag type strosses. Figure 3 shov: the finite element model developed
for the analysis. Due to symmeiry about ihe dutt weld, at which imitistion is
thought to have occurred, ozly hall ol the pipe, syometric about the butt weld
centerline, is required. The stiffeper plate whick 1ies on the bottom side of
the pipe is simulated by increasing tho talckusas of the shell elements from
.25 to .88 inchk. The diameter of the pipe is 54 iasches. The elements which
comprise the siiffener plate are enclosed by the bold liee in Figure 3.
Acpropriste bouvndary conditions at each end of the model were selected to
vimulate symmetry at oz¢ snd and s lomg pipe at the other.

Faterial properties for SAS16 6r. 70 CS were used for the amalysis.

Zherma] Losdin.

The selection of temperrtare bounde:y conditicas is a very eorucisl step in the
analysis to scourately Astormine resulting stresses. The tempersture
distridution due to the imject.om of the nitrogen is mot scenrately known.
Therefore, s temperature distributiom will be assemed,

From Reference 1 impingement of & jot cn » surfsce will cause a temperature
distribution om the impacted surface in the shape of a Gaussiax distribution
(Figurs 4). This shows that there will be » zone where the temperature of the

surface can reach temperatures mesrly equal to the jet fluid temperature.



Temperatures thes drop off from the peak temperature and eventually resch
smbisnt temperature. To simulate this behavior im the vent header finite
element model, the temperaturs distribution shown in Figure 3 was used. The
ambient temperature was assumed to be 100°F, while the nitroges temperature

was assumed to be ~200°F,

The circumforentianlly cocoled ares was sssumed to be from -90¢ to +%0°* from
top dead center as illustrated. From —45° to +45° the temperature was assumed
to be -200°F.

The assumed temperature distribution was incorporated imto the model by
assigning each individual shell element a tempsrature.

It is expected that & gross beading situstion will occur due to the top of the
header being cold and the bottom of the header being warm. The stiffemer
pletes result in a wall thickness of over three times that of the .25 iach
header pipe wall, This should result in bending of the cooled region imward

and very little displacement and stress in the stiffened ares.

Btress Asalysis Results

As expected, the thermal cycling om the vent header causes large deflections
at the top center location (approximately .1 inch). Figure 5 shows the
displacement of the end nodal points which represent the cemter of the
circumferential butt weld, The stiffemer plates do mot deflect as shown in
the figure. The driving force for circumforential crack extension as
experienced in the vent header is the applied axisl stress. Crack extension
requires a gross bending effect, which will produce tensile stresses in the
upper portion of the vent header. The axial stress as obtained from the ANSYS
computer output is shown in Figure 6 for the section of elements nearest the
butt weld, Comsistent with the displacement results, there is negligible
stress in the stiffener plates. The influemce of thickness and temperature
discontinuity can be seen in the figure by the large temsile stress of
approximately 19 kei in the .25 inch material. The stress decrecses to
approximately 15 kei in the area of erack initiation, The varistion



circumforentially indicates that the stress at the crack imitiation location
oonld range amywhere from 15 kei to 19 ksi depending om the cocled ares
location with respect to ecrack imitiatiom loeation. If the cooled ares center
f¢ mot located mear the orack imitistion loestion (i.e., crmek iritiation
location is om the edge of the cooled area), the stress could be higher than
15 %si. For purposes of this analysis, & value of 15 ksi is used for the
thermal stress. Two additiomal sources of stress im the vent hoader are cold
spring stress ead weld residual shriakage stross due to welding of the support
plates on the bottom half of the vemt hesder. A cold spring stress of 15 ksi
wes usod for the amalysis. This is justified by tke observed crack opening
snd transverse displacement of the crack faces after fracture. Assuming s .1
inch transverse displacement over 20 feet gives spproximately 15 ksi ecold
spring stress. The determinction of weld shrinkage residuel stress due to
wvalding of the sspport plates on the bottom of the vent header requires
sophisticated elastic—plastic amalysis. In this snalysis, the weld shrimkage

stress was conservatively omitted.

The potentisl for creck growth is amalyzed by the use of Linsar Elastic
Fractwnre Mecharics (LEFN) which sssumed brittle bebsvior. This is comsistent
with the metallurgical finding.

The stress intemsity factor is calemlated by the use of thoe following equation

from Bafersnce 2,

Ky = o M 7h/Q + o MdTfa/d

where o_ = membrane stress
op ~ bending stress
N, = membrane correction factor
M, = bending correction feotor
a = erack depth
Q = sghape factor

The membrane stress is comprised of the eold spring stross amd thermal stress.

Veld residusl stress comprises the bendirg stress compoment,



An {nitial flaw size of .1 imek in depth and 2 imches in length was assumed.
This is consistent with metallurgical findings. This is reasomsble since the
iaitial shock stress, cowpled with the residual stress, ocould sssily drive
smaller flwws to .1 imeh in depth. :

The membrane and bending ccrrection factor, and the shape factor, are obtained

from Reference 2.

N o= 1.74
N, = 1.00

Q = 0.84

The stress intemsity factor for the wvssumed loads and erack depth is
56.4 ksi¥in.

Impact testing of 8A516 @r. 70 samples removed from the Hetch vent header
iadicates an NDT of below -50°F. Charpy data taken from the impact testing is
shown im Table 1. This date must be corrected due to sub-size specimens.

With correctiom, impact emergy values are s low as 8 ft-1bs.

Table 1

Temperature (*F)  Impact (ft-1bs)
40 12.5, 11.5, 11,0

20 11.5, 11.5, 11.0

0 11.5, 11.5, 12.0

-20 11.0, 11,0, 11.0

-40 11.0, 10.5, 11.5

-60 6.0, 9.0, 9.5

-80 4.0, 5.0, 8.0

From Referesce 3, s correlation betwees Charpy hardnecs and fracture toughness

is obtained. For low alloy steel the correlation is

Eif -5 (CVN)



This gives
Kie = 31.0 ksifin,

This fracture toughness corresponds to the plame strain conditiom. Since the
vent header wall is omnly .25 imch thick, the plame stress comdition is
sppropriate. The plane stress fracture toughness can be found by using

Irwin's correction factor. The plame stress, stress iantensity factor, is:

K2 = Kol + 1.4 83

where

Brc = % ¢ fx¢)?

The corrsction factor is valid omly for 0.4 ¢ ch £1.0. B8ince Byc is sreater

than 1 for this case, a value of 1 is assumed. This results in ‘c' 4t tnifln.

The spplied stress intensity fector (56.4 ksi¥in.) is above the material
fracture toughness, indicating that the part-through orsck will grow through
the wall thickness and become s through-wall orasck.

Once & through~wall crack has occurred, circumferentisl crack propagation
could occur if applied loads are large emough. The driving force for
circumferential ersck extension is the thormal stress from mitrogen imjection
and cold spring stress which total to 30 kei. From Referemce 4 the stress
intensity factor for a shell with a circumferential erack of lemgth 2a is

K; = Coyfm’

where C ~ 1,1

This results in & stress imtensity factor of approximately 58 ksi¥in. This is
above the material touganess of 48 ksifin. indicsting that circwmferential

erack growth will occur omce cracks have grown through-wall. The conclusions

on brittle fracture are comsistent with metallographic fracture evidence,

suggesting a brittle fracture mecnanism,



s. D B-¥

Since detection of cracking im the vent header piping is by vismal examination
or 1eak momitoring, it is mecessary to kaow whether ccld aitroges insertion
can canse large part-through cracks that may mot be detected by the visual/
leak tests., As shown in the earlier amaiysis om the evaluation of the Hateh 2
orscking, exposures to cold mitrogem cause high thermal shock stresses. This,
coupled with thas weld residual stresses, oan cause ersck initiation. The
stress intemsity factors for such cracks imcreases with ecrack depth.
Therefore, omce crack imitiatiom occurs (starting from say, e weld defect), it
will contimue to propagate watil the crack penmetrates the backwall. At this
point, circumferential crack extession will ocour due to the gross section
stresses such ss thermal bending or cold spring stress. Crack arrest will
occur when the crack tip ends up in higher toughnmess material that is not

exposed to the cryogenic mitrogen.

Based on the above discussion it is concluded that exposure to cold mnitrogen
will lead to throwgh-wall eracks which can be momitored by visual examination

or leak testing.

The purpose of this section of the report is to determine the maximum
throngh-wvall crack that can be sustained in the vent header without imducing
crack propagation. This smalysis is based on lirsar elastic fracture
mechanics (LEFNM) methods. The use of LEFN is comservative since the material
will most likely exhibit ductile behavior during smy crsck propagation.

The two main loads that sct om the vesmt hesder during & loss of coolant
accident (LOCA) are the pressure differemtisl and the pool swell impact loads.
These loads are defined inm Figure H2 4.1.1-1 and Table B2 <.3.3-1 of Reference
S. Other loads are present; however, they are transmitted directly to the

vent header supports,



The most severe loads ocomr about .5 second after the initiation of the LOCA.
At this time the pressure differential in the vent hender is 24 psi. The

axis] membrane stress induced by this pressure is:
" - F - m.,*!w%l—-’!ﬂl = 1.9 ksi
- t - n. -

Vhen smalyzing the offect of the pool swell impact loads, the 20 foot section
of the vent header between supports is sssumed to sct like » wmiforsly loaded,
simply supported beam. As aversge pressure of 11.18 psi is appiied to the
vent hesder which tramslates into & load of 604 1bs per imch. The maximum
bending stress sssocinted with this load is

M .2 wi’p

o1 -Hr- s(x/4(2i-2))

This gives s bending stress of 7.56 ksi. The maximum stress in the vent
header due to these two loasds is, therefore, 8.86 ksi. The applied stress

intensity factor can be obtained from Reference 6.
Kp = Fy () effma + Ca) F (0 opfme
where a = half crack lemgth
A= ./m

y = a/nR

Fy(3) = (1 + 0.322 32)12 gor 0 g2 1

= 0.9 + 0,25 ) for 1 (A LS
ey - L6822 - 186 $/2 , o0 . 1/2
1+7.8 - 18 +33 v

Figure 7 shows ‘I as & function of ersck lemgth,

Figure 8 shows the curve used to detsrmine the plane strainm fraoture

toughness, Kyc. This figure was taken from Referemce 2. Although this curve



is specifically for low alloy steels, it also represents a comservative
estimate of the fracture toughmess for carbos steels., Figure H2 4.1.1-2 of
Referemce 5 specifies the temperature of the venmt header to be 85°F at the
beginning of « LOCA, If » conservative velue of O°F is CIIIIO‘.iit the NDT
reference temperature, the corresponding fracture toughness 48 160 ksiyin,
Using Irwin's correction factor for plame ‘tress behavior, the plane stress

fracturs toughness, lc. can be obteimed.

K = K [1+ 1.4 #3c]

fx: )2
-

where Byo = % ( .

This equation is wvalid for 0.4 ¢ .IC € 1.0, In the present cases Byo is

greater than oms, s0 & value of one was used.

For .INDT = O*F

Ko = [(160 ket 42031 + 1O/ = 248 ket .

‘C will be conservatively takem to be 200 kti‘in. since at such high level:r of
toughness the mode of failure is ductile rather tham brittle.

Cracks which are long emough to result ia applied stress intemsity factors
above these fracture toughness levels will propagate and cause failure, This
1imit is shown in Figure 7. The ersck length corresponding to the assumed
'TNDT of O°F is spproximately 40 inmches. If erscks exist in the vemt header
and are mot detected by visumal imspection or other means, they are most likely
well below the critical crack lemgth, Therefore, they will mot imhibit the

vent hesder from performing its required function during a LOCA.



5. CONQUSION

The smalysis preseated here shows that the Hatch vent header crackimg can be
expected, given the liquid mitrogen infection and the applied ldilll.o. The
resulting cracks are expected to b through-wall so that they ean be monitored
by visual observation or leak tusts, Finally, the critical ersck lemgth
during a LOCA event i+ large snough that cracks would be detected by routine

visual imspection or other sxamimatioms.
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