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P -1 1 .!JEECT OF STEAM CORROSION OW CORE XIST STREEGTH LOSS: 

I. LOW, CHRONIC STEAM INGRESS RATES 

R. P. Wickner 

AaSTRllCT 

The purpose of this study was t o  assess the  e f f ec t  of chronic, 
low leve ls  of steam ingress in to  the prfri'ary system of the HTGR 
on the corrosion, and consequent s t rength l o s s  of  t h e  core sup- 
port posts.  The assessment necessar i ly  proceeds tl.irougli the  
following three s teps:  (1) The impurity composition in the 
priInary system was estimated as a function o f  a range of steady 
ingress rates of from 0.001 t o  1 . 0  g/sec, both by means of an 
analysis  of the  Dragon steam ingress experiment and a computer 
code, TIMOX, which t r e a t s  t he  primary system as  a well-m.ixed 
pot. (2) The core post burnoffs which r e s u l t  from h - y e a r  
exposures t o  these determined impurity atmospheres were then 
estimated using a corrosion r a t e  expression derived from pub- 
l ished ATJ-graphite corrosion r a t e  data. Burnoffs were deter- 
iniried for both the core posts a t  the  nominal and the  maxirnwn 
sustained temperature, estimated t o  be 90 "C abcwe iiorriirial. 
(3) The f j n a l  s t ep  involved assessment of t he  degree of 
strength loss resu l t ing  from the est ixnted burnoffs. An empi- 
r i c a l  equation was developed f o r  this pmpose which eornpares 
reasonably wel l  with strength l o s s  data f o r  a number of dif- 
fe ren t  graphites and specimen geometries. 

Steps (1) and ( 2 )  y ie ld  an e r ro r  band of predicted binrnoffs 
with varying ingress r a t e  for  both the  nominal and Lot core 
posts.  Step ( 3 )  was used to estimate a burnoff range which 
my cause 5@ strength l o s s  - t he  rriaximum allowable degree 
of s t rength loss - for  both the nominal and hot COX posts. 
A method. w a s  deTreloped fo r  estimating the probabili ty f o r  5% 
strength lo s s  for the general  case of overlapping emor  bands. 

The r e s u l t s  show t h a t  the norninal cere posts have small proba- 
b i l i t y  (8%) f o r  5@ strength lo s s  even a t  the  maximum assumed 
I-iO-year ingress r a t e  of 1 g/see (corresponding t o  850 vpm* 
total oxygen). nominal core posts have @ probabi l i ty  of 
50$ strength loss f o r  ingress r a t e s  below 0.025 g/sec (20 vpn 
t o t a l  oxygen). The hot core posts shvw significantly greater  
proba;bility for 5% strength loss: 7% at  0.004 g/sec ingress 
(3.4 vpm t o t a l  oxygen), BO$, at 0.007 g/sec (6  vpm t o t a l  oxygen), 
and. LO@ probabi l i ty  f o r  ingress r a t e s  above 0.01 g/sec (9 vpm 
t o t a l  oxygen) 

-X- 
v p m  -- parts  per mil.li.on on a volumetric basis. 
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Thus, a major problem this study c a l l s  t o  abtention i s  the 
po ten t i a l ly  excessive loss of graphite s t rength i n  the  hot-  
t e r  core post; regions. It i s  recormended 'chat a more accurate 
def?nition of -the size, I-ocation, a i d  bmperature excess of t he  
sus-bained core post hot zones (created by regional  pumr pesk- 
ing, hot streaking, and non-idea,l coolant f l o w  d is t r ibu t ions  ) 
be obtained. 

Modest changes i n  pur i f ica t ion  r a t e  appear t o  have minor e f f e c t  
on the d-egree of s t rength lo s s .  Signi.fi.cant1y improved r e s u l t s  
begin t o  show only f o r  pur i f ica t ion  flows above about Ti-ve times 
the  nominal r a t e .  Similarly, modest changes i n  core temperatwe 
do not s ign i f i can t ly  a f f ec t  core post s'crength l o s s .  In  some 
cases, small incl-eases i n  temperature a r e  shown t o  benefi-t; the  
core posts because of improved.oxidant ge t te r tng  by t h e  core 
and the  iiicreased tendency f o r  t h e  corros-ion t o  be confined to 
a narroTger surface zone, which r e s u l t s  i n  lmre r  stl-ength loss .  
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l. Il’JTKODUCTIOIX 

1.1 Objective and E&tlnod 

The objective of t h i s  study wits to assess  the e f f ec t  of slow, long- 

t e r n  steam leakages i n t o  the primary system of the HTGR on t’ne corrosion, 
and consequent s t rength loss ,  of t he  core posts,. * 

A s  the f i r s t  step i n  the approach to the  problem, Yne impurity l e v e l  
and compositioa i n  the  primary coolant fo r  s e r i e s  of asslmed steady-state 

ingress r a t e  were estimated. 
r a t e s .  Instead., the  rate of steam inleakage was t r ea t ed  as a parameter 

ranging from 0.001 g/sec, which corresponds to a t o t a l  oxygen l e v e l  of‘ 

0.85 vpm (par t s  per mil l ion on a volumetric b a s i s )  a t  the noxinal p u r i f i -  

cat ion r a t e  i n  the  reference plant, to 1.0 g/sec, which corresponds t o  

850 v-pm t o t a l  oxygen. 

the steam inleakage and pur i f ica t ion  rates ,  t he  composition of t he  impu- 
r i t y  atmosphere a l s o  depends on the  react ion ra te  of steam with the  core 
graphite . 

No attempt was  made to ealclcila’te ingress 

While the  t o t a l  impurity level  depends so le ly  on 

Two basic  methods were used t o  determine e f fec t ive  core r e a c t i v i t y  

t o  steam and the resu l t ing  impurity composition. Section 5.2 describes 

one method based on t h e  analysis  of steam ingress experiments performed 

a t  the Dragon Reactor. A second method, outl ined i n  Sect. 5.3, u t i l i z e s  

a computer program t h a t  t r e a t s  fine primary coolant as a wel l - s t i r red  pot. 

The core graphite i s  separated i n t o  four react ive zones, each character-  

i z e d  by an appropriately weighted. mean temperatwe calculated from a 

more de ta i led  temperature d is t r ibu t ion .  Impurity compositions a r e  com- 
puted by the  program as a function of time folluwing the onset o f  a 

steady-steam ingress u n t i l  steady s t a t e  conditions a r e  reached. The 

calculat ions are car r ied  through employing three  published corrosion 

rate equations as an e s t b a t e  of the core r e a c t i v i t y  t o  steam corror’ oxon. 
These three  e s t i m t e s ,  together with impurity compositions extracted 
using the Dragon ingress data, y i e ld  a band of equilibrium impurity 

compositions as a function o f  r a t e  of steam ingress.  

++ 
In  th i s  report, the  term “core post s t rength” r e f e r s  so le ly  t o  the  
compressive strength of t he  b0d.y of the post.  Consideration of‘ the 
contact s t r e s ses  a t  each end of the  post i s  excluded. 
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The second. s tep  i n  the  assessment was .tile estimation of the  extent 

of long-term corrosion experienced by t'ne core post,s as a consequence 04 

exposure t o  the abwe determined impilrity compositions. A corrosion Fate 

equation f o r  ATJ graphite, the reference core-post material, was derived 
f o r  t h i s  pwpose f r o m  publ-ished r a t e  data .kaken under reasoiiably reyresenta- 
t i v e  conditions of temperature and impurity concentraions (see Sect.  4- 1). 

The uncer ta in t ies  inherent; i n  the  use o f  t'ne derived. equations f o r  pre- 

d ic t ing  A T J  corrosion r a t e s  a re  s ign i f icant ;  these a r e  de ta i led  i n  

Sect.  4 .1 ,  Nevertheless, corrosion ratzs predicted f'oi- ATJ  f a l l  within 

a ba;nd of estimates using other r a t e  equations and generally follow sim.i- 

lax- t rends.  

-f 

The f i n a l  step i n  the  assessment mias to correl-ate the estimated 40- 
year c o ~ e  post bwnoffs  with streng;t;!i I-oss. 

model i s  d-eveloped. i n  Sect.  6 . 1  based on t'ne concept t h a t  the  f r ac t iona l  

s-Lrrngth degradation of a graphite member i s  r e l a t ed  t o  the r a t i o  01' an 
ef fec t ive  corrosion depth t o  member s i ze .  The effecti-ve corrosion depth 

i s  determined by computing the  surface burnoff ( the so-called onion skin 
lou.i-noff) mult ipl ied by a penetration factor ,  which va:r?es inversely with 

tmpera,ture. 

loss  data i n  the temperatwe range of 350 t o  1 0 3 0 " ~ .  Extrapolating the 
cor re la t ion  dow- t o  core-post temperatures involves consid.era;ble uncer- 
t a in ty ;  consequently, a range of penetrat ion i"ac"iors a r e  assumed for -the 
core posts tlnat y i e ld  a range of estimates f o r  streng-Lh loss.  

A n  empirical  s-trength l o s s  

The penetrat ion fac tor  i s  estimated from published s t rength 

I n  Sect.  6.4, the  estTmated range of 140-year bui-noffs i s  compared 

with the  estimated range required t o  cause 5% core post s t rength loss 

( ca l l ed  the  t a r g e t  burnof€) a'c bot'n t he  nominal and. 17.pper s u s t a h e d  core 

post t emperahre s . 
In te rsec t ing  e r ro r  bands of estimated and t a rge t  burjioff s yield- some 

nonzero probabi l i ty  f o r  5% s-trength lo s s .  

p robabi l i ty  i s  described i n  Appendix A, based on the assumgtion t h a t  each 
e r ro r  band i-epresen-ts a zone i n  which the  estimated bwrnoff (or  t a r g e t  

burnoff) could lie with equa.1- probabi l i ty .  6-robabril.l.ties f o r  reaching 

A method. for cornputTng t h i s  

.x 
AT3 i s  the  regri-stered treadename for a type o f  graphi'ce manufactured 5y 
Carbon Products Division of Urnion Carbide. 
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5% core post s t rength l o s s  fo r  a range of assmecl steam ingress r a t e s  

a re  calculated i n  Sect.  6.4 by using t h i s  assumption o f  f l a t  frequency 
function within each e r ro r  band. 

1 . 2  Interim Nature of ‘This Study 

A number of developments were knm to be i n  progress during t h e  

coursc of t h i s  study t h a t  may have a s igni f icant  impact on the  calculated 

results. Most Izotable i s  the  projected increase i n  the  diameter of t he  

core sugport posts from 6 in., specif ied i n  CrRS3AR-6, 

7-3 /4 in .  d i r e c t l y  under the core 

design change being considered i s  the replacement of ATJ as a prime cans- 
h t e  for the  core post material with an a l t e rna te  graphite, possibly 
Stackpole 2020. The change of p a p h i t e  type will grobabljr have less of 
an impact on the conclusions than the projected change i n  diameter. 

1 to a range o€ fronr 

t o  9 i n .  around t h e  periphery. A second 

I n  addition, corrosion r a t e  constants f o r  t he  reference core graphit3, 

Ti-451, are s t i l l  being developed and should be avai lable  soon. 
these new values would tend to dirninish some of the uncertairt t ies of this 
assessment, since the  reactivi-by t o  steam corrosioln of the core graphite 

determines the  oxidizing environment that the core posts experience for 

any given steam ingress rate. I n  t he  absence of r a t e  constants specil’i’ic 

t o  the  reference-core graphite, revcral kine t ics  expressions f o r  a number 

of Lgraphites were selected from t he  l i t e r a tu re ,  which yielded a range of 

calculated impurity compositions. 
repeat these calculat ions a t  an opportune t i n e  using the  newly established 

post dimensions and revised k ine t ics  constants for t he  core graphite.  

Use of 

It would. therefore appear advisa’ole to 

1.3 Reference Reactor Parameters 

T h i s  study began at  a time when the  principal. authoritati?Je sumr~~ry 
r ~ f ’  HTGR reactor  parameters was the  Delnlama Power FSAR.‘ POI- this reason, 

and because the  f i r s t  l icensing act ions f o r  HTGRs would Iqelate to reactors  
o€ this s i ze ,  t‘ne 2000 I’fld(t) HTGR was selected f o r  this stuw, In  the  

course of the  analysis,  a need arose f o r  core tcinpera,?2irs d i s t r ibu t ion  

data exceeding i n  d e t a i l  those pr‘wided by the  E A R .  This addi t ional  
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d e t a i l  was provided by General Atomic Compa:cy. (C-AC) v i a  inforiilal trans- 

mission of a por-Lion of a sa fe ty  analysts  report  t h a t  was piiIdish_ed 

l a . t e r ~ , ~  

tures  from the  core being about 30°C higher i n  Uie l a t e r  safe'iy study a s  

cornpa~ed wit'n. tile Del.ma-rva FSAR e 

The temperature levels however differed, .the e x i t  coolant ternpera- 

Hence basical ly ,  the reference reactor  selected for t h i s  study i s  a 
2000 MCJ(  t ), ~urmi i t - type  reactor  employing t'ile liigher tso.pera,t7,u-e levels 
indicat;ed.by r e f .  3. The ant ic ipated e f f ec t  of t h i s  modest temperature 

difference on the resul ts  i s  shown i n  See-i;. 6.4 t o  be minor. 

Fiiially, ~1ss~11-6 becam-e avai lable  ra ther  la-be so  tha.1; no MSSAR-~ 

par-a.-meters were adopted which w~i i . ld .  have requi red  rmj or cs.l.ci~.lational 

revisions.  Hmeve-i., wherever otlherwLse possible, GASSAR-6 was  used as 
the  most recent au thor i ta t ive  source for design dimensions, material  pi'op- 

5 r t i e s  o r  other descriptive infommti.oii, Table I.. 1 l i s t s  the pertinent 

parameters of t he  reference reactor  used i n  .this study. 

l . i +  Flaw Sizes t o  Yield Assumed Inleakage Ra-'ies 

It i s  wel l  'io have i n  mind s o m  approximate scale of the  flaws i n  

the st2a.m generator tiibing t h a t  wo1iI.d r e s u l t  i n  t he  range of inleakage 
flows assumed. i n  t h i s  study. 'iko cases TKX.~ be zxamined, each of which 

was selected t o  avoid 'iwo-pha,se f l o w :  
feedwater i n l e t  of the  steam generator where the water temperature i s  suf- 

f i c i e n t l y  1 c l . v ~  s o  tlia.L decompression t'ne helium side pressure does n o t  

cause vaporization; ( 2 )  8 tu-bing flaw suf fi.c-ientlg far into the  su.pex-heat,er 
region so  t h a t  isentlialpic expansion within flaw does not  bring the 

steam in-to .tile two-phase region. 

(I) a t i i bhg  flaw I-ocated. n e a ~  the  

1.4.1 Inleakage of water 

For the  f i r s t  case, t he  water si.de pyessure near t he  feedwater i n l e t  

i s  about 2980 p s i  (20.5 MPa), and i s  opposed by '105 p s i  (4.86 ma> on the 
helli.u.m sn'.de. S h c e  a vapor pressire of 705 psf (4.85 ?@a,) corresponds t o  
a temperature of 500% ( 2 6 0 ° C ) ,  it; m y  be presumed t h a t  water leaks below 
5 O O T  (260'~) will pass tlwough t h e  f l a w  as l i qu id  water. A tes-t cdcu3.a- 

'iion shows Ynat pin.ho1.e mter  leaks ~511. not be l lmited by sonic velocity.  



lbri Tica t ion  ratc Z O ' l 0  Lism/hr 

C ( x e  posts 
Diameier 6 ir?. 
Lcrgtli  7.1. l't 
Tfmb er 2% 
In it i a l  c omprtr! s s i v c  s t rzu?gth 10,000 psi 
Nominal temperature 11 9 6 ?F 
Estimated maximum sustained temperature 1608 "E' 
Initial safety factor 10 

a\ 6 dotation 1.016 signifies 1.0 x 10 . 
See Table 5.8. b 
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We my approximate the  flaw through an assumed cyl indr ica l  pinhole of the 

diameter, d by equating dri-ving pressure t o  the sum of the expmsion- 

contraction pressure loss  of a p p r o x i m t d y  two veloci-by heads and the  flaw 
resis tance with the  Tlaw; tha.t L s ,  

j' 

L 1 2  
Ap := ( 2  + 4-)- 0 d .  '2 puj 7 

J 

where u i s  the  ve loc i ty  i n  the  flaw, and 1, 

of about 0.13 in. (0.33 em). 'The term TJ/hO 
j 

i s  the tubing wall thickness 

d , approxbate ly  equals the 
J 

f r i c t i o n a l  resis.t;ance i n  Yne f l a w  i n  terms of velocf ty  head-pressme l o s s .  

Tlie leakage mass flow r a t e  i s  given by: 

r c 2  
S J C  j 

kr = pu, d. . 

j' 
Equatj-on ( 2 )  may be subst i tuted i n t o  Eq. (1.) t o  y ie ld  the f l a w  size, d 

which corresponds t o  an assumed value fo r  t'ne leakage r&e. 

Tne r e su l t s  f o r  eases of i n t e r e s t  a re  shown i n  'Table 1.2. Rather 

srml.1. tubing flaws cause the range of inleakage f l o w  ra'~es assunieci i n  t h i s  

study. 
-to a t o t a l  oxygen l e v e l  of 1.0 vpm a t  the nornLna1 pur i f ica t ion  flow, i.s 

seen t o  r e s u l t  from pillinole flaw of about, 0.6 m i l .  i n  the water leakage 

regime. 

Tke inleakage flow of 0.01 g/sec, which corresponds approximately 

Table 1 . 2 .  FLaw sizes  f o r  a range of inleakage flows i n  t h e  

water regime near the  feedwater in l e t ,  calculated 

by usiiig Eqs .  (1) and ( 2 )  

Flaw size,  d .  
J 

(mil) ( P d  
- 

0 " 001 0.22 5.6 6 0  '19 
0.01 0.59 15.0 240 r7:3 

0.1. 1.6 41.0 33 0 100 

1.0 4.5 110.0 400 120 
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4 The iiikeres.Ling experiments of C .  Harper e% al, on t'he be'ria;vior of 

sua11 water leaks in high-pressure mild-steel. boiler tubing are worth 

notirig here. The resiilts of several rims a t  various i n i t i a l  imnufactur-ed 

f l a w  s izes  are  shown i n  Table L,3,  The wall th ickxxss  u.sed  as almiit one- 
I-ia.3.f oP t?ie O a 1 3  in. (0.33 ern) assumed iLboveJ and Yhe mter temperatlxe 
was suSfieieirtly h i@ (abo.u-i; 66Gv or 3kg"C) so t h z t  'che leakage probably 

f h s h e d  i n t o  the  two-phase rcegion; thesef ore, the yesul ts  a r e  not di.rectly 

c omprable  . 
Tdo i-rnportant r,onclu.sions nay be &ram from %??e test data s m r f z e d .  

i.n Table I .3 : 

(I) There appears to be a, c r i t i c a l  flaw s ize  i n  these tests 

below which corrosion debris sea ls  the  leak RXid above 
which the leak increases with -Lime. Tnis c r i t i e a , l  s i z e  
is bracketed between 2 m i . 1  (51 ~JJII), ~ f ~ i c h .  yielded. ~ e a ~ r a g e  

rakes that increased from about G,4 t o  about 3 b fr/ see, 

aid 0.6 m i l  (15 pm) below which Leaks quickly plxgged.. 

( 2 )  The second conclusion drawn from these experiments i.s 

that the  mechariics of slm leaks driven by a high- 
pressure driving force i s  a rather complex p'nenonxxion. 
I n  no case was it folmd possible t o  generate a time- 

steady, slcw leak. Leakage flows +rhicki did not  plug 

va.r ied.  g r ea t ly  w i t h  time, r e f l ec t ing  accumLLL.ttion of 

corrosion debris o r  erosion due t o  high velocities. 

OccasionaDj, t h e r m l  cycling would break loose a 

plugged f l a w .  
4 It should be emphasized. t'rrat the results of' Harper. e t  aL. per ta in  

'GO the  par t icu lar  condition of t h i s  expei*hent, with respect t o  tubing 
ImLerial, wall -thickness, xra,'r,er pressure, and temperature. Since the  
mechanics a r e  not wel l  widerstood, it i s  not possible t o  generalize 

these dbserva-Eons t o  ocher conditions, pa r t i cu la r ly  t o  cases involving 

superheated steam instead of satixated water as 'the leaking rriaterial. 
Neither i s  it possible t o  assess vibratior?. e f f ec t s  in sustaining small 

leakages. 



Table 1.3. Behavior of small Leaks i n  mild-steel  bo i l e r  t,uoes su3jecteci 
a t o  water a t  2500 ps i  (17.2 &Pa) and 350°C 

Flaw diameter Water leakage r a t e  

(g/sec j (g/sec j 
Test ( m i l  1 !A m I n i t i a l  Final  C ommen-ts 

9 
11 

12 

13 

lh 

15 

4.0 102 - 73.3 Spark eroded hole 

4.0 102 0.1; 2.0 Spark eroded kole 

0.6 1-5 0.003 0 Tapered, laser -dr i l led  hole ; 
leak seaied 

0.5 1-3 0 b 0 Tapered, laser -dr i l led  hole; 
sealed rapldly i n  wa%er t e s t s  
Taper e G, b l a s e r  - &rille d hole 

Taper e d, D l a  s e r  - d r  ilk d hole  
2.0 51 0.53 2 -3 
2.0 51  0.37 3.6 

e. Oata taken frori r e f .  4. 

The rLnirima diameter is given f o r  the  tapered holes. 
b 



1-14.2 E'1a.w sizes for leakage i n  t'ne superheated-steam region 

Preliminary calculat ions indicated t h a t  t h e  leakage rate of super- 

heated steam through a small f l a w  i n  a steam generator tube would. be 
sonic -velocity l imited.  

s i z e  can be appriuximated -by assuming t h a t  the s t e a n  expands isenthalpi-  
ca1ly to the h e l i m  s ide  pressure and exits at t he  sozic veloc i ty  corre- 

sponding t o  steam propert ies  i n  the expanded s t a t e .  

The leakage flow rate through a presumed pinhole 

The Iflollier dj-agrani f o r  steam indica"r,es t h a t  isenthalpic  expansion 
fron about 2980 psi (20.5 MFa) down t o  about 705 ps i  (b.c% IGa) avoids 

-the two-pkase region for t,em-peratures a'oove 770°F (376 "c) . 
would d.rop the steam temperatures t o  about 540°F ( Z % Z " C )  a t  705 ps9 (4.36 
MPa); a t  these conditions the sonic ve loc i ty  i s  estimated t o  be about 

1900 f t / s e c  (580 m/sec). 
the  steam generator, where the  steam conditions of 2500 psi  (17.2 MPa) 

and. 950%' (g10"C) exist, wou ld  y ie ld  a temperature of 820°F (438%) on 
isenthalpic  expansion t o  705 p s i  (4.8.5 IYrPa), and somewhat higher sonic 

ve loc i ty  of 2100 f t / sec  (61-10 mlsec). 
close, there  shoEld be l i t t l e  difference i n  t h e  nature of a small super- 

Expansion 

Assuming a pinhole locat ion near t h e  C2xit from 

Since these values a re  fa i r ly  

heated steam leak anpfhere i n  the  superheated zone abwe 780°F (416°C). 

An  assumed steam e x i t  ve loc i ty  of 1900 ft/sec (580 ra/sec) yields  the 

Note tha t  t h e  flax s izes  f o r  t he  given leakage rates shmm i t 1  Table 1.4. 

f l a w  s i ze  corresponding t o  0.01 g/sec  i n  t he  primary c i r cu i t ,  which y ie lds  

about 10 v-pm total oxygen, i s  about 1 . 2  m i l  (30 pm). 

Table 1.4.  Tubing flaw s i zes  i n  the  superheated r e g i m  

Flaw s i ze  
(mjl) (lJ.rn 

0.001. 0.39 10 

0.01 - 1.2 30 

0.1 3 *9 99 
1.0 12.0 3 10 



Flaw s izes  calculated. by the indicated mebhod s h a d  yie ld  lower 

results than those calcil-ated with mor2 rigorous methods outlined- i n  

t e x t s  on compressible flow. ihvever, calculations perfomed using Liie 
more rigorous method for the  0.01 g/scc case y i d d e d  approximatcly the  

same result  as shown. 

No ex-perhental data have been foimd on the  na.Lure of small super- 

heated steam leaks from high pressu:e correspondi:n.g t o  the data of 
Harper f o r  saturated wd-Ler . 4 
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2.1 Major Conclusions 

The core posts i n i t i a l l y  possess a safeby factor of about 10  under 

nonn;tl operating conditions. 

has been set €or the end of reactor l i f e  i n  CAXSAR-6, 8 z n a x i m  
allowable core-post strength loss of 5% has been assumed f o r  t h i s  

Since a rniiiirnm safety f ac to r  of 5 

s-tudy . 
The bwnaff causing 5W$, st rength loss  i s  estimated t o  be between 
260 and- 620 mg/cm" f o r  t he  nominal core post. 3 

T%e range of b u n o f f s  and- strength red-uctioris at the  end of reactor  

l i f e  for the nominal core posts, assumlag nominal pw-ification flow, 
is estimated t o  her 

(9) cm 

Ingress Tota l  I3wrio€f Strewtin Frobability for 
rate oxy-gen Xa.nge 10s s m$ 

(4 1 ($) 

range :;trengt;'n loss 

0.091 0.85 12-60 1-20 0 

0.01 8.5 no- 240 lZ-42 0 

0.1 85.0 23 0-3 00 l.c)-56 CI 

1.0 850.0 250-31:o 20-61 8 

'7 

Continuous ingress rates of 0.025 g/sec  and below, corresponfing t o  
total oxygen levels below 21 v p n  a t  norniral p m i f i c s t i o n  flow, cause 

40-year '4wnoffs i ~ h i c h  show a zero probabi l i ty  of 5@ strength loss. 

A semiquarittitative examination indicates  t h a t  the  m i x i m u m  sustained 
core post temperature i s  approximately 90°C above nominal. 
of f  causing ?@ strengkh l o s s  i s  estimated t o  be between 520 and 

760 g/cm 
5% strength l o s s  a r e  due to the  tendency of corrosion to be rnore 
concentrated a t  the surface with increasing: ternperatwe. 

?"ne burn- 

2 f o r  the  hot core post material .  Tne higher bwnoffs for 



( 5 )  'Yhe follorNing end-of-l ife buriioffs and probabi l i t i es  f o r  5% strength 

loss   arc^ predicted for the  core posL rnaterial a t  the estimated maxi- 

mixi sustaj-aed temperature: 

_I ~ 

T o t a l  B ~ ~ l o f f  Strength Probab j 3 i t y  

l e v e l  

Ingre s s 
rat2 oxygen range 10s s f o r  yY$ 

mnge strength loss 

(&) ( V P d  (3) (% 1 (4 ) 

0.001 0.85 75-350 6 -36 0 

0.004 3 .4  300-980 30-76 50 

0.01 8.5 6 70- 13 0 0 49-94 97 
0.1 85.0 13 00-1900 76-1.00 100 

These r e s u l t s  ind ica te  the need f o r  a more exact def in i t ion  of  the  

locat ion and s i z e  of t he  sustained hot zone i n  the bottom suppoyt 

s t ruc ture .  

(6) Increasing pur i f ica t ion  flows were t e s t ed  as a means f o r  mitigattng 
s t rength loss of the 'not post  material .  Modest changes i n  purrifica- 
.Lion r a t e  (about a fac tor  of 2 )  were found t o  have l i t - t l e  effec-L. 

Signif icant  beneficial- e f f ec t  begins t o  appear for pur i f ica t ion  rates 

above about f'ive times -t"e nominal values.  

2.2 Summary 

(1) The followtng steam corrosion rat? expression f o r  ATJ graphite, the 

present 1eadj.ng candidate f o r  t'Lle core post material, was de-terini.aed 

from published data on l - i n *  spherical  specirfiens o f  5% bwnoff, 

where p a r t i a l  pressures a re  expressed i n  atmospheres. A major uncer- 

t a i n t y  i n  use of the above r a t e  equation i s  that the  data on which 
the  correl.ati.on i s  based exhibi tsd a var ia t ion  of observed corrosion 
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r a t e  with t es t  flowrate of an inper fec t ly  und.erstood character.  
Hence, extrapolation t o  core post f l a r  condrtians i s  uncertain. 

However, the r a t e s  predicted f o r  ATJ by the above cor re la t ion  

generally f a l l  within the  band f o r  other r a t e  equations. 

Corrosion rate predictions from f ive  published s tudies  were compared 
f o r  a number of representative cond5tions. Most frequently, the  

predictions l i e  within a fac tor  of 10, but differences of a f ac to r  

of 30 appear f o r  some conditions. Some of the  varia-t;ion i s  due t o  

the  f a c t  that some comparisons a r e  necessar i ly  made beyond t h e  
experimental conditions. 

i n t r i n s i c  graphite corrosion r a t e s  i s  about 10. A range of a fac- 
t o r  o€ 2 t o  3 may be expected for different  samples from one graphite 

type; this i s  believed t o  be caused primarily by a var ia t ion  i n  

microstructure a t  d i f fe ren t  locat ions.  

A reasonable value for the range of 

( 3 )  Analysis of t he  var ia t ion  of impurity l eve l s  w i t h  axial locat ion 
within one coolant channel ind ica tes  t h a t  t he  impurity concentra- 

t i ons  are ef fec t ive ly  constant from the  top t o  the bottom of the. 

core. 

as a well-mixed pot, thereby ignoring s p t i a l  dependence of 

concentrations. 

This allows a s implif ied treatment of the primary system 

(4) One method of predict ing primary system Impurity compositions 
employed i n  t h i s  study was based on an analysis  of t h e  steam 

ingress experiments performed a t  the  Dragon Reactor. The data 
were in te rpre ted  i n  terms of a simple, f i r s t -order  react ion model 

and extrapolated- t o  ETTGR conditions. These r e s u l t s  indicate  t h a t  

about 65% of the  steam ingress t o  the primary system ex i s t s  as 
oxidant f o r  long term, steady ingress a t  the nominal pur i f ica t ion  

rate. 

(5) A! second method of predict ing impurity compositions f o r  a given 

s t e m  ingress r a t e  i s  based on a mixed-pot model of t h e  primary 
system termed TIMOX. TIMm employs three  published r a t e  equa- 

t ions  for predicting the core r e a c t i v i t y  to steam eol*rosion, the 

th ree  caLculations being car r ied  along i n  p a r a l l e l  e These y ie ld  



a range of estimates which r e f l e c t  the uncertainty i n  p r e d i c t h g  

the  core react i -vi ty  under the  various conditions. The irnpwity- 

cornpos i t i o r i s  predicted. from TIMOX compare reasona'oly wel l  with 
predi-ctions using the  Dmgon steam ?.:ogress experiment f o r  t oba l  

oxygen leve ls  up t o  about 80 vpriz; predictions diverge a t  higher 
impi.n+ty leve ls  because of the sirrnple model employed for i n t e r -  

preting the  Dragon d a t a .  

The corrosion r a t e  expressions used. i n  TIMOX a re  based on data 

acqi.iired a t  1 a t m .  For extrapolat,ion t o  49 a t m ,  t h e  represents- 

t i v e  pressure of t'o.e HTGR primary system, the  corrosion r a t e  was 
asswned t o  vary witln l,/q , when P 

While t h i s  assumption i s  surpr is ingly good, cons5-dering the  
simplified view on which it i s  based, it m y  be a source of 

s ign i f icant  e r m r  f o r  so large an extrapolation i n  pressure. 

Corflparison wli-th one data set show tha t  t he  inverse sqi,.a.re root  

assump-tion woilld lead. t o  a 6% overestimate of Yne corrosion 

r a t e  a t  '49 atm. However, since t h i s  pressure correction was 

applied t o  both core and core support-post graphite, e r rors  
produced by the  extr,zpol.ation tend t o  cancel each other.  That 

is, an overestimate of t'ne core corrosion ra.S,e lends t o  a less 

oxidative atmosphere which tends t o  compensate f o r  tile coryespond- 
ing overestimate f o r  the core suppor-t-post corrosion r a t e .  

?c 

i s  t'ne system pressure. T 

( ' 7 )  A necessary prerequiszte f o r  using TTMOX was a de ta i led  examina- 

t i o n  of the  core temperature d is t r ibu t ion .  The problem addressed 

w a s  how t o  determine the  appropriate average bernperatur-e of a 
r e l a t ive ly  Large region f o r  a strongly temperat~e-dependen-t; 
process l i k e  stem corrosion. The simple space-average tempera- 

t u re  would tend t o  yield too low a rate ,  since the higher teni- 
peratzrre zones a r e  not given enough weight. 'The r e s u l t  of t h i s  
examination shows that simple space averages a re  sufficienbl-y 

accurate for regions as small as an OXIDE-3 i-egion, but  s i g n i f i -  
cant errors could r e s u l t  from use of the space average for l a rger  

regions, such as TLMOX regions, which a re  composed of about 100 

smaller OXIDE-3 zoiies. 

.I._._I 
.X- 4.97 MPa. 
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(8) An empirical  f i t  of s t rength lo s s  data fo r  4-mm-thick specimens 

p a s  found i n  the  form, 

where FSL i s  the  f r a c t i o n a l  s t rength loss ,  Bo is  the burnoff i n  

i s  about of the  graphite density, and- W i s  the  2 
g/cm 7 Pbo 
specimen Tridth. The mult ipl ier ,  P ( T ) ,  depends inversely on tern-  
perature writh values ranging from 1.8 a t  1140°C t o  4.4 a t  950°C. 

Extrapolating t o  core post conditions involves considerable un- 
cer ta inty.  The estimate fo_r t he  parameter P(T) at t he  nominal 

core post temperature ranges from 6.0 t o  14.0, and Prom 4.8 to 
7.1 a t  the  estirmted maxim core post temperatme. 

(9) Strength loss predictions based on t'ne above cor re la t ion  compare 
reasonably w e l l  with data obtained on 1/2-in. -d im H-327 graphite 
specimens a t  900°C and up t o  15% burnoff, a t  which point 8@ 
st rength loss  had occurred. The cor re la t ion  : a s  also t e s t e d  
against  published data on 1/2-in. specimens of H-328 and TS-688 
graphite at; 1000°C. 

s ider ing the  s c a t t e r  i n  the  data. One graphite, s-9567, v a s  fomd  
to lose  strength with burnoff more slowly than predicted by Lhe 

correlat ion.  

Again the  comparison i s  reasonably good con- 

(10) Comparison of r e s u l t s  with core post loa.ds under normal operating 

conditions generally agrees with C=RSSRR-6 r e su l t s  which s t a t e  t h a t  
an i n i t i a l  sa fe ty  f ac to r  of about 10 ex i s t s .  However, t he  reason- 
ing  which leads to this r e s u l t  differs somewhat. I n  each case 

(GASSAE-6 and t h i s  study) an addi t ional  load facto? of about 2 i s  
assmied somewhat a rb i t ra r iPT f o r  some core posts to aecolmt f o r  

nonideal load. d i s t r ibu t ion  due to varying post lengths a 

The degree of sustained temperature excess Over and above t h e  
nominal post temperature i s  shown t o  be a c r i t i c a l  parameter i n  
Lhc study. Judgments outlined i n  Sect e 6.3 a 2, which involve 
s ta ted operating charsc t e r i  s t i c  s of coolant Slow- 13Ji stributi  on 

valves, hot-streaking r e s u l t s  reported fo r  the  s t e m  generator 

(11) 
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tnlet ,  and intraregional  power t i l t s  indicated by OX.IIF,-3 resu l t s ,  

lead t o  the conclusion tha t  90°C i s  a reasonable estima.Le f o r  the  
sustained temperature excess i n  the  core post region. 

Since the reference reactor  chosen fo r  t h i s  stucly has somewhat 

d-ifferent temperatwe levels  from t h a t  reported i n  MSSAK-6, 

which appeared l a t e  i n  .t;his study, the e f f ec t  of modest charges 
i n  primary system temperature leve ls  w a s  investigated.  Tnese 

comparisons show .that i n  some circwis tances a general  primary 

system tempera.tu.re r i s e  m,y benefi t  the  core posts because t'ne 
oxidant getterring ab i l i - ty  of t h e  core i s  enhanced; i n  addition, 

the  corrosion tends t o  be more closely confined t o  t'ne post 

surface zone, thereby causing less st rength reduction for a 
given amount of bumoff .  A more confident, prediction of the 

e f f ec t  of p r tmary -  system temperature on core post streng-th lo s s  

would require more accurate graphite r e a c t i v i t i e s  fo r  both post 

and core mater ia l .  

(13) A useful  method has been developed, oiit1-i.ned i n  Appendix A, f o r  

predicting the probabi l i ty  t h a t  an est:'unated range of burnoffs 

would cause 5% strengtln l o s s .  Tlis problem needs formal t r e a t -  

ment because Yne burnoffs t h a t  may cause 5% sti-ength loss  exri.st 

as estimates with a glven range. Hence, we are  comparing a pre- 
dicted burnoff range which could overlap a t a rge t  bixnoff range 

f o r  5% strength lo s s  in varying dkgrees. The formal procedure 

provides an estimate f o r  the probabili-ty- of 5% strength Yeduc- 
Lion based on the  a s s m p t i m  of flat probabi l i ty  density 

d js t r ibu t ion  within each estimated burnoff range. 



3 .  RFCOWFTDATIONS 

(1) It i s  e s s e n t i a l  t o  more accurately define the  locat ion wid extent 

of the  pers i s ten t  hot zones i n  the  bottcm core support structure,  
including the  core posts. 
tPon of in t ra reg iona l  power tilting, nonideal coolant f l a w  d i s t r i -  
bution a t  the core i n l e t  plenum, and hot streaking a t  the  core exit;. 

These hot zones a r e  caused by a combina- 

(2) Additional data a r e  needed to develop aa understanding of -the prob- 

lems t h a t  ex i s t  i n  t he  area of graphite s t rength ‘Loss due bo corro- 

sion by low levels of oxidants. Experiments are recommended on the  

selected reference s t r u c t u r a l  graphites t o  determine the change i n  

per t inent  mechanical propert ies  caused by corrosion. The e f fec t s  

of specimen size, temperature of burnoff, stress, and oxidaat con- 
centrat ion need t o  be investigated.  Preferably, data should be 

acquired a t  50 atm,” or a l te rna t ive ly ,  a t  a number of lower pressures 

t o  allow extrapolat ion t o  50 a t m .  
type of experiment i s  recommended, it i s  important t o  aceampany 

these t e s t s  w i t h  suf f ic ien t  before-and-after graphite characteriza- 

t i o n  work t o  gain some understanding of t he  s t rength loss  procsss. 

The bwnoff  experiments should be performed i n  a manuier allowing 

ve r i f i ca t ion  or  correct ion of the corrosion rate przdictjve equa- 

t ions  for these s t r u c t u r a l  graphites.  

Although a pragmatic and direct; 

( 3 )  A spec ia l  e f f o r t  should be made t o  obtain addi t ional  corrosioE 

r a t e  data fo r  ATJ, the  reference core post graphite, i n  view of 
i t s  nontypical behavior i n  laboratory t e s t s  (i .e., the  imexpected 

dependency of the  observed rate on He f low,  and t h e  unusually 

large amount of C02 observed i n  the e f f luen t ) .  

(4) This study should be repeated, w i t h  spec ia l  a t t en t ion  given to :  

(a) the  projected revised core post diameters; (b) the  revised 
estimate for m a x i m  allowable core post strength IGSS dic ta ted  
by upset conditions; ( e )  improved corrosion r a t e  data f o r  re fer -  
ence core graphite;  (d) improved knowledge of the maximum sustained 

post temperature; and ( e )  improved s t rength l o s s  data, if avaT1abl-e. 

* 5.1 MPa. 
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This study deals exclusively wi.-tn projected consequences of a 

given range of steam ingress r a t e s ;  thus, the t o t a l  impurily 
l eve l  T m s  t r ea t ed  a s  a parameter. A ilext 1-ogieal. s tep  would 

be t o  devote some e f f o r t  t o  predicting wha t  these to.t;a,l. ri.rnpu- 

r i t y  levels could be on a r e a l i s t i c  basis. 
be gl.ven t o  a study program d i r e c t d  t o  devising measures For recluc- 

ing steam generako7- leakage based on understanding of 'die roo-t 

causes. 

Consideration should 

( 6 )  Additional basic  work on t'ne nature of graph-te  corrosion 5.s 

recommended. Despite much exis-king work i n  t h i s  area, and 

recognized diffj-cill-by i n  extrapolating basic  data -to emgineer- 
ing systems because of t'ne complexrity and v a r i a b i l i t y  of graphite, 
further basic  work i s  recommended .Lo f i l l  t'ne following spec t f ic  

safety-related needs. 

( a )  Wesent computer p r o g r a ~ s  used t o  predict  the camposi- 

ti-on of impurit ies i n  t h e  primary system employ an 
unreasonab1.y sirilple model fox- the  distribut5on of oxi- 

c h n t  i n  %lie core graphi.te Hence, the  predicted oxidant 

l e v e l  for a given iideakage rate (a fundamental q m n t i t y  
f o r  assessing e f f ec t  on the graphite str-ucture) i s  m- 
cer'cain, thereby contributling t o  the  error band on 

predicted bnrnof'f s .  

(b) L i t t l e  information i s  avai lable  on the  d is t r ibu t ion  of 

burrnoffs withiri a graphite member under a var ie ty  of 

corrosion conditions. This t n e  of d a t a  i s  fundamental 
-Lo determini-ng the degree of strength loss  f o r  a given 

amount of  corrosion. 

4.1.1 Properties of ATJ' graphite - 
"Grade ATS is mi ex%;remely fine-grain, essential1.y flaw free, 
high strength, preilLi.um quality- graphite.  It  can be machined 

t o  v e ~ y  close l i m i t s  and sharp d e t a i l  with f ine  surface f in i sh .  
ATJ i s  not impregnated. 

1,5 

5 Some propi2:rties of ATJ  aye l i s t c d  i n  Table 4.1.. 

The pore s i ze  distribution, as  determined by mcrcurry po roske ie r  

measurements, is sham i n  Fig. 4.1.  ATJ shows a charac te r i s t ic  bjlnoda1 
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The f irst  half of t h i s  sect ion i s  devoted t o  a descr ipt ion o f  ATJ 
graphite (which i s  the  gresentlf  selected core post r a t e r i a l )  and a deriva- 

t i o n  of a react ion r a t e  expression f o r  A T 3  corrosion by low l eve ls  of s t e m  

from published &ta. The second half' of the  sect ion summarizes three  major 

graphite k ine t ics  s tudies  which have culminated i n  complete react ion r a t e  

expressions, and could therefore  be incorporated i n  a sys tem stuC7;T Of 

t he  HTGR p r h a r y  c i r c u i t .  These three s tudies  a re  thus used as stand-ins 

f o r  t'ne r e a c t i v i t y  of reference core graphite fo r  which a comparable r a t e  

expression i s  not now avai lable .  In  each case, the r a t e  equation i s  pre- 
sented. i n  i t s  original form, and- i s  t'nen converted t o  a eonsis-tent s e t  of 
units based on exposed graphite surface area for expendLent Comparison of 

predicted react ion r a t e s .  

14.1 Corrosion of ATJ Graphite by Low Levels of Steam i n  Helium 

The oxidation of ATJ  graphite by low concentrations of water vapor 
1 and carbon dioxide i n  helium has been studied by Blakcly and Overholser. 

A prior paper by these authors on Speer Moderator-2 graphite contains 

the descr ipt ion of the experimental method as w e l l  as some in te res t ing  

comparisons of ATJ 'vs Speer Moderator-2 corrosion. Additional dELta on 
ATJ  comosion appear i n  refs. 3 and 4; however, since pime s t e m  a t  about 

1 a t m  was used for these studies they w i l l  not be included i n  this descrip- 

tion, though they may contain some potentially useful data - par t i cu la r ly  

regarding the  change i n  BET area with burnoff for ATJ. 

2 

4.1.1 Properties of ATJ graphite 

"Grade ATJ i s  an e x t r m e l y  fine-grain, essenkiially flaw 

f ree ,  h@i strength, premiim qua l i ty  graphite.  It call be rmchlned 
115 t o  very close l i m i t s  and sharp d c t a i l  with f i n e  surface finish. 

5 ATJ i s  not impregnated. Some propert ies  of ATJ  a r e  l i s t e d  i n  Table 4.1.. 

The pore s i ze  dis t r ibut ion,  as determined by mercury porosirneter 

measurements, i s  shown i n  Fig. 14.1. ATJ shows a, charsc ley is t ic  bb-odal 
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a 
Table h .  1. Room temperalure ATJ- propert ies  

__ . __ . . . . . . . . . . . . . . . . . . . . . . . .. . 

Forming method 

B u l k  densi.ty, g/cm 

Maximan grain size, pm 

Flexure styrength, wlt'n grain, psi 
across grain, p s i  

Tensile s-trength, w i t h  grain, p s i  

3 

across grai.n, p s i  

Compressive streilgth, with grain, psi. 
across grain, p s i  

Young ' s modu.l.us, with grain, p s i  
across grain, ps i  

C0ef.f i c i en t  of thermal- expansion, wi.t%l grain, 
across grarin, 0c-1 

Thermal conducti.vity, w i t h  grain, cal./cm-sec-- "C 
across grain, cal/cm-sec- "C 

k'ermeability, w i . t h  grain, darcys 
across grain, darcys 

Ash content, percent 

Impurity Levels, percent of graphi-Le 

o c - l  

- 

-b 2-19 x 1.0 6 
3.42 x 10- 

0.281 
0.2111 

0.015 
0.012 

0.1.6 +- 0.038 

Fe 
v 
S 
C a  
T i  
A 1. 
B 
T J i  
Cd 

0.042 - 0.004 - 0.04 - 0.01. - 0.004 - 0.01 - 0.0001.1 
< 0.0010 
< 0.001D 

%ram -the Industrial Graphite Engj.necj?riW HrzGCbs, Carbon Products ______ ___.__,.. _______- 
Division, Union Carbide Corp. 
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pore s i z e  d i s t r ibu t ion  with the  la rger  pores i n  the  3 -Lo 4 pm range, and 

micropoi-es centering about - 0.1 p.m. 

6 Sooie selected ATJ thermomechanical properti-es measured. by GAC a re  

l i s t e d  i n  Table 4.2. Measurements were performed on specimens d.rawn from 
8-in. -diam molded. round bar sJiock, both p a r a l l e l  and perpendicular to the  
axris of thhe cylinder, and 8 x 18 x 50 in .  molded rectangi lar  bar stock. 

'The d-esignatlons 8, 18, and 5 O - i i i .  d i rect ion sh0T.m 5.n Table 4.2 denote 
measwernents on samples of stock i n  the  'ihree coordinate d.irections of 
rectangula,r 'oar stock. 

4 . 1 . 2  General f ea tmes  of ATJ  corrosion by low concentrations of iI 0 i n  
-I_ .---.- 2- 

hel3.um - work of Blakely and h-erholser 

1 

1 

In  t'nese experiments, a s ingle  l-in,-diam sphere of machined ATJ 

gm.phrbte, degassed under vacuum a t  1025°C f o r  h days, was suspended 
froiri -Yne a r m  o:f a recording balance 5.n a Z-in.-diam quartz tube. Tihe 
S l m ~ i n g  gas stream entered near -tine bottom of the quartz tube, passed 

upward, and departed through an. opening near the top of the tub?. 
which was used as a c a r r i e r  a t  1 a t m ,  was pur i f ied  by passage through a 
re f r igera ted  charcoal trap. 

were obtained by passing the h e l i u i  t'hrough a bed of calciim carbonate 

held a t  various careful ly  controlled temperatures. The helium-wa'cer. 
vapor m i x t u r e s  were prepared by dividing the helium stream> saturat ing 
prescribed f rac t ions  of th2 gas over saturated calci-um chloride (0  "C), 

and combining t h e  two s t r e ~ a s .  Adclttions of hydrogerl o r  carbon monoxide 
t o  the helium-water vapor or helium-carbon d5oxi.de mixi;ures were made by 

metering helium containing * 1.5% of hydrogen or  carbori monoxide. The 
i l lf luent and ef f luent  gas streams were analyzed by a gas chromatograph 
for a l l  consit i tuerlts  of i n k r e s t  except water va.por, which was de.Lermined 

by a CEC Moistwe Monitor. 

Helium, 

!The desired concentrations of carbon dioxide 

These experiments show a puzz lhg  feature  which render it d i f f i c u l t  
'io make quant i ta t ive use of the r e s u l t s .  ?"ne reaction r a t e  was absemed 

t o  markedly increase with increasing helium f l a m t e ,  as indicated i n  
Fig. 4.2. A cross  p l a t  of the  data shows an approximately l i n e a r  increase 



0.123 -t 0.004 
0*162 - 7 0,009 

I I -directi.on 
L- d i r  e c i; i m 
8- in I di-rec t Lon 
18-in. directi.on 
50-in. d i rec t ion  

Ultimate t e m i l e  si;rengtb at 25 "C, p s i  

I I -directi.on 
_L-direc-ti.on 
%in. direction 

18-in. di.rection 
5 O - i i i .  d i r e c t i o n  
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reactton a.t .inlet 820 concentra,tions of 110 and 1-60 vprn (* 5 ~d % bwnoff)  
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with flawrate, which implies a mass-transfer control  mechanism through 

the  surface film. However, the  var ia t ion  with temperature i s  such t h a t  

t he  ac t iva t ion  energy equaks * 50 Ircal/mol, which 5s not consistent with 

surface film control.  Surface f i lm control  should show f a r  l e s s  tempera- 

t u re  dependence, whereas 50 kcal/mol i s  typ ica l  o€ in-pore d i f fus j  oo 

control;  however, it should not be s o  f l o w  sens i t ive .  

Surface &ag e f f ec t s  due t o  t h e  upward flow of helium, which cowld ! 

a l t e r  t h e  specimen mass determination i f  su f f i c i en t ly  large, appear to be 

ruled out because t h i s  phenomenon was seen o d y  s l i g h t l y  with Speer 
Moderator-2 graphite employing t h e  same apparatus. 

do not offer an explanation for t h i s  effect ,  bu t  t he  most; l i k e l y  cause i s  
sme not well-understood n-anifestation of t he  diffusion process applicable 
Lo ATJ graphite.  Extrapolating these data t o  core post conditions, where 

the ve loc i t i e s  a re  much higher than i n  these experiments, introduces a large 

uncertainty, p r inc ipa l ly  because t h e  reason f o r  t h i s  behavlor i s  not 
knm. 

Blakely and Oirerholser 

The var ia t ion  of react ion r a t e  with burnoff a t  975°C i s  shown i n  

The reac t ion  rate increases rapidly a t  the  outset  of corrosion Fig .  4.3. 
and up t o  approximatePj 0.05% burnoff, r e f l ec t ing  the corrosion of the  
more react ive portions of t he  ATJ specimen. 

ing this  i n i t i a l  rap id  r a t e  and up to about 1% burnoff appears t o  be 

f a i r l y  ty-pical behavior. For example, t he  burnoff f ac to r  used i n  the  

OXIDE-3 code7 increases about 7% between 0.1 and 1% burnoff, compared 

with a r i s e  of about llr% fo r  ATJ  i n  t he  same range. 

The r a t e  of increase -follow- 

The r a t e  of increase i n  the  react ion r a t e  beyond 1% burnoff i s  of 

v i t a l  i n t e re s t .  No spec i f ic  data a r e  given by Blakely and Overholser 

e i the r  i n  r e f .  1 or t h e  GCRP progress reports  covering the work during 

this period; however, it i s  implied t h a t  a t  l e a s t  f o r  875°C the  react ion 
r a t e  continued t o  increase with b m o f f  up t o  @& burnoff, but more slowly 

than the  l i nea r  r ise  shown between 0.1 and 1%. 

t h a t  t h i s  i s  swmised from the text, but i s  not stated spec i f ica l ly .  
Hawever, th is  behavior appears t o  be a t  l e a s t  qua l i t a t ive ly  consistent 

with other graphites.  For example, the OXIDE-3 burnoff f ac to r  s l i m s  a 

It should be emphasized 
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gradml  r i s e  of about 65% between 1 and IO$ burnoff. 

by BlakePf and Overholser on t'ne d i s t r ibu t ion  o r  burnoff witlain t'ne 1-in.- 

dim1 specimen. 

No data are given 

Another unique fea ture  of the data. i s  t h e  la rge  mm-tt of CO pro- 

Iden t i ca l  runs using Speer Moderator-2 graphite 
2 

duced ( s e e  Table 4.3). 
showed I j t t l e  or no CO i n  the  e f f luent  gas. In-pile steam oxidation of 
graphite usually does forin CO, v i a  the photon-catakjzed. shift react ion 

2 

6 

but C02 i s  normally not present t o  my s igni f icaxt  extent i n  thermalljr 

act ivated corrosion s tudies .  It i s  hypo3hesized by Blakely and OlTerholser 

t'nat the large amounts of CO observed i n  the  A T J  stean; ccrrosion experi- 

ments also r e s u l t  from the  shift  reaction, catalyzed by impurities i n  ATJ. 

(Production of some CO 

temperatiires below about 1000 "IC. ) 

2 

is  the.rmod.ynamically favored with excess steam a t  2 

Figure j-l.h- I l l u s t r a t e s  t'ne dependence of react ion r a t e  on t'ne concen- 

t r a t i o n  of H 0 i n  the  ill-let gas, and a l s o  the  r e l a t i v e  sa t e s  of A T J  eorro- 
si-on with ti 0 and CO, a t  875°C under iden t i ca l  conditions. 

react ion order of 0.67 f o r  H ~ O  corrosion i s  consistent with a r a t e  expres- 
sion i n  the commonly accepted Hinshelwood form, 

2 
The apparent 2 (2 

kz plf,o 
(2) 

a t  l e a s t  over modest ranges of H o concentration. Equation ( z j  presumes 

a re ta rda t ion  effect fo r  H, and CO of about equal magnitude, as observed 
by Wicke e t  al. f o r  type "G-5" graphite. Blakely and Ovcrholser slim 
tha t  CO does indeed have an i n t r i n s i c  re ta rda t ion  e f f ec t  i n  the steam 

oxidation of ATJ, other than the  secondary e f f ec t  of depleting H 2 0  v i a  
t h e  s h i f t  reaction, but they do not spcxifically determine a relative 

value f o r  H2 and CO re tardat ion.  

2 

L 8 

Figure 4.4 a l s o  illustrates t h a t  f o r  similar i n l e t  concentrations, 

the thermally act ivated HZO oxLdation rate of A T J  i s  only about twice t h a t  
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Fig. 4.4. Apparent order of the  E20 and C02 reactions wit?? A T J  
graphite a t  875°C (flow rate of 300 c$/mi: i  STP, * 5 w t  $ burncff, inlet 
concentrations given) .I 



3 2  

- z 
of COz. ,Ld.entieal runs using Sneer Moderator-2 graphite indicated about 
a factor  of 8 highere corrosion r a t e  with H20 r e l a t ive  -Lo C O z .  

i s  hypothesized t h a t  t he  difference m y  be attr ibuted. t o  the  d i f fe ren t  

impurity conten-ts of the  two rmter ia ls .  

Again, it 

j .t . l .3 Corrosion r a t e  expression f o r  A T J  from Yne data of Blakely and 

Ov e rh  o l  s er 1 

i n  t h i s  section, an empirical corrosion r a t e  expressioii f o r  A T J  w i l l  

be developed. i n  the form given i n  Eq .  ( Z ) ,  based on tabular  data. presented 
by Blakely and Gverholser.' Table 4.3 l i s t s  t'ne observed i n l e t  and eff lu-  

ent  compositions i n  colimms l through 5 f o r  a se r ies  of ~ I I ~ ? S  a-L; 375°C. 
In?e observed react ion rates ,  given i n  colwm 9, are  the average of t h a t  

measured d i r ec t ly  by the  b e m  balance and- the  compiited value using the 
t o t a l  carbon i.n t he  eff luent  stream. These two  r a t e s  were alway-s wtthin 

1% of each obher; hence, the reaction r a t e  i s  known with some confidence. 

Though not exp l i c i t l y  s t a t ed  i a  r e f .  1, the  presented data apparently 
per ta in  t o  a specimen of about 5% burnofl". 

degree of burloff a r e  surmised t o  be about a fac tor  of 3 higher than the  

r a t e s  observed a t  0.1% burnoff, assuming that ATJ behaves a s  a typical  

graphite above 1% burnoff. 

The observed r a t e s  a t  t h i s  

In  Table 4.3, a conipa.rison of columns 3 t o  5 w i t h  c o l w i s  1.. and 2, 

ta,ken d i r ec t ly  from r e f .  1, shows l e s s  t o t a l  hydrogen aiid oxygen i n  the  

e f f luent  t'nan i n  the  in1e.t f low. Althowh not stated. i n  the reference, 
t h i s  i s  eviderikly due t o  If20 i n  the eff luent  wtnich w a s  not measured. 

concentrations of H 0 shown in column 6 are  compu'ced from t'ne average of 

a hydrogen arid oxygen inass balance, and 'ming the i n l e t  and ou t l e t  hydi-o- 

gen and oxygen flaws i n  agreement t o  within an average of about 1%. 

The 

2 

An addi t ional  prob1.em i r i  the  data analysis  i s  t'ne treatineat of the 
CO observed i n  the  eff luent  within the  framework of tine proposed form of 

m t e  expression, Eq.  (2), i n  which CO conceiitraLlon does not appear. We 

w i l l  handle t h i s  as follows: Since t'ne appearance of CO i s  evidently 

riot due to corrosion, but rather t o  a react ion between H 2 0  and CO, and 
since the  products of t h i s  reaction, C 0 2  and H,, each have approximately 

2 

2 

2 
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the  same e f f ec t  on A T J  as t h e  reactants,  we will modify t h e  observed 

effluenf;  concentrations t o  what they would have been had t h i s  s h i f t  

react ion not occurred. 

Thus, t he  rnodified e f f luent  concentrations shown i n  c o l m s  6-8 
of Table 4.3 were obtained - by reversing the  shift react ion by which 
C 0 2  i s  produced and by adding H20 to t he  e f f luent  t o  balance the  hydrogen 

and oxygen. 

A l e a s t  squares fit; of t h e  data i n  Table 4.3 yields  the f o l l m i n g  

corrosion rate expression: 

The constants i n  Eq.  (3) are based on t h e  assumption Ynat t he  graphite 

specimen i n  t h e  t e s t s  experienced an e f fec t ive  iqpur i ty  composition given 

by the average of the measured i n l e t  composition and the  effluent composi- 

t i ons  modified i n  the  rranner indicated above. The comparison between the  
rates observed and those calculated by using Eq. (3) a r e  l i s t e d  i n  columns 

9 and 10 of Table 4.3. 
l a t e d  values i s  f 10.3%. 

The average deviation between observed and calcu- 

A temperature dependence i s  introduced i n t o  Eq. (3)  by noting %hat 

t ne  react ion was observed to vary l i n e a r l y  on an Arrheniu-s p lo t  with an 

e f fec t ive  ac t iva t ion  energy of 50 kcal/nzol (see Fig. 4 .2) .  Applying 
this  var iab i l i ty  so le ly  t o  the  coef f ic ien t  i n  the  nunerator, and noting 

t h a t  the data presented i n  Table 4.3 refer t o  875"C, yields, 

with compositions now expressed i n  atmospheres p a r t i a l  pressures, and the 

r a t e  given i n  t e r m s  of grams reacted per hour per gram of specimen. 
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4.1.4. Conversio:n of ATJ corrosion r a t e  equation [Eq. (4)] .._.I t o  surface 
uni t s  (mol / cm -hr) 2 

In  most graphite corrosion s~tudies and. l i t eya tu re  publications on 

the  subject of graphite corrosion includiiig the  work of l3lakel.y aild 

Overholser, but with t'ne notable exception o f  recent Dragon Project work, 

the reaction r a t e  i s  expressed i n  units of [g/g-hr], or some equivalent 
thereof.  This i s  inappropriate f o r  large graphite merhers a , t  high tem- 
peratwre where the  act ive corrosion zone of perhaps 1 to 3-mu1 depth ( s e e  

Sect.  4 . 2 . 2 )  represents a small f r ac t ion  of -Uie total mass. 
cases, t'ne react ion r a t e  i s  propor-t3om.l t o  t h e  exposed surface area 

ra ther  than the  total mass of gmphite;  hence, an expression of tine reac- 
t i o n  r a t e  i n  terms of (g/crn2.hr), OT some equivalent, i s  more appropriate. 

It i s  therefore necessary t o  dbtaln a re lat ionshlp between these two means 
for  expressing t'ne react ion rate i n  order t o  conver-t t o  the su_rfa4ce based. 

un i t s .  

1 

I n  these 

It w i l l  be shown i n  Sect. 4 .2 .2  tinat the  d.epth of the ac t ive  corro- 

s ion zone i s  approximately 2 mm at 8711 OC, the  fxmpei-ature representative 

of the data i n  Table 1-1.3. 
(&/g-hr ), where spheres, we w i l l  t e r m  .Lhe reported react ion rates ,  

the subscript  r e fe r s  t o  "apparent"; t h i s  s ign i f i e s  t ha t  the act ive zone 
o f  t he  react ion i s  much l e s s  than the t o t a l  specimzn mss, 

Since the t e s t s  were made with 1-in.  diam 

RaPp 

9. 
Tne r a t e  i n  t e rns  of the  ac tua l  amount of mass involved i n  the reac- 

t ion,  m, i s  re la ted  .Lo R by: 
aPP 

The r a t i o  %/in i s  given by R/3.Ah, for a large spherical  specimen i n  which 

R >> Ah, where Ah i s  the  ac t ive  rea,ction deptin. Hence, Eq,  ( 5 )  may be 

wit t en 

1 
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The r a t e  based on exposed surface area, Rs, i s  rda-ted to R by act 

w Rs 

where M i s  t h e  molecul.ar weight. Combining E q s .  (6) and  ( 7 )  y ie lds  tt-le 

de s i r e d  conversion, 
w 

Ill01 L R p .  
Rs ( ern 2 -hr ) = 'app ( g-hr ) 3 M~ 

A similar discussion for a cyl indr ica l  specimen with radius R y ie lds  

mol 

cm -hr W 

Applying the  conversion indicated by Ey. (8) to Eq. (b)  using a 
graphite density of 1.8 g/cm3 yield-s 

for the  corrosion rate of ATJ based on exposed surface area. 

Equation (10) i s  compared with other pu'blished k ine t ics  equations i n  

I n  general, t he  r a t e s  predicted by Eq. (10) f o r  ATJ  are w i t h -  Sect. 4.2.5. 
i n  the band of predictions of the other k ine t ics  equation which r e f e r  t o  

a number of other t ypes  of graphite.  

4.2 Summary and Comparison of  Steam-Graphite Corrosion Studies 

4.2.1 Work of Wick e t  a L 8  a t  the University of Mf.hster 

Perhaps the most extensive study of graphite corrosion a t  high t e m -  
peratures by l o w  concentrations of oxidant was conducted a t  t h e  I n s t i t u t e  

f o r  Physical Chemistry of t he  University of Mhster under contract  by the  
Dragon Project. The work extended Over a 4 year period beginning i n  1$l, 

8 and i s  sunmarized i n  a final. report .  Much ad-ditional informzi;ion i s  



given i n  a major review a r t i c l e  by Everett,  Kinsey, and. Romberg' which 

lncorporated much of t'ne work o f  t'ne M%ster group. 

and findings of klnis study are  given below, 

'The major objectives 

Graphite c'nsraeterization and. c la s s i f i ca t ion  results from the  I Mkster 

study. The f ixst  objective of the study was the cl.a,ssj.ficatioii of a va r i e ty  

of graphites from di f fe ren t  or igins  and preparation proeesses wii.Lh respect 
t o  t h e i r  suscep t ib i l i t y  t o  corrosion. 9370 s t a n k r i z e d  t e s t s  employing pwe  
CO as the  oxidant were used. t o  screen and grade grstphi-tes according t o  

corrosion r a t e .  
2 

A l l  data and. descr ipt ive material. fo r  this phase o f  the work appear 
i i i  i n t e rna l  progress reports, and hence axe unaxailable . 
conclusions, appearing i n  the summary repor.f;, 

The fol.l-m~ing 
8 a re  based on a total .  of 

r eac t iv i ty  "cests involving 11 graphite types. 

A l l  nonimpregnated graphites behaved i n  a qua l i ta t ive ly  

skifilar fashion. Corrosion suscept ibi l i ty-  was found t o  

increase continuoiis1.y wit'? burnoff from 0 t o  15% bumoff.  

Also, the  degree of r eac t iv i ty  increase was qui te  simil.ar 

for t h e  nonimpragriated gmphites  imder simj.lar oxidizing 

conditfons. I n  a l l  cases the r e a c t i v i t y  increase w l t h  

b u n o f f  was grea tes t  when the  oxidation r a t e  was slowest. 

lI1tiai.ns i c  r e a c t i v i t i e s  of alJ- nonimpregnat ed. graphit  e s 
var ied tirough a range of about one order of magnitude a'c 
t he  selected reference condition o f  1100% and lc)"I, burn- 

off'. Differences i n  impurity l e v e l  are given as the  
major cause of r eac t iv i ty  differences a t  t h i s  reference 

condition I) 

The range i n  obszrved r eac t iv i ty  OT smpl.es d.7aawm Prom 

di f fe ren t  1ocai;i.oss on the  same bar were abouf; a facfm? 

oi" 2 $9 3. 
differcnces 

Impregnated graphites behaved. qui te  d i f f e ren t ly  frorrr YYie 
nonimpregnated. graphite s The 2-ni t ia l  r eac t iv i ty  was 

-- 

These were a,ttri'oited to micros t : t i l c t~a l  

-x 

x 
There i s  some quzstioii as -to whe'cher t;'nes@ comments per ta in  only to 
furfural alcohol-impregnated graphite 'nut exclude p i t ch  impregnations .I 
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high, and dropped to a minimum a t  5% burnoff,  r e f l ec t ing  

the  barnoff of the  inpregnant which i s  the most react ive 
component. 

(5 ) Impregnated. specimens were a l so  more react ive than non- 

impregnated specimens a t  higher burnoffs f o r  not well- 

urlderstood reasons. It i s  speculated t h a t  impregnation 

adds impurit ies which increase graphite reac t iv i ty .  

Impregnation caused nonunif orrn r e a c t i v i t y  throughout 

the bars. 
(6) 

Detailed invest igat ion of R 0 and CO induced graphite corrosion 2 2 

by the IVEnster group. 

MGrister study was selected for deta i led  examination of i t s  react ion kinet- 

i c s  with €120 and C02. 

with propert ies  given i n  Table 4.4. The graphite was preburned t o  2C$ 
burnoff, at which point i t s  r e a c t i v i t y  remained f a i r l y  constarit over a 

wide range of burnoffs. 

to 1.0 m t o  assure uniform corrosion throughout each pa r t i c l e .  

The l e a s t  react ive graphite from phase I! of the 

The graphite chosen w a s  designated as Pkliiney G5 

The graphite was crushed t o  a s i ze  range of 0.lC 

Ta.ble 4.4. Properties of P&hiney G5 graphite 

used i n  the  Mkster study 

2 
Density, g/cm-’ 
Total  porosity, % 
Character is t ic  pore radius, prn 

I n i t i a l  IBT surface area, m2/g 
Permeability, em /see 

Impurities, ppm 

Total  ash 
Fe 
A1 
Ca 
TJi 
S i  
T i  
v 

2 

1.82 

19.1 
1 .5  

Q 0.5 

lo-2 

50-750 
2-20 
1-10 
15-200 

50-150 
4-75 
4-60 

-.=3 
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The kine t ics  expcyiments were conducted a t  1-atm toL.21. pressure and 
tiirroug'n a teeiriperatx-ee range of 940" t o  l O 3 O " C .  

350 t o  1040 vpm, with heliwn as the  c a r r i e r  Sas. 
varied from l 3 O  t o  1-050 vpm. 

The H,O l e v e l  rangtd Srom 

CO and H levels were 
2 

The rmjor r e su l t  of - W - s  portion of the st.ud.y ri.s embodied i n  tine 

derived. ki-netics equa.Lion, given i n  f i n a l  form rin r e f .  9, as 

kl CHZO 

68,000) 3 , em /g-see, 
RT k. := 5.0 x l0l2 exp (- - 

1. 

(11) 

Equation (1l) S~.O%TS t he  following features  compared. with the  ATJ 

corrosion discussed i n  Sect.  4 .1  and other g ~ a p ' n i t e  corrosion work t o  be 

described b e l _ a ~  

%ne dependence of r eac t iv i ty  with teinpera-Lure p i a s  the  

highest of a l l  t h e  s tudies  which were reviewed. Activa- 

Lion energTes i n  the range of 30 t o  50 kcal/mol a re  more 

tyyicaJ.. than the  value of 68 derived i n  t'nis sti2.d.y. The 
probable :Peason for- t'nis behavior was -%?at, thjs was the 

only work employing crushed. part,icI.es. The gaseous d . i f -  

f u s ~ o n  process internal- t o  the  graphite is kno-wfl t o  
decrease o'oserv-ed temperature dependence of cherdcal. 

reacti.ona. Thus, the va2.u.e of 68 kcal/mol may be close 

t o  the  inherent graphi.te ac t iva t ion  mergy-, while the 
comflonly observed range of from 30 t o  50 kcal/inol- repye- 

sent8 the ef fec t  of in-pore diffusion. 

L 

(2) A second. s ignif icant  obsenm,tiori i s  t h a t  the  r z a c t t o n  
products, 112 and CO, were found t o  j -nhi 'o i t  the  reactiosz 
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to approxim~t;el;y the same degree, as reflected- by the 

approxim.tel;y equal values of the eonstants kc and k. a 

2, 3 
'Diem is 'by no iiiea~ms agreement on t h i s  fea ture ;  but 

these r e s u l t s  were obtained from an ex-tensive se r i e s  of 

'Lests  2x1 which .the H2 aid CO 1.eveI.s were j.nc7.eperuiently 

varied in the  feed gas, arid 'nen.ce &re m t h e r  convincing. 

4.2.2 Con-ersion of the  Mcke  r a t e  eqim.t.i.oa to sxrfaee uni t s  --- 

Equation (21.) was base? on data using small p a r t i c l e s  of gyaphite i n  

the range of 0.4 to Z m-, so chosen to asswe ixiiPorm corrosiorL Lbroughout 
the lpxrticle. merefore, coawxsion of tlie ra te ,  given i n  units of (g/g- 

see), t o  a per u n i t  are8 of exposed sisri'ace bas is  requires knowledge of 

the  mass of graphite contained i n  the  ac t ive ly  ?-eac%ing C C I X T O ~ ~ G ~  z o m .  

Variation of corrosion depth with temperature - work oz" Ilelsby and 

Figure 14.5 i l l u s t r a t e s  t he  var ia t ion  i n  degree of corrosion 10 Everett. 

obse-mod w i t h  depth from the  original graThite surface fox two bwnoffs  
and three temperatures.10 The graphite type was i den t i f i ed  by the designa- 

t i o n  "No. 1, and described as a t r i p l y  pitch-impregnated, Gilsonite-based, 

isotropic  graphite. 
corrosive atmosphere was set a t  250-pat;Pn H20 and 300O-patm CO plus Z2. 

i f  

The specimen thickness F T ~ S  i n i t i a l l y  4 rmn, and the  

The curves shaw graphite i n  differenit stagex of corrosion. At 1140°C 
2 and 1% mg/cm burnoff, the  densi ty  pi-ofile m y  be termed- a s  fully estab- 

l i shed .  !The ac t ive  reac t ion  zone extends from a depth of aprproxhateljr 

0.5 m n  t o  l . 5  mn, while a s lowly-  react ing residue of dens i ty  0.1'7 t o  0.2 
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g/a? r e m i n s  on -t~le outer 0.5 n?m. m e  other two corrosion prof i les ,  a t  
3 

35 and 49 me;/em" burnoff, have ~ i o t  yet achieved fu l l  establishment; how- 

ever, the  curve s t  the higher temperatwe appears t o  be closer -t;o it, 

(1) m-en graphi.i;e f irst  ccrnies i n  contact w i t h  LOW concentra- 

t iorrs of B 0 a t  high temperatures, the ac t ive  reactioa 2 
zone gradwllg. moves inward ffrm tine exposed face  $0 

some equilibrium depth. 

(2) The depth of the reactfon zone xt equili.briumY or L U L l  

establishment, diminishes with increasing temperature. 

Fol lming  establiehnerrt of the .filn_ly developed cor:rosion 
profiles, corrosion. I?roeeeds by 311 i.n>wd nwveraent 0.l" the  

react ion zone, leaving behifid a slimly reacti.ng residue 

( 3  ) 

of density 0.17 t o  0.20 g/cm 3 . 
Depths of the fully establ ished reactiosi zone as a I"utlction of tempera- 

t u r e ,  estimated from Yae density profiles shomi in. Fig. 4.5, are listed 5.n 
Table 4.5. 
t a ined  by extending t h e  curves s h m  t o  the  lef% t o  the density raiige of 

Tkie values given, for t h e  teapera twee  1030 and 950°C were ob- 

3 apprcximte ly  0.2 g/cm . values l i s t e d  f o r  1200, arid. 900 t o  7 0 0 " ~  

were obtained by l i n e a r  extrapolation. The data on which this view of 
graphit-e corrosion i s  based are small, and should be extended t o  more re le -  
vant types of p a p h i t e s  (i.e.? the  HTGK reference core arid s t r u c t u r a l  gra- 

pliites) and a broader range of corrosive atmospheres. 

bumoff p r o f i l e  data, other than t h a t  c i t e d  from Helsby and Eveyet t ,  

f m d .  

However, no addi t ional  
10 were 

A comparison of t h e  corrosion react ion aepths given i n  Table 4.5 wjth 

the core-post temperature mmge of 785°C t o  876°C i n  the reference design 

selectetl f o r  %his study ( see  Sect,. 6 . 3 ) ,  indicates the  ariti.ci-Dated range 
of act ive corrosion depths fo r  the  core posts t o  be abom 2 t o  3 mm. Since 
the core posts  are 6-in. i n  diameter, we therefore  cor,clude -that it i s  
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Table 4.5. Estimated depth of fully establ ished react ion ZOPC 
a 3.n graphi-te corrodzd by 1ow concentrations of steam 

Temperature 
( "c> 

Reaction zone 
( I d  

1200 

1140 

so3 o 
950 
900 

800 

700 

o A b  
0.9 
1 . 4  
1 . 9  
2 . 1  

2.6" 

b 

3.1b 

a 
See r e f .  1.0, 

Obtained by l i n e a r  extrapolation. b 

appropriate t o  view the corrosion process as a s ixface corrrosion process. 

Ln such cases, Ynz react ion r a t e  i s  proportional t o  the  exposed superfi-  
c i a l  &?-ea of the  graphite.  This also appe-ars t o  be t r u e  for the  portion 

of the  core graphite with surface temperatures a b w e  approxbately 750°C. 

This Tncludes most of the  core below Yne midplane where ca lcuht2ons  out- 

l i ned  in Sect. 5.3 show Ynat about 9% of the react ion of core graphite 

Fiit'n. steam occurs 

- 

The Wicke e p a t i o n  [Eq. (ll)] i n  surface units. The mount of ac t ive ly  
cor-i;oding graphite per unit area of exposed surface of a specimen o r  graphite 

member which i s  large compared Trr?.th the  ac t ive  corrosion depth, i s  equal t o  

p Ab-. Therefore, t h e  appropriate coriversion of u n i t s  for t h i s  case i s  

(1.2 ) 

where R 

depth, Ah. Tnus, the conversioln t o  surface uni.ts i s  temperature d-ependent, 

i s  based on specimen sizes which a re  smaller than the  react ion 1 

since Ah var ies  w-ith temperature, as shown i n  Table 4.5. We w3.U avoid 
t h i s  adclitional complication by selecting: a value of Ah appropriate for 
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graphite a t  the average surface temperature i n  the  lower half  of the core. 

I n  Sect. 5.3, it i s  shown t h a t  t h i s  temperature i s  about 820°C for  the  
reference design se lec ted  f o r  this study; "by in te rpola t ion  i n  Table b.5, 

t h i s  yields  a value f o r  Oh o f  about 0.25 ern. 

f ac to r  i s  
Hence, t he  desired conversion 

It i s  also desirable  for consistancy t o  convert Eq. (11) t o  the use 

of p a r t i a l  pressures as 
Tlie conversion i s  given 

an expression of concentration r a the r  Ynan rnol/crn 3 . 
by 

using the  ideal gas law; 

dent. However, it can be shown t h a t  only a small error i s  introduced 

if '  a representative,  average temperature i s  selected.  "lie exponent id  
temperature dependency of the muLtiplicative rate consta-tt i s  mv.ch higher 

and tends t o  mask t h e  l i n e a r  va r i a t ion  i n  Eq. (14). 
T -= 3100°K yie lds  

once again, t h e  conversion i s  temperature depen- 

Thus, se lec t ing  

f o r  the  modified Wicke equation, Eq. (LZ), where 

14,500 
exp( RT ) ' 

-6 k = 3.5 x 10 
2 

-6 14 500 k = 2.9 x 10 exP( iT ) , 3 
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4.2.3 m e   OXIDE-^ r a t e  equation .I__ 

n lhe  steam-graphite k ine t ics  

i s  given as 

11 equation used on Lhc OXIDE-3 progym 

where 
10 kl = 1-67 x 10 exp (- '0°) q'olhr-atm, RT 

28 600 - 0.75 k2 = 0.0166 e q (  kT ) , a t m  ? 

n = 0.75 

P = atm, 

Fb, F = 'nux-noff and ca t a lys t  factors .  
C 

The burnoff factor  j.s expressed a s  a polynominal function of -the per- 
cent bwiloff' which var i e s  from 0.5 at 0 burnoff t o  1.7 a t  lw0 burnoff. 
Fb i s  s e t  t o  uni ty  a t  1% burnoff. 
temperature dependent f m c t i o n  of the  sum of the  barium and strontium con- 

centrations i n  the  graphite, normalized Lo a value of un i ty  f o r  noncatalyzed. 

graphite. m e  concenti-ations of barium and strontium, which a r e  the  major 
f i s s ion  product ca ta lys t s  fo r  the s t e a m  graphite reac-Lion, are corapiited by- 
OXTDE-3 from the  f i s s i o n  yields  and dif-f'usion from the fue l .  

concentration of these ca t a ly t i c  materials i s  assumed .Lo be zero. 
cat ion of the ~?laxirriurn ant ic ipated value fo r  Fc i s  given i n  r e f .  11. 

present study, .the fac tors  E' and F a re  assumed t o  be uni ty .  

The ca ta lys t  factor ,  F i s  given a s  a c.' 

'le i n i t i a l  

No  indi-  

I n  the  

b C 

Since Eq. (16) his developed from a compilation of data from a va r i e ty  
of soiuces, there  i s  no completely r a t iona l  way t o  convert it t o  uni.ts based 
on exposed surface area.  -4s seen above, such conversion depends on -the 
par t icu lar  geometry of each experiment, However, an approximition can be 

nlade by noting Ynat most of the  s tudies  on which Eq. (16) was based empboysd 
specimen si-zes of about 1 .to 2 cm. Hence, we w i l l  use a rough cum-ersion 
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of the OXTDE-3 equation. t o  surface wiits by asswiing that; it i s  based on 
data taken on 1-cm-dim cylinders.  Thus, using Eq. (9) yields the fol lmr-  
ing modified. OXIDE-3 equation, 

k2, 15, n := unchanged. 

12 4.2.14 me Gibers on r a t e  equation 

This study was performed i n  suppor-t of the  operation of the Hanford 

reactors  which often have measurable CO,. and K20 l eve ls  in the helium 
coolant. Therefore, a so-called KC-graphite was selected as being the 

t yp ica l  core graphite of one o f  the Hanf'ord reactors.  

L 

Type KC graphite is made from Kendall coke ;.id Chicago Pitch by t h e  

l\lational Carbon Company. It i s  a, purified, anisotropic graphite with an 
i n i t i a l  density of 1.70 g/cmJ and an i n i b i a l  E T  area of 0.55 m /g. The 

t e s t  samples were cylinders of 1.1 2m d i a m  and 5 ern length.  Each was pre- 

oxidized i n  a i r  to 5% burnoff. 

7 7 

The experiments were conducted a t  1 atm pressure through a. temperature 

range of 800 t o  100OoC. Steam Concentrations i n  h e l i u m  ranged from 500 to 

10,000 ppm. Hydrogen levels ranged from 0 to 5000 ppm, and CO was riot 
introduced independently. The reported data were corrclabed TJI- 

wh e r e 
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k = 6.51 x e~p[~~k,"") 7 m -- 1 , 
3 

P = m-m I-Tg. 

Converting the r a t e  t o  a surface area basis as  specified by use of 

Eq. (?), and co-nverti.ng t'ke p a r t i a l  pressure values from mm-Hg t o  atmo- 
spheres, yields  the following values for thz constants, 

P = atm, 

kl = 3990 exp ( - 32ky) 3 mol/cm 2 -hr-atm, 

k -= 3.10 x 2.0 -10 e x p ( L o F )  7 atm -I./? , 
2 

2 Use of t he  above values i n  E q .  (1-8) yields  the  rate expressed as mol/cm -hr. 

4.2.5 Comparison of corrosion r a t e  predictions 

" h e  ATJ corrosion equation derived. i n  See-L. 4.1 and the Wkke, 

OXIDE-3, and Giberson equations gi-ven i n  t h i s  section have been put on 

a common basis,  expressing the  predicted r a t e s  i n  terms of mole/cm -hr, 

and are compared here with each other f o r  a number of representative 

conditions. 

-̂ .I_ ._.. ___ 

2 

I n  addition t o  'chese four k ine t ics  equations, two o-Lhers w i l l  be 

included i n  the  comparisons which a re  the resu1.t of l e s s  complete sfxilies % 

The fi.rst of these I.s reported by Giberson and Walker," whose data ai-e 
l imited t o  the case of :no H o r  CO i n  the  oxidizing gas. The TSX graphli%e 

used. i n  these s tudies  was manufac.turcd by the  Na-LioilaL Carbon Co. from 

Continental Lake Charles No. 1 coke and Allied Chemical Co. No.  30 medium 

coal. t a r  pi tch.  'The graphite w a s  baked as  bars and pitch-i.mpregnatzd once. 
Test samples were cut from the  bars t o  5-ern length aind 1.1 ern diameter. 

2 
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The test variables  ranged from l 3 O  to 33,000 pa"m E' 

gOO"C, 

and f r o m  r/50" to €IzO 
The r e s u l t s  were cor re la ted  by 

with P given i n  millimeters of mercury. 

The second addi t iona l  set of data included i n  t h i s  comparison are  

given by Helsby and Everett" for  th ree  graphites designated a s  "reference 

graphite, " "graphite No. 1, 'I and "graphite No, $. I'  The l a t t e r  two are 
molded, i so t ropic  Gilsocarbon graphites, while t h e  f i rs t  i s  not otherwise 
ident i f ied .  These tes ts  were l imi ted  to P = 250 patni, 

3000 patm, while t he  temperature was var ied  from 950 
4- F: -- 

'Ha CO - HZ 0 
t o  Sl50'C. 

Figure lc.6 compares predicted- react ion r a t e s  a t  PH = 1000 p a t m  arid 
2 P + P 2 3000 p a t m  as a function of temperature. The ac tua l ly  observed 

temperature rangc inclusive for each study i s  indicated i n  the figure by 

the heavy band. 
the A T J  t o  t he  lowest value predicted by Giberson. 

between ATJ, OXIDE-3, Wicke, and. Giberson predictions narrcxm t o  about a 
f ac to r  of 3. 
widens to about a f ac to r  of 4. 

HZ GO 

Note t h a t  a t  800"~ about a f ac to r  of 10 range ex i s t s  from 
A t  900°C t he  span 

A t  100OoC, the  range predicted by these four  r a t e  equations 

Figure 4.7  i l l u s t r a t e s  the camparison for no H or CO added t o  t h e  

I n  this case, the predictions range through a f ac to r  of 
2 

oxidizing gas. 
6, 2, 5, and 20 a t  700, 800, 900, and lOOO"C, respectively.  

The var ia t ion  of predicted corrosion r a t e s  as a function of P at 1-120 
T = g00"C and 3OOO patm of CO + H2 is sham i n  Fig. 4.8. 
predictions ranges through a. f ac to r  of 5 f o r  P 

500 patm, excluding the  high values of Eielsby and Everett .  

arid up to about 3000 patrri HZO, t'ne predictions converge t o  w i t h i n  a f ac to r  

of about 2. 

The span of 
values less than about H$ 

From 500 paw 

Figure L.9 shows the same corn-prison ~5th no H 
oxidizing gas, a condition which permits comparison with data of Gjberson 

ma. Walker. l3 'Eie predictions diverge m u c h  more than i s  shown i n  Fig. I C . 8 .  
The range 5.s a factor of' about 30 a t  10 patm HZO and converges t o  a f ac to r  

of 5 at 1000 patm HZO. 

or" CO added to the 2 
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I 0-3 

10-9 

F'rLg. 4.6. 
CO 

Reaction r a t e  vs l/te-mperatwe at P = 1000 p a t m ,  
+ 1-j = 3000 va. H2° 
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t+o PARTIAL PRESSURE [ p o t m ]  

Fig. 4.8. Variati.on of r eac t ion  ra te  w i ' ~ h  P, a;; y10"c; 
li 0 2 PH2 f Pco = 3000 patm. 
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H20 PARTIAL PRESSURE [ p a t m ]  

Fig. 4.9. Variation of r eac t ion  r a t e  with P ai; 900°C; 
I = Pco = 0 .  IiZO 
HZ 
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The f i r s t  s tep  i n  assessing the degree of core post dmage caused by 
the corrosive e f f ec t  of impmit ies  i n  tine primary system i s  t o  e s t m t e  

t h e i r  l e v e l  and composition. Since the t o t a l  steady-state irnlpurity con- 

centrat ion depends so le ly  on the Telative r a t e s  of ingress and purif ica-  

t i o n  flow, the  problem becomes t h a t  of dFstributing Gne t o t a l  l e v e l  between 

oxidizing species and the products of' corrosion which act as in-liibjtors. 

A considerable sim:pSification i s  achieved i f  we may neglect t he  

s p a t i a l  dependewe of impurity l e v e l  w i t h i n  t'ne primary system. 
t h i s  i s  i n  f ac t  the  case i s  shown i n  the  next section. 

That 

5 . 1  Variation of Impurity Level with A x i a l  Location 

in t he  Coolant Channel 

Sirice the  c i r c u i t  time of coolant in t he  primary system i s  qui te  

short  ( i . e . ,  somewhere between 3 .7  and 7.1 sec, a s  discussed below) one 

r ay  suspect that a va l id  approxbat ion would be t o  t r e a t  t'ne primary 

coolant as a mixed pot fo r  the purpose of defining the corrosive atmos- 

phere around the  core support posts. 

Section 5 of the  Delmarva Power and Light Preliminary Saf'ety Analysis 

Report gives the  c i r c u i t  time of coolant i n  t he  primary system 8s  3.7 sec.  

A somewhat higher value i s  obtained from t h e  given t o t a l  coolant flow1 of 
7.48 x 10 l b m h  (3.39 x IO6 kg/hr) and helium inventory" of IlC,700 lbm 

(6670 ks), which yields a c i r c u i t  t i m e  OP 7.1 see. A fu r the r  i n t u i t i v e  

rjudgment t h a t  primary system concentrations a r e  more or less uniform i s  

obtained by noting t h a t  the coolant t r a n s i t  time through the core i s  
approximately 0.2 see (core height = 26 ft divided by an average ve loc i ty  

of about 150 f t / sec  ) . 

I 

3 6 

A simple program termed TUBOX has been used t o  es t i rwte the  degree 

t o  which concentrations vary axial ly  i n  the core. TUBOX divides a s ingle  
coolant channel into t en  a x i a l  sections, e ight  sections or' 80 cm each fo r  
the ac t ive  core, plus t w o  sections f o r  t he  top  and bott,om re-flector.  %ne 

graphi te  and coolant temperatures a re  specif ied for each of t he  ten  zones 
as input data. Zach of the t en  zones a r e  fVxther subdivided i n t o  t e n  
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smaller subdivisions through w?nj-ch t h e  impurity l e v e l  change i s  computed 

from 

where 
2 H. ( m o l / c m  -see) = -t'ne 

1 

for 

t,he 

Az = t he  

d = -1- 

L 7  QL = L i l e  

the 

r e a c t i m  r a t e  a t  the temperature specifi-ed 

t'oe zoae? 

coolant channel diameter, 

incremental leng-t'n, usual lg  taken as 8 em, 
voluuietl-ic flow cornputed f o r  each zone f rom 

spccif i e d  coolant temperature and the  mass 
flow r a t e  * 

Finally,  t h e  T.mpu.t.ity- level-s a?; the i n l e t  a r e  needed? whlcii a r e  a l s o  

spec5.fj.e.d as i n p i t  I 

Some typ ica l  TUHOX r e s u l t s  are showm in Fig. 5.1. The graphite sur- 

face temperatures for each of the t e n  a x i a l  zones aye shown for an avera,gr;.: 
charnel from a regrion xd.th approxiurn-tely wiity radial power fac tor .  

mass coolant f l o w  for such an average clian.nel. i s  37.8 g/sec. 
rate, a s  computed using the Wicke r a t e  equatj-on [Eq. ( l 5 ) ,  3-n Sect, 41 j.s 

seen t o  vary grea t ly  in the cool.a:o.t c h a , m ~ l .  innder t he  influence of the  

ternperbatme var ia t ion .  However, the payt ia l  iprtxswe of' I€ 0, assumed here 

t o  be a t m  a t  t he  i n l e t ,  changes very 1 L t t k .  For I2 i - i~  calculation, 

the  r e a x t i o r 1  r a t e  conyu-Led from Eq .  (15) of the  previous chapter has been 
reduced by the  fac tor  l/hpp-c, sdiere PT i s  the  t o t a l  pressure i n  the coolant 

c h . a x ~ n d  of 49 atni. 

t i o n  per ta ins  t o  cond..itions a t  l aim, at which ra,'r,es are  higher. 
t heo re t i ca l  basis for t he  correction? which i s  given in a. nuiher of reviews 
(e.g,.,  Walker e t  ZLI . .~)  rests on the ideal ized assumption that, ga.s-phase 

diffusion w-ithin the  graphite pores co~1.tr01.s the total .  reackion r a t e .  

'Tfiis resiilts j.r!. the  predict ion t h a t  the o'oserved. reacti.oi? r a t e  i s  propm- 

t i o n a l  'GO t he  square root  o f  t he  ef'fective di-ftasivity- of H. 0 i n  Iizlium. 
The f i n a l  form of t h e  correct ive f ac to r  i s  obtaiiied by not ing tha t  ga,s 

The 

The react ion 

2 

T 
This correct ion is required because t'ne origkal. .  equa- 

' k e  

2 
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ACTIVE CORE 
21 3 1  4 1  5 1  6 1 9 1  8 1 9  

INLET OUTLET 
COOLANT CHANNEL. 

Fig. 5.1. Typical variation Qf H20 p r t i a l  pressme and react ion 
ra te  in a coolarnt channel computed from TTJEOX. 



phase diffusion coeff ic ients  vary approximately inversely with total. 

presswre. 

Resultx s imilar  t o  those shown i n  Fig. 5 .1  were obtained f o r  a high 

poww fac tor  channel, where both t'ne graphite temperatures and mass flo~rrs 

aye higher, and a l so  f o r  the  lavest  r a d i a l  power fac tors  channels, where 

mass flows drop to 15.1 g/sec. 

trionab simplifica,tion afforded by t r ea t ing  -the primary system as a ;nixed 

pot for the  pi~rpose of detemi.ning the corrosive environment i n  the 

v t c i n i t y  of the  core support posts i s  va l id .  

We tlierefore conclude t h a t  t he  cal.cu.la- 

5 . 2  Impuri'cy Concentmiions Using Core Reactivity t o  SteLLm 

Corrosion Derived Prom Dra.gon Steam Ingress Data 

In  t'ne years 1966 through 1968, a serfes of irflpurity ad-dition experi- 
it- ments, d-escribed by Carlyle and Kinsey, was conducted a t  t'ne Dragon 

Reactor. The f.i.rst of these was a se r i e s  of four I€ 0 ad-ditions a t  a r a t e  

of 2 t o  3 g/'nr, each extendi-ng for approximately 30 hr .  
conditions varied somewhat during the course o f  the e.qeriments; however, 

t'ne concentrati.ons of H 0 aad reaction products began t o  l e v e l  out about 

1 2  h r s  a f t e r  i n i t i a t i o n  of the  experiinent. 

di.d. not appear t o  he comple-Lely equi l ibrated i n  t'ne 30-hr t e s t  duration, 
we w i l l  use the  reported concentrations a t  tine end oP tn jec t ion  as an 

iridica,tor of core r eac t iv i ty  t o  the  steam corrosion reaction. Subsequently, 

by comparing Dragon and Ii'TGH primary loop condi-tions, we can obtain a cor- 

responding r eac t tv i ty  of an HTGR core from which HTGR impurity leve ls  w i l l  
be estimated. 

2 
Experimental 

2 
Though the impurity levels 

5.2.1 Results of Dra,gon steani ingress elxperimeiits 

The r e su l t s  of  f o u r  Dragon s t e m  ingress runs a r e  shown i n  Table 5.1 
4 together with normal impurity leve ls  experienced with no steam 8,ddj.tion. 

With no d.eI.iberate steam add.j.tj.on, the II 0 concentration i s  measurable, 
but smbl; the Ii2 l eve l  i s  2, 1.4 v p n i ,  somewhat higher than the  normal CO 

l e v e l  of Q 0.75 vpm. 
content of t'ne hydrogen bearing species, 

2 

With HZO added deliberately,  the sum of hydrogen 
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shmm i n  the next t o  l a s t  col~mi, is approximtely twice the  swn of axygen 

i n  the oxygen bearing species, c[O] .  
0 a re  added i.i? t h i s  ratj-o, This feature lends some corlfidence i n  the  

rceported r e su l t s  

This i s  as it should be since 13 and 

5.2.2 In te rpre ta t ion  of Dragon s t e m  ingress r e s u l t s  

I n  order t o  i n t e rp re t  "ne Dragon steam ingress data i n  t e r m s  of an 
e f fec t ive  core react ivi ty ,  we w i l l  assume t h a t  a f irst  order reaction 

occurs between the core graphite and. s t em,  forming CO and H 

products. The data of Table 5.1, however, shm si.gnificant CO formation 

which necessi ta tes  some in te rpre ta t ion  i n  order t o  a r r ive  a t  a s ingle  

e f fec t ive  core reac t iv i ty .  The sml.lerr quantity of CH produced will be 

ne 8 l e  ct e d. ,, 

as primary 2 

2 

4 

The r a t e  of t he  s tem/graphi te  react ion i s  assumed t o  be represented 

by the  f i r s t  order expression 

H.. 

where 

R =  
K :: 

C 

[I1 03 = 2 

rezct ion rate ,  mol/sec, 
core react ivi ty ,  em 3 /sec, 

H 0 concentration i n  the priimry system, mol/cm 3 . 
2 

Thus, since W niol_/aec of H 0 e n k r  the  primmy system and €$*[HZO] 
3 

2 
leave, $ k r e  Q 

rim H 0 I.eveI by a inass balance, 2 

is the  pur i f ica t ion  flow as cm / s ee ,  we obtaj-n the  equili'n- P 

[H20] = w 
K c + %  

Tne concentration of any c o n s i t i t m n t  not a l t e r ed  by i t s  residence 

set equal t o  zero; f o r  jn the  core m y  be obtained from Eq, (14) with K 

example, 
c 

(4) 

2w 

CrH1 == &p - 
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Rearranging Eq.  (4 )  t o  solve for the  core r e a c t i v i t y  yields 

Similayly, a mass balance for H2 yie lds  the following, assuming H2 

formtior?  only from t he  react ion of steam witio. graphite, 

U 

Again, rearranging Eq. (6) t o  solve fo r  the core r e a c t i v i t y  y ie lds  

Ve have assumed a highly simplified model i n  order t o  i n t e rp re t  the 

Dragon steam ingress data i n  terms of a s ingle  value f o r  t he  core reac t iv i ty .  
However, the corrosion reac t ion  i s  not f i rs t  order as assume8 here, and a t  

l e a s t  three constants a re  needed t o  speciPjr the  react ion r a t e ,  
t h e  s ign i f icant  amounts of GO which show up indicate  that  react ions other 

then the  assane8 steam/grapkite corrosion react ion takes place. NeverYne- 

less ,  t he  small. number and the uncertain precision of the data do not 
warrant the inclusion of these secondary considerations. 

Additionally, 

2 

Effect ive inleakage rate. Table 5.2 i l l u s t r a t e s  one of the  uncertain- 

t i e s  i n  the in te rpre ta t ion  of t he  Dragon steam inleakage data. 

and 2 record inleakage and pur i f ica t ion  flows given i n  Table 5,2 i n  new 

u n T t s ,  t h e  v o l m e t r i c  pur i f ica t ion  flow being calculated from the mss flows 
o f  Table 5.1, assuming a mixed-mean primary loop temperature of 593 O C .  

[Dragon primary loop charac te r i s t ics  per t inent  to t h i s  sect ion are given 

Columns 1 

i n  Table 5.5.3 The t h i r d  and four th  colwrms of Table 5.2 l i s t  the  an t i c i -  

pated l eve l s  of t h e  t o t a l  oxygen and hydrogen-bearing species corresponding 

t o  t h e  given values f o r  W and 'i$ calculated using Eqs .  (4a) and (4b). 
C o l m s  5 and 6 record the corresponding measured values from Table 5.1, 
while t h e  last  two columns l i s t  the r a t i o s  of measured to expected values. 

Note that  for a l l  cases, the measured value i s  l e s s  than the  a n t i c i -  

pated value f o r  both oxygen and hydrogen bearing species. 

explanations for  t h i s  observation follow: 

Several possible 



T a b l e  5.2. Cornparison of measured -Lo ant ic ipated impurity 

leve ls  i n  the  Dragon steam ingress expertment 

- Ratio 
Me a. s u  red ____ Ant i c i pa t e d Measurzd c[:.j- 

01 G [HJ E[o] a n t i  cipa.t e d 
W % 

C[O] cm1 

4.25 E-? 8030 18.9 37.8 8.19 26.1 0,433 0.690 

4:78 e-5 97'4- 0 17-9 35.8 9.30 2 2 . 1  0.520 0.617 
4.78 E-5 6660 25.5 51. - 0 3-5 .!I. 36.4 0.604 0.'714 
3.39 E-5 62-20 19.4 38.'7 1.2.3 23 .2 0.631+ 0.599 

Av 0.548 0.655 

A hlglier pur i f ica t ion  flow than recoi-ded by Carlyle and 

Kinsey could account f o r  t he  observed discrepancy. For 

exampl.e, i f  -the normal f i e 1  elzmen-t purge fJ_iiwZ of '7 g/ 

see were occurring s.nd not incl-iided a s  a pa r t  of 'che 

e f fec t ive  s t a t ed  purifica.Li.on flow- as it should have been, 

the  correction f o r  this hy-pothzsjzed oversight would 

bring the  ant ic ipated and measured. impuriby 1-evels in to  

closer agi-ecment . 

4- 

(2) A large portion of the injected II 0 ~m-y have been adsorbed 
i n  various Locations i n  the  pri:rmry system and, hence: ~ 0 1 1 -  

t r ibu ted  nothing t o  the impurity atmosphere. 

i s  ju.dged 'io be l i k e l y  for a large scale experiment mch 
as t h i s ;  i n  fac t ,  t h i s  i s  t'ne explanation or .the di.screpa,ncy 

put for t ' l  by Carlyle and Kinsey. 

2 

Indeed t h i s  

(3) Carlyle and Kinsey disciiss other conceivable sources of 

e r ror  whi.ch may r e s u l t  from the a_na,lytical methods employed, 

such a s  e r rors  i.n the reported concentrations obtained by gas 

chromatograph. Erl-ors of t h i s  -type my account OOi- some 

sea-t-ter but cannot account f o r  the  generally l a r  values of 

impurity leve ls  while mainta2nirqq the proper B/O r a t i o .  
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Thus, the second explanation i s  regarded as most l i ke ly -  If we pre- 

suliie the l o s t  portion o?" the  in jec ted  water to be perraanently adsorbed, we 

may simply subtract  this portion from the  stated- ingress f l o w  for t h e  

production of the observed gaseous corrosion products .. Thus, the  e f fec t ive  

tngress flows l i s t e d  belaw i n  Table 5.3 are 60.2$ of those l i s t e d  i n  

Tables 5 .1  and 5.2 (average of 54.8 and 65.5%). 

Table 7.3. Revised Dragon steam ingress data 

Revised impurity l eve l s  
co h r i f  ica t ion  

8000 2-57 E-5 

2-89 %-5 9740 
2-89 E-5 6660 
2.05 E-5 6220 

a 6.511 5.39 3.28 
4 .3 6 .3  4.8 
6.3 3-1.0 9.1 
5.1 5.8 7.2 

8 -5 This notat ion s ign i f ies  2.57 x 10 . 

Method of accounting f o r  Yne CO production. The question arises on 2 
how to incorpmate CO production i n t o  this simple framework which presunes 

a s ingle  value for t he  core r e a c t i v i t y  fo r  t he  reactiori of graphite w i t h  

H,,O to form CO and H2. A s  seen i n  Table 5.1, s ign i f icant  amounts of CO, 

were produced i n  the  Dragon Experiments, evidently from the  radiat ion-  

catalyzed s h i f t  react ion taking place i n  the  gas phase, probably i n  the  

cooler portions of t he  primary loop. 

2 -  

r; d 

Carbon dioxide i s  unstable at low p a r t i a l  pressures above + 500°C; hence, 

we expect the reverse of Eq.  (8) to occur in hot zones. 

of t he  forward s h i f t  react ion i s  t o  replace H 0 and CO w 5 t l  an equal amount 
of CO, and € I 2 .  

The net  e f f ec t  

2 

L 



of CO on graphite via 
2 

COZ + C + 2 co 
i s  sI.ow-er than. the  corresponding 

t h a t  the s tem-graphi te  reactj.  on 
corresponding reactl.on with CO ? '  

(9) 

reaction of R. O ,  

i.s about th ree  tj.mes more rapid than the  
Wicke e t  aL. report  ti7a.t f o r  cmshed, 

~ k 1 - k  e t  a ~ . 5  s t a t e  2 

6 

ty-pe G1-l- graphitx, -the c o r ~ o s i o i ~  :rate with H 0 was 6.4 times that for Con 
2 c 

at  1-000°C and 20 atm total pressure, with an 5.inpu.ri.ty c O m p O S i t L O i 1  of 30 vpui 

C02, 20 vpm H 0, 300 vpr~ CO, and 200 vpm H2. Wl.cke also observed that 'che 

rai;? of 'che T T  O-graphite react ion is not markedly zffec.ted by the  presence 
2 

"2 
o f  coz.  

While the COZ-graphite tiiermal reactriou is inheren'dy slower than the  

11. 0-graphite reactioli by approxl.mte1.y a f ac to r  of 5, .ti?ei-e i s  evidence 

t h a t  rad ia t ion  en'nai-ices the corrosive e f f e c t  of CO t o  a far greater degi-ee 

then I1 0. Giberson and 'i'ingey7 a.ssime a G-value f o r  the react ion of CO 

wi.th graphite TrThich i s  ahout four? t imes the va,Sue for t h e  H 0 reacbicrn: 
1.35 -mol.ecules/lOO ev for the  C02 + C i-eaction, compared with 0.35 f o r  H20. 

2 

2 

2 2 

2 

I n  an XTGR coolant; envirollsl?en-t, i=adioactive enercj- i s  absorbed d i ~ e c t l y ,  

prjmari.iLy- by- the  preponderant he3_ium ahoms whlch are thus driven into a 

variety- of excited. s t a t e s .  71 These exefted. h e l i i m  atoms then tra,nsmj.t 

t h e i r  exci-I;a'c;ion energy e i the r  t o  impurity atoms, nonexcited heliuii atoms, 
OF adjaceii'c solid material .  Evidently, radiolytic:  decotnposttion of CO, -to 

L 
CO and 'nLghly react ive oxygen 0ccun-s at a si.go.-ificant, ra te ,  whereas the 
corresponding rad io lys i s  of I€ 0 occurs to a m~wh l e s s e r  degree. 2 
there  i s  good reason t o  an t ic ipa te  radioly%ic enhanceme:& fo:c the CO t C 

react ions t o  a much greater. degree than f o r  H 0 + C. 

8 Therefore, 

2 

2 
8 This i s  indtca-ked Lo be the case for da,ta. reportrd by Everett e t  F J , ~ ~ ,  

corrosion - 3 f ac to r  who show an enormou.~ enhancement by radi.ati.on for CO 
of 100 ai; 300°C and a factor  o f  10 ai; 9OO"C 

enhanceneints for H 0. T'nus, it appears 'ilia-t a t  leas-i; approximately i r rad ia-  

ti.ve enhancerrwtt tends t o  equal3ke the corrosrive e f f e c t  of CO and H. 0 on 
core graphite.  

2 
compared wit '? more modest 

2 

2 2 



%ne s h i f t  react ion a l so  subst i t t i tes  1-1 f o r  an equal mount of GO. 2 
Both of these a re  corrosion products which therefore  may be expected t o  

inhibi t, t'ne corrosion react ion;  however, there  i s  some disagreement on 
tk i i s  point;. Of -tne f o i x  k ine t i c s  s tudies  summarized i n  Sect. 4.2 t h a t  

were extensive enough t o  allow development of a kine t ics  equation., only 

one exyl ic i tLy incorporates CO as an inh ib i tor .  That one study, reported 
9 by Wicke e t  a l e , -  seem to be the  most extensive and carefu l  1-r 0-graphite 

experiment under.takex. In t h i s  s t u d y ,  t he  subject of CO inh ib i t ion  w%ts 

explored e x p l i c i t l y  5n a. s e r i e s  of m s  a t  l r J3O"C and 1OGO-vpn H20 i n  

which the  CO and H2 i n l e t  concentrations were var ied  separately.  

clusion was t h a t  both CO and H a r e  i n t r i n s i c a l l y  inh ib i tory  t o  approxi- 
mately the  same degree. 
conclusion after examnining the s m e  data e 

2 

"lie con- 

2 
M. R, Everett  e t  a1.'" concurred with t h i s  

S m m r i z i n g  then, t h e  e f f ec t  of t he  gas phase s h i f t  rzact ion is t o  

subst i tutP CO for ai3 eqml anourt of H 0, both of which have approxi- 

m t e l y  equivalent corrosive e f fec t  on graphite i n  a radia'iion f i e ld .  

Additionally, H2 i s  pr.odv.eed by t h e  s h i f t  reaction, taking t h e  place of 

an equal amouxii of CO, a n d  both species have an approximately e q m l  i r rh i -  

b i tory e f f e c t  .I r"wthei*, the  s h i f t  reac t ion  i s  most l i k e l y  reversible,  
f o a n g  9,O and CO from CO, and H,, i n  higher i;emperature areas  where CO, 2 Li Li L1 

i s  not a thermodynamically stable species. Thus, since thn s h i f t  react ion 

takes  place i x l  t he  gas phase and riot with the grhphite itsset€, mid since 

i t s  pro~ucts have approximately eqiml corrosive and inhibi.tion ef fec ts ,  

we conclude t h a t  t he  most appropriate way t o  incorporate t h e  s h i f t  reaction 
into QUI- present s b p l e  f rawwork  i s  t o  computationally res tore  1;he produc'c:; 

of' t h i s  react ion hy t he  origi-nal reac tan ts ,  

2 2 

5.2.3 Estimated Dragon core r e a c t i v i t y  

Eased on the  13.scizssi.on of the  previous section, t h e  data of 
I - !  7 1aol.e 5.1 have been modifieci. as indicated and preserited i n  Table 5 + 3 .  

Steam ingress yates are ~;o , zQ  01' thc or iginal ly  reported. vnl.ues, r e f l e c t -  

ing the est i imted permanent loss of 39.@$~ af tne  injected moisture. 

reportzd CO concentrations, presi-med t G  arist. from thQ g ~ s  yk!nse shift, 

reaction, p2us na equal z m m t  of H, have been subtracted fron the reported 

The 

7 

I .  
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concentratLons, and were red is t r ibu ted  as H. 0 and CO. Thus, Table 5.3 
r e f l e c t s  'the s i tua t ion  if t'ne s h i f t  react ion had. not occurred. Th:: Tmaller 

amounts of methane have been ireglected. 

2 

Table 5.4 l i s t s  the e f fec t ive  D~agon core r e a c t i v i t i e s  t o  H 0 corro- 
s ionbased  on these modified data. The values i n  column 2 aye calculated 

from t h e  H 0 concentrations using Eq .  (5 ) .  
a1-e ca.l.ciilated. from Ey. (7)  using t he  average of the H 

2 

Values l i s t e d  i n  -&he Isst col.imn 2 
and CO concentra- 2 

.L. d o n s .  The average r e a c t i v i t y  calculated by each method i s  su f f i c i en t ly  

close, so  the  eight  values 'nave been combined t o  yield an average core 
3 r e a c t i v i t y  of 8610 - + 21-00 ern / s e e .  

Table 5.4. Dragon core r e a c t i v i t y  t o  H,O corrosion 
L 

Core Core 
r eac t fv i ty  r e a c t i v i t y  

H2° Eq.  ( 5 )  Average H2 and CO E q -  (7) 
concentration KC c oiic en t  rat i on KC 

(%) (g) (5) 
1.9& E-9 5250 1.22 E-9 
1.21 E-9 9740 1.56 E-9 

14900 

10800 

1.777 E-9 $70 2.84 E-9 12600 

1.43 E-9 8120 1.83 ~ - 9  7770 

Average = 8190 - + 1530 9020 - + 2680 

Average of 8 values: Kc = 8610 I 1- 2100 

5.2 -4- HTGR core r e a c t i v i t y  

Since the 2000 MW(t,) HTGR core has about a f ac to r  of 100 la,rger susface 

area than Dragon, we expect a subs tan t ia l ly  l a rge r  core r e a c t i v i t y  f o r  the  

HTGR core. Par t ia l ly  tending t o  compensate foi. t he  larger core a rea  i s  'Chi3 

higher coolant pressure and somewhat lower core average teni-~,.eratiire of the  
HTGR, both of which tend t o  lower r eac t iv i ty .  



W e  Imve defined the core reactivi-ty, Kc, so  t h a t  

where R is the total core corrosion rate. On the other hand, k ine t i c s  

quati ions based on t e s t s  conducted c a t  I at:m a re  m i t t e n  in the form, 

where k i s  an i n t r i n s i c  property oP the graphite,  and k. and [I], repre- 1 7. L 

sen t  t‘ne various possible i nh ib i t i on  terms which  are also temperatme 
d-epcndent, but tu a l e s s e r  degree 

If %he react ion ra te  were diffusion controlled,, as v i r t u a l l y  the e n t i r e  

core i s  expected $0 be, the factor l/T is cojnventionally applied to a l low 
for t h e  variation of react ion r a t e  wLth the total primary loop pressure, . 
Thus from Eq. (11) and t h e  definj . t ion of K 
t ionship between HTGR and Dragon core reactivif; ies:  

T 
pT 

wt3 obtain the follow5ng rela- 
c’ 

HTGR. 

Dragon 

where approximately equivalent impurity 1e.vel.s resulti.ng i n  spproximte ly  

cqiial iniii.bition factors ha,ve been assumed, as well as approximately equal. 
v a l m s  f o r  t he  riritrinsic graphite r eac t iv i t i e s ,  kl. 

int;ririsic graphi te  r e a c t i v i t i e s  were Irriosnl, they should be used as a fac- 
tor i n  ~ q .  (E). A i s  the core surface area, ami T the avemge core 
surface ternpera.-t;i.we .) 

If the r a t i o  of the  

c c: 

Table 5 .‘j li.sts the per t inen t  cc;\rrrarntive cha rac t e r i s t i c s  of i;ke 

Eiragon and. HTGX reac tors  needed to relate the estkm-ted- Dragon reaci;P$ity 

t o  %he larger reactor .  Die HTGR &ta perbain t o  the ZOO0 M W ( t )  reference 
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reactor  u-sed. f o r  t h i s  study, and described 5.n Sect .  l . 3 "  The D~agon  da.t;a 

a r e  taken from r e f .  11, and per ta in  t o  the core containi.ag 37 elements 

designated a s  Mark V Z I .  

Table 5.5. Comparison of Dragon and HTGR charac te r i s t ics  
r e l a t i n g  t o  core r e a c t i v i t i e s  

HTGR Dragon 
[2000 m(t ) ]  

2 Core surface area, ern 

Coolant temperatures, "C 

I n l e t  

Out l e t  
CooJ_ant pressure, a t m  

Average core heat  fl-ux, W/cm 

Coolant Reynolds No .  

Average heat; t r ans fe r  coeff ic i -mt ,  

Average surface temperah-re, "C 

2 

BIL'U/hr-ft2 - ?F 

9.57 E7 

33 8 
785 
49 
19.6 
$9,000 

285 

689 

8.33 E5 

3 85 
800 

20 

24 

+ 20,000 

2 11 

793 

The merage core surface temperature given i n  t h e  last Line i s  com- 
puted from the  average coolant temperature plus the surface temperature 

r i s e  

where q i s  the average surface heat flux and h t'ne average heat t ransfee 
coef f ic ien t ;  Tc f o r  the  HTGR i s  lo3 "C less than I"OY Dragon. 

VT 

Subst i tut ing the  appropriate values -into R q .  ( U ) ,  and assuming 

AH = 50,000 csl/mol yields, 

K (HTGR) 
C 

c 
= 11.5. x O.O'j'99 x 0.639 = 5.87, K) 

where the first factor,  115, i s  the area ra t io ,  t he  second fac tor  r e s u l t s  
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fram the  IJTGR's cooler core, and the  last f ac to r  r e s u l t s  from the higher 
pressure of the  HTGR. Therefore, using Kc(Dragon) = %l0  I + 2100 cm3/sec, 

a s  derived i n  Sect.  5.2.3, yields  for  tne  HTGR, 

K ~ J H T G R )  = 50,600 + 12,300 cm 3 /see. - 

5.2.5 Estimated HTGR impurity leve ls  derived fram Dragon steam ingress data 

A value foi- the  HTGR core r e a c t i v i t y  of 50,600 t- 12,300 cm 3 / sec  'cms 

estimated i n  Sect.  5.2.4 corresponding to a range between Kc,mx = 62, 'gm 
- 

= 38,300, roughly a f ac to r  of 2.  The uncer ta in t ies  of t h i s  es t i -  and Kc, min 
mate a r e  probably l a rge r  than ind ica ted  by t h i s  range, which i s  a r e s u l t  

so l e ly  of s c a t t e r  from the  four e;xperiments involving eight  determiurntioris 

For example, there  i s  uncertainty as t o  the r e l a t i v e  i n t r i n s i c  graphite 

r e a c t i v i t i e s  t h a t  involve r e l a t i v e  values of the constants lr 

between HTGR and Dragon graphite.  Another source of uncertainty r e l a t e s  

in Eq. (11) 1 

to t h e  409'1, of added moisture which was presumed l l los t"  i n  the steam ingress  

experiment ( i . e . ,  did not produce detectable  gaseous corrosion products).  

We will express the impurity l eve l s  dependent on p u i f i c a t i o n  and 

assumed steam ingress  a s  follows: 

species, [O  1 may be obtained from Eq. (4a), 

The concentration of total .  oxygen-bearing 

21 

The f r ac t ion  of t o t a l  oxygen-bearing species which e x i s t s  as oxidant, HZO, 

i s  obtained. by dividing Eq. (4a) by Eq. ( h ) ,  

Calculated l eve l s  of t o t a l  oxygen, H20, GO, and H concentration fo r  2 
t he  reference HTGR a r e  l i s t e d  i n  Table 5.6 using the  upper and lower 

estimates of core r e a c t i v i t y  of 62,900 and 38,300 cm 3 /see. Cases 1 through 
4 show the effect of varying ingress  r a t e  a t  the  nominal pu r i f i ca t ion  f low,  

whereas i n  cases 5 through 8 the  pur i f ica t ion  f l o w  i s  var ied from on-half 

t o  t en  times t h e  nominal value a t  a constant ingress of 0.01 g,/sec, of 
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moisture. These values are plotted i n  Figs. 5.2 and 5.3. F i e w e  5.2 and 

Table 5.6 show that a t  the  n m i n a l  pur i f ica t ion  firm? about 65% of t he  
ineoming moisture remains as €EzO at equilibrium. A feature of t h e  simple, 

f i r s t -o rde r  model assumed i n  t h i s  sect ion i s  that t h i s  percentage reillairis 

comstant w i t h  varying assmed r a t e s  o€ ingress, vhich i s  nab the case i n  

the following section. 

F igwe 5.2 shows the  e f f ec t  of changing pur i f ica t ion  C l a w  a t  8 con- 

s t s a t  ingress r a t e  of 0.01 g/sec. note that inhibi tors ,  €I2 and CO, dimin- 

ish i n  l e v e l  as well as oxidant with increasing pur i f ica t ion  r a t e .  Hence, 

it i s  not possible to categorical ly  state tha t  modest; increases i n  p u r i T i -  

cat ion f l o w  w i l l  always tend to protect  the core posts from steam corrosion. 

5.3 Impurity Concentrations Using TIPIOX 

TIMOX i s  a progrm used to compute t rans ien t  and steady- state values 
of H20, H2, and CO concentrations which r e s u l t  from assumed, steady r a t e s  

of steam ingress i n t o  the  primary system. 

program a r e  i l l u s t r a t e d  i n  Fig. 5.4. 
HZ, and CO a r e  set t o  zero, a t  which time a steady steam ingress rate of 
W (mol/sec) i s  assumed t o  begin. 
w i t h  the primary system coolant and reac ts  w i t h  the core graphite i n  each 

zone at a rate specif ied by the  assumed k ine t ics  equation, the exposed 

surface area of the zone, and i t s  charac te r i s t ic  temperature. The products 

of corrosion a r e  a l s o  assumed t o  be w e l l  mixed and removed w i t h  Ii20 i n  the 

Tine general  f e a t w e s  of the  

I n i t i a l l y ,  concentrat iam of H20, 

Tbe incoming steam mixes thoraughly 

pur i f ica t ion  flow, Q The new coneeatrations of €LO and H2 or  CO a t  the 'p' L 
lapse of a time increment 6t a r e  determined from 

where R i s  the total  react ion rate computed f o r  the four zones, and- V i s  
the  primary system volume. Concentration changcs of H 0, T-12, arid C0 are 

influenced by the steam ingress f l o w ,  varying react ion raLe wit11 the 
i' 
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Fig. 5.3 Impurity level vs purification fluw. 
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One then flu-they ass-umes that t h e  oxidant is trarisported via. diffusion in 

the graphite vo id  spaces, arid employs the theoret ical  pr.edkction t'liat gas 
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phase d i f fus iv i ty  var ies  inverse1.y wit'? t o t a l  pressure. This leads t o  t he  

s t a t ed  resul'i, 

I n  view of t h i s  s implif ied picture,  perhaps i - t  i s  surpr is ing t h a t  

observed corrosion ra'ies do vary w i t h  t o t a l  pi-essw-e almost an indicated 

abave. This treatment not only d ra s t i ca l ly  simplifies the  observed non- 

l i nea r  dependency of rate with ox5.clan.t concentration, but  a l s o  ignores 
Lnhibition e f r ec t s  of CO and H t ransport  of C!O and. H and adsorpt ivi ty  

e f f ec t s  of reactan.1; aod products on graphite.  Nevertheless, d a b s  ex i s t  

wliich conform closely to Y'ne inveyse square-i-oo-t; re la t ionship;  f o r  example, 

Ashworth et a l .  s t a t e  t ha t  r e su l t s  of one pax%iculzr s e r i e s  of experi- 
rrients conducted a t  900°C were c o r s e h t e d  by 

2' 2' 

12 

-0.62 l i s = - P  T 

This result i s  qui te  close t o  the highly theore t ica l  Eq. ( 2 1 ) ;  rieverthe- 
less ,  s ign i f icant  e r rors  a re  introduced when at.tempting t o  extrapolate 
predict?-om fi-om 1 atm test data.  For example, using Eq. (21)  t o  extrapo- 

l a t e  from 1 atm t o  49 a t m  leacis t o  a corrosioii rate which i s  5% higher 

than ai extrapolation based on Eq. ( 2 2 ) .  

Thus, TIMOX employs a pressine correction whi.ch probably tends t o  

overestimmte corrosLon r a t e s  when extrapolating upward i n  pressure. How- 

ever, since t h i s  cor.rection was a l so  appli-ed t o  the  estimated core support- 

post rate of corrosion, e r rors  thereby introduced would tend 'GO cancel each 
other. That is, a high estimate f o r  t he  core graphite corrosion r a t e  would 

yield a 1-ow-side value f o r  t he  oxid-ant level, whi.ch in t u rn  tends t o  be 

compensated by the corresponding high estimated core post corrosion r a t e  I 

The next sections describe the method of a r r iv ing  a t  the  characteris-  

t i c  temperatures for. each ol" the  Pour core zones. 

Core graphite and co0LLr;tn.t temperatures I The core teniperatures used 
i n  this stud-y were computed using the OXIDE-3 program f o r  the  2000 MW(t) 

case, OXIDE-3 divi.des the core i n t o  20 temperatme regions, each of 
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which a re  made up of 10 f u e l  element rows. Thus a t o t a l  of 200 tempera- 

tu res  specify the core temperature d is t r ibu t ion .  These 200 OXIDE-3 core 

zones are cortibined i n  TIMOX i n t o  four zones. 'She relat ionships  between 
t h e  TIMOX, OXIDE-3, and WTGR fuelin& zones a r e  summarized i n  Table 5.7. 

Three representat ive temperatures €or each of the  200 OXIDE-3 loca- 

The top  temperature of each group r e fe r s  t ions  are l i s t e d  i n  Table 5.8. 
t o  the  coolant, and the  bottom value r e fe r s  t o  the average temperatuye of 
t he  combined graphite and f u e l  s t i c k  material. 
taken from Barsell.13 
i n  Table 5.7 represents t he  average graphite surface temperature a t  each 

indicated location, computed by using intraregion temperature d is t r ibu-  
Graphite surface temperature i s  here defined as t"e 1r;emperature t ions. 

representat ive of t he  r a d i a l  sect ions 2 and 3, re fe r r ing  t o  Fig. 5.5, which 
shows t h e  cross-sectional d e t a i l  used within OXIEE-3 t o  compute region 

average temperatures. l3 

between t h e  fuel  ( s h m  as sections 14-17) and t h e  coolant channel, repre- 

sented by sect ion 1. 

These two values were 

The middle temperature of each s e t  of three  values 

14 

Sections 2-13 represent the  graphite moderator 

From temperature d is t r ibu t ions  computed i n  r e f .  14, it can be shown 
t h a t  the  difference between the  graphi te  surface temperature and the  cool- 

mt temperature a t  t h a t  loca t ion  i s  approximately 0.662 times the  difference 
between t h e  average graphite plus f u e l  s t i c k  temperature and t h e  coolant; 

t h a t  is, 

Since the OXIDE-3 program l i s t i n g s  include T av "graph 11 and TcooL, t he  
graphite surface temperature m y  be calculated from Eg. (23 ) . 

Reaction-average region temperatures. Since the steam-graphite reac- 
t i o n  i s  strongly temperature dependent - a 3 0 ° C  temperature change a l t e r s  
t h e  reac t ion  r a t e  by about a factor  of 2 a t  800°C - t he  question a r i s e s  as 
t o  haw to determine t h e  appropriate charac te r i s t ic  temperature for each of 

t he  four  TSMOX zones. 

since the  higher temperature regions, where a disproportionate pa r t  of the  
t o t a l  react ion takes place, must be given added weight. 

A f l a t ,  space average w i l l  y ie ld  too  low a value 



Table 3.'(. Relation between TIMOX and OXIDE-3 regions and 

2000 M W ( t )  HTGK refueling mnPs 

TINOX 
region 

O X T D F - ~  2000 M N ( t )  HTGR 
reg ion  refueling zomes 

I 

i 2 

(ROWS 1-5) 3 
4 

I1 5 
(Rows 6-10) 6 

7 
8 

9 
1.0 

3, 6 (wi-t 'nout ho t tes t  co.l.umn) 
3, 6 ( h o t t e s t  colwi) 

z s ,  34 
13, 13 
21, 30 

23, 3 2  
42, 48 
50, 53 
4, 7, 9, 15 
u, 17 

11 

i n  12 

(ROWS 1-5) 13 
I) 1 

m- 15 
(Rows 6-10) 16 

1.7 
18 
1.9 
20 

2, 5 
1, 43, 49 
26, 28, 35, 3'7 

2'4, 33 
20, 79 
22, 27, 31, 36 

io, 16, 39, 41, 45, 147 
8, 12, 14, 18 
l+o, 46, 57, 55 
38, &, 51, 54 
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OXIDE-3 
region 

1 
1. 
1 

2 
2 
> 

3 
7 
3 

4 
4 
4 

5 
5 
5 

6 
6 
6 

7 
7 
7 

8 
8 
8 

9 
3 
9 

10 
10 
i o  

1.1 
1 L  
11 

1 2  
12  
1 2  

13 
17 
13 

14 

15 
15 
15 

16 
Ls 
16 

17 
17 
17 

18 
18 
Is 

19 
1.9 
19 

20 
20 
20 

338.0 
335.0 
338.0 

338.0 
138.0 
338.0 

@.O 
330.0 
338.0 

338.0 
338.0 
338.0 

338.0 
338.0 
338.0 

33a.O 
33a.0 
338.0 

338.0 
338.0 
338.0 

338.0 
338.0 
338.0 

338.0 

338.0 

338.0 

338.0 

338.0 
338.0 

338.0 
338.0 
338.9 

338.0 
338.0 

338.0 
338.0 
338.0 

338.0 
338.0 
338.0 

338.0 
338.0 
338.0 

338.0 
338.0 
338.0 

338-G 
338.0 
338.0 

338.0 

338.0 

338.0 

338.0 

338.0 

338.0 

338.0 

338.0 

338.0 
338.0 

367.8 
527.4 
605.9 

373.9 
569.5 
%69. !1 .  

369.0 
532.3 
615.7 

367.0 

614.8 
531.7 

$9. 1 
532.5 
614.4 

369.0 
528.1 
609.4 

367.i) 

593.5 
520.9 

369.0 
517.1 
592 . '7 

369.3 
495. Ii 
559.4 

369.1 
49:. 7 
j60.2 

369.2 
4Y4.3 
558.1 

369-3 
4%.9 
547.0 

369.3 
488.6 
549.5 

369.2 
490.5 
552. it 

369.2 
m.2 
545.9 

369.2 
489.8 
551.4 

483.7 
542.1 

369.2 

369.3 
483.0 
541.1 

309.3 
483.2 
541.3 

369.3 
482.4 
540.1 

4P5 I7 
592.6 
677.9 

4i14.3 
652.3 
753.8 

429.3 
607.5 
6W.Y 

>79.3 
601.8 
689.9 

429.5 

mq.6 

473.3 
5L93.0 
684.2 

429.3 
590.3 
612 .5  

b 9 . 3  
5s.j 
666.4 

Sh3.1 
631.2 

429.5 
563.5 
631.9 

429. I+ 
561.9 
629.6 

li29.5 
5>4.2 

479.7 
556.1 
620.6 

429.4 
558.0 
673.6 

429.4 
553.3 
636.5 

479.4 
557.1 
622.4 

429.3 
550.6 
612.5 

429.6 
550.0 
611.5 

429.6 

611.8 

419.5 
549.3 

601.7 

429.7 

617 d 

550.2 

610.5 

4e6.2 
655.9 
742.9 

515.9 
771.1 

492. '7 
668.7 
758.6 

497.7 
668.0 
757.5 

4ya. 9 
668.0 
757.4 

492.6 
664.1 
751.7 

49::. 5 
656.2 
739.8 

492.5 

'713.5 

628.b 
697.8 

L92. 8 
627.0 
0 9 . 5  

4'32.6 

6 S . O  

492.8 
619.4 
684.0 

457.0 
621.4 

639.4 

652.1 

493.0 

627.2 

607.0 

623. c: 
689.9 

492.5 
618.4 
682.7 

492.5 
622.3 
688.6 

492. 4 

492.6 

615.5 
678.4 

4 9 . 8  
615.2 
677.7 

43'2.8 
615.3 
677.9 

492 ~ 7 
614.4 
676.5 

548.7 
713.5 
807 0 

5 % .  9 
%lo 5 
329.0 

557.5 
735.4 
b26.3 

557,4 
734.7 
875.7 

557.9 
7314. a 
825.1 

557.5 
7T0.S 
819.3 

557.5 
727,7 
807.2 

557.3 
718.5 
800.8 

S5d.O 
69k.9 
764 .8 

557.8 
675.2 
765.11 

557.4 
693.3 
761.8 

557.7 
655.5 
750.7 

55'i.Y 
687.6 
753. a 
557.4 
669.7 
756.5 

557.3 
684.3 
749.2 

557.2 
688.3 
755.2 

557.0 
681.4 
744.8 

557.7 
681.2 
'744. P 

557.7 
681.3 
74i1.4 

557.5 
600.3 
743.0 

6 ~ 6 . 0  

8r:6.9 

668.4 
852.3 
746.L 

618.3 

i'j2.3 

770. :: 
84'7.8 

6;a. i: 
729.5 
8146.8 

618.7 
769.8 
8G.9 

618.3 
766.3 
841. 8 

6l8.0 
759.2 
831.3 

617.9 
755.6 
8:?i.H 

61d.8 
735.7 
795 .:! 
618.4 
'135.8 
7 5 . 7  

6l.!L0 
734.0 
793.3 

618.3 
'727.4 
763.0 

6 ~ 8 . 7  
729.3 
785.8 

618.0 
730.5 
767.9 

617.8 
7 2 6 . 2  
781.. 5 

617.7 
729.6 
7%. 7 

617.5 
723.6 
m . 8  

61.8.3 
7 a . 7  

618.3 
723.8 
777.7 

613.0 
722.3 
n 6 . 4  

177.5 

658-9 
79j.n 
870.5 

735.0 
911.2 

1001.2 

673.8 
819.4 
893 .7 

673 . '7 
818.7 
892.7 

674.4 
819.1 
892.9 

673.8 
315.5 
887.9 

I 4  
808.7 
877.8 

673.4 
805.2 
372.5 

674.1+ 
pp& 7 

843 .It 

674.0 
71i6.3 
843.7 

673.4 
784.5 
841.2 

673.8 
778. :I 
831.5 

674.2 
780.1 
834.2 

6-0.4 

836.1 

673. 2 
776.9 
829.9 

673.0 
780.1 

. J  

7bl. 1 

834.8 

n 4 . 3  
826.2 

67'3.8 
774. 6 
826.1 

673 .8 
774.7 
876.3 

673.5 
Tn.8 
825.0 

672.8 

708.,!i 
827.5 
303 "3 

'798.2 
,$(I. 3 

10k3 . 0 

735.3 
,350.1 
92%. I +  

726.2 
8yJ.h 
,j2.{. 4 

776.9 

W7.d 

735.3 
856.5 
923.0 

725.9 
850.2 
913.6 

8%. 9 
m3.7 

727.0 

8m. 2 

?a;.? 
829.7 
8&.3 

727.8 
827.8 
879.9 

7 6 . 2  
82;:. 1 
871.0 

,7;6.7 
82lt. o 
873.7 

7ZS.8 
P24.7 
375.2 

725.4 

(369.4 

@43 f 7 
8-73. 9 

8W.7 

725 .a 

821). 

87.0. a 

725 .I+ 

725.0 
818.3 
g 5 . 9  

7 2 6 . 2  
818.8 
?fi.l 

7~G.z 
818.9 
a . 3  

725.9 
918.0 
6 5 . 0  

7 q . 5  
840.8 
687.h 

850.2 
xS6.i 

1325.3 

769. a 
%4.:. 
912. R 

769.0 
i363.7 
:31i:. 0 

769.9 
6 4 . 4  
9L2,7 

769.2 
%1.7 
m. 0 

768.7 
857.0 
902.1 

76A. 5 
854.6 
890.5 

769.9 
PA2.9 
880. e 
769.3 
m.6 
830.0 

768.5 
841.0 
878.0 

768.9 
83'7.1 
871.9 

769.5 
Ej8.7 
2374.0 

768.5 
838.8 
874.7 

768.1 
835.8 

,768.0 

573.6 

767.7 
833.9 
ij67.7 

768.9 
$34.7 
968.3 

768.9 
834.8 
268.4 

768.5 
834.0 
967.4 

870.4 

837.9 

764.9 
764.6 
764.4 

d74.4 
875.5 

7%. 0 
ri36.0 

785.5 
785.5 
785. > 
7 g . 6  
7 6 . 6  
7%.6 

7 6 . 0  

7%. 0 

785.5 
705.5 

784.9 
784. '3 
784.9 
7% .6 
7% .6 
786.6 

7%. 0 
76.0 

784.9 
784.9 
7H4.9 

785.2 

785.4 

786.0 

077 2 

7%.0 

'7%. 0 

m . 5  

7%.0 

705.3 

786.0 
75.0 

784.9 
704.9 
784.9 

734.5 
734.5 
784.5 

784.4 
784. J+ 
7 a . 4  

784.0 
7 a . 0  
784.0 

785.3 
785.3 
785.3 

785.3 
7a5.3 
?85.3 

784.9 
784.9 
784.9 
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Another problem i s  whether the OXIDE-3 region temperatures given i n  
Table 5.8 appropriately Characterize the  smaller OXIDE-3 regions when con- 
s ider ing a highly temperature-dependent process (i. e., a thermally a c t i -  

vated comosion r a t e ) .  
regions ranging i n  s i ze  from * 1 t o  + 3 m3 (except region 2, which i s  much 

smaller) wi-tlin which subs tan t ia l  temperature var ia t ion  may ex i s t .  

me given temperatures are f l a t  averages over 

- 
of a t o t a l  region, 

TAJ P 
The appropriate r eg i  on-aver age t emperat w e  ,, 

AT, ia which the average corrosion r a t e  i s  S,(TA) mol/cn'-sec, my be 

determined by noting 

AT %(FA4) 1- C Ri(Ti)-L4i , ( 2 4 )  
i 

where the subscript  i re fe r s  t o  t he  subregions comprising A , each of 

wliich a r e  suf f ic ien t ly  small (or  su f f i c i en t ly  uniform ?a temperature) t o  

be characterized by a s ingle  temperature, Ti. 

T 

Since 

appropriately describes the  va r i a t ion  of  react ion r a t e  with temperature 

throughout regions where II 0, H and CO levels a r e  a,pproximately equal, 

subs t i tu t ing  Eq.  (25) i n t o  Eq. (24) and solving f o r  !?A gives 
2 2' 

(26) 
- 
T =  n 

'i 

4r 
Equation (26) shows t h a t  the reaction-average temperatwe of a region 

conprised of N sxbregions of' more-or-less uniform tenrper.atilre, T:i, depends 
011 the  ac t iva t ion  energy fo r  the  reaction, AH, 

The v a l i d i t y  of using the  region-average temperature specifi.eS1 by 

OXIDE-3 t o  characterize t h e  corrosion r a t e  within t h a t  region was t e s t ed  
using de ta i led  in t ra reg iona l  temperatwe d is t r ibu t ions  avai lable  f o r  the 

Fort  S t .  V r a i n  Reactor (FSV) .  l5 The d e t a i l  of these da,ta is s~ich t h a t  56 
teinperature values are given within each fuel ing zane; hence, a m5.nimuru of 

U 2  values for each OXIDE-3 region are avai lable .  The results for s i x  



80 

selected locations wit'niii the  E'SV reactor  and times af t r r  s ta r tup  arF: 

s h a m  i n  Table 5.9. Note t h a t  the reaction-rate average .t;euiper.atire ex- 
ceeds the  f l a t  space-avera*ge by an average of 3 . 7 " C  when the  ac t iva t ion  

energy i s  assuiied t o  be 4-0,OOO cal/mol, and 6,4 when N-I ::: 6rf,000. 

a teniperature increment of 2.0 "C represents about a 25% change i n  reaction 
rate ,  use of f lat ,  region-average temperatures given by OXIDE-3 sho1il.d 'ne 

correct  f o r  specifying t'ne corrosion r a t e  i n  the regLon to within 25% of 
t b e  t rue  value. 

Since 

-- TIMOX region-average teaiperaixrea a The yeaction-rate average tempera- 

t u re  for each of the  ~ O U T  TIMOX zones were computed by app1.y-ing Eq.  (26) 
t o  the surface temperatures within the regi.on given i n  Table 5.8. The 

f rac t iona l  areas, Ai/AT, of each OXIDE-3 zone a re  l i s t e d  i n  Table 5.10. 
The r e s u l t s  showing the  conipar-ison of the reaction-rate average tempera- 

t u r e  with the  flat average f o r  each of the f o i x  TIMOX zones a re  given in 

Table 5.11. I n  the  next section, calculations For primary loop impurity 

leve ls  were based on the  higher average region temperatures where tlic 

ac t iva t ion  energy of 68,000 cal/rnr,l was assumed. 

5.3 .2  Impurity bevels i n  the  primary system I fo r  steady steam ingress ustng 
fr mox 

Equilibrj-im impurity leve ls .  Predicted concentrations of R 0, H and 
2 2' 

CO und-e?: various assumed steady-steam ingress conditioas are l i s t e d  i n  

Tables 5.12-5.14, and. a re  p lo t ted  i n  Figs. 5.6-5.10. Three sequences of 
runs a re  presented. 

of varying steam ingress r a t e s  a t  tine nominal pur i f ica t ion  flow. Ingress 

r a t e s  of 0.001 t o  1.0 g/sec a re  assumed i n  s teps  of a factor. of 10. 
should be noted t h a t  an ingress r a t e  of 0.0116 g/sec  (0-09 I.bm/hr) i s  .tile 

maxhum acceptable steady r a t e  of steam ingress presuiied i n  the Dekmrva 
E R R  e 

Table 5.12 a,nd Figs.  5.6 arid 5.7 il-l.ustrate the e f fec t  

It 

16 

At; the  lowest assumed inleakage r a t e  of 0.001 g/sec,  t'ne range of pre- 

dicted. H 0 concentration i s  0.2)-t t o  0.63 vpm, about a f ac to r  of 5, depending 
on whether tile Wicke, OXIDE-3, or Giberson k ine t ic  equation i s  used t o  
determine the  core rea,c-t;ivity. A t  higher inleakage rates ,  differences 

2 
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Table 5.9. Comparison of region-average and react ion-rate  average 

temperatures, Eq. ( Z 5 ) ,  fo r  OXIDE-3 specif ied regions, 
using FSV reactor  temperature d is t r ibu t ions  

Region - Reaction-rate average 
average temperatwe ; increment 

Location i n  FSV reactor,  and surface mer region-average 
AH (cal/mole ) 

40,000 68, 000 
( O C  1 r c  1 ("C 1 

time after s t a r tup  temperature 

a 
1. Region 1; ~01s. 1, 3 ;  z = 28-34 rn 

889 * lt T = 0 aays 

T := 310 days 850.8 

T := 0 days 307.1 

T = 310 days 888.4 

b 

2. Region 1; c o ~ s .  L, 3; z = 28-34 m 

3 .  Region 1; cols. 1, 3; Z = 135-41 rfl 

4. Region 1; cols .  1, 3 ;  Z -= 35-141 m 

5. Region 7; c o ~ s .  1-7; z II: 21-1-31 rn 
T = 32-0 &ys 764.1 

6. Region 7; eols .  1-7; 2 = 11.1-48 m 
T' := 310 &,YS 856 -3  

+ 6.2 -1- 10 .) 6 

i- 2.2 t- 3.8 

+ 5.9 + 10.1 

+ 0.8 + 1.5 

f 5.0 f 8.6 

3. 2.3 +- 4.0 
Average +- 3.7 + 6.4 

a Distance fromtop of ac t ive  coye. 

Time a f te r  s t a r tup  of new core. b 
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Table 5.10. Frac-tional areas, Ai/AT, fox- compu.tj.ng reaction-average 

temperature from Eq. (26 ) 

~ 

OXIDE 3 Fuel. element rows 
region . 1 . 2 . 3 . 4 - 5  
number 

1 0.01714 

2 0.00286 ~- 
3 0.02 

T IMOX 
regri.on 

1: 

12 

13 
14 

15 
16 
17 

18 

19 
20 

0.011-h3 

0.01714 

0.02286 I 

O . O l l j - t 3  - TIMOX - 
0.01143 - II - 
0.0~2~9 --- 

0.022% -~~ 

region 

0.03)->29 

6 . 7 .-g . 9 . 10 . 

0.0171)+ 

o.ooz86 I.I.-_ 

0.02 

TLMOX 
region 
111 

0.04 

0.02 _.- 

-I_._.___- 0.01143 

0 .01711.1- 

0.02286 I.--_ 

0.02229 - 
0.03429 

0.02286 



Table 5.11. Reaction-rate average temperature rCor each TIMOX region 

Flat ,  area- aye rage 
TIMOX region temperature 

("c) 
Reaction-rate merage temperatuse 
AH = 68,000 &LiI = 40,000 

( " c )  ("c> 

563.1 
810.2 

537.5 
791.2 

685.2 
033.1 
645.2 
805. a 
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rd 

IC 

I .o 

0. I 
0.C 

PURIFICATION RATE 

J - . . 1 . .  
II 0.01 0.1 I .o 

STEAM iNLEAKACE RATE ( g /sec 1 

Fig* 5.6 Equilibrium comentrat inn vs s-t;ertni inleakage 
rate computed using TIM(TX. 
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.o I .I 1.8 
STEAM INGRESS WATE,gm/sec 

Fig, 5.7. Equil ibr ium H2 and CO concentration vs stearn inleakage 
rate computed using TiiViOX. 





I I I 

H2 

I I I 
4 

R 

Fig. 5.9. Effect  of purification rate on impwity levels. 
Steam inleakage ra te  = 0.007. g/sec, computed using 'TIMOX. 
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ORNL DWG 75-8447 

TOTAL OXYGEN 

STEAM LEAKAGE RATE = Q.044 g/sec 
PURIFICATION RATE = NOMINAL 

NOMINAL +SVC +ioooc 
GENERAL PRIMARY LOOP TEMPERATURE LEVEL 

Fig. 5.10. Effect of general temperature l eve l  on impurity 
concentrations. Steam inleakage rate = 0 . 0 ~ ~  g/sec.  
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between predicted leve ls  using "ne t h ree  r a t e  equations dimini.sl-tes as the  

f r ac t ion  of H 0 captured by the  pur i f ica t ion  flow increases.  2 

In  comparing impurity J-evels pz*edi.cted using Dragon core r e a c t i v i t y  

data (shown i n  P ig .  5.2 and Table 5.5) with the  TlEdOX predictions,  ilote 

t ha t  Dragon-derived r e a c t i v i t i e s  pred ic t  about 65% of tine t o t a l  oxygen- 

bearing species i n  the  prj.mry system t o  be I T  0, independ-ent of t he  assumed 

ingress r a t e .  
steam ingress rate due to the  nonl inear i ty  of the  k ine t ics  equations used 

i n  TIMOX as  opposed t o  the  simple f t r s t -o rde r  k ine t ics  used i n  in'ierpre- 

t a t ing  the  'Dragon data.  For an ingress  rate of 0.001 g/sec ,  TIMOX predicts  
a raige of 1j!- t o  64% of the t o t a l  oxjrg~z~ 1;o be H 0. 

0.0114 g/sec, the r a t i o  r i s e s  -to a range of 44 t o  80%; a t  the highe:r ingress 

r a t e  of 0.1- g/sec,  from 72 t o  9% oi" -thz oxygen e x i s t s  as H~O. 
there i s  a reasonable agreement between t'ne Dragon-based and TIMOX predic- 

trions i n  t h i s  i-egard. 

2 
The TIMOX r e s u l t s  shaw a va r i a t ion  of the  H O/CO :ratio with 2 

A t  an ingress  r a t e  of 2 

~ p p a ~ e ~ ~ t l - y - ,  

Table 5.13 and Fig.  5.9 i l l u s t r a t e  the  e f f e c t  of changing tile pwi.fi .-  
cat ion rate from one-half t o  fou r  times the nominal value f o r  an assumed 

ingress r a t e  of 0.01l4 g / see .  

mine the  effec-t of varying pu r i f i ca t ion  flow on the r a t e  post corrosion. 

A t  tbis point, it is not obvious thai; a modest increase i n  p i r i f i c a t i o n  

flaw i s  benef ic ia l  to c o ~ e  post cox-rosiun, s ince react ion i i i i i b i to r s  as 
w e 1 1  as oxidant are reduced i n  concentsat ion. 

These results a r e  used. i n  S e c t .  6 t o  deter-  

Table 5.1-4 a,nd F ig .  5.10 s l i m  t he  effec-t; of t'ne general  tmipemture 

l e v e l  i n  the prtmary system on the  hpwity atmosphere. Cases 2 a d  3 i n  

Table 5.114 assume a l l  COj:e and cooh i i t  t m p e r a t w z s  t o  be 50 and 1-OO"C 

higher than -LIE reference design, while ass-mifng a nominal pw-ri.fri.cat ion 

flow and an I.nl.eakage ra te  of 0.0114 g/sec .  A s  expecked-, t'ne H 0 l eve l s  2 
di-op with tncreasing p r b a r y  loop temperatwe; that is, t he  core becomes 

a superior oxiclxnt g e t t e r  and, hence, more protect5.ve o f  the  c o ~ e  posts.  
Counterbalancing t h i s  improved p r o t w t i o n  a r e  the in-herent increa,sed 

core post corrosion rates: :for these higher temperatures. In Sect.  6, 
these opposn'.ng tendencj.es a r e  weighed, and. it i s  fowid that modest in-  
creases i n  pr,fmary sys-Lerii 'wniperature l e v e l  i 1 ~ y  have a net  benef ic ia l  
e f fec t  os core post corrosion i n  some cases. 
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Transient impurity l eve l s  computed u shg  TIMOX. TIMOX computes the  

equilibrium impuxity l eve l s  presented i n  the  previous sect ion by assuming 

m i n i t i a l l y  clean primary system and following the t rans ten t  le-wls  d t e r  
the  i n i t i a t i o n  of a steam leak to t h e i r  steady s t a t e  values.  For the  slm 
leak cases considered i n  t h i s  report, these t rans ien ts  a r e  only of secondary 

in te res t ,  and are discussed b r i e f w .  Table 5.15 lists the  durations in- 
volved following leak i n i t i a t i o n  u n t i l  equilibrium leve ls  a r e  established. 
The times required t o  es tab l i sh  equilibrium are r e l a t i v e l y  independent of 

assumed k ine t ics  equation and s team ingress rates, and run about 37 hr a t  
the  nominal p w i f i c a t i o n  flow, Equilibrium time i s  defined as t h e  tjme 

t r r ,  reach 97$, of the  ultimate conceiitration, a point con-veniently noted by 

following the r e l a t i v e  oxygen ingress and pur i f ica t ion  rates .  
cat ion f low e f f e c t s  t he  equi l ibra t ion  t i m e ,  and the general  t enpera twe 
l e v e l  h a s  less of an e f f ec t .  

The pur i f i -  

a Table 5.15. Time to reach equi l ibr iun  imnpurity leve ls  following 

i n i t i a i i o n  of rz s l o w  stem1 leak. Computed from TIMOX 

Steam Primary 
ingre s s 9urificat  ion  system E quilibriuq 
r a t e  r a t e  temperature t lime 
(g/sec) l e v e l  (hr ) 

0 e 001 

0.0114 

0.1 

1.0 

0.0114 

I 
0 (. 0114 

nominal 

1 / ~  x nominal 
nominal 

4 x nominal 

nominal 

nornrinsi. 

narninal 

+ 50°C 

4- 100°C 

35 
37 
37 
37 

71-1. 
37 

15 

37 
63 
6:: 

?Defined as time t o  reach 9% of ult imate concentration. 
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An option of TIPIOX i s  .Hie capabi l i ty  t o  p lo t  t rans ien t  j.rnpimity 

leve ls  and flaws t o  t he  pu.rification p h n t .  

i l l u s t r a t e  o~ ie  such opti.ona1 p lo t  f o r  

flow, norn.i.na1 pur i f ica t ion  rate ,  and assumed Wicke k.inetics eqilatioas a 

Figures 5.11 m d  5.12 

case 0.0114 g/sec ingress  
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Fig. 5.11. Transient fractional purification and reaction rates 
re lat ive to steam ingress rate. 
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6. CORE POST STRENGTH L E X  

Some general  fea tures  of high-temperature graphite corrosion have 

been discussed i n  Sect.  4. 
d i f fus ive ly  t o  a depth, &I, which diminishes with increasing temperature. 

For one type of graphite, t he  react ion zone was found t o  decrease l i nea r ly  

wit'n temperatures between 950 and 1040°C. If t h i s  re la t ionship  a l s o  holds 

f o r  core post material, and if it i s  permissible t o  extrapola,te dmmmrd 

i n  temperature t o  t h e  core post region, t he  react ion depth i n  the core 
posts would range from about 2 . 2  to 2.7 mm. 

A t  high temperatures, the  oxidant penetrates 

The corrosion r a t e  i s  highest  i n  the  outer portions OS the  react ion 

zone where t h e  oxidant concentration i s  the  highest .  Therefore, as time 
progresses, the corrosion react ion tends to form a charac te r i s t ic  burnoff 

p r o f i l e  with a gradual increase i n  density from a minimum a t  the  outside 

up t o  the  i n i t i a l  graphite densi ty  a t  the inner boundary of the  react ion 

zone. 

zone, an equilibrium p r o f i l e  i s  achieved; fur ther  corrosion proceeds by 
an inward mwement of t he  react ion zone leaving behind some graphite 

residue w i t h  a density of about 1% of the  o r ig ina l  material .  

When approximately half  t he  graphite i s  burned off i n  t'ne react ion 

Ultimately, one would hope t h a t  a r a t i o n a l  theory of graphite strength 

loss  due to corrosion would be developed which connects the  d e t a i l s  of t he  

corrosion process with the  microstructural  bas t s  of graphite strength.  At 

t h i s  time t'nere i s  in su f f i c i en t  knowledge in  e i t h e r  area f o r  much theoriz-  

ing towards t h i s  goal. 
and develop a cor re la t ion  which describes most of the  avai lable  s t rength 

loss data reasonably wel l  but which has no theo re t i ca l  bas i s .  

Therefore, we w i l l  adopt a purely empirical approach 

6.1 Empirical Strength Loss Correlation Based on Data 
1 of Helsby and Everett  

The graphite r e a c t i v i t y  and burnoff p r o f i l e  aspects of t he  work of 

Helsby and EverettL have been discussed i n  Sect.  4.2. 
burnoff s tud ies  described, t h e  t e n s i l e  s t rength of some specimens was  
measured before and a f t e r  being subjected t o  steam corrosion i n  order -to 

determine the  e f f ec t  of corros5.on on s t rength.  

I n  addi t ion t o  the 
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!at~l. .  ussd f o r  t he  t e n s i l e  t e s t s  ~ m s  a -molded, iso.1;ropf.i: 

Gi Isocauhon-based graphite, designaied as refwelice No.  $. Gilsocarbon 

ris a nal;ir-t"aUy occurriiig p i t c h  i.n. gI.&uk-r f o ~ m ,  which, ~dieii graphitized 

y ie lds  an isntropj-c gr i .s t  pa:rt,i.cle. Reference No.  96 p?l.:i-te i r; tri.ply 

p i tch  ii-flpregnated- wlth a densiLy oi" 1.81 g/cm , a tensrile st,rei?.gth o f  

2180 psi,  a compressive s-krength of I.O,OOO p s i t  and R t o t a l  ash content 
of '799 ppiti. The specimens; as previously described, were a m i u i a r  i.j-1 

shape w M o  a 'C-im wall thickness and. a 14 mi GO. 
was the  inner diameter. 

3 

%i?e corrosioi? swfzce  

The corroded samples were rmunted. i n  P.m.ld.ite, and the  t e n s i l e  
stren@ was d e t e j ~ ~ i ~ ~ e d .  on a Hounsfield Beam Tensoineter . 'The chaiige in 

'cei1sil.e s t rength for a range of bumiofr's + j a S  s'i;ud.ied. f o r  specimens COT- 

i-oded a t  950°C, 107OoC, and. l. l-3O"C. The 2-eported r e s u l t s  a r e  reproduced 

i n  E'ig. 6.1.. 
on t he  t e n s i l e  streng$h at -the ]..owest, of' tile .three terflpem,t.irres. Tnj.s 

behavl.or i.s generally consis tcnt  with the concept of a reactioiz zone 

deptli which incseases wLth d.ki-ii?shT:ng temperature. -4 given degre? of 
corroa.j.on is conf.?'.n.ed t o  a aarroiier zone a t  higher teinpratSian.es, and 

causes ,z smaller degree of s'wength loss tiian <.? I.t had occurred at, a 

lower tempeyature whe:re a layger volume of graphi te  would be danmged. 

A given degree of corrosion h a s  t h e  most deleter ious e f f e c t  

T'he degree of corrosj.on needed t o  e s t ab l i sh  the equilibrium bum.of-i 

p r o f i . 1 ~  i s  indicated. i n  F ig .  6 .1  fo r  each tenipratw-e. 

were obtained from the  a c t t v e  con-osion depths gri.ven i n  Table 4.5 as a 
f m c t  I.on of temperatine and. an a p p r o x k k i o n  of the bwnoff profile within 

 ne corrosion zone. The bwneff  pmf i l e s  were ob.i;sl.ruxj- !J.S=LTI~ a semi- 

theore t ica l ,  phenomenolog 

observed p ro f i l e s  shorn1 i n  Fig? 4.5 wi-libin the reacti-ve zone. 

"lese bwmff  p~oof5I.e~ ~ 0 ~ 3 ~ 3 .  be a s s u m e d .  to be I.ijnear with no sigliificant; 
change 3.n the computed a~io-ui~t  of graphite removed I 

These estimates 

L l  

8.1 r i e v e 3 x p ~ : l - i ; ~  wh3.r.h yi.eld.s appsoxj.mt,ely the  

Effectively, 

A f L e r  the SiiI.1-y d.evel~ped. corrosrion p r o f i l e  has bezn deve?..oped a!; 

t h e  indricated. deg-ees of burnoff shown by t h e  arrows i n  Fig.. 6.1, como-  

sion proceeds inward by rnove-mc-~i.t of t h e  rea.t:t3.iie z0iiel: leavihg behind a 

graphi:' o skeleton of pel-haps 1% of . i ; k  original- d . m s i t y  . ' T ~ ~ L s ,  f o r  
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burnoffs t o  t he  r igh t  of t o e  indicated arrows, we should dis t inguish 

between t he  depth of t h e  ac t ive  zone, which i s  temperature dependent, 

and t'nc. t o t a l  depth which depends adcljtionally on exposme time. 

'The estimated - to t a l  d.epth of corrrosion a t  'Lhe st:raight l i n e  extra- 

polat ion t o  10% st rength loss for each of the t h ree  cases shown i n  
Fig. 6 .1  a r e  l i s t e d  i n  Table 6.1. 
corrosion a t  the  burnoff causing 10% st rength loss i s  l e s s  than the  

4-mm wri.dth of the sample. 

of graphite i s  damaged. by surface corros-i.oi? t o  a greater  d-epth than the 

obvious or  supe r f i c i a l  depth of kli? corrosion. The sml.1 extent of the 
information, however, does not warrank f u r - K n e r  analysis  beyond these  

more-or-less speculative genemlizat ions . 

For each case, $he t o t a l  predic'ied 

This ind ica tes  t h a t  tine mechanical s t rength 

'Tab1.e 6.1. Tutal.. cori-osion dep-khs a,t 10% st rength 

lo s s  for j-t-mii thick samples 

Predict  e d depth of corrosion 
a t  I-O@ s t rength ~ .oas  
A c -t ive Total  

reaction zone depth 

Burnoff t o  reach 
e qu.ilib r iim 

Temperature p r o f i l e  Burnof f 
2 ("a (w/cm (nm) (IIlTl) (mg/cm ) 2 

95 0 12 0 15 0 1.9 

1060 93 2 90 1.4  
11-3 0 61 3 70 0 .9'4 

2.0 

2.6 
2.8 

The l i n e a r  strengt'n l o s s  va r i a t ion  with burnoff d-epicted i n  Fig. 6.1 
m y  be o rganked  i n  an empirical equation of t he  form 

BO 1. - 0 - 
'bo 

FSL = P(T) w ,  

E'SL = f r ac t iona l  s t rength loss, 

P(%) = penetyation depth mul t ip l ie r  which increases with 

decreasing temperature, 



BO = buxnopf, &/em 2 , 
pbo := or ig ina l  density less the density of grap'nibe which 

renains a ~ k e r  complete b i~rnoff  x 1.6 g/cm 3 , 
W :: specimen tzridt'n, em. 

iChe i'aetcr %/p w o d d  be t'ne corrosri.on depth if t h e  bixnoff were 

The ternperaturc dept?nd.ent i'aetor, P(T), 
bQ 

t o t a l l y  &am from the  siu-face. 
is the  required m l t i p l i e r  onto the e a l c l h t e d  surface cormston t o  

yield the  observed f r ac t iona l  strength l o s s  sham i n  Fig. 6 . l .  
f m  the  penetration f ac to r  a t  the three t e s t  teniperakwes which yield a 
f i t  fo r  the  observed degree of streizgth lo s s  are listed i n  Table 6.2.  

Values 

Table 6.2. Bmnoff penetration f ac to r s  as 
a. furictioi of temperature 

- 
Temperature Penetration f ac to r  

("c ) P(T), Ea_. (1) 

lI-40 1.73 
103 o 2 . 3 2  

95 0 4.40 

Interpolated value e 
a 

bExtrapolated range 

C Estimated sustained upper core post  terrrperature. 

%-ml core post temperature. 

The problem remains of exhrapolating values of P(T) down to the  core 
post temperature region. 
above the  nominal core post temperature and 76°C above the estimated 

The lmest t e s t  temperature OS 9 5 0 " ~  is 164"~ 
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continuous maximwn. 
core pos'i, temperatwe range were obtained by plot"iI.ng the calculated 
noinks and ex t r apo la tkg  grapliica,l.l.y. Y'he lower of t'ne -kwo values given 
i"or 786 "C and 87)-t "C represent a s t r a igh t  l i n e  extmpolation, whereas the  

ucper yai?.ge represents a pessinilstie iJ.pward. trend. 

m e  pene-tFa-tj..on fac tors  SII~JI I  i n  ~a'01-e 6.2 f o r  the 

Equation (1) and the penetration mult ipl iers  given i n  Table 6 .2  P m r n  

thc  basis of the means for deternriiling core post sh'ength 1 . 0 ~ ~ .  The COT"- 

r e l a t ion  i s  compared. f.n the nex-t sect ion w i t "  strzingth 3 - 0 s ~  da,ta of 3_/2-.in.- 

d i m  specimens ol" 11-32'7 corroded a t  900 "C, and- specimens of 1-1-328, S-9567, 
and TS--688 corroded a b  I000"C. 

compared reccso-nab1.y well w.Tli.t,i? measured values leading some confi.dence to 

thc. piredictive i'nethod. 

lin most; cases, predicted strength l o s s  

6.2 Comparison of Strength Loss Correlation with Data for H-32'1, 
H-328, S-9567, and TS-688 

Stmngth loss data f o r  H-3 27 graphite undergoing accelerated corro- 

sion by steam i n  he1.iim at  900°C and 1 a t m  a re  shown 7.n Fig. 6.2. The 

d-ata we:re repojn'xd i.n r e f .  3 sild a r e  repivduced a l s o  i n  CASSAR. Both 

tcnsi.le a.n.d- eonip-essive strength l o s s  data for the 1/2-in. -dia,m spechens  

appear t o  f a l l  ai the same smooth curve. 

). 1 

Tie f i r s t  s tep  i n  comparing the stre:ngt;ii I.oss cor re la t ion  wit'n t he  

data i s  t o  convert percent burnoff shown i n  Yne figixre t o  surface burin- 
o f f  used i n  the  s t rength loss correlat ion.  A simple i m ~ s  bal-ance yTelds, 

vrhere Bo 
U and density p, which i s  eqLij.valenL 'io a sw-facc hili-noff o f  BOl, g/cm . 

i s  the f r ac t iona l  bmnoff of a cy1i.ndriea.l specimeii of dla.m&er 
2 2 

Thus, 

Tne tractioi2zl strength loss ,  FSJJ, of a cyl-i.nder of diameter D i s  

obtained from Yne r a t i o  OT t he  area damaged by corrosion t o  an est2mted 





d.epth P('Y) *BO1/pBO, t o  the original. specimen cross-sectional area,, 

cy l indr ica l  geometry l.5nis yields  : 

For 

Using the  extrapolated range of values for P(T) f o r  900°C given i n  
Table 6.2 o f  4.5 
strengt'n I.oss shown i n  Fig. 6 .2 .  

below the  measured data.  Tnis i s  thought t o  be good agreement because 
the  specimen shape, temperature, and gra,phite type a l l  d i f f e r  -from t'ne 
o r ig ina l  study on which the  correlat ion i s  based. 

P(T) 6.0, yle1d.s the indicated band of predicted 

The predicted values f a l l  about 2% 

Figwe 6.3,  shows .teiisile strength lo s s  data f o r  1/2-in.  - r l ia ;m speci- 
mens of 11-328, S-9567, and TS-688 corrod-ed by steam a t  1000°C. 'The s c a t t e r  

here -is rather large, and -tile envebpes enclosing the S-9567 and TS-688 
data were drawn to a s s i s t  visual izat ion.  The predicted strength lo s s  l i n e s  

were drarm using the  penetration parameter value of 3.2 l i s ted .  i n  Table 6.2 
appropria,te for 1000°C. 

average t e n s i l e  s t rength shwn for 0% burnoff. 

The s t a r t i ng  point for  the  c i m e  was taken as the  

Despite the  s c a t t e r  of t h e  data, the predicted var ia t ton  of strength 

loss generally agrees with the  observed trend f o ~  H-328 and TS-688 graphites;  

S-9567 graphite shows a superior behavior under steam corrosion compared 

with the  four ot'ner graphites tes ted .  The envelope enclosfng the  S-9567 
data show a, more p a r a l l e l  t rend with the axts than e i the r  the  other data 
or the  predict ion by the  correlat ion;  but t he  reason f o r  t h i s  behavior .i.s 

not imderstood. 

6.3 Co%e Post Loads and Temperatures Under Normal 
Operating Conditions (NOC) 

6.3.1 Core post l o a d s  under noma1 operating conditions 

'The core support s t ruc ture  must support the  core during a l l  norrml, 
upset, emergency, and t e s t  conditions. We a re  concerned so le ly  with the 
requirements f o r  no.rmal operation which are  defined i n  r e f .  6: 
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Fig. 6.3. Effect  of oxidative weight loss by steam attack at 
1000 O C  on the tensile strength of l/Z-in. -dim graphite specimens. 
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"l)uring normal operating conditlioris, t he  s.Lru.ctine shall. 

have an ult imate s-Latic load capacity of f i v e  times the  

primary design load., which consis ts  of the  weight of the  
core support s t ructure ,  t'ne weight of the  core and other 

supported components, and the core pressure drop. The 

primary design 1oad.s s h a l l  rinclude t'ne e f fec ts  of possible 

meven o r  eccentric load d is t r ibu t ion  c a u s d  by r e l a t ive  
displacements of t'ne support members resu l t ing  from con- 

s true-Lion t olersnc e s, FCTCV movement s, refueling, and 

-t'ner.m.l expansion. '' 

The portion of t he  NOC core post load consisting of the s t a t i c  loads 

and core pz.essu.re drop i s  eas i ly  estimated, and may be t'nough'i of as an 
ideal ized core post load. Under nor:m;zl operating conditions, many core 

posts must bear an addi t ional  load due t o  t he  other fac tors  men1;ioned 
above, a l l  of which may be categorized generally a.s being due to a non- 
idea l  load. dis t r ibu t ion .  ?"ne e f fec t  OP noli-ideal load distributj-on has 

not been estimated. 

The judgment adopted i n  t h i s  study i s  t h a t  non-ideal load d is t r ibu-  

t ions  can cause a facto:r of 2 load increase f o r  a s ign i f icant  number of 
core posts.  This i s  i n  Pair  a,ccord with an estimate i n  GASSAR which 

s t a t e s  : 7 

"During NOC, t'ne statical1.y determinate load on a typ ica l  core 
post w i l l  be about 12,400 l b  

s t a t i c a l l y  indeterminate load of about 20,000 lbf .  

with a possible upper-bound f 

In our terminology, non-ideal ]-cad d-istributions imy cause a f ac to r  of 

20,000/12,400, or 1.6 increase i n  load accordtng t o  r e f .  6.  

NOC core post s t resses  are estimated t o  be 1000 psi, as indicated by 

s t a t i s t i . c s  showli i n  Table 6.3. 
s t ructures  were taken f r o m  tine Delmarva Power and Light E A R  instead of 

GASSAR,' s ince we have adopted a 2000 M W ( t )  HTGH f o r  t h i s  study. 

The weight of the  core and supporting 
8 

The core pressure drop of 11.3 p s i  m u s t  be applied ~ v e r  t h e  en t i r e  

plenum area including the  act ive core and pemmnent; s ide re f lec tors .  This 

area i s  estimated here simply as the imer E R V  cavi ty  diameters of 



Table 6.3. Core post loads and stresses 

WeigYt of core 2,003,000 lbf  
Weight of support s t ruc ture  2~0,000 

11.3 11; /in. 2 Core pressure &op 
Applied over areaa 838 ft2* 

Force due to coolant f l m ~  1,610,000 lbf  

Total  i dea l  lT0C load 3,6 10,000 lbf 

No. of core posts 

3 f o r  each of 55 fine1 zones (which 
include some r a d i a l  r e f l ec to r  blocks) 16 5 
Assume 3 posts f o r  each of 30 permanent 
s ide r e f l ec to r  blocks 

Total number cor? posts 255 

Ideal load per core post 
I deal c ompre s s i ~ e  s t r e s s 500 p s i  
Total  compressive stress 1,000 p s i  

b 10,000 ps i  Ultimate compressive strength of ATJ (clean, cold) 
Safety factor 10 

14,200 lbf 

a 

bSect. 4.2. 
Pertains t o  cavi ty  diameter o r  32 f t  8 i n ,  

32 f t  8 in .  This i s  s l i g h t l y  high because the the--1 bar r ie rs  a r e  evi- 

dent ly  supported by the PCRV and hence do not add t o  the core post load. 

A s  shown i n  Table 6.3, a t o t a l  NOG core post stress of 1000 psi  is 
estimated, which when compared with the ultimate compressive stress f o r  

ATJ graphite of 10,000 psi ,  y ie lds  a safe ty  f ac to r  of 10. It should be 

noted that MSSAR also estimates an initial safe ty  fac tor  of 10 for the 

core posts6 for t he  3000 i v r W ( t )  HTGR rasing the results of model t e s t s .  
The core post strength loss: due to corrosion may reach as high as 50% 
before the i n i t i a l  sa fe ty  fac tor  of 10 is reduced t o  t'ne Minimum specif ied 
value of 5. 

6 



6.3.2 Core post temperature reglime __I 

The nominal co?*e post tempel-atum ~ I I  the  reference reactor  chosen 
f o r  t h i s  s t u w  i s  7% "C, which i s  simply the average c(sol.ant ex.:; teqpera- 

t w e  from the core for this  part.icu1.ar design. The average core e x i t  
temperatwe i n  the  GASSAR reference reac'ior- and a l so  in t'ne Debna.rva Power 

and Lr?ght Company reactor  i s  30"c lam:, or 756"~, whereas '786 "C i s  repre- 
sentat ive of the  Fort  St. Vrain reactoz.. 

It will be sham i n  See-t .  6.4.3 'Ghat .these modest differences in 

assumed nornirlal core post temperatures do not s ign i f icant ly  e f f ec t  r e su l t s  

in sp ike  of the  rapid change in reactor  r a t e  with terriperatme - t h e  reac- 

t i o n  r a t e  changes by a factor of 2 f o r  about a 30°C temperature change a t  
these temperatures. However, the  core p o s t s  are buffered with respec'i 'Go 

any modest temperature v a r i a b i l i t y  as lorig as t2ie temperature di.frex=ences 

reflec'i @?nilera1 primaxy system temperatu-rt?: l e v e l  d.ifferences . The reason 
f o r  t h i s  behavior i s  t'nat f o r  a given ingress rate a genemLLy ho'ctel- 

primary system w i l l ,  w i t h  i t s  higher core temperatures, be :an. i:mpr.oved 

g e t t e r  for  t'ne mida.nt. 

tuy" wou1.d. r e s u l t  

compensates f o r  tine i n t r i n s i c a l l y  elevated corrosion r a t e  a t  higher 
temperature. 

A mod-est el.evatiorr. in the  primary system tempera.- 

in 7 ~ ~ e r  equilibriim ox5.dan-t l eve ls  which approximately 

The key .i;el-nperatiire parameter, and indeed one of the key parameters 

of t'nis study, is t h e  mx5.mum temperatwe elevation above the  average con- 

t i nua l ly  sustained by a s igni f icant  portiol-1 of' the  core post material,, 

9 a t  one point gives the  maxi.murn core  post "d.esign" tempera- 

ture  a s  1.048"~ (191.8?), referred t o  nomi-nal 770°C (1>!-18"F) f o r  a maximum 

sustained temperatme elevation of 278°C. This appears to be excessively 
conservatTve (i e . ,  t o o  high ) f o r  t he  core posts. No suppor tkg  calcula- 

t i ons  o r  discussions a re  offered t o  Justi7y t h i s  high value. 

GASSAX 

Fwo factors  seem t o  have a major Tnfluence on su.xtai.ned core post 

temperature deviations from the  mean. Fi r s t ,  there a re  devial;:ions due 
t o  departures from the  i d e a l  coolant-Plcm control valve se t t i ng  fo r  the 

refuel ing region. Tl?e design of the  sensing probe i n  the core exit 

thermocouple wel l  is s.t;ated i n  ref. 1.0 t o  y i e ld  an estimated e ~ r o r  of 



- + 25°C (b??F)  i n  t h e  region e x i t  temperature. 

basis given by (;ASSAR i s  not as specif ic .  

m a n  c00hn.t; temperature f o r  a region w i l l  be L i m i t e d  to 827"~ (1520"~)  
Tor steady s t a t e  operation. T h i s  represents an a l l m b k  deviation of: 
+57"C (103 OF) re fer red  t o  t h e  maxim permissible core average exit 

temperatures forr. steady state operations of 770 "C. 

E-Tmewr, a later design 

GAXSAR states" t h a t  t h e  mixed 

A second factor influencing the  maximum sustained core post tempera- 

t u r e  elevations i s  hot streaking due t o  intraregion power t i l t i n g .  The 
flow issuing from the  coolant channels begins t o  mix i n  t'ne exit  plenum of 

the replaceable bottom r e f l e c t o r  as sham i n  Fig. 6.h (taken from GASSAR). 

The mixing process continues i n  t he  permanent bottom re f l ec to r  and i n  the  

core support block where coolant flows from the  seven c o 1 i m s  within the 
zone S i r s t  begin to m i x .  
at the  core posts is quite  complex. Not on ly  i s  the hyrSraulic configura- 

tion unusual and tortuous, pa r t i cu la r ly  i n  the  support 'olock, but the 

r a d i a l  temperatuse d i s t r ibu t ion  may vary with time during the  4-year Life 

of the  f u e l  elements within the zone. 

The problem of assessing the  hot-streaking e f f ec t  

One indicat ion of t he  hat-streaking e f f ec t  a t  the core posts may be 

obta,ined from the r e s u l t s  of t h e  steam generator inlet  hot s t reak  analysis, 

t he  r e s u l t s  of which are given in G~LSSAR,'~ and with somewhat more d e t a i l  

i n  ref. 13. These r e s u l t s  ind ica te  a maximum steam generator " in le t  s t reak  

temperature" of 790°C (1454°F) a t  steady state. 

whether t h i s  refers to t h e  design i n l e t  temperature of 723°C (L330"F), 
which yields  a hot s t reak  temperakure r i s e  of 67"~, or i f  tliis r e fe r s  to 

751°C (1383 "-til), which i s  t h e  maximum ant ic ipa ted  sustained coolant tempers- 
twes fron one of t he  four coolant loops. If the l a t te r  in te rpre ta t ion  

i s  correct, t he  hot streak temperature r ise  would be only 39°C. Thus, the  

value of the hot s t reak  temperature r i s e  a t  t h e  steam generator inlet l i e s  

However, it i s  not c lear  

between 39 and 67"C, depending on in te rpre ta t ion .  

A second estimate of the  hot s t reak  temperature r i s e  a t  %be core posts 
A s  rmted may be obtained frm the ~ ~ r ~ s - 3  computations given i n   abl le 5-63" 

in Table 5.4, region 2, of t he  OXIDE-3 program Fs t he  ho t t e s t  coJ^rulll~ within 

refuel ing Z O D ~ S  3 or 6 *  These results show khat  t h e  coolant exits khe 
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Fig ,  6.4. B o t t o m  re f lec tor  and core support detai ls .  



h o t t e s t  c o l m  i n  these two refuel ing zones, 87°C ho t t e r  than the  core 

average e x i t  temperatures. 
a f fec ted  i n  the  support block with coolant from the  other columns within 

the  region, or it may be low compared w i t h  values that might be obtained 
from other regions.  Regions 3 and 6 were selected f o r  th i s  spec ia l  t r e a t -  

ment by the  OXIDE-3 program, because the highest  r a d i a l  power f ac to r  aver- 
aged over one refbeling cycle occurs i n  these two regions. However, other 
regions with lower average radial p m r  fac tors  may have l a rge r  i n t r a -  

regional  power var ia t ions,  and cause a higher hot streaking e f f ec t .  

This estimate may be high due t o  the mixing 

A l o w  value of the hot s t reaking e f f e c t  a t  the  core posts may be 

estimated t o  be 6 4 " ~ .  

of 25°C a t  the  region ex i t ,  which determines the  value of the  regional  
coolant flow, and 39"C, the  low estimate f o r  the  hot s t reak  r i s e  a t  the  

steam generator. 

This is obtained by summing the  thermocouple e r ror  

A higher, reasonable hot s t reak  estimate i s  obtained by smniw the  

e f f e c t s  of thermocouple e r ro r  (25°C) with t h e  hot, c o l m  temperature 

increment of 87°C computed for refuel ing zones 3 and 6 .  
hot s t reak  e f f e c t  of l l 2 " C .  

'This yields  a 

Still higher values may be obtained. For example, use of the  maximm 
permissible regional  e x i t  temperature e levat ion of 57"C, instead of solely 
the thermocouple component of t h i s  deviation of 25"C, would add 27°C to 

the  above estimates.  At h i s  point, it should perhaps be emphasized t h a t  

we seek the maximum hot s t reak  e f f e c t  on a s ign i f i can t  port ion of t h e  core 

posts averaged Over the  40-year reac tor  l i f e .  

bine t o  y i e l d  temperature e levat ions of 1 1 2 ° C  or above for  tinies short 
t h a t  are with respect t o  the  40-year l i fe t ime;  however, it may not be rea- 

sonable t o  expect these f ac to r s  t o  coincide for %he e n t i r e  40 years. 

time-average hot s t reak  temperatures coulld be s ign i f i can t ly  lam- than that 

obtained by simply summjng the  maximum contributions e s t b t e d  from each 

source. Section 6.4 will show t h a t  the maximum, cont inual ly  sustained core 

post temperature i s  one of t he  most sens i t ive  parameters of t h i s  study. 
The a t t en t ion  thus far devoted to a r e a l i s t i c  estimate of this parameter 

has not bcen adequate. A more carefu l  app+aisal w o u l d  require tkie-ml- 

hydraulic measurements or analyses such as those performed for the  s t e m  

Several f ac to r s  could com- 

The 



generator hot s Lreak work, combined wj- th  in t raregional  gower dis t r ibi i t ion 
info-mation, and a reappraisal  of the ant ic ipated mximwn sustained depar- 
t u re  from the  i d e a l  regional coolant d i s t r lbu t ion;  a l l  of these e f fec ts  
sb.ould be corflbined and averaged over a su f f i c i en t ly  long -t;tme period. 

For t h i s  study, a ju@izent has been exercised based on the  i n f o m -  

t i o n  presented, t b a t  a reasonable estimate of the  rmximim swtained. core 

post temperature excess over the  mean i s  90°C. Thus for t h i s  study, t h e  

nominal core post temperature i s  786"C, and the  maxiniwi sustained core 

post temperature i s  taken t o  be 8 7 6 " ~ .  

6.4 Predicted Core Post Burrnoffs and Strength T,oss a t  

End of Reactor TLfe 

6.4.1 Effect  of steam ingress Fate 

The predic'ced core post burnoffs  t h a t  r e s u l t  from 40 years of co~i-  

tiniious steam ingress a re  shown i n  Fig. 6.5 f o r  tine core post a t  the  

assumed nominal temperature of 7% 'C, and assumriilg nomTnal p w i f  ica t ion  

flow. The burnoffs, expressed as mg/crn , weye computed using Eq. (10) 

derived in Seck. 4.1.3 from AT3 corrosion data.  The four  cu rves  shown 

per ta tn  t o  t he  four di f fe ren t  estimates of t'ne impul-ity atmosphere a t  t he  

s t a t ed  ingress ra te .  
culated from II'i'GR impurity Levels predicted. using Dragon steam ingress 

data a s  the bas t s  f o r  predicting core r eac t iv i ty  t o  HZO. The h p u r i t y  

leve ls  used t o  ob-tain t h i s  curve a re  given i n  Fig. 5.2 and Table 5.6. 
The remaining three  curves were obtained from impurity l eve l s  predicted 
using TIMOX f o r  th ree  assumed corrosion r a t e  expressions f o r  the core 

graphite. 'These a re  derived i n  Sect. 5.3, and t h e  impwity l eve l s  on 

which these burnoFf predictions are based a r e  shown i n  Figs. 5.8 and 5.9, 
and Table 5.6. 

2 

The cwve h,beled "D.ragoiirt r e f e r s  t o  'oixnoffs cal-  

Figure 6.5 shows t h a t  a t  low steam ingress rates,  predicted burnoffs 

range through about a fac tor  of 5, depending on the assumed core r eac t iv i ty  
t h a t  determine:: the envirorxizent experienced by t he  core post. The range 

begins t o  narrow f o r  assumed ingress r a t e s  of about 0.OOh g/sec and reaches 

only about 5% f o r  ingresses of 0.0)t. g/sec and above. 'fii.s i s  because the 
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Fig. 6.5. Core post burnoffs a t  end of kl-year life - f o r  nominal 
core past  temperature and nominal purif icat ion flow. 



ATJ corrosion exp-ression tends .Lo become ze ro  order ( 5  " e .  , independent of 

H 0 concentration) fo r  the higher. concentrations resu l t ing  rrom t'ne higher 
ia.gress rates. Core reactl.vi.tjr thus i s  a l e s s  sens i t ive  paramete:r a t  t he  
higher values of steam ingress.  

2 

The degree of burnoff estimated t o  cause -the maximum al.lowa'nl.e streagth 

loss  of 5q0 i s  indicated by- the  hortzontal  band, 

by se t t i ng  the  f r ac t iona l  s-Lreagth lo s s  (FSL) t o  a value of 0.5 i n  Eq.  (3) 
of Sect.  6.2, and, using t'ne core post diame-ter, D, of 15.24 cm (6 in.) .  

Solving Eq. (3) f o r  the burnoff SOT 5% styength loss yi.elds: 

This :cafige was determined 

where P(T) a r e  temperature-dependent fac tors  given i n  Table 6.2.  

nominal core post temperature of 786"C, P(T) i s  estirmted t o  range betmeen 

5.95 and 14.0, which yields  the  indicated. uncertainty band POT 5@ strength 

loss .  

For the  

Figme 6.5 shows t'nat for  continuous ingress rated below 0.024 g /sec  

Vnere 3.s a zero probabi l i ty  of 5% strength l o s s  a t  t he  end- of the  40-year 

l i f e ,  f o r  t h i s  case assuming rlorninal core post temperstlire e 

ingress r a t e s  above 0.024 g/sec  begin t o  show some overlap i n  the range of 
predicted bumioffs with the  range Fihich could result i n  5% strength l o s s .  
Hence, ingress r a t e s  above 0.024 g/sec yie ld  some nonzero probabi l i ty  o f  

5% strength loss. A general me-t;iiod f o r  predicting the  pro'oability f o r  t h i s  

case of overlapping er ror  bands i s  outlined in Appendix A .  The results show 

t ha t  i f  t'ne precise  bwnoff f o r  500% core post s t rength l o s s  lies equal pro- 

b a b i l i t y  between t h e  indicated l imi t s  (620 mg/cm2 to 260 mp;/cm2 i n  Fig. 6.53, 
and -Lhe predicted bixnoff a l so  can be with equal probaloility within the  

i.iid5cated e r ror  band a t  any given ingress raLe, the  probabi l i ty  f o r  5% core 
post strength loss  i s  given by 

Continuous 

where 
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p ( 5 0 )  = probabi l i ty  f o r  5@ core post strength loss, 1 
= upper and lower l i m i t  to predicted burnoff range, YZJ Y l  

xz9 x1 = upper and lower l imi t  t o  burnoff range for 5% 
strength loss .  

Equation (6) appl ies  t o  the case shown i n  Fig.  6.5 where the  e r ror  

band f o r  predicted burnoffs intrudes p a r t i a l l y  i n t o  the  lower portion of 

the  error band f o r  5% strength l o s s .  
Fig. 6.5 t o  Eq. (6) indicates  t h a t  t h e  probabi l i ty  of 5@ core post 

strength loss  a t  1.0 g/sec continuous ingress  r a t e  i s  8$. 

The appl icat ion of values from 

The s i tua t ion  with respect t o  the  portions of t he  core posts a t  the  

maximum estimated sustained core post temperature of 876°C i s  i U u s t r a t e d  

i n  Fig. 6.6. The range of burnoffs i s  approximately a f ac to r  of 8 higher 
than occurs a t  the  nominal core post temperature. The e s t W L e d  range of 

burnoffs t h a t  could cause 5% strength loss  i s  a l s o  somewhat higher s ince 

the values of the  penetration factor,  P(T), decrease with increasing 

temperature, as shown i n  Table 6.2. 

The estimates i n  Fig. 6.6 show that there  begins t o  be some nonzero 

probabi l i ty  for 50% core post s t rength loss at ingress r a t e s  of 0.0014 
g/sec f o r  t he  core post mater ia l  a t  t h i s  higher temperature. 

For the  burnoff range predicted between ingress r a t e s  of 0.001b and 

0.0023 g/sec, Eq. (6) may be used t o  estimate the probabi l i ty  f o r  5@ 
strength loss .  Equation (7), derived i n  Appendix A, i s  appropriate for 

t he  s i t ua t ion  between ingress r a t e s  of 0.0023 and 0.007 g/sec, where the 

estimated range of burnoffs s t raddles  both ends of t he  range f o r  50% 

st rength loss. For t h i s  case, 

where def in i t ions  are t h e  same as those f o r  E q .  (6). 
t o  the  region between ingress r a t e s  of 0.007 and 0.012 g/sec, where the  
estimated burnoffs intrude i n t o  t h e  upper port ion of the 5C$ strength loss 

e r r o r  band: 

Equation (8) per ta ins  
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'The probabLLities for sustainring 5@ cw: post s t rength loss as a 

functim of eoatinwus, ko-year s tem ingress rates are smmtrized i:n 
Fig. 6.7. 
i s  quite luw thro!igboul; the examined range of ingress rates for the core 
pos.ts at the nominal teinperatiwe, b-ah is significantly higher f ~ v .  the 

core post  mai;erf.al at rjaaxinim sustai.ned t e r ~ p r s t u r e  ~ 

oxygen. .l.evel projected. f o r  ingress rates slight3.y abc~ve 0.01. g/see ,  5% 
core post strength loss i.s virtually assured for the  post mter ia l  a t  the 

nIaxim1:uri esti.mnt,ed sus.tained. tanper8tu.m * 

'Iliis f igure sho~m t h a t  the p r d b a b i l i t g  for. YO$, strength loss 

At the l . O - . ~ ~ p i  total .  

Additional detai,l.s of Yne predicted .range of' C G Y ~  post strengtin lo s s  
at nominal purrificati.on f l m  as a Amet5.on of' assuned. ingress 1-ates fron 

0.001. to 1.0 g/sec are given in pigs. ~3.1-2.4 in ~ppend ix  U. These four 

f5gwes refer to strength losses w11i.ch result  from 40-year exposures to 

corrosive a.t;mos.@x:res pr'oejected froin the Sow e s t h a t e  mel;l?r-lds eni2loyed 

f o r  HIcGl3 core reactivity to H 0. 

of 0.0~1 g/see, which- results in ;3, 1;otiZl oxygen level of 10 T ~ I ,  would 

These figures shmr that an. ingress r a t e  2 

cause a streugtl.1 loss rangjng from 1.5 t o  42% on 40-yew exposure of t h e  

core posts at  the  nominal temperature level.  The ho t t e r  core post mter i a l  
would, under these conditions, lose from 4'7 to 94% ~ f '  its initial strength. 

6.)+"2 Effec t  of purification rate on core post burnoff and s t rength 

Figme 6 .S illustrates tlie effect of varying purification f l o w  on 

binnoff for core posts at both Lhe nmi.nal and highest sustained tempera- 

ture f o r  an assumed ingress rate of 0.011 g/sec.  As in Sect. 6.4.~~ t h e  

estiwated burxioff's are shown as a range covering the :;pun predicted frm- 
i h c  four  methods employed f o r  ca,lc.datin$ the i r r r p u r i t y  compositions. 
bwnoff range estimated t o  cause ?@ st rength loss at each l e v e l  of core 
post temperature i s  shuwn as the shaded area on the  left of the f igure.  

The 
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Fig. 6.8 .  Effect of pur i f ica t ion  f l o w  on core post hurnoff.  
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A small s e n s i t i v i t y  of predicted. burnoff t o  modes'i var ia t ions  of t he  
A s  the purif ica-  pur i f ica t ion  r a t e  around the  nominal value can be seen. 

t i o n  f l o w  i s  increased 30th the products of corrosion, which iahibrit the  

corrosion rate ,  and the oxid-ant l eve l s  decrease. These concentration 

t rends with pur i f ica t ion  flow tend t o  off s2t each other rendering 'ournoff 

insens i t ive  t o  small changes i n  piEificatiori  f low, The f igure  shows t h a t  
the burnoff range causin.g 50$ strength l o s s  a t  t he  nominal core post tem- 

perature lles e n t i r e l y  above -these projected- burnoff's f o r  0.011 g/sec  

s-team ingress ra tee .  
for the  e n t i r e  range of pur i f ica t ion  flows. 

s-trength loss  is seen t o  he qui te  high t o r  the ho-f;ter core post material, 
from pur i f ica t ion  f lam equal t o  one-half t o  about f ive  times the  nominal 

Tate for  t h i s  assumed ingress r a t e .  

Thus, t he  pro'oabil.ity for 5C% s tx i lg th  I-oss i s  zero 

The probabi l i ty  f o r  5% 

The probabi l i t i es  f o r  5% strengfdi LOSS, l i s t e d  ri.n Table 6.I.t f o r  

$lese cases, were estimated using .the general  met'nod. outlined. i n  the  pre- 
vious sectfon and i n  Appendix A .  

Table 6.4. Probabi l i ty  f o r  50$ s t rength loss of core post 

a t  maximum sustained temperatwe as a function of 
pur i f ica t ion  r a t e ;  asswssned steam ingress  

r a t e  = 0.01. g/sec 

Eurnoff range 
Relative at  m x k w n  Probabi l i ty  

pur i f  i ca ti on Total  oxygen temperature f o r  50% st rength 
10s s 

( W h 2  1 r a t e  
(vpm 1 

0.5 17 750-1440 0.999 
0 999 
0.988 

4 2 . 1  5 20-940 0.708 
6 1. j.1 3 70-61.:0 0.u1 



The estimates in Table 6.4 show that ixcreased purffication flows 

could substantially reduce the probability for 5% strength loss of the 
hotter core post material, but that significant benefit results o n l y  for 

pmification rates abwe about f ive  times the nominal. rate. The results 

shown in Table 6.4 pertain to an assumed ingress rate of' 0.01 f-r =/ see 
(Q 0.09 lbm/h) e 

Further details regarding the degree of core post strength loss as 

a zbction of purification flow are given in Figs. B.5 and 13.6 of 
Appendix B. 

6.4.3 Effect of primary system temperature level on core post burnoff 

Since the nominal core post temperature in the reference design 

chosen f o r  this study is about 30°C higher than selected for GASSRX, and 
since this temperature difference represents about a factor  of 2 in- 
crease in intrinsic reactivity of the core post material, it is pertinent 

to investigate the effect of this difference on the conclusions regarding 

estimated loss of core post strength. 

Several interrelated factors need to be considered f o r  determining 

the way core post strength loss  due to corrosion is affected by increased 

coolant exit temperatures. As noted above, the intrinsic rate of corro- 

sion increases rapidly Faith temperature - about a factor of 2 f o r  each 
30°C temperature rise for ATJ under these conditions; however, the corro- 
sive environment also changes with increasing coolant temperature. Since 

the core graphite reactivity to steam determined the corrosive enviroment, 

and since an increase in coolant exit temperature must be affected by an 

increase in core  graphite temperature, it is evident that the coolant be- 

comes less oxidizing as the temperature is elevated f o r  a given ingress 

rate, by v i r t u e  of the improved oxidant gettering ability of the core. 

Hence, the rise in intrinsic corrosion rate of post material with tempera- 

ture tends to be offset by an accompanying drop in oxidant level. Finally, 

the burnoff profi le  in the post material c'hanges with temperature in the 

manner discussed in Sect. 4.2, with the attendant result that a given amount 
of corrosion causes less strength loss at a higher temperature. lkis is 



re f lec ted  i.n diminishing values of the  penetration factor,  P(T), f o r  
increasing temperatures. 

Figure 6 .9  i l l u s t r a t e s  ai? estimate of t he  way core post bii.~rtoff 

var ies  with a general  r i s e  i n  the  pri.mnry system temperature of 50°C and- 
bOO°C, assumring a nomtnal pur i f ica t ion  flow and a steam ingress r a t e  of 

0.011 g/sec. 

temperature, and the  upper s e t  of cu:r~~es refers  t o  post mater ia l  a t  t he  

estimated maximum sus’iained temperatwe. The imprrity leve ls  a s  a fwc- 
t i o n  of temperature were estimated using the  TIMOX program i n  conjunction 

with the  Wicke, OXIDE-3, and Giberson corrosion r a t e  expressions for  

determining the  core r eac t iv i ty .  

The lower sek of curves refers t o  core posts at; .the nominal 

Tne f igure shows t h a t  when e i the r  the Wicke o r  the OXIDE-3 expression 

i s  used t o  determine tlne impurity composition, the predicted burnoff i s  

lower when the  pi5rmi-y system temperature i s  elevated 1OO”C, compared w i b h  

.tile predic.ted burnoff a t  Yne nominal temperakure leve l .  
both t h e  average COR post  temperature and the  maximum sustained core post 

temperature. 
core graphite, an opposite e f f ec t  is, seen - t’ne estkna”ied burnoX i s  

higher a t  the  elevated prirnary system -temperature. 

This ?.s t rue  f o r  

E-Iowever, when the  Giberson r a t e  expression i s  used f o r  t‘ne 

The way these burnoffs a f f e c t  core post strength i s  il3.iistrated i n  

Fig. 6.10. Improved re ten t ion  of strength with prirmry system temperature 

r i s e  i s  sham f o r  cases where the  Wicke and OXIDE-3 r a t e  expressions a re  

used f o r  t he  core graphite reac t iv i ty .  

i s  used, evidently no major change of estimated s t rength lo s s  with tempera- 

ture OCCLU‘S. 

When the  Giberson r a t e  expression 

F i g w e  6.10 shows t h a t  more precise tnformation on core r e a c t i v i t y  

t o  steam corrosion i s  required before one can cmfid.ently predict  the  

e f f ec t  of primary system Semperature changes on core post s t rength loss 
due t o  corrosion. Appayently, a reasonable chance ex i s t s  t h a t  elevated 

p r k r y  system temperatures my improve the core post s i t ua t ion  a s  a 

r e s u l t  of :  

strength lo s s  f o r  a given degree of corrosion a t  the  higher temperature. 

(1) improved oxidant ge t te r ing  by the  core, and ( 2 )  smaller 



W N  L-DWG 75- 8405R1 

io4 L ~ -  t K < O S l -  T=NOMl NAtt90°C 
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NOM I NAL t 50°C +IOO°C 
PRIMARY SYSTEM TEMPERATURE 

LEVEL 

Y T .  j i g .  5.9. Effect of general temperature l e v e l  in the primary 
system on core post burnoff. 
rate = 0.011 g /sec .  
2.  OXIDE-3; 3. Giberson ra te  equations. 

Purification flow = nominal, steam ingress 
&sed on impurity levles using TIMOX; 1. Wicke; 
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- F U R I F IC AT 1 U N RATE = N 0 PJ1 I N A L ~ 

-STEAM INGRESS RATE =O.OI I ¶ /  

- IMPURITY COMPOSITIONS USIN1 
TIMOX WITH INDICATED RATE 

T= MAXI  MUM 

GI BERSQN EQUATION. 

T= M 

CQ 

Y= MAXI  

T 

I.. ..-.. L U  
NOMINAL +50°C t IO0"C  

PRIMARY SYSTEM GENERAL TEMP LEVEL 

Fig. 6.10. Loss of core past strength vs a general temperature 
elevation i.n the primary system, 
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6.4.4 M a x i m u m  permissible oxygen and oxidant l eve l s  
___I--- 

m e  t o t a l  oxygen concentration (defined as tine sm o? oxygen i n  al.1 

oxygen-bearing species)  i n  the  primary c i r c u i t  i s  a function s o l e l j  of the 

r e l a t i v e  steam ingress and pur i f ica t ion  ra tes ,  which a l lms the  curves i n  

Figs. 6*5-6*'7 t o  be p lo t ted  aga,inst e i t h e r  t h e  steam ingress r a t e  o r  t o t a l  

oqygen concentration on t h e  abscissa.  Figure 6.7 indicates  t h a t  t he  pres- 
en t ly  considered m a x i m u m  allowable t o t a l  oxygen l e v e l  of 19  vpm assures 
tha t  t h e  core posts at nominal temperature w i l l  not suffer  5% strength 
l o s s  i n  110 years of exposure. 

estimated maximnim sustained temperature of 90 *C above nominal w i l l  l i k e l y  

suf fer  5% strength loss .  

However, the core post rmterial a t  t he  

It i s  beyond the scope of t h i s  report  t o  conment extensively on ru i -  
mum permissible oxidant leve ls .  Figure 6.7 shows t h a t  I O - v p m  t o t a l  oxygen 

may be too  high a l i m i t ;  however, more extensive s tudies  a r e  needed before 
any def in i t e  l i m i t  i s  se t ,  or  before it can be s t a t ed  pos i t ive ly  that  LO 
vpm i s  indeed t o o  high. The following addi t iona l  s tudies  a re  required: 

(1) More precise  def in i t ion  of the m a x i m u m  sustained 

core post temperature i s  needed. Tliis study would 
involve hot s t reaking analyses, analyses of flux o r  
pawer d is t r ibu t ions  within a refuel ing zone, and 
operational charac te r i s t ics  of t he  coolant o r i f i c ing  

system which regulates  the  coolant d i s t r ibu t ion  

rad.ia7.1.~ across t h e  cow.  

The volme and locat ion of the hot zones should be 

detemfined. If the core post mater ia l  experiencing 

these higher temperatures i s  su f f i c i en t ly  smlI, per- 

haps the requirement for a safety f ac to r  of 5 fo r  this 

port ion of the core posts could be relaxed. For example, 

i f  a sa fe ty  f ac to r  of 2 were permitted for a suffficiently 

small region or set of regions, 8% st rength loss  woi~1.d 
be permissible. 

would then be set on the  basis of 5% strength lo s s  for 
t he  riominal posts and 8% l o s s  for t he  hot te r  posts, 

whichever i s  lower. 

The maximum allowable t o t a l  oxygen lwei 



128 

Since the bumoff r a t e  depends f a r  more d i r ec t ly  on the oxidant con- 

t'nan the  t o t a l  oxygen level,  which includes CO centration, H20 and CO 

t h a t  ac tua l ly  inh ib i t s  corrosion, it appears t h a t  an improved def in i t ion  

of raxirmm permissible impurity l e v e l  could be s t a t ed  i n  t e r m s  of t o t a l  

oxidant ra ther  than t o t a l  oxygen. 
o f f s  shown i n  Figs. 6.5  and 6.6 i s  r3ue t o  differences i n  t i le  pred.icted 

d is t r ibu t ion  of a known amount of t o t a l  oxygen between oxidant, H20, and 

product of corrosion, CO. The four. core r e a c t i v i t i e s  employed predict  
varying d is t r ibu t ions ,  

centrat ion instead, the  emola band would be much narrmer,  as seen i n  

Figs. 6 . n  snd- 6.12. 

2' 

The 'uroad e r ror  band on predicted burn- 

If t h i s  information were p lo t ted  against, 8 0 con- 2 

Figure 6 . U  indicates  t h a t  the pmbabtki ty  f o r  5% strength loss  i s  

zero for t he  nominal core posts i f  the  steady :I 0 l e v e l  i s  sustained below 

20 vpm. 

5C$ strength loss ;  for example, P(50) = 8.5% a t  1000 vpm H 0 f o r  t'ne nomi- 

na l  core posts. In an ac tua l  case where s ign i f icant  rad io ly t ic  CO 1eveI.s 

exis t ,  the  t o t a l  oxidant concentration wou-ld simply be s t a t ed  as the swn 
of the  H 0 and CO colrcerrtrations. 

2 
Very high $3 0 leve ls  do no:; grea t ly  increase the probabi l i ty  f o r  2 

2 

2 

2 2 

Figure 6.12 shows that  -the core post material  a t  the maximum sustained 

temperature has a zero probabi l i ty  of 5% strength I.oss a t  coni;inuous oxi- 
dant leve ls  belaw 1.0 vpm, and 10% probabi l i ty  f o r  5% strength loss  above 

5.3 -vpm oxi dant . 
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APPENDIX A: METHOD FOR ESTIMATING PRORABILITY OF 5 6  GORF; POST 

STRENGTH LOSS FOR CASES WHERE TKE ESTIMATED BURJ!JWE' RANGE 
AND THF: W G E  FOR 5% STXENGTH IOSS OVERLAP 

Let f ( X )  be the probabi l i ty  densi ty  function f o r  burmoffs which 

cause 5@ strength loss,  where X i s  a random var iab le  s ignifying value 

of burnoff. Thus, 

probabi l i ty  t h a t  the  burnoff 
which causes 5% strength loss (A1 1 
l i e s  i n  dX aboutX 

The d i s t r ibu t ion  function f o r  burnoffs which cause 5% strength loss,  

F(X),  defines the probabi l i ty  that 5% strength loss has occwred a t  
X value of burnoff or below. 

F ( X )  = f(X')dX'. L 
A f l a t  densi ty  function i s  assumed i n  t h i s  work; tht is, bhe burn- 

off which causes 5% strength loss can with equal l ikel ihood be a value 
between the  upper and laser limits, xz and xl. 
given by 

For t h i s  case, f ( X )  i s  

0 0 < X < X l  f 

x < x < x z  , 1 1 
x2  - 

0 X ' X 2  , 
hence, F ( X )  i s  given by 

(A3 1 

0 o < x < x l  , 
x - x1 x l < x < x z  , (a4 ) 

x2 - "1 

Let g(Y) be the  probabi l i ty  densi ty  funct ion f o r  estimated burnoffs, 

that  is,, 



= g(Y)dY.  burnof f 

For a flat  d ts t r ibu t ion  between upper and lower . I L m ~ - t s  y 

is given by- 
and yl, g(Y) 2 

Therefore, the probabi l i ty  t h a t  burnoff Y about dY ‘oecires within the e r ~ o r  
band of estimated. bi.mioffs,. and .that 5% strength Loss i s  caused by this 

amount of burnoff ox less, i s  given by, 

g(Y)P(Y)dY , (A7 1 

where P(50) i s  the probabi l i ty  f o r  5% strength lo s s .  

Expressions fo r  -the probabi.lity of 5C$ strength loss  wiXL be obtained 
for four  cases of burnof’f range:;, each assuming the f l a t  d5stributions 

represented by E q s  - (Ah) and (A6). 

The estimated burnoff range, y,- t o  y2, intrudes i n t o  the lower po r t ion  

of the: b1lTnoff ~ ‘ m g e  fo r  5% strength loss, x1 t o  x2. 

estimated BO y2 ) 

str-eng th l o s  s 

Case TI: -. . . . . .- 

The estimated. bumoff“ range i s  -total.l.y e1ic.l-wed til. t b e  range which 

may cause 5% strengtli l o s s .  



The estimated b7wnoff r,tnge exbends beyond the upper part of t h e  

range for ?c$ strengt'n loss. 

Case TV: 

The estimated burnoff range straddles the range for 51% strength lass. 

( A l l )  
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AP'TEPISI)IX 3:  CORB POST STRENGTH LOSS VS STEAM INGRESS RATE P L Y  

I-TJRIFICATLON FLOW. SUPPLEXEPTTARY L N F O m T I O N  TO SECTION 6.4 

Figures B.1-B.4 depict  t he  estimated range of core post s t rength loss 

f o r  assumed steam ingress  r a t e s  of from 0.001 t o  1.0 g/sec. 

rna,tes a l l  per ta in  t o  the case of nomima1 pur i f ica t ion  f1.0~. 

These e s t i -  

The information shown i n  the figures was generated a s  follows: 

(1) The impurity level and composition f o r  an assumed ingress 
r a t e  was determined from methods described i n  Sect. 5. 
Figure B . l  i s  based on an atmosphere determined from 

Dragon inleakage data by methods described in Sect.  5 .2 .  
Figures B.2-33.4 are based on impurity compositions pre- 

dicted by using TINOX, described i n  Sect.  5.3, and 
assuming the Wicke, OXIDE-3, and Giberson r a t e  equations 
for t he  core reac t iv i ty ,  respect ively.  

The burnoff was  estimated by using Eq. (10) of Sect.  4 . 1  
for K T J  graphite.  

The f r ac t iona l  s t rength reduction was determined using 

Eq. (3) of Sect .  6.4, with penetration f ac to r s  for the 

twi3 temperature leve ls  given by Table 6.2. The depicted 

range of uncertainty i s  caused by Yne uncertainty in t he  
value of the  penetration fac tor .  

(2) 

( 3 )  

Figures B.5 and 13.6 show the  predicted var ia t ion  of core post strengtin 

l o s s  w i t h  changing pur i f ica t ion  flow for an assumed ingress r a t e  of 0.01 

g/sec. 
viously described for Figs. B.1-B.4. 

The ca lcu la t iona l  procedures correspond c lose ly  with those pre- 

The bottom of Fig.  B.5 shuws the case where the  core r e a c t i v i t y  was  
determined from the  Dragon steam ingress experiment. The top of Fig. B.5 
and t h e  two cases shown i n  Fig. B.6 refer t o  estimates made using TIMOX 

t o  predict  the  composition of the  impurit ies i n  t h e  primary system. 

A s  discussed i n  Sect. 6.4.2, the  var ia t ion  of s t rength l o s s  with 
pur i f ica t ion  flow tends t o  be flatter than anticipated, because the 
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Fig. B.Z. Forty-year core post strength loss vs s t e m  ingress rate. 
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8.5 85 050 
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I 

-1MPUMTY LEVELS FROM GTBERSON RATE EQ. 
- PURIFICATION RATE = NOMINAL 

I 1 1 
0 . ~ 1  0.01 0. I 1.0 

STEAM INGRESS RATE ( q / s e c )  

Fig. E.&. Fort---year core post strength loss vs steam ingress mte. 
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I 1 I 

IMPURITY LEVELS 
FROM WlCME RATE 

EB. 

CORE POST I = N O M I N A L  f 3 0 ° C  

112 t (NOM INAL) 4 
RELATIVE PURIFICATION F L O W  

Fig. B.5. Loss of core post s t rength ITS purification fl.m rate .  
Assumed I.ngress r a t e  = 0.01 g /sec .  
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pur i f i ca t ion  flow removes mater ia ls  which i n h i b i t  the corrosion react ion 
as we]-1. as augiient i t .  Not u n t i l  pu r i f i ca t ion  r a t e s  of about six times 

the nominal are reached i s  s ign i f icant  jmprovemmt of the  behavior a t  'die 

higher core post temperature achieved.. 

The above conclusion ris reached i n  Sect.  6.4.2 by superr-imposing 

resul-ts from the  four methods of calculat ing the  impurity compositions. 
Since t h e  Yeference core graphite, H-h-51, cou3_d behave dif-ferentI-y from 

the  composite of these four cases, the calcul.a.tions should be repeat.eil 

when t'ne reaction r a t e  equation f o r  B-)151 becomes av-ai labk.  



n 
BO 

c: 

D 

U 
j v 
w 

2 Core ::ur%ace area, ern 
E11TY1Off, -mg/cm 2 or" g/em 2 

Dianeter, em 

F l a w  d. ia ,m.ter  i n  tubing 
LProbabi1.ity that  5% strengLh. loss  i s  caused. by x bumoff zbout dLu 

Fnractional s t rength 10s s 

Cojre seac t iv i ty  -to steam corrosion, mo1/cmJ 

Reaction r a t e  constan%s 

Spechen mass actjve i n  cmrosion 

Total  specimen rmss 

3 

Mo2ecu9ar mass, g/mol 

Pressure, xtm 
Tatal  pressure of i n e r t  plus reactiye species 
Penetration. parameter f o r  s t rength l o s s  equation 

f i o b a b i l i t y  f o r  4% st rength loss 

Volun1etric flow 

m i f i c a t i o n  F Z ~ ?  cm'/sec 

!:;as constant 

Radius, cm 
Reaction rate based 0x1 exposed surface, mol/rJm 2 -k 

Reaction rate based on mss, g/G-k 

Temperature 

T ime  

Velocity of s t e m  

' k i m r y  system voXme, cm-' 

Graphite width, em 
Steam ingress  ra te ,  mol/sec 
Steam jngress rate, mass/time 
Lmer and upper range of predicted bumoffs 

~mre.r and upper range of bwnoffs f o r  5% strenml loss 

water i n  tubing f h w  
7 



AH Activation cne rgy, c a l/mol 

Ah Active corrosi.on depth, e m  
3 P Density, g/cm 

P Pa,rtri.sl pressure, i.i,atm 

61; 'Time interval, sec 
3 c i  ConcentY-a-tion, mol/cm. 
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