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ABSTRACT 

Effect of changing the material of construction of the fuel element container, 

a structural component in  the core of the N.S. SAVANNAH reactor, from 304 

stainless steel to Zircaloy-4 was considerdl with respect to the water chemistry of 

the primary coolant system. No  detrimental effects could be foreseen from the 

standppints of crud characteristics and chemical effects on material properties. 

Consequently, no changes would be necessary to the primary loop purification system. 
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WATER CHEMISTRY I N  THE N. S. SAVANNAH.REACTOR 

EFFECT OF A CORE COMPONENT CHANGE FROM 304 STAINLESS STEEL TO ZIRCALOY-4 

Introduction 

A change i n  the  mater ia l  of construction of the  NMSR f u e l  element 

container from 304 s t a in l e s s  s t e e l  t o  ~ i r c a l o y - 4  i s  being invest igated 

a s  par t  of a study of means f o r  reducing fuel-cycle cos t s  of fu tu re  

SAVANNAH cores. This w i l l  increase the  amount of Zircaloy surface a rea  

exposed t o  the  primary coolant t o  - 17% i n  the  reac tor  core and - 5% i n  

the  t o t a l  primary system. Of p r inc ipa l  i n t e r e s t  i n  t h i s  repor t  i s  the  

e f f e c t  on crud behavior a s  r e l a t ed  t o  the  primary pur i f i ca t ion  system i n  

the  N. S. SAVANPJAH reactor  and any e f f e c t  on the  zircaloy-4 component due 

t o  the  water chemistry. 

Radioactivity a s ~ o c i a . ~ e d  with the  crud i n  pressurized-water-type 

reactors  r e s u l t s  from corrosion of ac t iva ted  core components, a c t i va t i on  

of corrosion products from out-of- f l ux  regions, f i s s ion ing  .of heavy e le-  

ments contained a s  impurit ies i n  metal components of the  core, and ac t iva-  

t i o n  of impuri t ies  . i n  the water. This crud tends t o  deposit  a.L various 

points i n  the  primary system, thereby foul ing heak-transfer surfaces and/ 

o r  creat ing high-act iv i ty  l eve l s  i n  maintenance regions. Consequently, 

removal of crud from the primary coolant with a pu r i f i c a t i on  system i s  

des i rable .  

Experience t o  date  with pressurized-water reactors1 has shown t h a t  

the  p r inc ipa l  contr ibutors  t o  long-lived a c t i v i t y  i n  crud a r e  C058 and . 

60 
Co , which r e s u l t  from the react ions  ~i~~ (n,p) ~0~~ and co5' (n , r )  co60; 

I 
C.  R. Breden, AEC-Euratom Conference on Aqueous Corrosion of Reac- 

t o r  Materials, TID-75U7 ( Ju ly  19601, pp. W-70. 
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respectively. These materials are present in reactor cores as alloying 

agents and/or impurities. 

N. So SAVANNAH Purification System 
2 

The primary function of the purification system is to remove im- 

purities, both dissolved and particulate, from the primary cooling water. 

The equipment consists of two letdown coolers, three demineralizers, and 

two filters. During reactor operation a side stream is continuously 

withdrawn from the primary system, cooled, depressurized, and then routed 

through the demineralizers and filters. 
3 The resin bed in the demineralizers is a mixture of a hydrogen-form, 

strong acid, cation exchange resin  o ohm & Haas XE-77) and a hydroxyl- 

form, strong base, anion exchange resin  o ohm & Haas XE-78). This resin 

adjusts the pH of the water to within.the range 6.5 to 8.5. Each demin- 

eralizer is designed to give a minimum of 50 days' service in removing 

corrosion products formed at a maximum rate of 10 mg/dm2/month. Soluble 

impurities are removed by ion exchange and particulate matter by filtra- 
4 

tion. The following design specifications for primary-system water are 

based on a 20-gpm (cold) blow-down rate. 

2 ~ & ~  Specification No. MC-421-4/482100, "NMSR Final System Design 
Specification for Primary Loop Purification System," April 29, 1959. 

3~&W Specification No. AEC-205-2/482134, Change No. 5, October 7, 
1959, "WR Final Equipment Specification for Demineralizer" (May 12, 
1959 1. 

4 N. S. Savannah Plant Operating Manual, Volume 11, Chapter I, 
Article 1.8.1. 



Corrosion Product Activity 

Radioisotope Activity (pc/ml) 

m56 5.42 x 

Impurities in the Water 

Radioisotope Activity (pc/ml) 

Ar 
41 7.8 x 

Na 24 8.9 x 

Fission Products from Maximum Failure 
of Fuel Elements 

Radioisotope 

C s 136 

C s 137 

C s 138 

,131 

132 I 
,133 

Br 8 3 

S r 89 
90 Sr 

Ba 139 

Ba 
140 

C s 
140 

Br 
8 4 

Kr 
88 
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Additional equipment i s  necessary f o r  hydrogen addi t ion t o  the  p r i -  

mary loop during normal operation t o  el iminate any dissolved oxygen and 

f o r  hydrazine addi t ion t o  remove oxygen a t  s ta r tup .  Dissolved hydrogen 

i n  the  coolant water i s  maintained a t  1.8 t o  3.6 ppm a t  a l l  times; hydra- 

zine concentration i s  20 t o  25 ppm a t  s t a r t u p  and n i l  during operation. 

Total  so l ids  a r e  l imi ted t o  1.0 ppm and chloride content t o  < 0 . 1  ppm 

(maximum of 1 .0  ppm allowed f o r  periods of <. 1 day). 

Corrosion Products 

Corrosion of Zircaloy i n  water may be represented by the  react ion 

A t  the  proposed reactor  conditions, the  r e su l t i ng  ZrOg f i lm w i l l  be of 

the  protect ive ,  adherent type. Corrosion r a t e  may be represented by a 
2 

weight gain of 0.6 t o  0.9 mg/dm /month exclusive of any mechanical wear. 5 

(BY using the  stoichiometry of the  corrosion reaction,  t h i s  represents 
2 1 . 5  t o  2.6 -/dm /month of Zircaloy metal. ) However, f o r  conservative 

2 
design, a value oP 5 iug/dm /month i s  used; 5 t o  10 mg/dm2/month i s  gen- 

e r a l l y  used f o r  304 s t a in l e s s  s t e e l  design calcula t ions .  With respect  

t o  the  crud problem, an add i t iona l  conservative feature  i s  the  f a c t  t ha t  

these corrosion products not  only must be formed but they must a l s o  be 

removed from t h a t  surface and transported through the  sy~ tem.  

From an ac t i va t i on  standpoint the p r inc ipa l  ~ i r c a l o y - 4  corrosion 

product i s  zrg5, which has a 65-day h a l f - l i f e  and 7 rad ia t ion  of -. 0.8 

Mev. Other,' quan t i t a t ive ly  l e s s  important, ac t iva ted  isotopes r e s u l t  

from various a l loy ing  metals and impuri t ies  i n  ~ i r c a l o y - 4 .  

5 ~ .  C. W. Perryman, A Review of Zircaloy-2 and Zircaloy-4 Proper t ies  
Relating t o  the  Decign S t ress  of CANDU Pressure Tubes, CRMet-937 ( ~ u n e  
1960). 



~ i r c a l o y - 4  Composition 6 

Component 

Impurity Maximum ppm 

60 181 
O f  these, the  more important resu l t ing  a c t i v i t i e s  a r e  Co , C O ~ ~ ,  Hf , 

5 1 Itfl7*, fi154, I?a5', a d  Cr. 

'zirconium Data F i le ,  The Carborundum Metal Company, Akron, New 
York. 
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I n  s t a in l e s s  s t e e l  systems long-lived crud a c t i v i t y  i s  primarily due 
60 

t o  C058 and Co . Ty-pe 304 s t a in l e s s  s t e e l  contains 8 t o  12% N i  (parent 

of a s  an a l loying component and up t o  0.1% Co a s  an impurity 

(- 0.05 w t  % i n  the  SM-1). For in-core reac tor  appl icat ions ,  cobal t  

specif icat ions  i n  304 s t a in l e s s  s t e e l  have sometimes been s e t  a t  < 0.010% 

with an a i m  of < 0.005%. 

Relative amounts of nuclides observed i n  coolant systems of the  

S-1-W, SM-1, and PWR reactors  have been measured. 7 ' 8  The S-1-W core con- 

tained Zircaloy f u e l  cladding, hafnium cont ro l  rods, and a small amount 

of s t a in l e s s  s t e e l ;  the SM-1 core w a s  e s s en t i a l l y  a l l  s t a i n l e s s  s t e e l  

p lus  a s ign i f ican t  amount of Haynes-25 a l l oy  i n  a high-flux region; and 

the  PWR core contained Zircaloy clad f u e l  elements, hafnium cont ro l  rods, 

and s ign i f ican t  amounts of 304 s t a in l e s s  s t e e l  and s t e l l i t e .  Although 

the  tabulated values below represent widely sca t te red  data,  the follow- 

ing observations were noted: (1) very l i t t l e  a c t i v i t y  was contributed by 

the  Zircaloy cladding; (2)  the  p r inc ipa l  source of a c t i v i t y  was Co60 and 

C058 from the 304 s t a in l e s s  s t e e l ,  Haynes-25, and s t e l l i t e  core components; 

and (3) hafnium a c t i v i t y  i n  the  S-1-W probably resu l ted  from wear on the 

control  rod rubbing shoes. No d i r e c t  comparison of the  data  appears 

va l id  because of d i f f e r en t  reac tor  conditions, sampling, and operating 

procedures. 

Chemical analysis  of crud i n  the  pWR9 showed 90% t o  95% i r o n  a s  

Fe304. Concentration of pa r t i cu l a t e  matter  i n  the  c i r cu l a t i ng  coolant 
7 was only 3 t o  5 ppb, with a spec i f ic  a c t i v i t y  of - 2 x 10 cpm/mg. 

7 ~ r e d e n ,  - op. - c i t .  

8 
C .  A. Bergman, SM-1 ~ e s e a r c h  

Induced Act ivi tv  Buildur, durir 

9~hippingport  Operations from Start-Up t o  F i r s t  Refueling - 
December 1957 t o  October 1959, pp. IV-40 t o  IV-60. 



SM- 1 PWR 
S- 1-W* (% of t o t a l  ($I of t o t a l  

Nuclide (% of t o t a l )  a f t e r  1440 EFPH) a f t e r  1440 EFPH) 

TOTAL 80.8 100.0 100.0 

Pr inc ipa l  d i f ference i n  water chemistry between the  SAVANNAH and the  

PWR i s  the  water a lkal in i ty--6 .5  t o  8 .5  i n  SAVANNAH and 9.5 t o  10.5 i n  

PWR. High pH has been demonstrated t o  decrease corrosion r a t e  of s ta in -  

l e s s  s t e e l ,  decrease t ranspor t  of crud, and increase f i l t e r a b i l i t y  of 

crud.'' Although Zircaloy represents 5 t o  10% of the  surface a rea  i n  

both primary coolant systems, i t s  function i s  a s  f u e l  element cladding 

. i n  PWR and a s  a s t r u c t u r a l  component i n  SAVANNAH. 

Preliminary t e s t s  ind ica te  t h a t  the  corrosion r a t e , o f  Zircaloy i n  

6 8 0 " ~  l i t h i a t e d  water ( p ~  = 9.5 t o  10.5) i s  - 1 . 2  times t h a t  f o r  neu t ra l  

water. More extensive t e s t s  a r e  i n  progress a t  B e t t i s  Atomic Power Lab- 

oratory.  

F i ss ion  Products 

The N. S. SAVANNAH primary coolant i s  rout inely  monitored f o r  f i s -  

s ion  products i n  order t o  de tec t  poss ible  fuel-element f a i l u r e  and t o  de- 

termine when and i f  the  rad ioac t iv i ty  l e v e l  i s  acceptable f o r  discharge. 

*Insoluble crud (average 9 values).  Time of sampling unknown. 

1013rcdcn, - op. - c i t .  



Fissionable mate r ia l  i s  present  a s  an  impurity (3.5 pprn maximum na tu r a l  

U )  i n  Zircaloy. Thus, small amounts of f i s s i o n  products can e n t e r  the 

coolant during reac to r  operation by the  process of f i s s i o n  fragment re- 

c o i l ,  thereby c rea t ing  an a c t i v i t y  background which could i n t e r f e r e  with 

the  monitoring system f o r  defected f u e l  elements. I n  general,  only 

strontium and iodine a c t i v i t i e s  a r e  monitored s ince  these  nuclides a r e  

ind ica t ive  of the  f i s s i o n  product spectrum. 

Analyt ica l  measurements of Zircaloy from the  ~ lh?  showed uranium con- 

centra t ions  of 1.35 ? 0.2 ppm as a bulk c o n t a n a n t .  '' Measured f i s s i o n  

product a c t i v i t y  i n  the  primary system w a s  g rea te r ,  however, than could 

be accounted f o r  by t h i s  method and w a s ,  therefore ,  a t t r i b u t e d  t o  defected 

f u e l  elements. Measured f i s s i o n  product a c t i v i t y  backgrounds i n  o ther  

reactors  ind ica te  uranium contaminations of 1 t o  2 ppm i n  the  Zircaloy. 

Because of the  fuel-element fabr ica t ion  procedures i n  which zirconium 

and uranium must necessar i ly  be processed together,  a large  p a r t  of t h i s  

uranium probably was the r e s u l t  of surface contamination on the  Zircaloy- 

c lad  f u e l  elements. However, the  use of Zircaloy a s  a s t r u c t u r a l  com- 

ponent i n  the  SAVANNAH should minimize surface  contamination with uranium 

during f ab r i c a t i on  and thereby decrease f i s s i o n  product a c t i v i t y  from 

t h a t  source. 

Effect  on ~ i r c a l o y - 4  Proper t ies  

Of the  water chemistry spec i f i ca t ions  f o r  the  N. S.  SAVANNAH,^^ only 
, 

excess hydrogen need be considered with respect  t o  the  physical  p roper t i es  

of zircaloy-4.  The e f f e c t  of pH on corrosion was .  considered previously 

under.Corrosion Products. 

W. Frank,  valuation of the  F i ss ion  Product ~ c t i v i t i e s  i n  the 
Primary Coolant of Shippingport," B e t t i s  Technical Review, WAPD-BT-12 
( ~ p r i l  1959), pp. 118-128. 

'%lant Operating Manual, N. S. SAVANNAH Nuclear Power Plant ,  Operat- 
i n g  Procedures, Volume 11, The Babcock & Wilcox Company, Section 1.8. 



Absorption of hydrogen with i t s  resu l t ing  embrittlement tends t o  be 

a l imi t ing  condition f o r  Zircaloy i n  reactor  service of the  type being 

considered here. l3 Although experimenters agree t h a t  hydrogen concentra- 

t i ons  of 1.8 t o  3.6 ppm increase absorption i n  Zircaloy, the  magnitude of 

t h i s  e f f e c t  i s  i n  considerable doubt. 14,15 The continued use of Zircaloys 

i n  ex i s t ing  and fu ture  reactors  of the  pressurized-water and the  pressure- 

tube types, however, i n d i c a t e s ' t h a t  t h i s  s i t ua t i on  i s  probably not ser ious .  

Even though the  above r e s u l t s  were reported f o r  Zircaloy-2, they a r e  

probably applicable t o  ~ i r c a l o y - 4  and can be considered conservative s ince  

the  only major di f ference between the  two mater ia ls  i s  a lower tendency 

t o  absorb hydrogen by ~ i r c a l o y - 4 .  16 

Conclusions 

The information reviewed i n  t h i s  repor t  i s  summarized below: 

1. Experience with pressurized-water reactors  containing a ' sub -  

s t a n t i a l  amount of s t a in l e s s  s t e e l  has indicated t h a t  Zircaloy contr ibutes  

very l i t t l e  t o  crud a c t i v i t y .  Long-lived crud a c t i v i t y  r e su l t i ng  from 

corrosion products (excepting abnormal wear) i g  due primarily t O  ~0~~ and 
60 

Co . The t a rge t  nucleus i n  each case, NiS8 and co5', respectively,  i s  

present t o  a l e s s e r  degree i n  Zircaloy than i n  304 s t a i n l e s s  s t e e l .  

2. No prohibi t ive  e f f e c t s  on Zircaloy resu l t ing  from the  primary 

a y ~ t e m  water cheaiistry condlLiuns i n  the N. S. SAVANNAH a r e  indicated.  

'3~hippingport Operations from Start-Up t o  F i r s t  Refueling - 
December 1957 t o  October.1959. 

14J. D. Etchenberg, - e t  -* a L  7 I r r ad i a t i on  of UO2 h e 1  Rods--The X-1-L 
Experiment, WAPD-208 ( ~ p r i l  1960), p. 16. 

15~.  J. Biefer, - e t  -. a1 ) Hydrogen Pick-Up i n  Zirconium Alloys, A 
Review of Data up t o  June 1, 1959, ~ ~ e t - 8 4 9 ,  pp. 23-25. 
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3. Fission-product a c t i v i t y  i n  the  crud r e su l t i ng  from f i s s ion ing  

of uranium contained i n  Zircaloy as a contaminant, while measurable, i s  

s u f f i c i e n t l y  low so as not t o  represent  a problem. 

Therefore, it may be concluded t h a t  changing the  mate r ia l  of con- 

s , t ruction of the  f u e l  element container i n  the  N. S. SAVANNAH from 304 
I 

s t a i n l e s s  s t e e l  t o  ~ i r c a l o y - 4  w i l l  necess i t a te  no changes i n  the  design 

of the primary coolant system f o r  Core I and w i l l ,  i n  f a c t ,  reduce some- 

what the  p r inc ipa l  source of long-lived crud a c t i v i t y .  
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