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EFFECT OF STEAM CORROSION ON HTGR C O l E  SUPPORT POST STRENGTH LOSS: 

11. CONSEQUENCES OF STEAM GENERATOR TUBE R W T W  EYENTS 

R. P. Wichner 

ABSTRACT 

"his report  presents the concluding portion of a two-part 
study on the  e f f e c t  of steam corrosion on the strength of 
the graphite support posts of a High-Temperature Gas-Cooled 
Reactor. The f i r s t  phase of the  study dea l t  witoh long-term 
e f fec t s  resu l t ing  from leakages from the  steam generator 
t h a t  were su f f i c i en t ly  small t o  alluw normal operation, 
whereas t h i s  concluding report  treats the e f f ec t s  of in f re -  
quent tube-rupture events. 

To perform the  assessment, a s e r i e s  of e ight  tube-rupture 
events of varying sever i ty  and probabi l i ty  were pos tda ted .  
Case 1 per ta ins  t o  the  s i t ua t ion  where the moisture detec- 
t ion,  loop isolat ion,  and dump procedures function a s  planned; 
the remaining seven cases suppose various defects i n  the  mois- 
t u re  detect ion system, the  core aux i l i a ry  coolant system, and 
the  i n t e g r i t y  of the  prestressed concrete reactor  vessel .  
Core-graphite temperature h i s t o r i e s  were approximated for 
each type of event using the  O E C A  code. 
conjunction with the  estimated steam ingress and graphite 
corrosion r a t e s  t o  obtain the impurity composition i n  the  
coolant during the  shutdown procedure. 

Core post burnoffs beneath three  t y p i c a l  f u e l  zones were e s t i -  
mated fo r  each postulated event from the  determined impurity 
compositions and core post temperature his tory.  
corrosion r a t e  expressions were assumed, as deemed most appro- 
p r i a t e  of those published for  the high-oxidant l e v e l  ty-pical 
i n  tzibe rupture events. Core post s t rength losses  were e s t i -  
mated from these burnoffs v i a  a procedure adapted from Part I 
of t h i s  study. It w a s  found t h a t  the nominal core post beneath 
the highest  power f ac to r  f u e l  zone would lose from 0.02 t o  2.5% 
of t h e i r  strength, depending on an assumed corrosion r a t e  equa- 
t i o n  and the  sever i ty  of the  event. 

The e f f e c t  of hot streaking during cooldown was determined by 
using preliminary estimates of i t s  magnitude. It was found 
t h a t  loca l ized  s t rength loss beneath the  highest  power f ac to r  
zone ranges from 0.23 t o  18, assuming reasonably probable hot- 
s t reaking circumstances. The combined worst case, hot s t reak-  
ing typ ica l  f o r  a load-following t r ans i en t  and most severe 

These were used i n  

Two separate 
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accident sequence, yields an  estimated strength loss  of from 
25 t o  33% f o r  local ized regions beneath t h e  highest  pvmr 
fac to r  zones. 

1.1 Introduction 

This report  deals with the e f f ec t  of s t e m  generator tube rupture 
events on the  corrosion and consequent s t rength boss of t h e  graphite core 

support posts* employed i n  the High-Temperature Gas-Cooled Reactor (HTGR) . 
A s  such, it forms t he  second and concluding pa r t  of a stiidy on s t e m  cor- 
rosion e f f ec t s  on the  core support structure; the  first part was  con- 

cerned J d t h  the  e f f ec t  o f  long-term steam inleakages of a sufficient1.y 

lm  leve l  so as t o  a U w  normal reactor  operation. Although the  corro- 
sion conditions a re  qui te  d i f fe ren t  i n  t h i s  second pa r t  of the study, the  

ca lcu la t iona l  methods employed are e s sen t i a l ly  modified versions of those 
used i n  the  e a r l i e r  study. Most important, the  graphite strength-loss 
model used here i s  a direct ariaptation of t ha t  developed i n  Sect .  6 of 

r e f .  I, with onJy s l i g h t  a l t e r a t ions  t o  account for t rans ien t  temperature 
conditions. The reader should therefore refer t o  t h e  e a r l i e r  study f o r  

f u l l  discussion of the graphite strengt'n-loss model. The reference reac- 

t o r  selected fo r  t h i s  study was bas ica l ly  the  3,000 m( t )  s t a t i o n  described 
by the  General Atomic Standa,rd Safety Analysts Report ( CASSAR-6), 
the  exception t h a t  t h e  newer core post diameter of 19.1 crn (7.5 i n . )  was 
used instead of t he  older value of 15.2 cm (6 i n . ) .  

1 

wit'n 

A major difference between t h i s  and the eayl ie r  study i s  the  form o f  

t he  graphite corrosion equation selected from t h e  analysis.  Tube-burst 

events r e s u l t  i n  steam concentrations t h a t  peak a t  from 1.5 t o  12.0-atm 
partial pressure compared with a maximum of about 5 x 10 atm allowed 

J.1 

* 
Core post strength r e f e r s  i n  t h i s  report  t o  the compressive strengtln of 
t he  support post body. Effects  of local ized contact s t r e s ses  at each 
end of t he  post a r e  excluded. 
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fo r  normal operations. There a re  far. fewer studies at these higher 
par t ia l -pressure conditions; hence, graphite corrosion r a t e s  during t h e  

transient, s h u t d m  conditions following major tube f a i l u r e  are l e s s  cer- 
t a i n  than f o r  steady operation wi th  lower l eve ls  of oxidant. 

of three high-steam, par t ia l -pressure corrosion s tudies  i s  presented i n  
Sect.  3 .  Two of these were incorporated i n t o  the  computer program used 

i n  the analysis,  termed $XIDO, and t h e  calculations are i n  p a r a l l e l  f o r  

compari.son purposes. 

A comparison 

The bas ic  approach of t h i s  study w a s  (1) t o  s e l ec t  a se r i e s  of 
e ight  spec i f ic  accident scenarios, ( 2 )  t o  obtain coolant and core gra- 

ph i te  temperature h i s t o r i e s  for each event, ani1 ( 3 )  t o  approximate the  
corrosion environment around t h e  core posts during each event, ( I + )  which 

would then be used t o  determine the  burnof-f and s t rength l o s s  over t h e  

period of the  shutdottm t rans ien t .  The postulated events, which cover a 
wide mage of probabi l i ty  and sever i ty  are outlined i n  Sect. 2. E s t i m a -  

t i o n  of t he  l ikel ihood of each event i s  not i n  the  scope f o r  t h i s  study; 
the s t rength lo s s  r e s u l t s  t h a t  are given are the values estimated t o  

occur as a r e s u l t  of each event, assuming t h a t  it w i l l  occur. 

l'he required temperature h i s to r i e s  were obtained using the  ORECA 

program employing a s  t he  s t a r t i n g  point the given steady-state power 
d is t r ibu t ions  for the 3,000 MX(t) ,  Fulton Generating S ta t ion  operating 

a t  105% of ra ted  power. 
were selected fo r  study t o  represent, respectively,  a high r a a a l  power 
facto?', an average, and a peripheral  refuel ing zone. The degree t o  

which hot streaking may cause local ized areas  of high s t rength lo s s  

beneath the high radial power f ac to r  zone was estimated. 

The core posts beneath three  ref'ueling zones 

1 . 2  Swrltnary of Results 

The pr inc ipa l  conclusions of t h i s  study are given i n  Table 1.1, 
which l i s t s  the  an t ic ipa ted  range of support post  s t rength loss  beneath 
the  high radial power f ac to r  & e l  zone f o r  each assumed accident s i tua-  
t ion .  This t a b l e  appl ies  t o  the  naminal core posts;  t h a t  is, hot streak- 
ing e f f ec t s  are omitted. Two addi t iona l  care  post locat ions that were 
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Table 1.1. Predicted strength loss  of nominal post  beneath 
high-power fac tor  zone for a se r i e s  of eight 

assumed tube-burs 1; accident s 

Accident Maximum developed Predicted strength lo s s  (%) 
case" p a r t i a l  pressure nmiinal post beneath high 

( a t m  1 power fac tor  zone 
.- 

H2, co 
-------^lllyl 

I__ H2° 

0.042 - o.007b b 1 2.2 0.08 - 0.02 

3 12.0 1.0 - 0.3 1 . 2  - 1.6 
2 9.0 0.3 - 0.05 0.26 - 0.088 

3 A  12.0 2.5 - 0.8 2.4 - l e g  

4 I" 5 0.07 - 0.01 0.043 - 0.008 
5 
6 2.4 0.7 - 0.4 0.26 - 0.13 
6A 3.9 0.6 - 0.3 0.22 - 0.076 

4.0 0.7 - 0.4 0.43 - 0.40 

a 

bF i r s t  value obtained using Helms-MacPherson corrosion equation; 
Accident cases am f u l l y  described i n  Sect.  2 .1 .  

second value assumes Johnstone, Chen, and Scot t  corrosion equation. 

1.0 
11 

examined - an average: power f ac to r  zone and a peyi-pheral zone - each 

showed l e s s  s t rength loss  than i s  s h m  i n  Table 1-1. For accident 

Case 1, where proper functioning of the  moisture monitor, loop isolat ion,  
and dump systems i s  assumed, t A e  pred?cted strength loss of the nominal 

p o s t s  below t he  high-power f u e l  zone ranges from 0.042 t o  O.OOri.%. 

range is obtalned by using two estimates of the graphite corrosion r a t e  
under the  shutdam t rans ien t  conditlons . 

The 

Accident Case 2 assumes f a i l u r e  of t he  maisturc detection systen? 

and coolduwn on the  three  auxi l ia ry  coolant loops. 
sures are  experienced ( b r i e f l y  t o  9 atm) because f a i lu re  -to i so l a t e  t he  
leaking steam generator allows i t s  contents t o  be disehargzd i n t o  the  

primary system. 

Higher skearn pres- 

m e  predicted strength l o s s  z-ange f o r  t h i s  case i s  0.26 

tQ 0.08%. 



5 

Cases 3 and 4 assume malfunction of the rnoisturc detection system 
and some malfunction of the auxiliary coolant system. 

of the assumed accident events are given in Sect. 2.) 
events yield the highest strength loss estimatys, ranging froni 1.2 t o  
1.6% f o r  Case 3, and 2.4 to 1.9 for  Case 3A. 

(Full description 

These t;Wo assumed 

Accident Cases 4 to 6 A  assume a design basis depressurization acci- 
dent (DBDA) occurs concomitant with failure of a steam gerierator tube. 

It may be noted, perhaps unexpectedly, that strength l o s s  estixates f o r  
these depressurization cases fall below the estimates for nondepressuriza- 

tion of Cases 3 and 3A despite the generally highcr tunyjeratures experi- 
enced. The reasons for this result are that the depressurization blrmduwn 

serves to reduce the oxidant partial pressure, and according to the strength 

loss  model used, graphite corrosion at higher temperatures iias 5 smal.ler 
effect than an equal degree of corrosion at a lower temperature. 

1 
Since Part I of this study- concluded that localized temperature 

excesses abwe the nominal play a significant ro le  in determining graphi te  

corrosion rates, a similar e f f o r t  was made here (outlined in Sect, 5.2.1) 
to assess the effect of hot spots in the generation of localized zones of 

high corrosion. 

that a temperature excess of U6"C could exist beneath the high r a d i a l  
power factor zone at the time of" reactor trip with reasonably high proba- 

bility. As expected, localized strength losses significantkj exceed the 

nominal values given in Table 1.1. 
localized strength loss is estimated to be approximtely S,Z$,, as compared 

with the cited nominal range of 0.042 to 0.00%. 

plete results. ) 
temperature excess occurs for accident Case :$A, where localized zones of 
6.8 to 12% strength l o s s  are predicted beneath the high power fsctor zone. 

Based on a preliminary hot-spot analysis, it was concluded 

For accident Case 1, the resultiillg 

(See Table 5.6 for corn- 

The maximum localized strength loss f o r  the initial U6 "C 

There exists a smaller probability for higher bot streak temperatures 

during load following transients. 
during a rise to power requiring large reactivity insertion for xenon 

override, a column hot streak 317°C above the coolant rtverwge could exist 

beneath the high radial power zone. 

If a steam generator tube were to fail 

The localized strength loss thereby 
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i n c u r e d  would be from 1 t o  1.5% f o r  accident Case 1, and a mximm range 

of from 25 t o  33% f o r  accident Case 3 A .  

2 .  DESCRIPTIOIE AND TEMPERATURE HISTORIES OF WSTULATEL) 

ACCLDEKC EX3i\sTS 

2.1 Description of Postulated Tube Ruptuxe Events 

The sequence of eight steam-generator tube rupture scenarios l i s t e d  

below were assumed fo r  t h i s  study. These may be separated i n t o  two groups: 
Cases 1 t o  3A do not involve depressurization, whereas depressurization 
due t o  design basis f a i l u r e  of the prestressed concrete reactor  vesse l  

(XRV) and tube f a i l u r e  a re  assumed t o  occur simultaneously i n  Cases 4 t o  
6~ e 

Case 1. 

Case 2.  

Case 3. 

Case 3A. 

Case 4. 

Case 5. 

Case 6. 

Norml scram following high-moi.sturre detection i n  one of  t he  
six primary coolant loops; successful i so l a t ion  of t he  f a u l t y  

loop and cooldown on the remaining f i v e  loops. 

Scram following high-moisture detection. Failiire t o  isolake 
leaking module causes loss  of main loop cooling (LOMIE). 

Cooldown affected by a l l  three  core-auxiliary coolant systein 

(CACS) loops a f t e r  a 5-nlin stat-t;up delay. 

Same as Case 2 except t'nat om CACS loop fa i l s  t o  start .  

Power l e v e l  i s  assumed to be set, a t  73.5% with one of the  
three CACS loops kncx~n t o  be nonfunctional. Cooldown follow- 
ing a scram on one CACS loop a f t e r  a 5-min s t a r tup  delay. 

Simultaneous tube-burs% and design bas is  depressurization 

accident (DBDA) sc~ams reactor .  C o o l d m  affected on f ive  
of six main coolant loops. 

Sinultaneous tube-burst and DBDA scrams reactor .  Failure t o  

isolate leaking loop causes LOMLC. C o o l d m  af fec ted  by the 

three  CACS loops after a 5-min s t a r tup  delay. 

Same as Case 5 except that one CACS loop fa i ls  t o  start. 
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case  OA.  same as Case 5, but i n i t i a l  p w e r  l e v e l  i s  assumeri. t o  be 73.5% 
w i t h  one CACS loop knm- t o  be nonf'unctioml. Cooldown af fec ted  

on om CACS loop a f t e r  5-min s ta r tuy  delay, 

2 ,, Temperatum Trrtnsients Durii-vx Postula.ted Accidents 

Calculated by ORECA-3 

In order t o  assess the d m g e  t o  t h e  core posts &s a re su l t  of each 

postiflateti accident event, it i s  necessary t a  know both the  coolant t e m -  
perature  environment around the  core posts and the  coolant i r q u r i t y  

composPtions during these events e 

Tn t h i s  study, the  temperature environment of t he  care past beneath 

each refhel ing zone i s  assumed t o  be governed by the  coolant e x i t  tempera- 
ture f m m  tha t  zop1e. These temperatures have been calculated f o r  each of 
the eight p o s t d a t e d  accident conditions using the  ORECA-3 code, which i s  

3 a 3,000 l.fd(t) version of ORECA-1- developed t o  model the  Fort St. Vrain 
reactor, The OREW codes w e r c  developed a t  ORNL for the Nuclear Regula- 

t o r y  Comriission, and are similar i n  general  purpose and philosophy t o  the 
RRCA code of General Atomic Company (GAC). 

O R I N  code i s  i t s  dependence on external sources for coolant f lowrate and 

nean core i n l e t  temperahwe his tory  follming the  scram. These requis i te  
input data were obtained f o r  Case 1 via i n f o m a l  cornmicat imi  from GAC. 

For Case 33 shihdown flows and the  core i n l e t  temperatures were obtained 

from .t'ne GAC response t o  question 1 2  regarcting LTR-~. '  

ture h i s t c r y  was assumed t o  hold f o ~  Cases 2 and 3A and shutdown flowrates 

were assumed t o  be 3/2 and L/2, respectively, times the  v a h e  given for 

Case 3. This seemed appropriate since three,  two, and onc CACS lmps are 
operative f o r  Cases 2, 3,  and 3A, respectively.  

A major Limitation of t h e  

m e  same tempera- 

5 The temperature and flowsate data, given i n  Fig. 4.26 of LTR-1 apply 
t o  Ctase I+ and were assumed fo r  the  OFiECA calculations.  

and flowrate f o r  Case 6 were obtained from CAC, and are summarized i n  
r e f ,  Ita 

f o r  cases 5 arid 6 ~ ,  and t h e  flowrates f o r  these two cases were again assumtld 

t o  be 3 f 2  mrl. 1/2 times t h a t  of Case 6 ,  simply r e f l ec t ing  t k  number of 
U C S  loops opemtive for each case. 

Inlet temperatures 

The care  i n l e t  temperature h i s t o r i e s  were assumed t o  be t h e  same 
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The i n i t i a l  reactor  power l e v e l  was assumed t o  be 105% of that 

ra ted  for each case, except Cases 3A and GA, where the i n i t i a l  power 

leve ls  were s e t  a t  73.5%. The newer, so-called "120/11@ af te rhea t  
curves'' were used, 4' 
predictions during the  f i rs t  1000 sec following the  scram, and 1% higher 
t h  e r  ea f t e r . 

which assume af te rhea t  production r a t e s  20% above 

Examination of some preliminary ORECA calculat ions indicated that, 

as anticipated,  temperatures beneath zone 9 ( the  highest  radial power 
f ac to r  zone)* achieved the  highest  levels ,  which indicated t h a t  the core 

posts supporting zone 9 would be most ser iously a f fec ted  by a tube-burst 
event. 

the  f i r s t  as being representative of core post conditions beneath a fi iel  
zone w i t h  average radial power factor ,  and the  second as being represen- 
t a t i v e  of a per ipheral  zone. The prel%ninary calculat ions indicated t h a t  

per ipheral  zones, l i k e  zone 67, would, i n  some cases, exhibit temperature 

excursions of longer duration, but of a less severe degree. 

I n  addi t ion t o  zone 9, zones 11 and 67 were selected for study, 

A t yp ica l  ORFCA p lo t  of coolant temperature h i s t o r i e s  beneath zones 9 
and 11 are shown i n  Fig,  2 . 1  foy the Case 5 event. In  addition t o  graphs 
l i k e  Fig,  2.1, ORECA tabula tes  coolant temperatures a t  the  core e x i t  for 

each f u e l  zone a t  from 10 t o  30 min in t e rva l s  following the  i n i t i a t i n g  
event. A szumry of these computer calculat ions pertaining t o  refuel ing 

zones 9, 11, and 67 for each of t he  eight  postulated accident events i s  
given i n  Table 2.1.  

Core temperature h i s t o r i e s  during each postulated event a r e  required 
f o r  the  estimation of t he  impurity compositions t o  which t'ne core posts 
are exposed. Since the  exposed surface a.f t h e  core i s  many times grea te r  
than the  core posts and also becomes h o t t e r  a f t e r  the scram, the composi- 
t i o n  of impurit ies i n  the  primary coolant i s  control led by steam reaction 
wi . th  t he  core graphite.  Core temperatures a t  t e n  axial locat ions i n  each 

refuel ing zone were calculated using OmCA f o r  each assumed accident 
sequence. A n  example of t h e  OFtECA output f o r  t he  Case 5 accident i n  zone 9 
i s  i l l u s t r a t e d  i n  Fig.  2.2.  For . this  case, t he  temperature peak .is reached 
i n  60 min, and the  maximum temperatiire fa l l s  t o  about 4 0 0 ° C  after 300 min. 

* 
For the locattons of numbered refuel ing zones i n  the  core r e f e r  t o  
Fig. b .2-1  of ref, 2. 
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T a b l e  2.1. C o o l a n t  exit t e m p e r a t u r e s  ( " C )  frm t h e  c o r e  a t  z o n e s  9, 11, a n d  67 e i g h t  t u b e  b u r s t  scenarios; 

c a l c u l a t e d  u s i n g  O E C A  

C a s e  6A Case 1 Case  2 C a s e  3 C a s e  4 C a s e  5 Case 6 C a s e  3 A  
Z o n e s :  Zones  : Zones : Zone;: Z s n e s :  Z o n e s :  Time Zones : Zones :  11 67  9 11 47 9 11 67  4 11 47 i. 11 67 (1 67 ( d n )  9 11 67 9 11 47 

o 760 780 780 78.3 780 780 780 780 780 780 760 780 780 780 780 780 783 730 78s 760 780 763 780 780 
10 340 386 488 794 797 783 838 810 785 830 si0 782 748 761 777 851 874 794 847 818 7 ~ 3  aog 7 9  780 
20 283 301 547 SO8 794 786 895 840 790 980 839 785 577 632 764 923 %G 7k2 40L q56 787 836 215 7e1 
30 300 306 5% 822 801 790 553 870 795 930 969 788 479 543 752 1002 9lL 79: $7 8 9  7% 867 83: 78; 

? 
40 329 321 538 691 694 700 877 8 u  793 934 875 769 408 lr66 738 103; 935 797 i o z  795 903 354 734 0 
40 431 481 760 709 695 790 344 a 7  792 316 338 687 1095 976 8ob 1147 1 903 $4 897 787 
go 315 331 643 391 431 744 637 682 788 99" p1 910 12:: U04 813 164 955 7?5 

120 458 303 620 355 422 763 809 785 811 12% U 1 7  822 i164 1036 79': 
150 3 93 497 321 722 652 650 805 121% 1036 628 1254 1104 '35 

?la 603 495 483 767 903 776 823 1339 1177 512 
249 535 k59 438 734 776 691 811 1309 115" 

270 473 431 407 697 677 601 792 1235 UO3 

3% u3 8 415 391 668 626 5 6  776 u 6 7  1045, 47c 

183 667 554 578 790 10% 9 5  829 1317 1156 21: 
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Fig. 2.2. Core temperatures in region 9 following Case 5 tube 
failure. Calculated using ORECA . 



12 

Graphite temperature d is t r ibu t ions  f o r  each of the  85 fuel zones 

were used t o  compute the "reacti.on-a7Jerage1' temperature h i s to ry  of the 
core for each of the eight  assumed events. 

f o r  reaction-averaging i s  given i n  ref'. I; br ie f ly ,  the rnotive i s  t o  

characterize the core with a weighted-average temperature whi.ch properly 

accounts f o r  the strong temperature dependency of the steam-graphi.te reac- 
t i on .  The simple, space-average does not su f f i c i en t ly  emphasize the impor- 

.Lance of the higher temperature a reas ,  

The ra t iona le  and derilration 

1 Tt can be shown tha t  for  a react ion rate w i t h  a ty-pl.cal actj.vation 
energy t erperature dependency, an  appropri.ate weighted average tempera- 
t u re  m%y be computed from 

(2-1) 

where 
A H =  

R =  

A. 
1 

N =  

AT = 

ac t iva t ion  energy f o r  t h e  corrosion reaction, assumed t o  be 

50 k@al/mol, 

gas constant, 
area of the i - t h  core region, which experiences a uniform 

temperature, Ti, 
t o t a l  mmber of Tegions := 10 x 73, 
t o t a l  core surface area. 

Reaction-averaging of t;he core temperature WELS incorporated in the  
ORECA code and computed folluwing each case run. 

r e su l t s  a r e  shown i n  F4g. 2.3,  where t he  dashed l i n e s  refer  t o  t'ne f o u r  

non-DBDA cases and the  so l id  l i nes  represent core average temperatures 
f o r  t he  four cases involving primary c i r c u i t  depressurization. 'J31ese 

appropriately weighted core temperatures were employed as input f o r  the 

6Xm0 program where they were used t o  deterndne the coolant impurity 
composition. 
with the  usual activation-energy dependency, the reaction-average tech- 
nique Is a simple a l t e rna t ive  t o  subdividtng the  core i n t o  smaller: wii- 
form temperature zones i n  order t o  find the overa l l  react ion r a t e  
throughout a var iable  temperature regton. 

A summary of these 

Whenever a Yeac'cfon r a t e  i s  h m t m  t o  vary wi.th temperature 
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Fig. 2.3. Reaction-average H'I'GR core temperature following 
postulated accidents. 
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Figure 2 .4  shows a comparison fo r  Case 5 between the  xnaxinun tmnpera- 

Z;we (exhibited i n  region g), the  calculated "reaction-average" cc7x-e tern- 
pera tme using E q .  (2.1), anrl the  f la t ,  ares-average core temperati~res. 
As anticipated,  the  reaction-avera.ge tmnperature i s  I n  general  higher than 

the  area-average (by approximately 100 "C ) r e f l ec t ing  the  grea te r  impor- 

tance of the  higher temperature regions i n  f ix ing  Yne overall core 

r eac t iv i ty  t o  s t e m  corrosion. 

2.3 Assumed Moisture Ingress Rates Following Tube Fai lure  

If the moisture monitoring system (ME?) functions i s  intended, as 

it i s  assumed i n  Cases 1 and 4, the leaking steam generator i s  i so l a t ed  

and the dump of i-ts contents i s  i n i t i a t e d  approximately 93 sec a f t e r  the 

tube-fai lure  event. Barsel l  gives the fo'llowing ideal ized schedule of 

ingress r a t e s  f o r  such a case: 

7 

1. 0 t o  3 see.  The moisture ingress r a t e  drops l i n e a r l y  from 
an i n i t i a l  value of 22.7 kg/sec (50 lbnl/sec) Lo 10.9, kg/sec 
(24 lbm/sec ) . 

2 .  3 t o  92 see .  Tne moistwe ingress rate remains steady a t  

10.9 kg/sec, 

3. 92 t o  122 sec .  I n  t h i s  30-see i n t e r v a l  following i so l a t ion  

and dump, the leakage r a t e  drops l i n e a r l y  t o  zero fyom 

10.9 kg/sec. 

Thus the  t o t a l  ingress  i s  1180 kg (2607 lbm) f o r  such cases, and- it 
extends over an approximate 2-min period. 
study, fur ther  idea l izes  t h e  estimated ingress r a t e  by conpletely level-  

i n g  it for the  i n i t i a l  2-m5.n period. Thus, a steady ingress r a t e  of 

91-8 mol/sec over the  i n 2 t i a l  2-min period i s  assumed f o r  Cases 1 and 4, 
which yields  an equivalent t o t a l  ingress t o  t h a t  indicated above. 'The 
e f f e c t  of 1eveI.ing the  ingress  r a t e  over a, 2-ncin period on the  computed 

r e s u l t s  i s  expected t o  be miniscule. 

Program @LIDO, used i n  t h i s  

If the  MMS fails t o  i den t i fy  the  leaM.ng steam generator, as i s  
assumed fo r  a l l  cases except I and 4, present plans would allow t he  
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operatcr t o  manually dmp up t o  two (of the s ix )  prirmry loops. 
event t ha t  the  fau l ted  s t e m  generator i s  missed, it will conkinue t o  

leak mbil pressures a re  equalized between the  stem1 generator and the  

primary system, However, during t h i s  rinterval, check values on the feed- 
water and superheated lines extending f r o m  the  stem- generat;or would pre- 
clude leakage f rm the ot'ner f ive  loops back through t he  f a i l e d  tube. 

I n  the 

L i t t l e  information has been found on projected moistwe ingress 

r a t e s  f o r  cases where the fa i l s  Lo i den t i fy  the  fau l ted  I.oop. In 

t'nis study, it has therefore  been asslimed t h a t  the  en t i r e  contents of 

t he  f a i l e d  steam generator leak t o  the primary system in CB.SFS where it 
i s  not i den t i f i ed  and. d-wiped. 

No published values have been Located on estimated inter inventorles 

i n  3000 MW(t) HTGH steam generators; and, indeed, the  s t e m  generator 

design i s  evidently being revised a t  the  time of t h i s  wri t ing.  For the 

purpose of t h i s  study, tinese inventories were estimated i n  the  following 

way: (1) present 'estimates f o r  t h e  sfzes  and lengths of the  feedmter ,  
econmtzer, evaporatw and superheated portions o f  the  steam generator 

were obtained by informal.. colmunicatLon; 

the  feedmter  and economizer sections were completely full of water, 
and the  evaporator section contained water i n  one-half of i.ts volume. 
The mass of steam i n  the  evaporatos and superheater were neglected. 

8 and (2) it was assumed t h a t  

T h i s  leads t o  an estimated inventory of water i n  the  steam generator 
I n  th i s  study, it was assixned t h a t  fo r  the MMS f a i l u r e  cases of 6090 kg. 

t h i s  estimated water inventory i s  discharged in to  the  primara, system at  
a steady r a t e  Over the  i n i t i a l  10-min period following tube f a i lu re .  Thi  s 

i s  equivalent t o  an assumed ingress r a t e  of 563 inol_/sec or 22 lbll jsec fo r  
the i n i t i a l  lO-min peri.od. 

There i s  some d i f f i c u l t y  i n  .the proper estimation of corrosion r a t e s  
of both core and support post graphite during a tube b w s t  event 5n tha t  

t he  majority of published k ine t ics  correlat ions a re  based on d a t a  taken 
wi.t i i  s t e m  p a r t i a l  p resswes  subs tan t ia l ly  below ant ic ipated I.evels. For 
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example, the maximum steam partial pressure for the six published studies 

reviewed in ref. 1 is 0.01 atm, and the most extensive study, that c;f 

Wicke et al.,' which is the basis for the correlation used in the OXIDE-3 
program,7 utilized a maximum steam pressure of' only 0.001 atm. 

other hand, calculations presented in Sect. 5 will s h w  that steam levels 
for the events studied peak at from 1.5 to 12 a-tm. The published corm-  
sion equations are essentially empirical equations from 2 to 6 constants, 
and as such should properly be used only within the range o f  the stated 

experimental conditions. Extrapolation of such empirical formulae over 
the large range indicated between experimental and projected steam partial 

pressure could yield significant error in estimated corrosion rate. 

On the 

Hence, the literature was scanned for graphite corrosion rate in for -  
mation at conditions closer to those anticipated during tube bust events. 
Three such studies, which are reviewed briefly in the following section, 
were suffieienkly complete to allow formulation of a corrosion rate 

expression. 

3.1 Steam Corrosion of Experimental Gas-Cooled Reactor (ECGR) 

Graphite by Helms and MacPherson 

10 Helms and MaePherson (designated below and in the figures) mea- 

sured the  corrosion rate of full-scale segments of both EGCR fuel element 

graphite, Speer 901-RYL, and E X R  moderator graphite (manufactured by t'ne 
National Carbon Company)  by pure, superheated steam. The experimental 
facility used f o r  these tests is s h m  diagramatically in Fig. 3.1. 
specimen, which was approximately 74 cm Long x 1'2.7 cm dim x 2.54 cm 
thick, was exposed at the internal surface to the superheated steam. 

Thermocouples embedded in the graphite recorded the specimen temperature, 

and analysis of the off-gas by a chromatograph was used to f'ollcnu. the 

The 

degree of corrosion. 

Two types of test series were performed fo r  each material. First, 

the graphite temperature was held constant at 760"~ while the steam pres- 
sure was varied from 3.0 to 21 atm. 
on fresh material at temperatures ranging from 730 to 870°C with constant 

steam pressure of JJ, atm, to burnoffs of up to 5%. 

This ms followed by a series of runs 

From these rims it 
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was possible to discern the  e f f ec t s  of steam pressure, burnoff, and tem- 

perature on the corrosion r a t e .  The r e s u l t s  f o r  EGCR moderator graphite 

were cor re la ted  by the followjng empirical  equation v a l i d  for a burnoff 

range of from 0.5 t o  5%. 

where 
-1 -2 R’ = corrosion rate ,  mg car’bon hr cm , 

8 

B = burnoff, percent. 

Results f o r  Speer f u e l  element graphite were very similar a t  low 

burnoffs, but the  r a t e  increased with l e v e l  of burnoff somewhat more 
rapidly than i s  indicated by Eq.  (3.1). 

A s  the  cor re la t ion  equation implies, steam pressure va r i a t ion  did 

not, s ign i f i can t ly  a f fec t  t h e  observed corrosion r a t e  throughout the range 
of the  experimental conditions. 

cal/mol f a l l s  d i r e c t l y  i n  the range observed f o r  other similar experiments. 

The nakuse of t he  experiment did not allow estimation o f  i nh ib i t i on  e f f ec t s  

due t o  CO and HZ, but these m u s t  have been r e l a t i v e l y  minor, because no 

axial  corrosion gradient was apparent fox the  rather lengthy specinens 
(i..e*, corrosion was observed t o  occur uniformly a t  the  inner surface with 

no s igni f icant  a l t e r a t i o n  of contour). 

The indicated ac t iva t ion  energy of 52,200 

3.2  Experiments of Johnstone, Chen, and S c o t t  

Corrosion experiments on graphite, i den t i f i ed  solely as National 

Carbon Company graphite, were conducted by Johnstone, Chen, and Scot t  
(designated as JCS) through the  temperature range %O t o  940°C and steam 
partial pressure range 0.55 t o  0.95 a t m .  
gated by hydrogen additions t o  the  feed gas t o  levels  of 0.04 t o  0.2 a t m .  
All the  experiments were conducted a t  atmospheric pressure with the  
balance of the  feed gas composed of nitrogen. 

11 

Hydrogen inh ib i t i on  was inves t i -  

Physical character izat ion of the  graphite indicated an ? In i t ia l  density 

of 1.65 g/cm 3 corresponding t o  a t o t a l  poros i ty  of 26%. The i n i t i a l  EiET 
7 surface area of 1.15 m”/g was found t o  increase rapidly with burnoff. 

12% burnoff, t he  observed BET surface was approximately 1.1.1 md/g. 

A t  
P 
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The graphite specinens were about 1-in.-long annular cylinders, 
exposed a t  the  inner surface.  
6. &-m- w a l l  thickness.  

on specimens up t o  about l m  i n  length.  The degree of corrosion was calcu- 

l a t e d  by standard chemical analysis  of the  product gas stream. 

The specimens were of 3.8 cm rliam with 
So-called i n t e g r a l  experiments were also performed 

Resu1,ts fo r  the  d i f f e r e n t i a l  experiments a r e  embodied i n  the following 
derived equation: 

26.9 exp (-26,OOO/RT) PI1 

(3 “ 2 )  
2 .- R =  

1 + 5.48 x LO-’’ exp(62,2OO/RT) PH + 6 .I9 x 1 O - l 6  exp( 79,70O/RT) Prr V 

2 2 

where 

R = react ion ra te ,  g/g-min, 

P ::: p a r t i a l  pressures, a t m .  
V 

p!T2O’ 1-12 

The react ion r a t e  was  observed to increase wtth burnoff more rapidly Ynan 

found by Helms and MacPherson; f o r  example, the  rate increased by a f ac to r  
of 2.7 between 1 and 5% hiamoff a t  1000°K, P = 0.5, and P -- 0.1 a t m .  
An unusual observation wits that; both the  mult ipl icat ive constants and. 

ac t iva t ion  energies were found- t o  vary with burnoff e 

represents conditions a t  I.% burnoff a 

H.20 H2 

Eqmtion (3.2) 

Since the corrosion depths a t  these experimental temperatures a r e  

an t ic ipa ted  Lo be about 2 mm (Sect.  4.2, r e f .  1) compared with an actual 
specimen thickness of 6.4 m, it i s  necessary t o  use the so-called large 
specimen correct ion ‘io convert Eq. (3 .2)  t o  equivalent surface untts. 

This i s  necessi ta ted because the r a t e  i s  expressed i n  terms of sample inass; 

evidently, only a portion of the  mass par t ic ipa ted  i n  the  reaction. 
Sectlon 4 .1  of r e f .  5 describes the  rrieans f o r  converting slab geometry as: 

where 

Rapp = apparent corrosion 

P 
M ,  
P 

w 

rate given by Eq. (3 .2) ,  



A% = specimen width, 

p = graphite density-, 
Mw molecular weight of carbon. 

Subst i tut ion of the appropriate values yields  the equivalent of" Eq. (3 .2)  
based on exposed surface: 

3.3 High-Pressure Experiments of Blackwood and McGr'ory 

Experiments most c lose ly  approaching the  corrosive conditions i n  the  

HTGR primary system following tubing rupture were performed by Blackwood 
and McGro~y'~ (designated EM). 

f i e d  coconut charcoal with the ash cxkracted by Use of hydrochloric and 

hydrofluoric acids .  The i n i t i a l  mater ia l  possessed afi i n t e r n a l  surface 

Unfortunately, the  mater ia l  used was puri-  

area of about 47 rn 2 /g ,  as compared with a range of 0.1 to 0.5 m 2 /g for 

reactor grade graphi te .  Hence, the u t i l i t y  of these experiments i s  
g rea t ly  reduced. 

Tb.e conditions for the  Blackwood and McCrory experiments a r e  summa- 
r i zed  i n  Table 3.1. Note t h a t  the  p a r t i c l e  s i ze  of t'ne cllarcoaZ w a s  about 

1.7 m, which was calculated a s  the  root m e a  square of the  gpper and lower 
Icesk s i zes  used i n  the sieving procedure. 

experiments as "small specimen" tests i n  t h a t  the  corrosion should have 

extended throughout each p a r t i c l e  more or less uniformly. 

space ve loc i ty  of 2 vol/sec was se lec ted  f o r  most runs, 
rnm flow conveniently a t ta inable  i n  the  appazatus, necessi ta t ing the  use 
of nitrogen as  a diluerit i n  the feed gas in order t o  achieve the desired 
range of experimental conditions. A t  the  termination of the t e s t  ser ies ,  

it was found that the  r e s u l t s  were sens i t ive  t o  flow r a t e  through the  
apparatus even a t  t h i s  maximWn ra t e .  
s.t;ants'f include an unresolved component due t o  mass t ransport .  

Tnis f ea tu re  c l a s s i f i e s  these 

A constant 

This was the maxi- 

Thus, t he  reported "kinet ics  con- 
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12 
Table 3.1.. Conditioas f o r  t he  experiments o f  Blackwood and McGrory 

Temperatures, "C 750, 790, 830 
Pressure of feed gas, a t m  

T o t a l  pressure 
H20 p a r t i a l  pressuxe 
I$ partial pressure 
N2 pal.%ial pressure 

Charcoal. composition ($1 
Hydrogen 
Oxygen 
Nitrogen 
Ash 
Iron 
Halides 

, R E T  surface, m2/g 
Bulk density 
Par t ic le  size,  Br i t i sh  

standard sieve 

1 -$ 50 
1 + 50 

0 - + 3  
Used as di luent  t o  m i n t a i n  a space 
ve loc i ty  of 2 vol/sec. 

0.44 
~ 6 7  
0.19 
0.13 
0.001 
0.001 

46.5 
0.5 

-7 +- 14 (m size  = 1.7 rrm) 

Some of the main conclusions presented by Blackwood and McGrory 

based on .t;Iieir data are  t h e  following: 

1. A t  830"c and l o w  P , a corrosion rate 'hracticaLXy Ijpleas"" 
Ho 

with PHz0 ms obsereed. 

2. An order of react ion greater  than u n i t y  with respect t o  

steam m s  fourid a t  higher PfI m d  lawer temperature. 
2 

3. Methane production was foimd t o  be d i r ec t ly  proportional 
t o  the s t e m  p a r t j a l  pressure and independent of' the  hydro- 

gen partial pressure. Since H depressed thf: primary cor- 
rosion reaction, the proportion of Crib produced i n  the  

off-gas increased d t h  increasing I? . 
2 

B2 

An es sen t i a l ly  curve-f i t t ing procedure y-ielded the fallowing f o r m  of 

cor re la t lon  for  the  experimental. data: 



Rv 

z k 1 'H,O + kl+ 'I-I2 'H,O + k  5 P H20 

l t k  P + % P H O  
- I 

HZ 2 
I (3.5) 

where R is in units of rnol/g*min, and the partial pressures are exposed 

as atmospheres. The reported values for the constants at the three test 

temperatures are given in Table 3.2.  

v 

a Table 3.2. Constants for Blackwood and McGrury corrosion rate equation 

( " c >  kl k2 3 "4 k5 k Temperature 

-6 
-6 

1.5 x 10 

i"5 x io 

-4 
-4 -4 

750 0.36 x IO-' 35 0.06 0.3 x i o  
770 1.25 x LO 35 0.09 0.5 x i o  
83 0 3.7 35 0.14 1.05 x l,5 x 

a Constants for Eq. (3.5); units w i l l  yield corrosion rate as mol/g.min, 
with pressure in atmospheres. 

Although the Blackwood and McGrory experiments are interesting 

because of the large ranges of reactant pressures emplqed, this correla- 

tion was not utilized for the calculation of core post corrosion rates due 
to a number of uncertainties. 

and the unresolved effect of' reactor space velocity coupled with a rather 

narruw temperature range, rendered the use of a five-constant empirical 
equation to be subject to possibly excessive error. Nevertheless, the 

correlation was compared with t he  others examined in the next section. 

The use of charcoal instead of graphite, 

3.4 Comparison of Corrosion Rate Expressions in the 

High Steam Pressure Regime 

The three empirical corrosion rate expressions presented in Sects. 3 .  l- 

3.3 are compared on a uniform basis, namely, the predicted rate based on 
the exposed surface area of a large specimen, The Helms and MacPherson 

expression, Eq. (3.1), already appears in this form. 
and Scott'' expression was converted to this basis in Sect. 3.2, and is 

The Johnstone, Chen, 
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given by E q .  (3.3).  Tne method. f o r  converting a smU specimen expres- 
sion, given i n  terms of moles per gram of sample per un i t  of time [e .g . ,  

Eq. (3.5) fop the  Blackwood and McGrory work] has been presenkd  i n  
Sect.  4.2-1 of r e f ,  7 where the  procedure was used t o  convert the  r e su l t s  
of a similar type of experiment t o  surface u n i t s .  It shows t'nat the  appro- 

p r i a t e  conversion t o  sw-face units i s  given by 

where 

p = graphite density, 

Ah := ac t ive  corrosion depth of a large specimen, 

Equation (3.6) simply s t a t e s  t h a t  the  observed corrosion r a t e  per un i t  area 

of a large specimen equals the r a t e  observed pel. un i t  1mass of a uniformly 

corrod.ing smll speci.menJ multiplied by the  mass of graphite per un i t  area 
being corroded. A problem i n  this conversion i s  t h a t  the act jve c o r r o s b n  

depth, Ah, var ies  with temperature (diminishing with increasing tempera- 
ture), and the conversion t o  surface un i t s  thus :i.s temperature dependent. 
The var ia t ion  i s  modest, compared wi-t'n other possible  sources of error ,  and 

se lec t ing  a value f o r  Ah correspondlng t o  some representat ive temperature 

i s  adequate i n  t h i s  case. 
ca ted , I  yielding a value of 0.44 f o r  the product, p Ah, i n  Eq. (3.6).  

A t  80O"C, a corrosion depth of 0.26 cm i s  i.nd.i- 

The three  abcnre-mentioned expressions a re  compared i n  Fig. 3.2 assum- 

ing a steam of hydrogen pressure of 10  and 7.. atm respectl.velmy, as a fimctl.on 
of a temperature be-heen about '(30 and 1030°C. The Helms and MacPherson 

expression i s  independent of the assumed values f o r  the pai?t ia l  pr, nsslres" 

Figure 3 .2  shows f a i r l y  good agreement between . the I-DI and JCS expressions 

above aboixt 800"c f o r  the selected pressure l eve l s .  

Figure 3.3 i l l u s t r a t e s  the  predicted va,ri.ati.on with s t e m  part ia l .  
= 0 and pressure i n  the  high-pressure range, a t  1200°K and a t  both PH 

1 a t m .  The correlat ion,  which .i.s zero-order with steam pressure 

throughout i t s  e n t i r e  range, i s  f l a t .  JCS a t  zero hydrogen pressure i n  
the  feed $as does not become r e l a t i v e l y  zero order uiitil about 1-5 at;m of 

steam pressure; addi t ion of hybogm. t o  the feed '00th slows the corrosion 
ra.te and causes the  s e n s i t i v i t y  t o  P t o  be retained t o  higher pressures,  

2 

H2° 
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Similar behavior i s  i l l u s t r a t e d  by the  EM expression except a t  a 

correspondingly higher predicted corrosion r a t e ;  t h a t  is, a t  zero  P 
the  r a t e  i s  essent ia l l j r  zero order above about 10 a t r n  of steam pressure, 
and addi t ion of' H2 both depresses the  r a t e  and causes a re ten t ion  of 

s e n s i t i v i t y  t o  1 

Again, there  i s  a r e l a t i v e l y  good agreement between JCS and HM above 
1 atrn. As may have been anticipated,  EN yields  higher predicted r a t e s  i n  
view of the  more reac t ive  mater ia l  used i n  those t e s t s .  

* 2  

at higher pressures. 
HZ0 

For comparison, two low-pressure k ine t ics  expressions are plo t ted  i n  
Fig. 3.3 t o  high-stem p a r t i a l  pressures. The Wicke expression [Eq. (l?), 

r e f .  11 labeled W i n  the figure,  shows the  s teepest  dependence or? P a t  
high pressure. 
pressure used was 0.001 atm, and no steam pressure inh ib i t ion  term i s  used 
i n  the correlat ion.  On the other hand, the Giberson ecpation [labeled G 

i n  Fig. 3.3 and given a s  Eq.  (18) of r e f .  11 does have a s t e m  pressure 
inh ib i t ion  term, and it shms a reasonable comparison with HM and JCS 

despi te  being based on t e s t  data no higher than 0.01 a t m  HZO. 

H z 0  
This i s  as an t ic ipa ted  since the highest  value of steam 

Figure 3.4 i l l u s t r a t e s  the  degree of €I2 i nh ib i t i on  a t  1200'K and an 

assumed steam pressure of 10 atm. 

EM and JCS, show approximately p a r a l l e l  behavior, while the two low- 

pressure expressions, G and W, i l l u s t r a t e  an extremely steep inh ib i t ing  

e f f e c t  a t  low hydrogen pressure. 

The two "high pressure" expressions, 

3.5 Select ion of Corrosion Rate Expressions Used i n  This Study 

A s  a r e s u l t  of the comparisons of steam-graphite corrosion experiments 

out l ined i n  Sects.  3.1 t o  3.4, a judgment was made t o  ut,iJ_izc both the  He lms  

and MacPherson,10 and the  Johnstone, Chen, and Scott'' s tudies  as a bas is  
fo r  estimating core and support post  corrosion during a tube-burst event. 
Both of these s tudies  were s u f f i c i e n t l y  complete t o  enable d.eve1opment of 

a corrosion r a t e  equation, which i s  a r equ i s i t e  f o r  any systems study and 
i s  also necessary for extrapolat ion t o  an t ic ipa ted  primary loop conditions. 
Since the  Helms and MacPherson study was conducted using pure steam, it i s  

expected t o  y ie ld  lower estimates of the corrosion r a t e  f o r  any pa r t i cu la r  
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Fig. 3.4. 
pressure = 10 a t m ,  T = 1200°K. 

Predicted inhibi t ing e f fec t  of hydrogen a t  s team pai-tial 



s e t  of conditions. On the other hand, the  Johnstone, Chen, and Scott  

study should y i e ld  higher estimates because it i s  based on 1 atm experi- 
ments with steam pressures not exceeding 0.95 a t m .  

The HM and JCS expressions s h a l d  bracket t he  an t ic ipa ted  range of 

corrosion r a t e s .  However, the predicted core post s t rength loss i s  some- 

what  buffered against  e r ro r s  i n  predicted corrosion r a t e .  For example, 
an e r ro r  on the  low side i n  predict ing the  corrosion r a t e  f o r  the core 
graphite yields,  a s  a resu l t ,  a correspondingly more aggressively oxidiz- 
ing  atmosphere i n  the  primary system, and hence tends t o  increase the 
predicted r a t e  for the  support posts. Conversely, use o f  an expression 

tha t  werpredic t s  t he  r a t e  w o d d  y i e ld  a more mild atmosphere and, hence, 
would tend t o  underpredict support post corrosion r a t e s .  

4. METHOD OF CALCULATION. $XIDO PROGRAM 

4.1 #XIDO Program Descrlption 

The general fea tures  of tine $XIDO program used fop. th i s  study a r e  

A s  t he  f igure  denotes, each case requires as i l l u t r a t e d  i n  Fig. 4.1. 
input the temperature h i s to ry  of t h e  core posts and the  reaction-average 
temperature h i s to ry  of the  core graphite.  The l a t t e r  i s  needed for the  

ca lcu la t ion  of the  coolant composition a s  a function time following the  

tube rupture, since the coolant composition i s  overwhelmingly determined 

by the  react ion of steam w i t h  t he  ho t t e r  and more massive core graphite.  
The tenpera twe h i s t o r i e s  were calculated using the  ORECA code as indi-  
cated i n  Sect.  2. 

The input parameters also s e l e c t  t he  type of accident event from one 

of the eight  postulated cases described i n  Sect.  2 .1 .  This se lec t ion  f ixes  
the  steam ingress r a t e  (Sect. 2.3) and whether depressurization OCCUTS i n  

the selected accident sequence. 

I n  the  depressurization cases 4, 5, 6, and 6A, the  t o t a l  pressure i s  

assumed t o  f a l l  a t  a r a t e  t h a t  i s  proportional to primary system pressure 
excess over 1 atm; t n a t  i s ,  
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Fig. 4.1, General autlline of the f l X I D 0  Program. 



where P i s  the  t o t a l  pressure of the primary coolant i n  atmospheres. The 

value of the proport ional i ty  constant, C, of 2 x 10 cm /see.atm was 
selected t o  y i e ld  approximately 95% complete depressurization i n  3 min. 
Calculations employing OXIDE-3 and a lOO-in.' breach of the  KHV ( r e f .  7, 

pp. 4-56) indicate  the  depressurization t o  be v i r t u a l l y  complete i n  approxi- 

mately 2 min under these conditions. This f ac to r  i s  not c r i t i c a l  f o r  core 
post bwnoff determinations, and whether the  depressurization i s  completed 
i n  1 or 10 min has no s ign i f i can t  e f f ec t  on the calculated core post 

s t rength loss .  

6 3  T 

Relief valve venting r a t e s  for the  nonpressurization cases were a lso 
computed using Eq. (4.1) w i t h  an appropriately s m l l e r  value f o r  the pro- 
po r t iona l i t y  constant, C.  

assuming t h a t  only one r e l i e f  valve exists i n  the primary c i r c u i t  ( ins tead  

of two) which opens a t  2 atm overpressure and resea ls  when the  t o t a l  pres- 

s u e  b o p s  below the or iginal ,  nominal, primary-loop pressure. It was 

Venting performance was ideal ized i n  @XIDO by 

found that a value of 1 x 10 5 3  (cm /sec.atm) fo r  the  p ropor t ioml i ty  con- 

s t an t  i n  Eq. (4.1) yielded approximately the  venting behavior reported i n  

r e f .  7. Again, no grea t  e f f o r t  was expended t o  more accurately model 

venting behavior i n  $XIDO, because support post s t rength loss  estimates 
a r e  not af fec ted  much by moderate differences i n  r e l i e f  valve characteriza- 

t ion .  

"he coolant camposition and total .  pressure were calculated by a simple 

forward-stepping procedure indicated by Eqs. (4.2)-(4.4). 

__I -  drHe' - Q [He]/Vp 
d (4.4) 

I n  the above, Q may be e i t h e r  the r e l i e f  valve venting r a t e  o r  the  
The brackets, volumetric blowdown rate during a depressurization event. 
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3 [ 1, denote units of mol/cm- ; Id 

R i s  the corrosion react ion r a t e  per u n i t  area of core graphite of 

exposed surfare  area, Ac;  and V T%P 
p a r t i a l  pressure of CO was taken as equal t o  €I2, and the t o t a l  p resswe 

f o r  each time i n t e r v a l  was computed from the i d e a l  gas l a w .  

i s  the steam ingress pate i n  mol/sec; 
S 

C 
i s  the  primary system volume. 

P 

For most o f  - h e  runs, the  ca lcu la t iona l  time i n t e r v a l  was s e t  a t  
1 sec t o  minimize accumulated error ,  a n d  the  var iab le  values were s tored 
and outputted a t  1 min in t e rva l s .  

A s  already noted i n  Sect.  2.2, core temperatires were characterized 
by a "reaction-average" temperature, defined by Eq .  (2.1"). 'The value of 
R i n  E q s .  ( 4 . 2 )  and (4 .3)  was based on t h i s  e f fec t ive  core temperstwe. 

'This method, which ms developed for the  T N O X  program described ri.n r e f .  b, 

affords  a grea t  simplificaLion Over the  usual method en ta i l ing  subdivision 

of the  core into approximately uniform tuiiperatwe regiorx and summing 
rates f o r  each region. The t w o  methods a r e  equivalent when each subdivi- 
sion i s  su f f i c i en t ly  small t o  be characterized by the simple area-average 
temperature. It was shown t h a t  one row of a refuel ing zone meets t h i s  

c r i t e r i o n  ,for tempei-ature uniformity wtthin a subdivislon; hence, the  core 

reaction-average temperature WELS computed by ORECA by summation of rows 
and r e f i e l i n g  zones according .to the  procedure defined by Eq. ( 2 . 1 ) .  

C 

4.2 Calculation of Core Post Bwnoff and Strength Loss 

Support post, burrioffs were computed for each t h e  in t e rva l  by using 
the  appropriate input temperature f o r  the selected accident sequence and 
r e f i e l i n g  zone. These temperatures were taken t o  be equal t o  the  e x i t  

coolant temperature from t he  core beneath the  refuel ing zone, as predicted 
by the  ORECA code. 

The post beneath ref'uell-ng zones 9, 11, and 67 were selected f o r  
study. Zone 9 r e f l e c t s  t he  case of the  h.ighest radial .  pager factoy zone, 
where the  support posts exhi'nit highest  temperatures during tube bixst  

events. Zone 11. portrays coriditions iinder the average zone, and zone 67 
was taken as a t y p i c a l  per ipheral  zone. One such per ipheral  zone was 
selected for study because the  calculated temperature h i s t o r i e s  indicated 
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t h a t  while these locat ions did not achieve temperatures as high as the 

more i n t e r i o r  zones, t h e  duratton of t h e  temperature excursion was Longer. 

@XIDO calculates  the post burnoffs using both t he  Helms and MacPhersori 
(Eq. 3.1) and t h e  Johnstone, Chen, and Scot t  (Eq. 3.4) expressions described 

i n  Sect.  2. B s a l l e l  calculat ions are made i n  the  program. 

l'he procedure fo r  estimating support post s t rength loss follows closely 
t h a t  described i n  ref .  1 f o r  the  slow steam ingress studyb with the  excep- 
t i o n  t h a t  t h e  temperature i s  var iable  throughout the time involved, whereas 
previously it was assmd t o  be constant, For t he  case of burnoff a t  con- 
s t an t  t e m p r a t w e  it was shown t h a t  the fractional. strength Loss, FSL, of 
a support post of diameter D, may be represented by 

where p 

i s  a temperature-dependent parameter varying approximately inversely w i t h  

temperature, as indicated by Eq. (4.6). 

i s  a p p r o x i i t e l y  l@ less than the  graphite density, and P(T) bo 

P(T) = 14, T < 1000°K 

(4.6) 2 PCT) = 1 + 6.42 x 1.0-5 ( E O O - T )  , 
P(T) = 1. 

Equation (4.5) ms a l s o  used i n  $XIDO for calculat ion of s t rength 

l o s s  with t h e  exception that incremental addi t ions t o  the value of FSL 
were made using the  appropriate temperature and calculated b u n o f f  for 

T > 1473 "K 

each time interval:  usually, 1 min. Section 6 of ref'. 1 gives a f u l l e r  
discussion of this basis  f o r  estimating support post s t rength loss. 

5. CORE POST STRENGTH LOSS ESTIMA!E3S 

5.1 Strength Loss Estimates fo r  the  Nominal Core Post Sxpporting 

Zones 9, 11, and 6'7 

The de ta i led  results of t he  calculat ions using the  @ID0 program for 

Cases l> 2, 3, and 3A, t he  nondepressurization eases defined i n  Sect. 2.1, 

are shorn i n  Table 5.1. The l e f t  portion of the  table pertains  t o  the 



Table 5.1. Tabulated r e su l t s  f o r  Cases 1, 2, 3, and 3A (non-DBDA cases)  using @XIDO. Strength lo s s  e s t a t e s  for the nominal core posts 

Reaction- 
ave. core 

Case Time temp 

(min, ("C) 

1 1  
3 
Ll 
2 1  
31 
4 1  

E 1  
11 
2: 
?1 
4 1  
51 
6 1  
31 

3 1  
Li 
2 1  
3 1  
4 1  

51 
4; 
9i 

10: 

3A 1 
ll 
71 
51 
;il 
51 
61 
81 

101 

738 
798 
511 
440 
420 
4 14 

768 
774 
759 
745 
6% 
651 
604 
53 5 

789 
804 
R ? 1  
8: 8 
7% 
EL 
53; 
615 
550 

7R5 
612 
836 
850 
849 
6 j P  
827 

657 
-,I 

i: , 

5 5 2  
0 

I 

i 

i 

%3? 

1 
%3f 

j 
i 

563 

i 
i 

1 .2  0.014 
2.2 0.037 
1 .2  0.077 
1.1 0.070 
1.1 0.072 
1 . 2  0.076 

1.3 0.314 
11.0 0 . j  
11.0 0.23 
10.0 0.27 
8.8 0.27 
7.6 0.25 
6.4 0.21 
5.7 0.19 

1.3  0.014 
1 2 . 0  0.15 
11.0 0.36 
11.0 0.77 
9.4 0.9 
7.7 1.0 
7 .1  0.98 
5.6 0.78 
4.5 0.63 

1.3 0.014 
1 2 . 0  0.15 
10.0 0.41 
10.0 0.92 

9.7 1 .7  
8.0 2.0 
7.5 2.5 
5.9 2 . 5  
4.7 2 . 0  

50 
45 
26 
24 
24 
E6 

50 
49 
50 
45 
39 
34 
29 
25 

50 
51 
48 
50 
42  
39 
36 
28 
23 

50 
51 
47 
50 
50 
45 
46 
38  
3 1  

1.? 2 . 7 g e  
2.2 7.936 
1.3 o . o i  
1.1 O.OL4 
1 . 2  0.015 
1 . 2  0.015 

1.3 2.m3 
11.0 0.029 
2.0 0.045 
10.0 0.047 

7.8 0.039 
6.6 0.032 
5 .8  0.029 

1.2 2.7pE 
12.0 0.035 
11.0 0 . u  
11.0 0.24 
8.0 0.32 
7.4 0.31 
6.9 0.29 
5.3 0.23 
4.4 0.13 

1.3 2.710 
1 2 . 0  0 . g 9  

xt.0 0.36 
8.2  0.53 
8.1 0.68 
8.0 0.77 
6 .5  0.69 
5.4 0.55 

9.0 0.044 

11.0 0.14 

50 
45 
26 
24 
24 
i6 

50 
49 
50 
45 

79 
26 

:; 
50 
51 
48 
51 
41 
3s 
35 
28 
2;, 

50 
51 
47 
50 
49 
45 
46 
39 
37 

780 
780 
3 40 
233 
299 
329 

780 
7% 
805 
877 
6 91 
561 
43 1 
? 53 

790 
83 9 
895 
355 
872 
790 
709 
497 
? 91 

780 
83 0 
880 
930 
534 
939 
944 
740 
5'13 

7 . 6 ~ 5  4.2N5 4 . 5 6  7 . 2 6  
j.ONh 4.8N4 5 . 8 C  9.3N5 
6 . 7 ~ 4  1.05 i . 6 k 4  z.5& 
1.m 1.8m 3.5* 5 . L ?  
1 . 8 ~  7.633 6.3N4 b.8& 

?.6:15 4.2N5 4 . 5 6  7.2% 
7.6x4 5.4N4 l . i Y 4  i.634 

1.5NP r.ZN2 2.lN2 1 . 6 ~ 2  
1.2Ni 

2.6N5 L.2N5 4.5% 7.2% 
3.4& 5.334 9.5N5 1.4154 
1.3m i.?rn 7 . 2 ~ 4  8 . 6 ~ 4  

1.6~2 1 . 3 ~ 2  i .w? 1 . 2 ~ ~  

3 . 9 ~  4 . 2 1 ~  3 . 4 ~  3.31~ 
?.am 9.510 9 . 8 9  7 . 9 5  

2 .3h7  1.8G 2.ON7 i.532 
3 . 2 2  2.kN2 Z.5Ni i.952 
3.llTZ 2.452 2.582 1.9K 

780 
780 
3% 
3 31 

;z 
780 
787 
794 
801 
694 
587 

381 

780 
910 
%O 
670 
5 L  
753 
6% 
5 19 
?:9 

780 
610 
8? 9 
a65 
875 
661 
887 
750 
5 35 

4 81 

4.2N4 
1.3N4 
4.21@4 

i 
4.2N5 
4.- 
9.6N4 
1.5m 
1 . Lh3 

i 
4.21r3 
5 .m4  
i.3h3 
2.6h3 
4.418 
5 . m  
5 . 3 q  
5.4m 

I 
4.2x5 
5.0N4 

c .9N? 

6 . 6 ~ 3  
8.9h3 
1 . 2 3 2  
1 .252  

1 .3m 

4.5IF 

4 . 5 s  
l .4N5 
4.5Pr5 

i 
i.5N6 
5 . 6 ~ 5  
1.3rh 
2.2N4 
3.3* 

1 
4.5r;h 
6 . 6 ~ 5  
2. 9ht  
3. yu4 
> . O F  
7.LT 

c 
4.5l6 
4 . 8 ~ 5  
i . 8N4 
7.9N4 
1. 
2.5Nj 
3.4Pr3 
4.4K 
4.4w 

j 

7.216 
2.3s5 
7.2% 

! 
i 

7.26 

3 .4:14 
5 . m 4  

9.ON5 
2.054 

i 
7 . 7 6  
1.1?:4 
4. LE4 
1.lp 
?.?In 
i . 4 m  
L .5:e 

i 
7.2?6 
1.U4 
4.0N4 
1.oa 
1.9% 
2.3m 
3 . 7 E  
4 . 6 a  
4.6m 

780 
780 
6% 
547 
546 
53 8 

730 
783 
796 
790 
750 
770 
760 
582 

760 
705 
730 
795 
793 
792 
790 
759 
703 

730 
7ae 
785 
7 %3 
734 
790 
792 
'59 
750 

?.6Kj 4.??75 4.5!6 7.-:i6 
7.8N5 1.3$4 1.4:5 7 . 3 %  
2 . 6 ~ 4  4.3~4 4 . 5 ~ 5  7.2115 
2.3114 4.6~4 4:6ri5 7 . 3 5  

'Calculated assumine fie- and Mac?herson corrosion equation." 
bCalculated assuming Johnstone, Chen, and 5cStt Corrosion equation.u 
'Signifies " t r ac t iona l  s t rength loss. 
' ~ p p ~ e s  for  firs-, 2 min. 

eSigxif ies  2.7 x 10-3. 
fA>plies fa r  -First 10 nin.  



input  care temperature Faistory and steam ingress r a t e s  t o  'ihe $XIDO pro- 

gram, and WE r e su l t i ng  primary coohn t  eompnsitiori as n Function of time 
fallrn~5n.g tube rupture. The core temperatures l i s t e d  are t h e  rcaction- 

average temperatures, defined i n  S e c t  2.2, 7d3ich deternhe effect-ive 

r e a c t i v i t y  of the core graphite t o  the ingressed stem-. 

2 
FoEl;lmns 5 though  12 of Table 5.1 l i s t  the rislculated N,O arid iI 

concentrations as a function of t h e  (CQ 1.evels a r e  presumed t o  be equal, 
t o  H2) and the t o t a l  primary system pressure;  first,  it i s  assunled that 

a core corrosion rate according t o  the  Helms and MacPherson" (HM) equa- 

t i ons  and, second, t he  Johnstone, Chen, and Scott'' (JCS) corrosion expres- 
sions are assmied t o  apply. Columns 8 and 12 (No. of vents )  indicate  the  

venting behavior of the primary system f o r  each case as calculated by the  
idea l i za t ion  of t he  Trent-valve systems incorporated i n  the program. 
numbers i n  these c o l m s  s ign i fy  haw many times the  vent opens due t o  
overpressure and subsequently closes due t o  pressure r e l i e f .  A s  already 
noted, the precise  venking behavior during these accident, sequences plays 

only a minor ro l e  i n  determining core post s t rength loss, and l i t t l e  

e f f o r t  was expended ta more r e a l i s t i c a l l y  model. venting hehwior  . 
the venting, cha rac t e r i s t i c s  l i s t e d  must be considered o n l y  as rough 

approximations su f f i c i en t  f o r  t he  present purposes { i e e .  , t o  define pr i -  

mary 1.03~ conditions for  graphi te  corrosion est imates) .  

f> 

The 

"hiis, 

The right port ion of Table 5.1 pertains  t o  the  condL-tion o f  the core 

posts under re f ie l ing  zones 9, U, and 67 dwing each assmied accident.  
The teqers ture  histories l i s t e d  a r e  those computed 'by ORFCA-3 as repre- 
senting the eoohn t  temperatwe exiting from the  core beneath these zones, 

m d  were assumed t o  represent the  average or nominal. core post temperatures 
a t  the indicated time i n  the  accident sequence. The results of the burn- 
of f  and f r ac t iona l  s t rength loss calculat ions using OXIDO a r e  presented i n  

the table ,  again assuming both t h e  €IN corrosion equati-on and JGS f o r  each 

r e h e l i n g  zone e 

Tables 5.2 and 5.3 s imi la r ly  show Yne calculated res i l l t s  fo r  Cases 4 
and 5, and 6 md 6A, respect ively.  Since these a r e  the fou r  assumed depres- 

sZarizat5.m losses, no venting behavior 19s indieatecl. 



Table 5 . 2 .  lkbulAted results for C a s e s  4 and 5 ( D E S  -em). S t r e w h  l o s s  e s t h t e s  for ‘the ncmiml core post 

Reactim- Steam App JCSb zoue 9 Z m e  u Zone 67 
ave. core ingress Pressure {ae) Reasure [ a b )  P0a.t rn JCS Post m JCS Post HM JCS 

Case T’k temp rate H20 ilZ9 CO PT X20 K2, CO PT tenp PsLC m PSL E L  FSL temp 80 psi Bo FSL 

( a n )  ( * c )  (T) 
4 1 788 548‘ 0.46 l.me 4.2 0.46 i.08 4.2 780 8 . 6 6  1.4N5 4.3% 6.8% 760 8 . 6 6  1 .4m 2.36 5 . 8 6  780 8 . 6 6  1.btE 4.36 6 . 8 6  

? 7& 548 1.5 0.012 4.7 1.5 3 .6Q 4.: 3.5N5 5.615 9 . 0 6  1.5fi 3 . 5 5  5.6m 9.0?% 1.5% 790 ?.5X5 5.6N5 S . 0 6  1.5’>5 
3 738 5 1.2 0.023 3 .9  1.3 5 . 6 ~ 3  3 .9  6.W5 9.8h3 l.4.*15 2 . 2 5  7x0 6.135 9.8N5 1.l.N5 2.2::5 780 6 . D 5  9 . W  l.kN5 ;.2E 

0.53 0.0’72 1.9 0.57 0.014 1.9 748 2.3.a 3.m 4 . 2 ~ 5  6 . 7 ~ 5  761 Z.3:44 3.7x.14 4 . P A 5  6.a>i5 777 i . ? ? i L  1 . 8 ~ 4  4 . 4 ~ 5  7.0175 
0.33 0.049 1.2  0.36 9.0N3 1.2 577 2 . 6 1  4.3N4 4.8m 6 . 0 ~ 5  632 2.7N4 4.5NL 5.4N5 4.ON5 764 j . 0 N L  i.9:A 7.316 L.L‘IL 
0.27 0.041 1.0 0.29 7.4N3 1.0 479 -52 :.5?:4 5.3NL 

707 : .? f ib  5.61$ 
738 :.:Nh 5.5N4 

w 372 
0.25 0.037 0.91 0.26 6.7~3 0.97 bo8 
0.26 0.030 0.94 0.77 6 . 9 Q  0.95 338 I ll 7m 

21 645 
3 1  607 
41  679 
51 553 

5 1  

li 
2 1  
3 1  
41 
51 
61 
81 

101 
i21 

0.47 1 . 2 E  4.2 
1.6 0.01: 4.7 
4.0 O . o A 0  1 .5  
1 . 2  0.L1 7.: 
0.91 0.66 1.7 

0.47 1.0tB 

4.0 0.037 
1 . 4  0.13 
0.55 0.24 

1.6 3 . 6 ~ 3  

0.i7 0.57 1.4 0.22 0.35 
0.12 0.53 1 . 2  3.u 0.36 
0.089 0.50 1 . 2  0.059 0.79 
0.055 0.46 1 .0  
0.045 0.44 0 . 3  
O . & i  0.4? 0.m 

0.026 0.38 
0.021 0.37 
0.021 0.35 

4.2 780 9.46 
4.8 780 3 . 6 ~  
4 . 6  8% 3 . W .  
2.5 926 2.2h3 
2 .0  1002 4.4143 
1 .4  1gCj  4.943 
1.2 1064 5.2K3 
1.1 1055 5.5sl3 
1.0 1030 6 . 2 ~ 3  
0 . 9  935 I 
0.91 YOg 

4 . 3 6  

1.6~; 
9 . 6 ~  
? .6m 
4.413 
5.7143 
6.6m 
7 . 6 ~ 3  

9 . 0 6  

4 
aCalcdte< a s s a n g  Kern and Mac-erson corrosion 
bCalculated assilming :ohnstone, Chen, an6 Scott corrosisn 
‘Signifies “fractioml strength l o s s . “  

‘Applies for f lrs t  2 min. 

eSilplifies 1.1 x 10-3, 
fApalies for f irs t  LO min. 

6. j 6  
1.5N5 
?.ON4 
LON? 
2.m 
2.9m 
3.h7 
3 :m 
3.916 
4.0t-E 
4 .04  

780 
780 
824 
559 
914 
935 
957 
976 
940 
876 
63 3 - 



lbb le  5.3. Tabulsted results for Cesee 6 end &A (DEM msefi). Stresgth ius6 est-tes for n&wl C o r e  W t S  

SI 
21 
31 
41 
61 
ar 
101 

1 

3 
11 
21 
jl 
4i 
61 
81 
101 

3.9 
0.92 
0.24 
0. w 

0.L7 
1.6 
2.4 
3 - 3  
1. z 
0.36 
O . n  
0.&9 
a.m 

:.me 
0.013 
0.02: 
0.391; 
0.60 
3.68 
0.65 

1.2- 
0.01; 
0.023 
O.GT1 
0.3i 
6.66 
0.55 
0.51 
0.53 

4.2 
4.7  
5.1 
4,5 
2.3 
1.7 
1.4 
i.? 
1.2 
1.2 

4 . 2  
4.7 
5.1 
4.k 
2.0 
1.7 
i.b 
1.5 
1.1 
1.1 

0.47 
i . 6  
5 .5  
3.9 
l.? 
0.37 
5 . 6 5  
1.M4 
6 .  T N l C  
9.m7 

c.1.7 
1.6 
P . 5  
3.9 
1.4 
3.65 
0.32 
0.047 
5.w 
1 . W  

Lorn 
3.6103 
5.7m 
3.048 
0.19 
9.35 
3.49 
0.L5 
0.39 
0.34 

1.W 
3 33.5 
5 . m  
C.mb 
O.w 
a.17 
O . d  
3.40 
0.42 
3.33 

4.2 
4.E 
5 . i  
4.6 
?.6 
l.? 
1.k 
1.2 
1.2 
1.2 

4.: 
4.8 
5.1 
4.5 
2.2 
i .C 
1.5 
1.1 
1.1 
1.1 

5.m 
i.5X5 

'C'Cslculated &sav&ag Relns and b!ac&ersm corrosion equation.'' 
'Cllcubtad s a s W n g  Johnstme, Chen, and Scott  corrosion equatim." 
'Signifies 'Lfrectioml strength loas. * 
d 4 ~ 1 1 e s  for first 10 ain. 
'Signifies 1.0 x 10-3. 



Pertinent r e su l t s  f o r  the  Case 1 event are graphically i l l u s t r a t e d  

i n  Fig. 5.1.  Note t h a t  under the  c0ndition.s o f  t h i s  event, t he  HM corro- 

sion equation Fredicts  a s t rength lo s s  about s i x  times higher than t h a t  
predicted by the  JCS equation, .the higher estimate being about 0.04% and 
the lower 0.007%. 

about; 15 min i n t o  the  incident .  Tne lower por-Lion of t he  f i g u r e  i l l u s t r a t e s  
the  t o t a l  pressu2-e and coolant composition behavior as a function of t i m e .  

Since predictions fo r  the t o t a l  pressure and f o r  the steam p a r t i a l  pres- 

sure are very close using e i t h e r  the HM or ,JCS equations, they a r e  shuwn 
on one Line. The p a r t i a l  pressiise of H2 shown i n  the f igxre  per ta ins  t o  
the HM-predicted value; the JCS value (not shown) i s  about a fac tor  of 5 
lower, re f lec t ing  the lower r a t e s  predicted by JCS for t h i s  case. The 

ste,m pressure peaks a t  2 . 2  a t m  about 3 min a.ft,er tube f a i l u r e .  

'The s t rength losses  incurred reach t h e i r  nlaxj.rnum 1-eve1 

Results f o r  the Case Z event, a r e  i l l u s t r a t e d  i n  Fig. 5 . 2 .  Higher 
strenglh losses  are  aga,in predicted by the  €N equation, but only by a 

fac tor  of * 3 ins tead  of 6 as f o r  the previous case. 
oxu2-s between the  three  typ ica l  core locat ions selected for analysis  ; how- 
ever, the range i s  s t i l l  small. Strength losses  appear t o  l e v e l  out a t  

about 0.25% about 95 iidn a f t e r  tube failure assuming the  HM equation, and 

a t  about 0.06% assuming the  ,JCS rate equatjon. 
of F5.g. 5 .2  i l l u s t r a t e s  the  total presswe and composition. 

Some d i f f e ren t i a t ion  

Again, t he  lower portion 

Figure 5.3 i l l u s t r a t e s  t he  calculated r e s u l t s  f o r  Case 3A, which  

showed s imilar  trends t o  Case 3 (not shown) but with somewhat higher e s t i -  

mated strength losses .  The region of highest  r a d i a l  power factor ,  zone 9, 
c l ea r ly  shows the highest  degree of s t rength loss, level ing out between 
1 . 9  a n d  2.4% about 80 mil? following tube f a i lu re .  

strength losses  a re  predicted f o r  the noniinal post i n  zone 67, a periphera.1 

zone, whi le  the  r e s u l t s  f o r  zone 11, selected as an "average" region fall 
i n  between. Curves for the  pressure his.l;ories ind ica te  a hydrogen and car- 

bon monoxide buildup of 0.8 t o  2.5 atm, 8 s  predicted by using the  JCS and 

HM eqiiations, respectively.  Predicted t o t a l  presswe and steam parti .al  
pressure leve ls  do not d i f f e r  g rea t ly  from those predicted f u r  Case 2. 

Substant ia l ly  lower 

Figures  5.4-5.6 show the  calculated r e s u l t s  f o r  the three depressuriza- 
t i o n  cases 4, 5, and 6.  Case 6A resu l t s ,  which a r e  not shown, a r e  si1ni1.a~ 
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t o  Case 6 .  
by the rapid pressure f a l l  t o  3 atm due t o  the depressurization blowdown, 
which also serves t o  reduce the accimulated leve ls  of HZO, IJ,, and CO. 

Hence, the eff‘cct of higher temperatures experienced by the core posts 
during Yrie assumed depressurization events a r e  par t iaLly o f f se t  by reduc- 

t i ons  i n  oxidant concentrations resu l t ing  from t h e  blowdown. It i s  in t e r -  
es t ing  t o  note t h a t  t h e  predicted s t rength loss fo r  t h e  nomina.1 core post 

on the  periphery i n  F ig .  5.4 exceeds the estimated loss for t he  i n t e r i o r  
zones, 9 and 11, as a resul t  of %lie Case 1+ event. 

where t h i s  occurred. A s  noted i n  Sect. 2, t he  per ipheral  zones a r e  
characterized by a smaller temperatme excursion of a longer duration 

following a tube burst event. 

Yliese cases d i f f e r  from those i l l u s t r a t e d  i n  Figs. 5.1-5.3 

- 

This w a s  t h e  only case 

Results presented I n  Sect .  5 .1  a r e  summarized b r i e f l y  i n  Table 5.4.  
The m i m u m  predicted e f f ec t  occurs under zone 9 i n  Case 3A,  where it i s  
predicted khat t he  incurred strength loss would range from 2.4 t o  1.s 
f o r  t h e  nominal post.  
and CO f o r  each of the  eight  assumed accident events aTe a l s o  l i s t e d  i n  
the  tab le .  

7!? maximUm predicted p a r t i a l  pressures of H20, H 

5.2 Effect  of Localized Temperature Excess on E s t W t e d  

Strength Loss 

One of the  pr inc ipa l  conclusions i n  Part I o f  t h i s  study r e l a t ing  t o  
steady s t a t e  operation was t h a t  Localized zones of temperature excess i n  
the core post regions a re  a s igni f icant  f ac to r  i n  determining strength 
loss r a t e s  due t o  s tem- ingress. It was estimated t h a t  a core post a t  

the nominal coolant ou t l e t  temperature would have zero probabi l i ty  of 

experiencing 5% st rength l o s s  a s  a r e s u l t  of f u l l - l i f e  exposure t o  the  
maximum steam concentra”tions a l l w a b l e  under continuous operations. On 

the other hand, t h e  same post exposed a t  90°C higher temperature w o d d  be 

v i r t u a l l y  asswed of’ 5% strength a t  the  same oxidant concentration. 
i s  therefore  incumbent t o  examine t h i s  e f f ec t  f o r  t h e  case o f  shutdown 

t r ans i en t s ,  

It 

A t  t h e  tine of the s teady-state  analysis, it was judged on t’ne basis 

of avai lable  hot-streaking and operation 1imi.ts information tha t  a 



Table 5.4. Predicted s t r e n g 3  losses incwred  by the nominal support posts beEeath zoges 9, 11, and 67, 
ami zi?e maximm partial pressxres of s t e m  and H calcula-led using @ X D ~  2 

Maximum a P(II20) P(K2, C O )  Case 

( a-tm 1 (atm) 

Strength loss ($1 of nominal core post beneath: 
Zone 9 Zone 11 Zone 67 

1 

2 

3 

3A 
4 

5 
5 
6A 

2.2 

9.0 

12.0 

12 .0  

I. 5 
4.0 
2.4 

3.9 

b 0.08-0.02 

0.3 - 0.05 

1.0 - 0.5 
2.5 - 0.6 
0.0'7-0.01 

0.7 - 0.4 
0.7 - 0.4 
0.6 - 0.4 

0.042-0.00;;) 

0.26 - 0.088 
1.2 - 1.6 
2.4 - 1 .9  
0.043 -0.008 
0.43 - 0.40 
0.26 - 0.13 
0.22 - 0.076 

0.042-0.007 0.046-0.007 

0.21 - 0.051 0.19 - 0.039 
0.54 - 0.25 0.44 - 0.066 

1.2 -0.46 0.66 - 0.62 
Cr.&'j-O.OOg 0.056-0.016 
0.26 - 0.13 0.12 - 0.018 

0.17 - 0.038 
0.17 - 0.046 0.12 -0.017 

8. Cases a r e  described i n  Sect.  2 .1 .  

a s swes  the Johnstone, Chen, and Scott cor ros im ra te  equction. 
'First value i s  obtained by assuming t he  Helms-MacSnerson corrosion rate equation; the second value 
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reasonable estimate f o r  a continuous, s ign i f icant ly  large, hot spot i n  
the  core post region was 90°C. Since then, an ongoing task a b  T;AC has 

attempted t o  f i x  the  hot-spot s i t ua t ion  i n  the  core post, region with 
more cer ta inty.  The present s t a tus  of t h i s  work i s  mentioned i n  order 
t o  obtain an estimate of hot-spot effecbs under t rans ien t  shutdown 

conditions, 

5.2.1 Hot spots in t he  core support post  a t  steady s t a t e  

Work i s  cur ren t ly  i n  progress a t  CdlC t o  r e a l i s t i c a l l y  determine the 

extent of nonideal temperatures i n  the  core post region. 

lizninarjr results summarized i n  Table 5,5  are n w  avai lable .  

OnLj the prc- 

Table 5.5 Core support post  temperature probabi l i ty  d is t r ibu t ions  
under normal operating conditions 13 

Steady state, 68$, of l i f e  20  limits ( "c) 

t Reg5 on out l e t  t h  ernioc ouple uncertainty It. 25 

Average core ou t l e t  va r i a t ion  rt 20 
Region ou t l e t  control, band -83/-+25 f 41 

Steady s t a t e  with column streaking, 25$ of l i f e  

Regi.on out let thermocouple unc e s t a in ty  
Region ou t l e t  control  bank 
Average core ou t l e t  var ia t ion  
C o l w  streaking 

Load following t rans ien t ,  7% of l i f e  

(Effective for cen t r a l  columti of 
high radial power f ac to r  zone) '- 377 

A s  Table 5.5 indicates,  five fac tors  a f fec t ing  core post bempera- 
Under t u r e  nonideal i t ies  were considered in this preliminary stuqy. l3 

normal s t e a w  s t a t e  operations, expected t o  occur 68% of the  t i m e ,  tem- 

perature deviations beneath a refuel ing zone were considered t o  be caused 

by (1) uncertainty Ln the region ou t l e t  temperature reading, (2) inaccu- 

rate Plow cont ro l  se t t ing ,  and ( 3 )  deviation of the mean out;l.et coolant 



temperature. The contribution of each e f fec t  i s  given as the 2 0  l i m i t ;  

tinat i s ,  the extent of each deviat-i-on i s  e?rpected t o  be within -the 

s t a t ed  range ?.r:Ith 95% cer ta in ty .  

to rs ,  obtained by taking the square root of the  sum of the  squares, yields  

a net e f f ec t  of 4 1 ° C  for t h i s  steady s t a t e  concktion. For -this 68% of 

i t s  l i f e ,  the e x i t  coolant tenipera-Lure from a refuel ing zone i s  expected 

t o  l i e  w-itliin l + l " ~  of normal 95% of the  time. 

The combined e f f ec t  o f  these thre.: f a c -  

'The second condition referred t o  i n  Table 5.5, "Steady s t a t e  with 
column streaking, " j.s a t t r ibu ted  to the  augmented heating r a t e s  predicted 
by neutronics calculat ion f o r  t he  cen t r a l  column of some refuel ing zones 
f o r  the  f i rs t  year of the  &-year l i f e  of the zone. 
i s  given as SO9"C; however, since t h i s  e f f ec t  may be calculated and 

predicted, t r ea t ing  t h i s  f ac to r  as a random e f fec t  (such as a thermo- 

co-Jp1.e uncertainty) nlny not be conpletely appropriate. The augmented 
power density i n  the cen t r a l  column of same refhel ing zones dux-ing t h i s  
f i rs t  year of l i f e  r e su l t s  i n  higher ex i t  coolant tempemtimes from the 

column, which tend .to be maintained o v e r  some poytions of the support 
posts beneath the  region i n  question. This effect;, together with the 

other three c i t e d  causes of hot spots, yields  a combined temperature 

range of 

The deviation range 

116°C f o r  the  25% period of t o t a l  I.l.fe. 

Finally, Table 5.5 l i s t s  the  estimated temperature excess as a result 

of' loading folloxing t ransients ,  whi.ch i s  ant ic ipated t o  occw during 7% 

o f  reactor  l i f e .  
t o r  power l e v e l  i s  increased t o  follow a load change, due to the  inser t ion  
o f  r eac t iv i ty  t o  overcome xenon buildup. The temperature elevation ci ted,  

337"C, represents the worst case caused by power peaking i n  the cen t r a l  
column of the  highest  r a d i a l  power fac tor  zone under conditions of maximum 

xenon cmel-ride. 

Localized temperature elevations may occur as the  reac- 

5.2.2 Core post hot spots d u r i x  tube bwst shutdown t r ans i en t s  

I n  applying the  above discussion t o  the  consideration of hot-spot 
f ac to r s  during shutdown t ransients ,  one must weigh the  following 
cons ide ra t  i ons : 
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1, The shutdam t r ans i en t  may start at the  l e a s t  propitious 
time; that is, at  a time when the various f ac to r s  contr i -  
buting t o  loca l ized  werheat ing under steady s t a t e  opera- 

t i ons  a r e  a t  t h e i r  worst. 
chance that a tube burst event, i f  it occurs, would OCCUT 

For example, there  i s  a ?$ 

during a load following t r ans i en t .  

2. The power l e v e l  during the  shutdam period i s  extremely 
small as campared w i t h  the  steady s t a t e  l e v e l  which 
i n i t i a l l y  created the hot zones. This would tend t o  
re l ieve  the  temperature nonideal i ty  during shutdown. 
On the  other hand, the  existence of the  hot zone a t  
the  time of reac tor  t r i p  would have an e f f e c t  i n t o  the 
s h u t d m  t r ans i en t  by v i r t u e  of the  sensible  heat s tored  
i n  the  hot graphite column. 

3 .  Since the  coolant flows a re  much lower during shutdown 

(but s t i l l  far i n t o  the turbulent  region i n  the  subcore 

region), the i n t e n s i t y  of turbulent  mixing w i l l  be cor- 
respondingly lower. This w o u l d  tend t o  enhance hot; 

streaking ( i .e . ,  the  tendency t o  maintain a loca l ized  

temperature excess within a flowing f lu id ) .  

t i o n  t o  t h i s  i s  the  f a c t  tht lower flows allow more 
time fo r  dispersion t o  occur between two set locat ions.  
I n  fac t ,  it may be shown that these two tendencies cancel 

each other t o  a first approximation. Hence, as long as 
the  flows remain within t h e  same qua l i t a t ive  category, 
hot-streaking tendencies should remain approximately 

equivalent as the  coolant f lowrate i s  reduced t o  shutdown 
leve l .  

I n  opposi- 

4. Subtracting the  given average core temperature va r i a t ion  
of 2 20°C from the "s teaw-s ta te  temperature excessjt' 

reduces it t o  L 35°C (from ;t 41"C).* 
with column stseaking"temperature excess i s  hardly al tered,  

The "steady-state 

* 
It w a s  shown i n  Sect.  6.4 of ref. 1 that core post s t rength loss  r a t e s  
were r e l a t i v e l y  insens i t ive  t o  smaLz. changes i n  general  temperature 
leve l .  Only loca l ized  departures from t he  mean were s igni f icant .  



while the "load--folluwing hot s t reak" j.s reduced t o  

317°C (from 337°C) by ignoring the  a l la rab le  deviation 
i n  awrage temperature. 

It i s  apparent t h a t  a complete, qilantitstivt?: evaluation of hot-spot 
e f f ec t s  during shutdown .transients involve complex operational, neutronic, 

and hydrodynmie piienormna, the reso1ixtion of which i s  beyond tile scope 

of t h i s  study. However, the  approximate importance of t h i s  e f f ec t  w i l l  
be assessed by running the following two cases which appear t o  be 

reas on.& 1.y repre s enta2;ive. 

Xot-spot Case 1.. Thj.s case i s  less  severe, but; more probable than 
Case 2, below. An i n i t i a l  hot-streak value of I.J.6"C i s  assumed7 applica- 
b l e  t o  the cen t r a l  column of the  high r a d i a l  power fac tor  zones dwing 

t h e i r  i n i t i a l  year of service.  

l i n e a r l y  t o  zero a t  -Hie end of the s h u t d m .  

The c o l i m  s t reak  i s  assumed to  pass 

Hot-spot Case 2.  The tube fa i lure  i s  assumed t o  occur during EL 

load follcrwing transient; (7% probabi l i ty) .  
f o r  the  highest  radial p m e r  fac tor  fue l  zones i s  i n i t i a l l y  31r("C. It 

i s  assumed that the  colwrln hot stpeak i s  reduced l i n e a r l y  with time such 

t h a t  it i s  zero by the end of the  shutdown t rans ien t .  

The cen t r a l  colwllro hot s t reak  

'The results f o r  hot-spot Cases L and '2 a r e  shorn In Table 5.6 and 
a re  cornpared wfth the  s t rength loss estimate for the  nominal posts 

given previously. 

which i s  the  highest  r a d i a l  power fac tor  zone. 

mated strength losses  f o r  local ized areas a re  higher by fac tors  of about 
3 t o  6 assuming corrosion rates according t o  Hel rns  and M a e R ~ e r s o n , ~ ~  and 

from about 14 t o  30 according t o  Johnstone, Chen, and Scot t .  l1 As before, 
the  depressurization cases result i n  surpr is ingly 1cjw s t rength l o s s  

estimates despite the  high t rans ien t  temperature s i tua t ion ,  Case 3 A  
r e su l t s  i n  the highest  strength loss  estimate, ranging from 6.8 t o  l Z % ,  

as a r e su l t  of local ized overheating. 

These estimates all. r e f e r  t o  the  posts beneath zone 3, 
FOT hot spot Case 1, e s t i -  

Local-ized s t rength losses  incwred  as a r e s u l t  of assumed hot-spot 
Case 2 a r e  given i n  the  las t  colimn of Table 5.6. These range from 0 t o  

1.5% f o r  Case 1 (which presumes proper operation of moisture monitor and 



Table 5.6, Effec t  of localized hot spots on strength loss 

beneath a high radial power factor zone (zone 9) 

Strength Loss ($1 beneath high power factor zone 9 
Rot spot, Case 1 H o t  spat, Case 2 Case Nominal core post 

1 

2 

3 
3A 
1-t 

5 
6 
6A 

0.04%-0.007" 
0.26 - 0.088 

1.2 - 1.6 
2.4 - 1.9 
0.043-0.008 

0.26 - 0.13 
0.22 - 0.76 
0.43 - 0. h-0 

0.24-0 a 23" 

1.2 - 2 * 4  

3 .B - 9.2 
6.8 - 1 2  

0.25-0.22 

1.5 - 1.7 
1.1. - 1.2 
1.1 - 1.1 

1.5-0.98" 
6.7-19 
8 1-24 

25 0-33 
1.. 4-0.69 
6.7-3.9 

4.8-3 "2 
5.0-3.5 

a The first value was computed by assuming the Helms-MacPherson corrosion 
expression; the second value assumes the Johnstone, Chen, and Scott 
expression. 

isolation systems f'ollawing tube f a i lwe)  to 25 to 33% for Case 3A, 
(which assumes failure to i s o l a t e  and partial faflure f o r  the CACS 
system). Localized strength l o s s  i ncu red  during depressurization 

events range f r o m  0.7 to 1.4% f o r  Case 4 up to 3.5 to 5% far Case 6A. 
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