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The issue of calandria tube integrity following a sudden 
ruptureof the pressure tube in Brace NGS is addressed in 
this paper. During this accident scenario, the CT is 
subjected to severe pressure and impact loading. The 
paper focuseson the transient stagein which the annulus
pressure usually exceeds the header pressure due to a 
water-hammertype pressure transient. A detailed 
sensitivity study of the thermal-hydraulicresponse of the 
fuel channeland the gas aannulus during the transient is 
presented. Based on this sensitivity study results, the 
margin to calandria tube fa i lureis also evaluated. 

The main function of the calandria tube (CT) is to 
miahiase the heat from the primary coolant, contained 
within the pressure lube 0, to the cool moderator by 
providing in insulating mulus space. In Enice NGS 
reactore, this proviiion is achieved by circulating dry CO, 
gas in the gas annulus ?ysm which also acts as a means 
ofdemct@myWmUwp=mmbm. Â¶hecahb 
tubesussubjectedtotheintdpressureoftheannulw 
gas and to the external pressure due to the moderator. 
They also lake up a portion of the Aid channel weight. 

Based on these functional and loading considerations the 
CTs are designed as ASME Class in pressure vessels. 
However, during accident scenarios involving 71 r u m ,  
the suiround.iag CT if subjected to severe pressure ad 
tloadingdependingonthenatureofthernfailure. 
In the licensing analysis It is contervatively assumed that 
nay pressure tube rupture also results in die mpture of the 
d*& A s t h e c c E m l n i E m q ~ ~  
ofaPTrupturessmuchsmalleriftheCTsurvives,there 
is an incentive la evalnate the survivabihty of the CT in 
detail. Based on CTperimenlal observation, (he previous 
investigations (Ref 13 a@ 3) have thorn that the 
ieqoence of evoi~followingpressure tube failurecan be 
~ W h ~ ~ k , t h e M M U t  
annulus filling stage, the transient over-pressurisation stage 
andthefinalsteadymÃ n following bellows 
rupm.'niese investigations, which discussed the resulting 
interactions between the FT and the CT. have identified i 
the annutus filling phase as very hnporht for assessing 
CT response. ~onsequently this paper only considers. the 

siagein detail. The peak water-hammu '5 
, =- . A 

pressures Airing the transients and the struciural response 
of the CT to these transients is examined- Based on die 
results oblained, the paper presents the strength margins 
formrvtvabffltyotCtinBraceNGS AandBteaaara 
due 10 a pxqssure tube failure. 

In (his section, a sensitivity analysis of (he 
thermal-hydraulic response of the fuel chtnnel during the 
annulus fill-up aagc is presented. In particular, attention 
is focused on the overpressure In the annulus caused by 
the surge of coolant following the pleasure tube rupture. 
The magnitude of the pressure rise is essentially dependens 
upon die Quid garateintethemIlluswhiehis 
determined by the header lo header hydraidic resistance 
and upon the cbainel power. The pressure transients are 
evaluated asaiming Oat the pressure boundary b u w e q  . 
theheadersisrigid.Inthepresentseniitivitystudy,W 
MINI-SOPHT computer code is used to evaluate the 
pressure transient using the rigid boundary assumption. 

The main parameters considered in the sensitivity mdy, 
are different break lengths, bleak locations (inlet end, ' - 
outlet end, break over the entire length of the pressure 
tube), break discharge area, bearing Cletinmces, channel 
power (inner and outer zone) and flow. Results oblained 
using MINI-SOPHT for a number of channels in Bnice A 
arereported. Theseresullsandthepressurepulsedaiaare 
litter used as Sopot to assess calandria tube integrity. 

The thd-hydraulic behaviour of the channel/feeder 
system was simulated for a number of channels in the 
core. In paiticuto- few chimnda, two in the Inner (high 
power) zone aid two in the ouicr (low power) zone were 
relecied for OB analysis, is.. Channel 109 and L l O  in the 
highpowerregionmetK01and,A08inthelowpower 
region. T k e  channels were selected so as to pombine 
thehigheaflowandthelowestpowerineachregion 
resultiqq in the highest coolant sqkooling. 1 

Thechannelgeometnessueobtainedfrom(beNUaS,C 
cededatafites. Thefrictionlosscoefficientofvarious 
components in the MM-SORT nofkl are obtained by 
matching die pressure drop with tiut calculated using 



MICOtCatnominalconditionsawellasotherpower 
lev&. Tabk I shows thegeometry Ami and nominal 
channel paivnsss~ 6x1, Bow nts, p o w  and inici 
temperature) for the inner zone Channels 109 and for the 
outer zone Channeli K01. 



EffectOfBearinEClearanceAna 

The effect of bearing clearances has been studied by 
varying (he discharge area in the valve simulating the 
cleaances. The results obtained for three different tearing 
cicianccs,fora125moutletbreal;hChannelK01, 
indicate that the predicted peak pressure decre*ses with 
increasing clearances Ã§re dee to tie increased discharge 
of coolant ttirough the brings (Cases 8, 15, 16). A 
doubling of the nominal timing clearance area from 
2.3 am* la 5.0 cma reduces the p& pressure by about 
IS percent, while a reduction of the bearing area tan 
2.5 cm' to 1.25 cm2 increases the peat pressure by about 
20percent. laordertoverify this trend, twoflmhercases 
were simulated with Ã Mi-length break in Channel KO1 
with bellows nt both ends at 60 and 70 percent full power 
(Cases 25aand 26a). The& results Indicate that the effect 
o f ~ ~ h m a ~ w b @ w W -  
htmmer preisurt is abeady hi& 

Effect of Channel Power Level 

The effect of channel power level has been studied by 
vaiyingtheoperatingpowerlevelinboththeinnermd 
oulcr zone Channels (JOB and A@). The power 
levels me &ty, scwnty and eighty percent of full power, 
dhcorrespondinuinletheatertemperaturesasÃ§ume 
are 253.252 and 25l0 C regMOively. 

For Channel 109 two break geometries are considered, i.e., 
a full length break and an outlet end break. For the outlet 
endbreak(Cases18,19and20),thepfrdkfedpeak 
prttsaiMW~13tafa,lSSMfaBBd19MPa 
coircsponding tochannel powerlevels of 80.7Omi 
60 percent of nominal &respectively. For the full 
length btedc K h s  a23 and% the corresponding 
predicted pressures se 16.7 MPt, 19.81 MPa and 
20.79 MPa. The general increme in wÃ§ter-hmmc 
presiurewithdfciusiiifchannelpowerlevelitduetothe 
incrcaicd mbcooling of the discharged fluid, I t  if to be 
noad that there are no water-hammer pressures in the 
inner zone channels a; 100 percent fall power. However, 
at W percent full power, the pressure t r a n b t s  in them 
channels are similar to those predidal for outer zone 
channels at 100 percent (all power (Cases 3 and 24). This 
(rend of increasing water-hammer pressure with decreasing 
power is a l ~  observed for all fun-length breaks ( ~ a w s  25 
to 39). The pealc water-hammer presswe appears to be 
limitedtoabout21MPa. 

Effect of Bdtows; Locations 

BraceNOSAUlflBl,2l[nd3WtelltWsonlyatone 
end. while the Bruce NGS B unto rfnd Bmce NGS A 
Unit 4 have bellows at both aub. In order to study the 
ctfectdbellowsconfiguration,*fewcaacswere 
c ,forchannelYWfixvJRBpowerlevels,with 

the bellows either st inlet or outlet-end. The peak 
pressuresobtaine4forChannelJ09withbellowsat 
outlct-tnd (CÃ̂ se 34.35 and 36) Ã§n with bellows at 
inlet-end (Cases 37,38 and 39) indicate that the bellows 
configuration Sues not influence the presuite transients 
significantly as compared with bellows at both ends 
(Cases 22.23 and 24). The peait pressures are &glltly 
higher when bellows are at file outlet-end. Simih trends 
in results are observed for outer zone Channel A08 as 
wÃ§ (Bee Caw 28.30 Y# 31-33). 

Ini l l  thepressure transientssimulated,ableakmg 
time of 10 msecs was assumed. Frorti the pressme 
transietie presented in Figures 2 and 3, it can be seen (bat 
theamiulinpressuredoesnotchangeduringthebreak 
opening time (initial 10 msecÃ§) Hence, it is concluded 
(bat any reduction in break opening time will got affect 
the uaiuhis pressure transient. However, when die break 
openingtineisincreasedlo60lasses(Case17),the 
atmpressureifteentobelowerduetothehrate 
of initial discharge into the annulus. 

Based on die sensitivity study, the influence of various 
parametersgothepeakpressurecanbegeneralizedin 
tcnns of coolant ~bcoolimg saSi flow MS in die channel 
as follows: 

(a) As the channel flows in BtUce NGS are very 
similaracrossthecore,thepeakpressureis 
higher for a low power channel In the outer xone 
due to higher isiibcoolmg. At 100 percent 
nominalpower,thereilnowatcr-haninier 

hUghpowerinnerzonechannels. 

(b) An inlet break causes a larger waler-tamier 
pressurethanaBtamesizebreakatAcoutletof 
the tad channel due to hi* coolant tubcooling 
at the inlet end. 

(c) The maximum water-hammer pressure it obtained 
fa a full-lcnglh break in thepressure tube. This 
l be Sttzibilled to the higher tubcooling of the 
codant beingdischarged into the annulus. as well 
asthelarger&hg%area. 

(@ The peak water-hammer pressure increases with 
increasing break discharge area due to increasing 
flow. 



Ebragivenchannelpowathepredictedwater- 
hmmiofpicssure tncreaaawhenihc 
chumel power lewd decreases. IMs cm be 
attributedtothehigheraveiagocoolant 
nbeinUngwpower- 

Thepeakprestoelmslightlyhigher- 
bellow*flocatedattheoutlet--{orwin 
with bellow* only at one end. 

When the break opening time is ineretied, (from 
10 to 60 voces) the predicted oak annulus 
piwnreis~~~tobelower(cuelT). However, 
for(Radiatepreuuretebe^(bobreakopening 
timeof lOmsecitconaiteBdÂ¥ppropdate 

~ e c r ~ ~ & ~ ~ L W l ~ ~  
mmglhdaiagiven Tabk !)tireportedhereforall (he 

UinulBtedcasesinTtbte2. Thepredictedpealtpressure 
andtheplattictrainoftheCTareshowninTable3fora 
BruceCTwithnominalfaraditoidtubeaatoiaipropenles 
(fiveaiaReference8}endwithoutaccountingtor 
wlxltropyefTecis. IliaeranioindicateBattheCT 
r~bmainlydMicinthenuuorityofdiecam 
sunulBUdexcept(orthereducedpowercues. The 
mxxIimiB)QftliMtodpludcixuiuÃˆÂ¥roittMOiS5peice 
for thelimitingcueofsfull-lengthbreakto theouter 
zonetowpower~ASSat60percentfull-power 
opention. (Cue 28) 

plastic snain values dm& the iranrient are lower 
( c o m p a r e m 3 d 4 ) .  I 

(1) Aaambasedcriterionwhichassumesthatthe 
CTfailc when (heaverageplasticstrainreaches 
0.1 percent dudng the tiaosicnt. I 

(3) A stress based criterion which assumes thai the 
CTfaflswhenthehoopstressintheCTexceeds 1 
the dynamic ultimate tensile strength, 

The low ductility mil) (0.1 cerccut) limit criterion 1s uwd I 



For an inlet-end break and for a full-length break, the 
biluremarginsforalowerboundstrength tubeareseento 
beverysmallornegativebasedona0Jpercentfailure 
criterion. The corresponding failure margins for a nominal 
tube is positive. Thus for the low ductility failure 
criterion (0.1 percent plastic strain) the limiting failure 
margin Sot a full-length break and for an inlet-end break 
are obtained for the transient rather the steady-state 
loading phase. For the higher ductility stress failure 
cmerion large margint to failure are again obtained. 

It if reiterated that the lower bound strength is unrealistic 
since tube aueagthf approach approximately the tame 
nominal strength after several years irradiation. It is also 
reiteratedthatgarterspringIndentationisnotexpectedto 
sicnificanllv affect the marein to failure. Finally (be low 
ductility failure cm be c & i ~  unlikely or of low 
piotubiUtyasitassunasndefectintheÂ¥wel 
Consequently the margins predicted basal oil nominal 
strength and saess criterion ue realistic. The expected 
failure margins are denoted by asterisb in Table 5 for the 
transient mid steady stem. 

Theiliueof~dvabaityintheeventofaITbreakin 
BraceNGShasbeenexaminedindetail. Thewatcr- 
bunnutftypeov trambut muma p w c  a 
of the CT which, in turn, has a feedback effect of reducing 
(he peak pressure. A detailed thermal-hydraulic analysis 
of the expected presiure tnunicnts and the strain feedback 
effect is presented. In the fldnl stage, the CT is subjected 
to a steady-sate loading which ii close to the mean of the 
inletandoutlethealerpressure. 

~ased en die mIts of the analyses, it is concluded that 
for Brace NOS: 

(a) TheCTwillwsnbwinoutlet-cndPTfailure 
(inch a G-16) under normal operating conditions 
wfthnlargem~tofai lmforthef~rengeof 
tube strenglh and ductility expected in reactor. 

(b) The CT will survive a full-length (6 metre) FT 
failure under normal operating conditions with a 
large, but reduced, margin to failure for tubes of 
expected (nominal) strength free of weld or ether 
defects. The shorter the PT rupture, the greater 
ihc margin to failure. 

(c) Should a ten-length (6 metre) rupture occur in a 
channel with a CT weld or other defect such that 
low ductility failures can occur, (he integrity of 
theCTwfflbechallenged. 

(d) Outer String indentation of the CT can 
potentially, but not necessarily redlice (be margin 
tom failure. 
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TABLE 1 

and Channel Data for J09 

Channel Power - 6.22 MW Inlet Header Pressure - 10.56MPa 
NominalHow - 34.4 kg/sec Outlet Header Pressure a 9.4 MPa 
MetT*perature - 2 5 1 e  

Inlet End FitHne 1 74.2 1 0.2476 1 1 .00342 I 353 1 

At room tanocrature. assumed Piooeititt: 
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TABLE 5 - 

BreA 1 Outlet End Brut 



J09 - FULL LENGTH - NOMINAL 

TWBSI 
0 PRESSURETUBE + ANNULUS 

Figure a, : freaaure transient in the inner channel 309, for a full Zftnath I 
% break in the pressure Cube, a t  noninal condition 
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