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ABSTRACT 
I ,  : ,) 

This handb'hhk desc'ribes the 'materials properties-cor;elations and coinputer subcodes 
(MATPRO-Version 10) developed for use with various LWR fuel rod. behavior analytical 
programs at  the Idaho National Engineering Laboratory. Formulations of fuel rod material 
properties, which are generally semiempirical in nature, are presented for uranium dioxide 
and mixed uranium-plutonium dioxide fuel, zircaloy cladding, and fill gas mixtures. 
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MATPRO-VERSION 10 

A HANDBOOK OF MATERIALS PROPERTIES 

FOR USE IN THE ANALYSIS OF LIGHT WATER REACTOR FUEL ROD BEHAVIOR . 

I. INTRODUCTION 

Understanding .the performance of light water reactor (LWR.). fuel under accident , 

.conditions is a major objective of the Reactor Safety Research Program being conducted by 
the U.3. Nuclear Regulatory Commission (NRC). An extensive program has been 
defined - centered upon out-of-pile and in-pile experiments and their analyses - with the 

. . goal of verifying analytical models. These models are designed .to predict fuel transient 
performance during a wide range of accihent types and conditions, and at any time during 
the operating life of a fuel rod. 

These models are based on the materials properties correlations which define the 
physical condition of LWR fuel and cladding under changing thermal, nuclear, and physical 
load conditions. The NRC and the nuclear industry have accumulated a large amount of 
data on these properties. This handbook describes the materials properties correlations and 
computer subcodes developed for use with various LWR fuel rod behavior analytical models 
at the Idaho National Engineering Laboratory (INEL).. 



11. DESCRIPTION OF MATPRO 

T!lis handbook is a computer library of 39 subcodes dealing with uranium dioxide and 
mixed uranium-plutonium dioxide fuel, zircaloy cladding, gas mixture, and LWR fuel rod 
material properties. Each property is programmed in MATPRO as a separate unit, either as a 
function or as a subroutine, so that individual correlations may be altered without changes 
being made elsewhere in the program. This modular format is consisteriFwith the structure 
of other INE'L light wa.ter'reactor safety analysis programs. 

The previously published version of this handbook, MATPRO 09[ has been 
improved. Five new models have been added; nine models have been cornplelely rewrilleri 
to  incorporate the effects of new experimental dara and to  more accurately describe an 
effect, and the remaining 25 descriptions have been somewhat rewritten without change in 
their basic correlations to  obtain a more uniform format and t o  incorporate S1 units 
whenever Table I lists the specific materials properties documented in 
MATPRO 10. New models and models from MATPRO 09 which have been completely 
rewritten are denoted by footnotes. Appendix A contains the uranlum dioxide and mixed 
uranium-plutonium dioxide fuel material properties correlations and subcodes. Appendix B 
describes the zircaloy cladding thermal and mechanical material properties subcodes; 
Appendix C presents the gas LWR fuel rod material properties subcodes; and Appendix D 
presents various supporting material including a description of the linear interpolation 
routine (POLATE) used'by a number of the subcodes described in Appendixes A and B, a 
list of the basic SI units and derived units used in MATPRO, and a list of the MATPRO ' ' 
argu~rler~ls by subcude. 

Appendixes A, B, and C contain separate sections tor each matenal property listed'in' 
Table I. In each section, the results of a review and evaluation of the data in the literature 
are presented;'the development o i  a mathematical model based upon theory and expenment 
is documented; a FO.RTRAN subcode and comparisons of predictions using that subcode 
with data are. presented; and the limitations of the model are explained. References are 
provided for each.subcode.. The name of the author of each section is listed in each subcode 
listing. 

The subcodes generally are functions rather than subroutines. Considerable effort has 
been expended to.ensure a consistent format for these'subcodes and that input and output 
variables are clearly identified with their proper units given. The FORTRAN names of these 
variables has been standardized t o  aid the reader. 

Many of the subcodes have been assigned a local index, designated by the acronym 
LOCIDX, which has a unique value for each subcode. When the MATPRO subroutine is used 
in conjunction with a fuel rod analysis code such as F R A P - S ~ ~ ~  or FRAP-T[']. This index 
is used as an identifier allowing specific material property subcodes t o  be replaced with 
alternative codes specified by the user. 



TABLE I 

PROPERTIES INCLUDED' I N  MATPRO 

Fuel M a t e r i a l  P r o p e r t i e s  (Appendix A) 

1 . Speci f i c  Heat Capaci ty  

2. Thermal C o n d u c t i v i t y  [ b l  

3. E m i s s i v i t y  

4. Thermal Expansion 

5. E l a s t i c  Modulus 

6. . Po isson 's  R a t i o  

7. . C r e e ~  Rate 

8. F rac tu re  S t reng th  [ b l  

9. swe l l  ingCbl and o f  Swel l  i n g  
and D e n s i f i c a t i o n  E f f e c t s  

10. . R e s t r u c t u r i n g  

11. D e n s i f i c a t i o n  [ b l  

12. F i s s i o n  Gas Release 

13. Cesium and I o d i n e  Release [ c l  

~l add'i ng M a t e r i a l s  P r o p e r t i e s  (Appendix B) 

1. S p e c i f i c  Heat Capaci ty  and t h e  E f f e c t  
o f  Hydr ide  S o l u t i o n  on C ladd ing  S p e c i f i c  
Heat 

2 .  Thermal Conduc t i v i  t v  

3 .  Surface Emi s s i  v i  ty  ['61 
Oxide Thermal C o n d u c t i v i t y  

Ax i  a1 Thermal Expansion 

D iamet ra l  Thermal Expansion 

E l a s t i c  Modulus 

S t ress  versus S t r a i n  

S t r a i n  versus S t ress  

Cladding Mechanical L i m i t s  [ b l  
C ladding S t r a i n  a t  Rupture and Cladding 
Local  S t r a i n s  a t  ~ u ~ t u r e [ c ]  

Creep Rate [bl 

Subcode 

FCP 

FTHCON 

FEMISS 

FTHEXP 

FELMOD 

FPOIR 

FCREEP 

FFRACS 

FSIJELL , CONECT 

FRESTR 

FUDENS 

FGASRL 

CES.IOD 

CCP, CHSCP 

CTHCON' 

ZOEMIS . 

ZOTCON 

CATHEX 

CDTHEX 

CELMOD 

CSTRES, CSIGMA 

CSTRAN 

CMLIMT, CSRUPT 
CLOCKP 

CCRPR 

CPOIR Poisson 's  R a t l o  



. 
A TABLE -. I - (cont inued)  . - - - . - - . . -. - 

) 5ubcode 

13. C.ycl ic Fa t i gue  [ c l  CFATIG 

14. Meyer Hardness CMHARD 

15. A x i a l  Growth CAGROW 
[ b l  16. Low . and ~ i ~ h " '  Temperature Ox ida t i on  CORROS, CHITOX 

17. Hydrogen Uptake [ b l  CHUPTK 

Gas and ~ u ' e l  " ~ o d  Ma t e r i  a1 P r o p e r t i e s  (.Appendix C) 

1 . Gas ~ h e r ~ i i a l  ,Cond~rr.t i  v i  t y  

.2. Gas V i s c o s i t y  

,3. phys.ical P r o p e r t i e s  

GTHT,T)N 

G V I S C O  

: . . PHYP.RO 

[a*] Models w i t h o u t  s u p e r s c r i p t  have been somewhat r e w r i t t e n ,  -but t h e  
c o r r e l a t i o n s  and thus  subcodes ,are i d e n t i c a l  t o  those i n  'MATPRO-09. 

[b ]  Model was con ta ined  i n  MATPRO-09 b u t  has been s u b s t a n t i a l l y  changed. 
.Computer program d i f f e r s  from t h a t  i n  MATPRO-09. 

[ c ]  Model i s  comple te ly  new and n o t  con ta ined  i n  MATPRO-09. 



111. FUTURE VERSIONS OF MATPRO ' 

In order to describe the behavior of LWR fuel rods, the properties of the materials 
used 'to fabricate the fuel rods must be known for the entire life of the fuel rods. 
Anisotropic effects and the effects of irradiation and 'dissolved oxygen during operation or 
during the course of an accident have in many cases not yet been modeled. Provisions have 
been made in some of the material subcodes for adding these effects. 

Experimental and theoretical investigations of material properties are underway at a 
number of laboratories in many countries. As new information becomes available, the 
correlations describing those material properties will be improved in MATPRO, and revisions 
will be issued. 
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APPENDIX A 

FUEL MATERIAL PROPERTIES 

Thirteen materials properties of light water reactor f~iel  have been modeled fur 
inclusion in MATPRO-Version 10. The approaches range from: (a) a least-squares fit to 
available data using a polynomial or other function having little or no theoretical basis to (b) 
a semiempirical correlation employing an analytical expression suggested by theory with 
constants determined by comparison with data. The intent of' current and future work is to  
take the second approach whenever possible. 

0 

Each material property description includes a listing of a FORTRAN subcode which 
may be used to  calculate the value of the property for various input conditions. All 13 
MATPRO fuel subcodes have temperature as an argument. In addition many are functions 
of bumup, plutonia content, density, time, and bther variables. A complete list of the input 
and output variables for each routine is given in Table D-1.1 of Appendix D in this 
document. 

' 

Several of the subcodes call a physical properties subcode (PHYPRO, Appendix C, 
Section 3 )  to  get fuel melting temperatures and heats of fusion. These and other commonly 
used material parameters have been placed in this separate subroutine which can be called 
by any of the subcodes so that as changes become necessary, updating may be done in only 
one place rather than individually in many separate subcodes. . 

Also included in Appendix A is a subcode to integrate the fuel swelling and 
densification functions. This subcode is included in the fuel swelling description. 

1. FUEL SPECIFIC HEAT CAPACITY .(FCP) 

The specific heat capacity of nuclear fuel is needed for temperature calculations in 
time-dependent, fuel behavior problems. Enthalpy data, from which t h e  heat capacity 
correlations are taken, are employed in stored energy calculations. The subcode FCP 
presents correlations for the specific heat capacity of U02  and of (U,Pu)02 . . fuel: The 
correlations are shown in Figure A-1 .l ., 

1.1 U 0 2  Specific Heat Capacity 

Kemsk grid  lifto on[^-'.^ have fit unirradiated U 0 2  enthalpy data from five 
different investigators, covering the temperature range of 298 to  3 100 K, to  one equation 
and differentiated to  obtain the specific heat capacity over that temperature range. The 
uncertainty of their enthalpy data, for a 95% confidence level, was reported to be less 
than 1%. The uncertainty of their heat capacity relation was reported to  range from 2 to  6% 



. . .. , 
betwken 500 and 3000 K. Thq Bureau of ~ i i e s  ~ u l l e t i n  # 6 0 5 [ ~ - ~ . ~ 1  'also provides a '  
specific heat  cipacity relationship for thd temperature range 2 9 8 ,  to  1500 K. ThiaC: 
relitionship agrees very well with that ' o f ~ e r r i s k  and .Clifton, 'suggesting that the specifik 

. . . . , .. . 
heat capacity of unirradiated U 0 2  is adequately characterized. 

. . .  . . . . 

Kerrisk and Clifton's correlation is used in FCP for the specific heat capacity .of the 
solid phase and extrapolated from 3 100 K to  the melting temperature. The specific heat 
capacity for t h e  liquid phase 'is based on the data of Leiboyiti & t  il[A-1.-31' . . (3 173 t q ,  

. .  , 
. , , 3 : .  

3523 K). The U07correlations - usedin FCP are ai f@ll<ws! . , . . . , . .  
.: . . 



FCP 

U02 Solid Phase: 

C p  = 15.496 K 3 E ~  
2 + 2 KZT + -T- exp (-ED/RT) (A-1.1) 

R T I 
where 

Cp = specific heat capacity '(J/kg-K) 

K1 = 19.145 (J/mol.K) 

K2 = 7.8473 x 1 o4 ( ~ / m o l : ~ ~ )  

K3 = 5.6437 x 1 o6 (J/mol) 

8 = 535.285 (K) 

ED = 1.577 x 10' (J/mol) 

T = temperature (K) 

R = 8.3 14 (J1mol.K). 

U02 Liquid Phase: . 

C, = 502.95 J/kg.K. (A- 1 .2) 

No specific heat capacity measurements are available for irradiated fuel but Bleiberg et 
al[A-1.41 have suggested that irradiation will not directly affect U02 specific heat capacity. 

1.2 (U,Pu)03 Specific Heat Capacity 

R. L. Gibby et a1 [A-1 ' 1  correlated enthalpy data from Ogard and ~ e a r y [ ~ - '  6 1  and 
Leibowitr et al[A-1.71 for 20 wt% Pu02 fuel and from Gibby [A-1.81 for solid 25 wt% 
Pu02 mixed oxide fuel. However, they restricted their correlation to samples with 
oxygen-metal ratios of 1.97 and 1.98 because the enthalpy of the mixed oxide was observed 
to be a function of stoichiometry above 1300 K, and oxygen-to-metal ratios of 1.97 to  1.98 
are characteristic of commercial mixed oxide fuels. These data were fitted over the 
temperature range 298 to  3000 K to  the theoretical equation proposed by Karsisk and 
 lifto on[*".^] for U02. The equation was then differentiated to  obtain the specific heat 
capacity as a function of temperature for the solid phase. 

The one-standard deviation uncertainty in specific heat capacity was reported to range 
from 2 to 14% for temperatures from 500 to 3000 K, respectively. This uncertainty in 



Temperature ( K )  INEL-A-8097 

Fig. A-1.2 Compaiison of calculated and experimental enthdpy vnlucs from Lcibowitz,et 91 and Gibby 

specific heat capacity corresponds t o  uncertainties in enthalpy of 0.6 t o  1.5%. The enthalpy 
. relation for mixed oxides [ the integral of Equation (A-1 . l  ) with use of the mixed oxide 

constants] is compared in Figure A-1.2 with the enthalpy data for mixed oxides from 
T-eibowitz, e.t a1 [A-1.71 and Gibby [A-1.81 
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Leibowitz et allA-' also d a l e r ~ ~ ~ i ~ ~ r d  a value u l  155 J/1nuI.K for the specific hcat 
capacity of liquid mixed oxide (as compared with 136 J1mol.K for U02). The 12% differ- 
ence between the specific heats of liquid U02  and liquid (U,Pu)02, is relatively small and 
suggests. that until more data become available, the U0, value can be used for the heat 

.a 

capacity of liquid (U,Pu)02 mixtures. Similar values are theoretically expected for 1 

(U,Pu)02 and U02  liquid specific heat capacities because of the similarity in structure and 
atomic bonding. 

The (U,Pu)02 correlations employed in FCP, depicted in Figure A-1 . l ,  and coded in 
Table A-1 .I are . 

(U,Pu)02 Solid Phase: 

f 

Equation (A.,l.  1 ), with 

(U,Pu)02 Liquid Phase : 

Fuel Specific Heat Capacity Subcode FCP Listing 

A listing of the FORTRAN subcode FCP is presented in Tahle A-1 .I. 
, 
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TABLE A-1 .1  

L I S T I N G  OF THE FCP SUBCODE 

FUNCTION F C P ( F T E f l P # F A C M O T I  

FCP CALCULATES FUEL HEAT CAPACITY FOR S O L I D  AND L I O U I O  PWASES 
A  FUNCTION OF TEMPERATURE AND L I Q U I D  FRACTION. 

F C P  = .  OIJTPl.lT FUEL HEAT C A P A C I T Y  ( J I K 6 - K t  

FTEMP = I N P b  FUEL TEMPERATURE I K I  
FACMOT = INPUT FUEL FRACTION MOLTEN ( U N I T L E S S ]  

FACPOT = 1 - FUEL A L L  MOLTCN 
FACP:GT 0  - FUEL ALL S O L I D  

THE HEAT CAPACITY R E L A T I O N S H I P S  USED FOR UO2 I N  T H I S  F U N C T I O N  
ARE 1 1 )  S O L I D  I S  BASkD ON DATA OF KERRISK E l  AL 1 2 9 8 K  TO 3 1 0 0 K  

NUC.TECH.VOL16 (DEC 1 9 7 2 )  
1 2 )  MOLTEN I S  BASED ON THE DATA OF L E I B O W I T Z  ET AL ( 3 1 7 3 - 3 5 2 3 K  

J e  NUC. MAT. 3 9  1 1 9 7 1 1  
THE HEAT CAPACITY R E L A T I O N S H I P  USED FOR M I X E D  OXIDES I N  T H I S  
SUBROUTINE I S  BASED UPON G I B B Y  E l  AL ( 2 9 8  TO 3 0 0 0  K l r  J. NUC. 

flAT. 5 0  ( 1 9 7 4 1  P  1 5 5  

FCP UAS O R I G I N A L L Y  CODED-FOR U 0 2  BY V.F. BASTON I N  ' Y A R C H  1 9 7 4 .  
FCP WAS f l O D I F I E D  BY C. S .  OLSEN I N  JANUARY 1 9 7 5 .  
LAST M O D I F I E D  BY B.U. BURNHAfl JUNE 1 9 7 5  

COMMON /PHYPRO / F T M E L T # F H E F U S # C T M E L T # C H E F U S P C T Q A Y B *  
# CTRANE#CTRANZ#FDELTA#BU #CONP 

C Cii i id~ / LACEMDL / MAXIOX, EMFLAG 
D I M E N S I O N  E M F L A G I l )  
D b T n  0 N I ZHON / #  

1 OF r t 3 1 1 o r r  /, 
2 L O C I C x  I e I 

DATA U K 1 # U K 2 r U K 3 # U K 4 # b K 5 / 1 9 . 1 4 5 , 5 3 5 . 2 B 5 # 7 ~ 8 4 7 3 E - 4 ~ 5 ~ 6 4 3 7 ~ 0 6 ~  
X 3 . 7 6 9 4 6 E G 4 l  

DATA P K 1 ~ P K 2 r P K 3 ~ P K 4 ~ P K S / 1 9 ~ 5 3 ~ 5 3 9 ~ O # 9 ~ 2 5 E - O 4 ~ b ~ O Z ~ O 6 ~ 4 ~ l E ~ 4 ~  
FHCAPIAPBPCBDIEBT) = A * B * * 2 *  E X P l B / T l /  I T * * 2 * l E X P l B l T I  - 1 . 0 ) * *  

# 2.*C*T + D*E*  E X P l - E / l 1 . 9 8 7 * T ) ) / ( 1 . 9 B 7 * T *  
T I  s F T F M P  
~ ; ~ ~ c f i o i " .  
C ' l  - C 0 M P ~ 1 0 0 . 0  

IF (  E M F L A G ~ L O C I D X I  .€a.  ON ' I  GO T O  2 0  

I F  (11 .LT. ITM-1 .E-10) )  GO TO 1 0  

f: I l : ? : k t ! - t ? R A t b I ~ ~ I t  ~ * 8 . l o ~ n T l o  
.LF. ( T M t F D F I  T A I !  6fl Tf l  10 

1 0  I F  ICOMP .LE. 0.01 FCP = ~ ~ . ~ ~ ~ * F H C A P I U K ~ ~ U K ~ , U K ~ P U K ~ ~ U K ~ ~ T ~ )  
I F  ICOMP .GT. C.0) FCP ~ ~ ~ ~ ~ ~ * F H C A P I P K ~ ~ P K Z I P K ~ ~ P K ~ P P K ~ ~ T ~ I  
G O  TO 1.00 

3 0  I F  (C0fl.P + L [  * Q e Q )  FCP = 1 5 . 4 9 6 * (  ( 1 . - R l * F H C A P ( I l K l  i l l K 7 e I l K 1 e I I K C 1  
e + R * ( J ? e 4 5 7 1  

I 6  l c u n v  . b l .  a .o ,  F C P  ~ ~ . S O ~ * I ( ~ . - R ) * F H C A P ~ ~ ~ ! # P K ~ # P K ~ # P K ~ #  
# T f l l  + R * ( 3 2 . 4 5 7 )  

GO TO 1 0 0  
5 0  F C P = 3 2 . 4 5 7 * 1 5 . 4 9 6  

GO TO 1 0 0  
2 0  FCP EMFCPI FTEMP #FACMOT #FTMELT 1 

100 RETURN 
ENC 

FCP 0 0 1 0  
FCP 0 0 2 0  
FCP 0 0 3 0  

AS FCP 0 0 4 0  
FCP 0 0 5 0  
FCP 0 0 6 0  
fCP O O T O  
FCP 0 0 8 0  
FCP 0 0 9 0  
FCP 0 1 0 0  
FCP 0 1 1 0  
FCP 0 1 2 0  
FCP 0 1 3 0  
FCP 0 1 4 0  

I F  P  0 1 5 0  
FEP 0 1 6 0  

1, FCP 0 1 7 0  
PCP 0 1 8 0  
F  P  0 1 9 0  
FEP 0 2 0 0  
FCP 0 2 1 0  
P C P  ozro 
FCP 0 2 3 0  
FCP 0 2 4 0  
FCP 0 2 5 0  
FCP 0 2 6 0  
FCP 0 2 7 0  
FCP 0 2 8 0  
FCP 0 2 9 0  
FCP 0 3 0 0  
FCP 0 3 1 0  
FCP 0 3 2 0  
FCP 0 3 3 0  
FCP 0 3 4 0  
F Z P  0 5 5 6  
FCP 0 3 6 0  
FCP 0 3 7 0  

2 )  +FCP 0 4 1 0  
T I  FCP 0 4 2 0  

FCP 0 4 3 0  
FCP 0 4 4 0  
FCP 0 4 5 0  
FCP 0 4 6 0  
FCP 0 4 7 0  

FFEPp 844!8 
F P  0 5 0 0  
FEP 0 5 1 0  
FCP O5PO 
FCP 0 5 3 0  
FCP 4540 
F  P 0 5 5 0  

I IK~~ ,F$P 1 F C P  0 5 7 n  0 5 6 0  

PK5,FCP 0 5 8 0  
) FCP 0 5 9 0  

FCP 0 6 0 0  
FCP 0 6 1 0  
FCP 0 6 2 0  
FCP 0 6 3 0  
FCP 0 6 4 0  
FCP 0 6 5 0  

A-1.5. R. L. Gibby et al, "Analytical Expressions for Enthalpy and ~ e , a t  Capacity for 
Uranium-Plu tonium Oxide," Journal of Nuclear Materials, 50 ( 1  974) p 1 5 5. 

A-1.6. A. E. Ogard and J .  A. Leary, in Thermodynamics o f  Nuclear Materials, IAEA, 
Vienna ( 1  968) p 65 1 .  
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A-1.7. L. ~e ibowi tz ,  D. F. Fischer, M. G. Chasanov, "Enthalpy of Uranium-Plutoniuni 
Oxides (Uo 8 Pu0.2)01 .97 from 2,350 to,3,000°K," ~ o u r n a l  o fNuclear~ater ia ls ,  4 2  
(1972) p 113. 

A-1.8. R. L. Gibby, Enthalpy and Heat Capacity o f  UO, 75 Pu0,25 02,.5 ( 2 5 - 1 , 4 9 0 ~ ~ ) .  
HEDL-TME 73- 19, (January 1973). 

A-1.9, L. Leibowitz, D. F. Fischer, M. G. Chasanov, Enthalpy o f  Molten Uranium- 
Plutonium Oxides, ANL-8042, (February 1974). 

In this section a correlation is presented for the thermal conductivity of U02 and 
(U,Pu)03 fuels based on the pooled data from ten sources in the former case and six sources 
in the latter. The uncertainty in these correlations is also evaluated. 

2.1 Summary 

The thermal conductivity of unirradiated U02  and (U,Pu)02 is well documented, 
especially in the temperature range below 1 4 0 0 ~ ~ .  The correlations used to fit the data are: 

for O°C < T < 1 650°C: 

for 1650°C < T < 2840 '~ :  

where 

k = thermal conductivity in (~ .c rn - ' .K-~ l )  ' 

D = fraction of theoretical density 

P = porosity correction factor 

T = temperature (OC). 

The value;of the constants K1 through Kg are given in Table A-2.1 for U 0 2  and (U,Pu)02. . 
For mixed oxide fuel the break between the low and high temperature regions is taken at 
1550°C rather than at 1 650°C. 
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TABLE A - 2 . 1  

VALUES OF THE CONSTANTS USED I N  EQUATION ( A - 2 . 1  ) FOR UOp AND 
FOR ( U  ,Pu)02 THERMAL CONDUCTIVITY 

The thcrmal conductivity of U02  give11 by Equalions (A-2.laj and (A-2.1 b j  is 
compared with the available experimental data (normalized to  95% theoretical density) in 
Figure A-2.1. The mixed oxide results (normalized to  96% theoretical density) calculated 

0.10 I I I I I I I 
X 

3 Goldsmith and Douglas e Christensen et ol 
O Lyons et 01 

O 0 0 0  C O  

Standard 
Deviation 

0.006 w-call(' 

(shown) 

o 1 I I I I .  I I I J 
0 500 1000 1500 2000 2500 3000 3500 4000 

Temperature ("C) . , . ANC-A-5925 

Fig. A-2.1 Comparison of measured and predicted values of the thermal conductivity of U02 for materials corrected to 
95% TD and standard deviation of data from theoretical curve. 

using the same equations but with a different porosity correction factor are shown in 
Figure A-2.2. Computer-generated curves, without the obscuring data points, are presented 
in Figure A-2.3 showing the U 0 2  and (U,Pu)02 curves.on a single graph for comparison. 
The one-standard deviation uncertainties are virtually independent of temperature and are 
of the magnitude: 

OK 
= 3.5 x w-crn-' OK'! f o r  U02 
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OK = 4 x lo-3 ~ * c r n “ * ~ - ~  f o r  ( u , P u ) o ~ .  

More precisely, the uncertainty for U02 below 1650°C is 3.6 x WW.cm-l .hl and 
above 1 650°C! is 3.0 x W-CIII-' -K-' if the available data points are weighted equally. 
The uncertainty for mixed oxides is given with only one significant figure due to  a smaller 
data base, a variation of plutonia contents wit l l i~~ t l ~ e  data basc and a lack of data for 
temperatures above 2000°C. 

Gibby 20% Pu02 

A Gibby 25% Pu02 

j# Gibby 25% Pu02 

f Gibby 5 %  Pu02 

)( Gibby 12% Pu02 

2 Goldsmith and Douglas 15.9% Pu02 

Goldsmith and Douglas 22 5 % Plr O2 

- Goldsmith and Douglas 30.0% Pu02 

fl Schmidt 20% Pu02 

0 
0 400 800 1200 1600 2 W O  2400 2800 

Temperature (t ) ANC-A-5924 

Fig. A-2.2 Comparison of measured and predicted values of the thermal conductivity of (U,Pu)02 for materials corrected 
to 96% TD and standard deviation of data from the theoretical curve. 

The integral of the U02 thermal conductivity between O°C and the melting point 
(2840'~) was analytically determined. Assuming that the electronic contribution, K3 exp 
(K4 T), has the value 2 x W-cm-' -K-' at 1 500°C, a least squares value of 97 w-crn-' is 
obtained for the integral of k from OOC to  the melting point. 

2.2 Survey of Available Data 

- 31 are presented in Figure A-2.1. The data of The available UO2 data- 
~ e d ~ e [ ~ - ~ - ~  1 , Kingery [A-2-21 , Feith (unpublished), ~ e i s w i ~ [ ~ - ~ .  ' ' 1 and Lyons [A-2.101 
were not used in the present analysis. Hedge and Kingery used samples having densities 



Fig. A-2.3 Calculated curves showing comparison between U02 and (U,Pu)02 thermal conductivity. 

10 1 I J -. I 1 1 

between 70 and 75% TD - far below those used in commercial fuel. Feith and Reiswig 
employed a radial heat flow method in which the electrically heated centerline wire was not 
insulated from the oxide sample, so that Joule heating of the oxide could result and indicate 
anomalously high conductivity. The data of Lyon et a1 were derived from observation of 
postirradiation grain growth and restructuring, a less reliable method than that used by 
other investigators. The remaining 476 data points were fit to  an e uation including a 
temperaturedependent, modified Loeb porosity correction [A-2.4, A-2.18, A-2.151. 
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The thermal conduct~vity of mixed oxides as a function of temperature has  been 
measured to determine the effect of plutonia content [A-2-16. A-2.18] and the effect of 
porosity[A-2.4] . However, the only high temperature data (T > 1650°C) available for 
stoichiometric mixed (U,Pu)02 is that of Hetzler et al[A-2.5], V. Craeynest et a1 [A-2.191 , 
and ~ c h m i d t [ ~ - ~ . ~ ~ ]  . All these had a 20% plutonia content. Only ten points are available in 
this ternperaturc range, with the maximum temperature from these sources being 2000°C. 
Due to this scarcity of data, the high temperature fit for the mixed oxides must be 
considered an interirn curve pending the publication of additional data. 

The causes of thc data scatter seen in Figures A-2.1 and A-2.2 include pellet cracking, 
relocation, irradiation, and differences in oxygen to  metal ratios. In fuel rods having a gap 
width greater than about one percent of the diameter, cracking and bulk relocation of the 
oxide may occur and result in apparent conductivities different from those shown in 
Figure A-2.1. Stoichiumetry also affects the thermal conductivity. Most data indicate an 
e n h a n c e m e n t  [A-2.99 A-2.21; A-2.22] for hypostoichiometric samples and a 
degradation[A-2.23, for hyp~rstoichiometric samples. 

2.3 Analytical Model 

Expressions are derived in this section for the thermal conductivity of U02 and of 
mixed oxide fuels. An "inverse" function (temperatureas a function of R d T )  is also derived 
for both types of fuel. 

2 . 3 . 1  Thermal Conductivity Expressions. Expressions having the ' form of 
Equations (A-2.1 a) and (A-2.lb) are employed for both U02  and (U,Pu)02. The optimum 
value of the integral of k with respect t o  temperature between OOC and the U 0 2  melting 
point is also determined under certain simplifying assumptions. 

(1) U 0 2  Fuel. The constantsK] and K2 in Equation (A-2.la) which yicld the 

smallest standard'deviation with respect t o  the data are 40.4 and 464 respectively. To obtain 
agreement between the high (T > 1 650°c) and low (T < 1650°C) temperature portions of 

1 the curve, K5 must then have a value of 0.0191 W.CIII- .K-*. Only K3 and K4 then remain 
t o  be evaluated. However, K3 and K4 do have some effect on the low temperature curve, 
especially above 5 0 0 ' ~ .  Therefore, the choice of these constants must not disturb the 
previously found good fit for T < 1650°c and must also give a good fit for 1 6 5 0 ' ~  < T 
< 2840'~.  K3 and K4 may be evaluated by integrating ~ ~ u a t i o n s  (A-2.la) and (A-2.lb) 
from O°C to  the melting point, Tm, by assuming a value for this integral and solving the 
resulting equation numerically. An outline of this procedure is 

+ 1 K3 exp K4 T 
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or 

K .- 
3 .  - [ e x p  (K4 2840) - 11 = I N T -  83.99.  

K4 

Even knowing the value of INT, Equation (A-2.3b) alone is not sufficient to s6lve. for 
K3 and K4. The necessary second equation is obtained from the observation that for 
T < 1650°c, the data show no significant deviation from the hyperbolic part of 
Fql~ntion (A-2.1 a) [K1 (K2 + T)-'1 . Sintic tlleac duto arc accurate to 2 5% at 1 5 0 O n ~ ,  the 
electronic contribution (ke) to the thermal conductivity is < 0.002 w.crn-l K-I. If 
ke < 0.002 w.cn~-' -K-I at 1 500°c, then the fit for T < 1 6 5 0 ~ ~  is disturbed, as shown in 
Figure A-2.4. This hcing inadmissable, 0.002 W-cm-I K-' ib chosen for ke at 1 5 0 0 ~ ~ ,  and 
another erl~~ation in K3 and Kg is obtained: 

0.002 W-cm -1 K-l 
= K3 exp ( K 4  1500) .  (A-2.4) 

Temperoture ("C ~ ~ c - ~ - 5 9 2 2  

Fig. A-2.4 The effect of varying the assumed values for the electronic contribution, ke, on the calculated thermal 
conductivity of 95% TB UOp with lkdT = 96. 



The exponential term in Equations (A-2.1) and.(A-2.3) has been used in preference to 
other forms because i t '  is of the same general form as the theoretical equation for the - 
temperature dependence of the density of conduction band electrons, and the contribution 
to  K from these electrons should become important at high temperatures. 

The consequences of employing Equaliv~ls (A-2.1 ), (A-2.3), and (A-2.4) for different 
values of /kdT are shown in Figures A-2.5 and A-2.6. Figure A-2.5 shows the sensitivity of 
k(T) under the above assumptions for values of the integral ranging Iivln 93 to 98 ~ . c m - ' .  
Figure A-2.6 indicates the standard deviation of such curves with respect to the 
experimental data shown in Figure A-2.1 for temperalur~s greater than 165U°C. The value 
of INT giving the smallest standard deviation is: 

0 
0 5 00 1000 1500 2000 2500 3000 

Temperature (OC ANC-A-5923 

Tm 
Fig. A-2.5 The effect o f  varying the assumed value for J kdT on the calculated thermal conductivity of 95% TD UO2 

GO with ke held constant at 0 .002  ~ e c m - '  .K-'. 
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2840°C ANC-A-5921 

,,, 
, . - . - [ k d ~  ( W - ~ G ' )  

oec . . 

Fig. A-2.6 The standard dcviation of  the calculated U 0 2  thermal conductivity from the data base as a function of  the 
ass~lmed v a l ~ ~ e  of the conductivity integral. 

The values of K j  and K4 resulting from different assumed values of the .. conductivity - .  

integral of the electronic contribution are shown in  able(^-2.11). . . .. 

, (2) (U,Pu)O? Fuel. Equations of the same form as Equations . . (A-2.la) and 

(A-2.1 b) can be employed to  fit the data base for mixed oxides: The hyperbolic temperature 
- 
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T A B L E  A-2.1'1 ' 

THE EFFECT OF DIFFERENT ASSUMPTIONS ON 
THE CALCULATED VALUES OF K3 A N D  K4 IN EQUATION (A-2.1 ) FOR U02 

- . -- 

dependence of k shown in Equation (A-2.6a) was reported to be valid to  at  least 1 200°C by 
all the investigators except by Craeynest [A-2.191 who reported an upper limit of 1000°C 
on Equation (A-2.6a). The thermal conductivity for mixed oxides can then be represented 
by Equations (A-2.6a) and (A-2.6b) for 96% TD using the Euken-Maxwell porosity 
correction factor: 

for O°C < T < 1550 '~:  

for 1 550°c < T < 2840 '~ :  



where 

T . = ' temperature(O~1) 

D = thc'fraction of the.tlieoretica1 density. 

The experimental data, normalized to 96% TD and using the Eucken-Maxwell relation is 
compared with Equations (A-2.6a) and (A-2.6h) in Fi Ire A-2.2. The data are from six 
soi~rces 1 [A-2.5, A-2.17, A-2.1 8, A-2.25, A-2.26 and A-2. 71 , a total of 234 
points:The standard deviation of the data from the curve, ,estimated on th'e basis of the 
number of points which should lie beyond one standard deviation on the graph, was 
0.'004 ~ . c m - l . ~ - l .  This is given to  only one significant figure because of the widely varying 
plutonia contents in the data base and the scarcity of higher temperature data. 

2.3.2 Inverse Fbnctiorls. "Tnverse functions" giving temperature T as a function of. 
JkdT (evaluated between OOC and T)  are presented here due t o  their usefulness in some fuel 
rod analysis approaches. 

(1  ) Derivation of Inverse Functions of U02 .  Equations,(AL2.1 a)and. (A-2.1 b) 
. - 

are integrated witli respecl lo terr~perature to obtain the integral of li as a .  function of 
temperature: 
. . I '  . . 

for. OOc < T < 1650 '~:  

.I / kdT = 40.4  i n  (464 + T )  + 6.513 x exp (1 .867 x I O - ~ T )  - 2 4 8 . 1 2 .  

where 
. . 

T = Temperature ('C). 

The inverse of Equations (A-2.7a) and (A-2.7b), where temperature, T,  is expressed as 

a function of 'the conductivity integral I kdT , was obtained by first ignoring the ( :: 1 



electronic contribution expressed by llle exponcntid function and determining telnperaturc 
as an analytical solution o f t h e  integral, and then adding a second order p o l y n o ~ i a l  to 
represent the effect of the electronic contribution. The constants were determined from a 
least-squares regression analysis of calculated integral conductivities from Equation (A-2.7) 
for given temperatures. The result is expressed as follows: 

I 

for O°C < T < 165O0C; 

for 1 6 5 0 ' ~  < T < 2840°C: 

where 

T = Temperature (OC). ' 

. . 

(2) Derivation of Inverse Functions for (U,Pu)02. Proceeding in a manner 

similar to that used for U02, ~ ~ u a t i o ' n s  (A-2.6a) and (A-2.6b) are integrated with respect to  
temperature to obtain Equations (A-2.9a) and (A-2.9b): 

for O°C < T < 1 550°C: 

T / kdT = 3 3 . 0 l n  (375 + T) + 9.006 x lo-' exp ( 1 7 1  x i) - 195.7 

0°C 
(A-2.9a) 

for 1 550°C < T < Tmelting 

f '  k d ~  = (0 .0171)  T + 9.006 x exp (1 .71 x I O - ~ T )  - 27.78: 

The iiverse funcdon + ,  o i  temperature as a functionof the conductirity integral I s T i t d ]  i oOc 
was determined for mixed oxides following the method outlined above. The results are 
expressed in Equations (A-2.10a) and (A-2.1 Ob): 

for OOC < T < 1 5 50°c 

T = 376 exp ( I / 3 3 )  - 396.45 + 1.277 I - 0.041 I 2 



for 1 550°c < T < Tmelting 

T.. = -2629 +',98'.3.3 I - 0.409 I 2 

where 

T = Tempe1;ature (c"). 

The temperatures calculated- frnm these conductivity in tegdo for bulh -U02 and (U,I'u)O2 
are plotted in'Figure A-2.7. 

2.4 Fuel Thermal Conductivity Si~bcode FTHCON Listi~lg 

A listing of the-FORTRAN subcode FTHCON is presented in Table A-2.111. 
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TABLE A--C:_I_II- 

L ISTTNG OF THE FTHCON SUBCODE 

S U B R O U T I N F  F T H C O N ( F T E M P ~ C O N I N P ~ F R A D E N P C O N I : C O N I N T I C O N I N V ~  . 
L 
C  F T H C O N  C A L C U L A T E S  T H E  F U E L  T H E R M A L  C O N D U C T I V I T Y ,  T H E  I Y T E G R A L  O F  
C  T H E  T H E R M A L  C O N D U C T I V I T Y  W I T H  T E M P E R A T U R E  A N 0  T H E  I N V E R S E  O F  T H E  
c CONDUCTIVITY I N T E G R A L  A S  A FUNCTION OF T E ~ P E R A T U R E ,  FRACTIONAL 
C  D E N S I T Y ,  A N D  C O M P O S I T I O N .  

E .  . C O N  = O U T P U T  F U E L  T H E R M A L  C O N D U C T I V I T Y  ( U / M - K l  
C  C O N I N T = O U T P U T  I N T E G R A L  T H E R M A L  C O N D U C T I V I T Y  W I T H  T E M P E R A T U R E  

2 ' 
twin) 

C O N I N V = O U T P U T  T E M P E R A T U R E  A S  T H E  I N V E R S E  O F  T H E  T N T E G R A L  T H E R M A L  
E C n N D I J C T I V l T Y  k I T H  T E M P E R A T U R E  (lo 

. F T E M P  = I N P U T  F U E L  T E M P E R A T U R E  ( K )  
C  C O N I N P - I N P U T  C O N D U C T I V I T Y  I N T E G R A L  ( U l M I  
C  . F R A D E N * I N P U T  F R A C T I O N A L  F U E L  D E N S l T Y  ( R A T I O  O F  A C T U 4 L  D E N S I T Y  T O  
E T H E O R T I C A L  D E N S I T Y ) .  

k F T h C O N  WAS O R I G I N A L L Y  C O D E D  B Y  C.S. O L S E N  F E B  1 9 7 5  
C  L A S T  M G D I F I C D  B Y  G.A. R E Y M A N N  J U L Y  1 9 7 7  
C  

C C H M O N  I P H Y P R O  / F l M E L T , F H E f U S r C T M E L T , C H E F U S # C T R A N B ?  
# C T R A N E , C T R A N Z , F D E L T A , B U  ,COMP 

C 
C  

C  C M R O N  / L A C E M D L  i M A X I D X I  E M F L A G  
D I M E N S I O N  E M F L A G ( l 1  
D A T A  O N  I 2 H O N  I, 

1 O F F  / 3 H O F F  / P  
2  L O C I D X  I 1 2  I 

C  
P O , R Q S l ( D , B ) *  ( l . f O  -. D * ( l . E G  , -  0 ) l I f l r C O  - B + 5 . F - 2 )  
U T C O N l ( T )  = 4 0 . 4 I f 4 6 4 .  i T I  + 1 . 2 1 6 E - 4 *  E X P ( 1 . 8 6 7 E - 3 * T )  
U T C O N Z ( T )  e 0 1 . 9 1  + 1 . 2 1 6 E - 4 *  E X P ( 1 . 8 6 7 E - 3 * T l  
U T I N T l ( T 1  = 4 0 . 4 * A L O G ( 4 6 4 .  i T I  t 6 ; 5 1 3 E - 2 *  E X P f 1 , 1 8 6 7 E - 3 * 1  I - 
I 2 4 t . 1 2  

U T I N T Z ( T I  . 0 1 9 1 * T  + 6 . 5 1 3 E - 2 *  E X P ( 1 . 8 6 7 E - 3 * T )  - 3 2 . 9 3  
U T I N V l ( T )  - 464 .794  E X P ( T l r Q . 4 h  - 4 8 S . l b l  + 1 . 3 4 * T  - 

1 3 . 5 1 E - O 2 * T * T  
U T I N V Z ( T 1  - 2 6 6 9 . 8 2  t 9 1 . 2 2 * T  - . 3 5 5 * T * T  

C  
T H E  T H E R M A L  C O N D U C T I V I T Y  C O R R  L A T I  N F O R  M I X E D  O X T D E S  WAS B A S E D  
U P G N  S T O I C H ~ O M E T R I C  M I X E D  o X I ~ E  D A 8 A  C O N T A I N I N G  5 T O  3 0 r  P U O Z .  C  

L.  11 C O N " =  U T C O N Z ( T 1 1  * P O R O S l ( 0 l r B 1 1  100.0 . C O b I N T  ( U T I N T l ( 1 . 6 5 E 3 )  t, U T I N T 2 ( T 1 1 )  * P O R O S l ( F l r S l I  * ' 100 .0  
C O N I N V  * U T I N V Z ( C O N I h P 1  + 2 . 7 3 1 5 E Z  
GG T O  1 0 0  ,. 
8 1  = 1. 
C O N I N P  
I F  (11 
C O N  P  
C O h I N T  
C O N  NV 
GO f 0  1 

4  3  
C O N I N  

e G T .  1 5  
T C O N l ( T  
= P T I N T  

P T I N V  
0 0 

, ' 

P I ( P O R O S ~ ( D ~ ~ B ~ ~ * ~ O ~ .  
5 0 .  .OR. C O N I N P  .GT. 
1 1  P O R O S 2 I D l ~ B 1 1  
l ( T 1 )  P O R O S 2 ~ 0 1 ~ B 1 1  
1 I C O N I h P )  + 2 . 7 3 1 5 E 2  

C O t i  = P T C O Y Z ( T ~ )  P O R O S Z ( D 1 , B l )  100-.O 
' 

C O N I N T  ( P T I N T l ( l . 5 5 E 3 1  + P T I N T 2 . ( 1 1 ) 1  + ~ P O R O S 2 ( . D l ~ B l )  
C O N I N V  P T I N V Z ( C 0 k I N P )  + 2 7 3 . 1 5 E 0  
GO T O  1 C O  

b 
3 0  A 2  T M L  - 2 7 3 . 1 5  . . 

I F  ( C O M P  .GT. C . 0 1  G U  T O  3 1  
9 1  2 . 4 1 5 3 E 0  

. * 

C O h I N P  = CONINPI~POROS1f9.124E-1,B1)*100~0) 
C O N  U T C O R Z ( A 2 1  * P O R O S l ( 9 . 1 2 4 E - l r B l l *  100.0 
C O h I N V  ( C O N I N P  - 9 ? . 0 E O I I U T C O N 2 ( A 2 1  + T M l  
GO T O  100  



TABLE A-2.  I I I (continued) 

C F  T O N 0 9 1 0  
. 3 1 ~  8 1  = 1 . 4 3  F T O N 0 9 2 0  

CONINP rn C O N I N P I ~ P O R O S ~ ~ ~ . ~ Z ~ E - ~ D B ~ ) * ~ O O . ~ ~  F  T O N 0 9 3 0 .  
CON P T C O N 2 ( A 2 )  * P O R O S 2 f 9 . 1 2 4 E - 1 ~ 8 1 1  1 0 0 . 0  F.TON0940 
CONINT f P T C O N 2 f A L )  I T 1  - A21 t 8 5 . 8 )  P O R O S 2 f . 9 1 2 4 ~ 8 1 )  * 1 0 0 . F T O N 0 9 5 0  
C O N I N V * =  ( C O k I H P  - 8 5 . 8 1 I P T C O N Z f A 2 )  + T H l  FTOt40960 

1 0 0  CONTINUE F T O N 0 9 7 0  
I F f E M F L A G f L O C I D X l  .EQ.ONl CON = E H F T O N ( F T E H P B F R A D E N D F T M E L T )  F  T O N 0 9 8 0  
K t T U R N  
EN C E +8#!902 
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? ' .  . . 

. . . 3. FUEL. EM[SSIVITY. (FEMISS) 

' .This function returns a value for the spectral emissivity of uranium dioxide at a given 
temperature. T h e  only argument of the function is FTEMP, the,fuel temperature at which 
the emissivity is required. 
: .  - .  

3.1 Summary .. ' . . . . 

This version of the FEMISS subcode is a simplification of the previously. used 
representation of the functional dependence of the emissivity on temperature, The fifth 
n r r l~ r  pnlynnmial fit descrihrtd in MATPRO=Version 06[*-~- l  is replaced by a linear 
function in the temperature range 1000 K < T < ZUSU K. Uutside this range, the emissivity 
is assumed'to be independent of temperature. . 

The emissivity is defined as follows: 

where 

. T  = temperature of the fuel (K). 
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' l 'hs representation is justified the basis of a statistical evaluation of the, measured 
values. 

3.2 Experimental Data 

The meas~ire,d valiles of  spectral emissivity using nonpolished U 0 2  specimens obtained 
by  lauds son[^-^.^] as reported by Belle [A-3.31 are shown in Table A-3.1. 

T A B L E  A - 3 .  I 

SPECTRAL E M I S S I V I T Y  OF U02 AS MEASURED BY CLAUDSON [A -3 -31  

E m i s s i v i t y  
( D i m e n s i o n l e s s )  

The one standard deviation uncertainty in Claudson's data is estimated to be about 
10% based on the scatter in the values. 

Ehlert and Margrave reported several values for the spectral emissivity at 650 
nanometers of a polished solid U 0 2  s ~ r f a c e [ ~ - ~ . ~ l  . These results are given in Table A-3.11. 
The reported uncertainty is about 5%. 

The following conclusions based on the data sets above are relevant: 

( 1 )  The accuracy of the data is on the order of 10% 



( 2 )  Spectral emissivity monotonically decreases as temperature 
increases 

(3) Tlie spectral emissivity ot 0.4 In the temperature range 
2073 < T < obtained by Ehlert and Margrave is consistent 
with the Claudson. data. 

TABLE A I 3 . 1 1 .  

SPECTKAL E M l S S I V I T Y  OF UO AS.MEASURED BY EHLERT AND MARGRAVE [ A - 3 . 4 1  
2 

. . 

Temperature ( K )  E m i s s i v i t y  

" W l  t h i n  no more than 100°C 0.416 - + 0.026 
of t h e  me1 t i n g  . ,po in tw  

( %  3000 K )  

3.3 Selection of Emissivity Values 
/ 

The data for Claudson is used in the temperature range from 1000 K t o  approximately 
2000 K. Above 2000 K the mean value of the Ehlert-Margrave data is used, namely 0.408. 
Also, since no data are available below 1000 K, where the spectral emissivity is difficult to 
measure, a constant value consistent with Claudson's data is chosen. 

First, second, and third degree ,polynominals were genenated by least-square fitting 
. *  . , 

Claudson's data. These results are compared with the measured values in Figure A-3.1. The 
calculated standard deviation for.each of the approximations is given in Table A-3.111. 

These standard deviations indicate only how closely the fitting polynominal 
approximates the measured values and do not take into account the error associated with 
each data point. ' Recognizing the 10% error, thedinear fit i s  statistically adequate. Any 
higher order fit attributes unrealistic accuracy to the data set. - 

The equation describing the data is of the form y = a + bT. The ~~~~~~~ed coefficients 
are 

This equation is used in the temperature range 1000 K < T < 2050 K. 
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Linear ------- Ouodrotit - - - Cubic 

Fig. A-3.1 Comparison of fitting polynomials with emissivity data of  Claudson. 

. . T A B L E  A - 3 .  Ill 
- 7  

STANDARD D E V I A T I O N  FOR THE LEAST-SQUARES 
A P P R O X I M A T I O N S  TO C L A U D S O N ' S  DATA . 

D e g r e e  
S t a n d a r d  
D e v i a t i o n  



The lower temperature limit is taken as the lowest temperature at which a me.asured 
value was reported by Claudson. Below 1000 K, the emissivity is assumed t o  be independent 
of temperature. The constant value is the calculated value at 1000 K, namely 0.8707. 

Thc uppcr tcmpcmti.~rc limit was chosen ;ls 2050 K b i ~ ~ u t :  cvalualio~i of Llie lincar 
function a t  that temperature gives a value of 0.4083 for the emissivity, consistent with the 
Ehlert-Margrave high temperaturt: cllrla point as discussed p~cviously. This value, 0.4083, is 
used for temperatures above 2050 K. 

The emissivity is plotted as a function of temperature in Figure A-3.2 over the range 
500 K < T < 2300 K. The importancc of emissivity in fuel rod behavior analysis is to 
spccify the radiant heat transfer coritribulion across the fuel-cladding gap. Typical 
calculated fuel surface temperatures, includiqg those from transient analyses,. fall in the 
range from 800 to  2000 K. 

Temperature (K)  ANC-A-5913 

Fig. A-3.2 FEMISS representation o f  U 0 2  emissivity. 

. . 
Fuel Emissivity Subcode FEMISS Listing -.-- 

A listing of the revised FEMISS subcode is given in Table A-3.IV 
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TABLE A-3. I V  

L I S T I N G  OF THE FEMISS SUBCODE 

C  
r U N C T I O N  F E M I S S ( F T E H P )  

C  
C  F E t l I S S  C A L C U L A T E S  F U E L  E H I S S I V I T Y  A S  A  F U N C T I O N  OF T E M P E R A T U R E .  
C 
C F E P I ~ S = O U T P U T  F b C L  .L~ISSIVITY(UNITLESS R A T I O  OF R A n T A N C F I  
E F T E N P  = I N P U T  F U E L  T E M P E R A T U R E  ( K )  

c" T H E  E M I S S I V I T Y  I S  G I V E N  A S  A  L I N E A R  F U N C T I O N  O F  T E M P E R A T U R E  
C  I h  D E G R E E S  P E L L I N  B E l h E E N  1000 K A N 0  2 0 5 0  K . T H E  C ' I E F F I C I E N T S  
C  W E P E  D E T t R M I h E O  B Y  A  L E A S T  S Q U A R E  F I T  T O  T H E  D A T A  O F  C L A U O S O N  
C  A S  G I V E N  I W  " U R A N I U M  D I O X I D E I  P R O P E R T I E S  A N D  N U C L E A P  
C  A P P L I C A T I O N S j N  J .  B E L L E r  E D . # U S A E C # 1 9 6 l r  P .  197  
5 B E L O W  1000 K A N 0  A B O V t  2 G 5 O ! K  T H E  E H I S S I V I T Y  I S  A S S U M E D  C O N S T A N T .  

. . F E R I S S  WAS . C O O E D  B Y  V . F . B A S T O N  I N  M A R C H  1 9 7 4 .  
S .  L A S T  M O D I F I E C  B Y  k .P .  S T E P H A N Y  F E B  1976. 

I O N  El? 
Oh 
O F F  
L O C  

I L A C  
F L A G (  

E f l D L  I M A X I D i r  E H F L A G  

T =  F T E h P  
I F ( T . L T e T 1  
I F  ( T . G T . 1 2  
F E H I S S  = A  
G O  T O  100 
F E M I S S a E 1  
GI2 T O  100  
F E M I S S - E 2  
G O  T O  100 

F E n I s s  = 
R E  T U R N  
E N D  

E P F E S S  ( F T E M P )  

A-3.3. J .  Belle (ed.), Uranium Dioxide: .Properties and Nuclear Applications, TID-7546, 
U.S. Government Printing Office, Washington, D.C. (1 96 1). 

A-3.4. T.. C. Ehlert and J. L. Margrave, "Melting Point and Spectral Emissivity of Uranium 
Dioxide," Journal of  the American Ceramic Society, 41 (1958) p 330. 

4. FUEL THERMAL EXPENSION (FTHEXP) 

A fuel thermal expansion model is required to predict changes in pellet geometry due 
to  chan'ges in temperature. Linear thermal expansion models have been developed 'for both 
U 0 2  and (U,Pu)02 fuel. The models used in FTHEXP include three regimes: expansion in 
the solid phase, expansion due t o  the phase change at the melting point, and expansion in 
the liquid phase. 
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4.1 UO? Thermal Exvar~sion 

Linear thermal expansion data for unirradiated U02 have been ublished by Burdick 
and Parker I ,  Conway et al[A4.2, A4.31, Christensen [ A ~ . & ,  and Hoch and 
~ o r n i n [ ~ " ' . ~ ] .  ~ e l l e [ " " ~ . ~ ]  also reports data from Lambertson and Handwerk 1 A-4.'7 1 

Bell and ~ a k i n [ ~ ~ . ~ l ,  and Murray and ~ h a c k r a ~ [ ~ - ~ . ~ ] ,  'l'hese sets of data are generall; 
consistent although Chnstensen reported slightly lower values at  temperatures below 
2000°c. The effect of irradiation on U02 thermal expansion is usually assumed to be 
negllglble. tluwevel, I I U  experimental data are available to support this assumption. In-pile 
fuel thei~nal exydl~siu~i is ul~cerlain because accurate descriprions of fuel cracking (resulting 
from thermal stresses) and healing are not available. 

' 4.1.1 U02 Solid Phase. The data between 1000 and . 2 2 5 0 ~ ~  . .  presented by Conway 

et:91[A4-21 and the low temperature data of Burdick and ~ a r k e r [ ~ - ~ : l  l ,  Lambertson and 
Handwerk [A4.71, Bell and ~ a k i n [ ~ - ~ . ~ ] ,  and Murray and ~ h ~ c k r a ~ [ ~ - ~ . ~ ] '  for the solid 
phase were fitted by regression analysis to a @rdTorder polynomial. The resulting 
correlation is given by Equation (A-4.1): 

for O°C: < T < Tm 
, . . , .  . . . . *  

. .. . .. where . .  ., . . I :  
. . 

- OL = fractional linear thermal expansion 
, 1, -. . . . * . . - .  . . i '. . . . 

* . .  . . 
. . . . 

T I  = melting teh&raturi.ot fuel (''C,). . ;' 
, .  . . , .  . - . . , . .  . 8 

The melting point of the fuel is a function of burnup and plutonia content and is found 
using the subroutine PHYPRO. 

> ,  . I 

4.1.2 U02 Phase Change at Melting Point. The data of Christensen [A-4.41 are used 

for the thermal expansion due to the phase change at the melting point. Uniform expansion 
is assumed. The resulting'correlation is exp;essed by Equation (A-4.2) : 

Tor T > Tm. 
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where 

&(T,) = the fractional linear thermal expansion given by 
L Equation (A4.1) withT equal to l;n 

R - - fraction of molten fuel. 

4.1.3 U02 Liquid Phase. The coefficient of expansion presented by 

Christensen k 4 . 4 1  is used 'for the liquid phase (above the ternperatua at which all the fuel 
is molten). The resulting correlation is given by Equation (A-4.3): 

for T > Tm. 

This correlation and those for the solid and phase change regimes are shown in 
Figure A-4.1, superimposed upon the data for the solid phase. 

4.2 (U,Pu)02 Thermal Expansion 

Linear thermal expansion data for solid unirradiated Pu02 have been published by 
Tokar et al[A4'101 and by Brett and Russell rAd4v1 1 . The data of these investigators 
were fit to a third-order polynominal and programmed in FTHEXP as follows: 

-9 2 -3.9735 x + 8.4955 x I O - ~ T  + 2.1513 x 10 T L 
C 

16 T3 (A-4.4) + 3.7143 x 10- 

The expansion of solid mixed oxides is calculated from the weighted average of the 
expansion of U02 [Equation (A4.111 and the expansion of Pu02 [Equation (A4.4)I. 

The thermal expansion for the phase change and for the liquid phase of mixed oxides 
is assumed to be the same as that for U02 [Equations (A-4.2) and (A-4.3)] because of the 
similarity in structure of U02 and (U,Pu)02 mixed oxides. 

Figure A4.2 shows the linear expansion of Pu02 as a function of temperature as 
based on the receding correlations and the data of Tokar et al [A-4.10] and Brett and 
RusseU[~4-1 1 
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4.3 Fuel Them~al  Exparlsior~ Subcode FTHEXP Listing 

'l'able A4.1 presents a listing of the FORTRAN subcode FTHEXP used for calculation 
of fuel thermal expansion. 

TABLE A -4 .  I 

L IST ING OF THE FTHEXP SUBCODE 

F T H E X P  C A L C U L A T E S  F U E L  L I N E A R  T H E R f l A L  E X P A N S I O N  F O R  S O L I D  A  
L I C U I D  PH,ASES b S  A  F U N C T I O N  O F  T E R P E R A T U R E  A N D  L T O I J T O  F R A C T  

F T H E X P * O U T P U T  F R A C T l O h A L  F U E L  T H E R n A L  E X P A N S I O N  ( U N I T L E S S  R  

F T E f l P  = I N P U T  F b E L  T E f l P E R A T U R E  ( K I  
F A C t l O T = I N P U T  F U E L  F R A C T I O N  f l O L T E N .  

E A C H 0 1  = 1 F U E L  A L L  M O L T E N  
F A C t l f l T  = 0 - FUEL A L L  S O L I D  

ab =INPUT- BURNUP (nu-SiKG-uT- - - - -  
C O F P  = I N P U T  P U 0 2  C O N T E N T  ( Y T X )  
F T R E L T m F U E L  f l E L T I N G  T E M P E R A T U R E  ( K )  

T H E  T H E R M A L  E X P A N S I O N  R E L A T I O N S H I P S  U S E D  I N  T H I S  S U B R O U T I N E  
(1) S O L I D  UO2 I S  B A S E D - O N  D A T A  OF C o ~ w A i  € 1  ALI T R A N S  AMER 
SOCI . V O L  6 * J U N E  1 9 6 3 1  B E L L  A N D  f l A K I N p  B U R D I C K  A N D  P A R K E R *  
L A P B E K T S O N  A N 0  H A N O U E R K .  M U P R A Y  A N D  T H A C K R A Y .  U 0 2  P R O P E R T I  
. E D I T E D  B Y  J. . B k L L E .  
C H R I S T E N S E N  ( M E L T I N G  T O  3 2 0 0 C ) , ' J . A f l E R . C E R A f l . S O C . r  4 6  ( D E C  

F T h E X P  WAS O k l G I N A L L Y  C O D E D  BY.  V. F.  B A S T O N  I N  f l A R C H  1 9 7 4  
f l O D I F I E D  B Y  C. S. O L S E N , + I N  F E B R U A R Y  1 9 7 5  

C O f l t l O N  / P H Y  P R O  / F T ~ I E L T I  F H E F U S I C T ~ ~ E L T ~ C H E F U S ~ C T R A N B I  
# C T R A N E # C T R A N Z # F D E L T A # B U  9 C O R P  

C  O f l f l O N  / L A C E f l O L  I H A X I O X , .  E f l F L A G  
D I M E N S I O N  E W F L A G ( 1 )  
D A T A  O N  / Z H O N  I r  

1 O F F  / 3 H O F F  I D  I .  

2  L O C I O X  / 1 3  1 .. . 

I F  ( E W F L A C ( L 0 C I D X )  .EP.  O H  ) GO T O  2 0  
T f l = F T H E L T  - 2 7 3 . 1 5  
I F  (11 ..LT. ( T W - 1 . E - 1 0 ) )  GO T O  10  
I F  (11 .GE. ( T W - 1 . E - 1 0 )  .AND. 11 .LE.  ( T f l t F D E L T A ) )  GO 
I F  (11' .GE. ( T C + F D E L T A ) )  G O  T O  5 0  
I F  ( C O f l P  .GT. C . 0 )  GC T O  1 5  . 
F T H E X P  = U E X ( T 1 )  
GO T O  100 
F T H E X P  = .(1. - C l ) * U E X ( T l I  +  C l * P E X ( T l )  
GO T O  100 
I F  ( C O f l P  e G T *  0.0) GO TO 3 5  
F T H E X P  = U E X ( T f l )  t R * 3 . 0 9 6 € - 2  
GO T O  100 
F T H E X P  = (1. - C l ) + U E X ( T M )  + C l * P E X t T M )  t R * 3 . 0 9 6 € - 2  
GO T O  100 
I F  ( C O f l P  e G T .  0.0) GC T O  5 5  
F T H E X P  = U E X ( T H J  t 3 . 0 9 6 E - 2  +  ( 3 . 5 E - 5 * ( T l  - T M ) )  
GO T O  100 
F T t i E X P  P E X ( T M l  +  3 . 0 9 6 E - 2  + ( 3 . 5 E - 5 * ( 1 1  - T f l ) )  
GO T O  100 

F T H E X P  = E M F T X P (  F T E M P  ~ F A C M O T I F T ~ ~ E L T )  
R E T U R N  
E N D  

A R E  
N U C L  

ES,- 

1963 ) 

T O K A R  

F T X P O O l O  
F T X P O O 2 0  
F T X P O 0 3 0  
F T X P 0 0 4 0  
F T X P O O 5 0  
F T X P 0 0 6 0  
F T X P O O 7 O  
F T X P O O B O  
F T X P O O 9 0  
F T X P O l O O  

f f XXPp81i8 
F T X P O l 3 0  
F T X P O l 4 O  
F T X P O l 5 0  
F T X P O 1 6 0  
F T X P O l 7 0  
k 1 X Y O l I O  

zT:Pp81:8 
F T X P 0 2 1 0  
F T X P 0 2 2 0  
F T X P 0 2 3 0  
F T X P O 2 4 O  
F T X P O 2 5 0  
F  T X P 0 2 6 0  
F T X P O 2 7 0  
F T X P 0 2 8 0  
F T X P O 2 9 0  
F T X P 0 3 0 0  
F T X P O 3 1 0  
F T X P 0 3 2 0  
F T X P 0 3 3 0  
F T X P 0 3 4 0  
F T X P 0 3 5 0  
F T X P O 3 6 0  
F T X P O 3 7 0  
i T X P 0 3 R O  
F T X P 0 3 9 0  
F T X P O 4 0 0  
F T X P O 4 l O  
F T - X P O 4 2 0  
F T X P 0 4 3 0  
F T r , P 0 4 4 0  
P T K P 0 4 5 0  
F T X P 0 4 6 0  
F T X P O 4 7 0  
F T X P 0 4 R O  . 
F T M P 0 4 9 0  
F T X P O 5 0 0  
F T X P O 5  F T X P O 5 i O  0 

F T X P O 5 3 0  
F T X P O 5 4 O  
F T X P 0 5 5 0  
F T X P 0 5 6 0  
F T X P 0 5 7 0  
F  T - X P 0 5 B O  
F T X P 0 5 9 0  
F T X P 0 6 0 0  
f T X P 0 6 1 0  
F T X P 0 6 2 0  
F  X P O t 3 8  
F f X P O b 4  
F T X P O b 5 0  
F T X P 0 6 6 0  
F T X P O 6 7 0  
F T X P O 6 8 0  
F T X P 0 6 9 0  
F T X P 0 7 0 0  
F T X P 0 7 1 0  
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5. FUEL ELASTIC MODULUS (FELMOD) . , 

-- 
. # , . ,  

FELMOD calculates the elastic modulus for UO2 nnd (U,PU)O; m i ~ c d  oxides as a 
function of porosity and temperature. The available data support the assu'm.ption of a linear 
decrease in elastic nlodulus with bulh increasing temperature and porosity. The relationships 
in IFELMOD are.  .' ,. . . . ,. . . 

. E = 2.52 x 10' '  1 - 7.843 x T )  [I: - 2.03 ( 1  D ) ]  
. . .  . . . .  . . (A-5.2) 

.. . , . .  

for 0 ,< T < 1 3 0 0 ' ~  a11d U02  and (1J,R1)OZ rc,spe~ctively, 
. .  . . . 

. . 
where 

E = Young's modulus (pascals) 

T = temperature ( O C )  

8 .  

' b = fraction of theoretical density 

The U 0 2  datahave a standard deviation with respect t o  Equation (A-5.1) of 0.037 x lo1,' 
pascals. T l ~ s  ~rlixkd oxide equation is 'less certain 'and the limited da ta  do not :all0w i n  . . 

, . . . .  ' . accurate quantitative estimate of error. 

, c 
. . . . 

5.1 U O i  Elastic Modulus . . 
. . . . ' .  I < 

- " . ,  . , .  . . 
The elastic modulus for U 0 2  is a function of porosi&, temperitire; &&en-metal 

ratio, and irradiation. Potentially it is also a function of other parameters such,as grain size 
and impurity levelt The variables considererl tn he. t h e  most significaxit,' and'th&e for whilh 

I . :  
data are available, are Ler~lpe~.alure and porosity. The following para&aphs describe'the effect 
of these two variables on the U 0 2  elastic modulus and a model. is developed and,compared 

3 ,  . . 8 3 . .  . . - 
with experimental data. ' 

. .  . . . 
. . 

5.1.1 Porosity Dependency of U 0 2  Elastic Modulus at Room Temperature. Young]s 
. .. , . , '. 

modulus for stoichiometnc U 0 2  has been determined at room temperature (20°c) as a 
function of porosity b y  the frequency[A-5:1%! and bending[A-5.8, . .  a A-5.91 
techniques. since deformation measurements . . lack the acciraCy needed t o  determine . . .  elastic 
modulus, only' the mo're reliable resonant frequency measurements wereiused in a 
least-squares regression analysis to  derive the coefficients Eo and 9 in ~ ~ u a t i o n  (A-5.3). 
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where 

Eo = Young's modulus for theoretically dense U 0 2  at 
20°c (2.256 x 10 pascals) 

fi porosity ci~efficient 2.62 (unitless) 

and E and D have been defined previously. 

Equation (A-5.3) calculates a value of zero elaslic modulus at 0.38 volume fraction porosity 
(0.62 of theoretical density). Exponential functions that relate Young's modulus to  porosity 
have been used empirically[A-5-10], but these relationships do not yield zero elastic 
modulus with increasing porosity. Theoretical considerations for a material composed of 
uniform spherical particles predict zero elastic modulus for porosities less than 0.4764 
volume f r a ~ t i o n [ ~ - ~ . l  '1 . Also, Gatto [A-5.121 predicted zero elastic modulus at 0.424 
volume fraction porosity using the theory of sound propagation. The value 2.62 for is 
consistent with these theoretical considcrations. 

The 2.256 x 10" pascals in Equation (A-5.3) for Eo for theoretically dense 
(10.96 %/cm3) U 0 2  at 20°c is between 2.170 x l o 1  pascals (Reuss average) and 
2.440 x 10 pascals (Vnigt a ~ e r a ~ e ) [ ~ - ~ . '  31 . These average values are respectively lower 
and upper bounds for Young's modulus of isotropic theoretically dense U02  [A-5.141. ~h~~ 
2.256 x l o 1  pascals appears to be a good estimate for E 0  Equatiqn (A-5.3) is compared 

: with experimental data taken at ambient temperature in Figure A-5.1. 

5.1.2 ,Temperature Dependency of U 0 2  Elastic Modulus. Elastic modulus. data were 

obtained as a function of temperature by Padel and ~ov ion[A-5 .3 ] ,  Wachtman et al,[A-5.6] 
and Belle and ~ u s t r n a n [ ~ - ~ . ~ ]  and were used in a least-squares regression analysis using 
Equation (A-5.4) t o  determine the temperature dependency of ybungYs modulus: 

where 

. E, = Young's modulus at OOC 

a = temperature coefficient = 1.13 1 x 1 o4 OC-l 

and E and T have been previously,defined. . 

Equation (A-5.3) was used t o  normalize the modulus data from U02 of different 
densities to  values for theoretically dense U 0 2  The low density data (9 1% TD) fr'om Padel 
and ~ o v i o n [ ~ - ~ . ~ ]  and all of the data (93% TD) from Belle and ~ u s t m a n [ * - ~ . ~ ]  lic on a 
line that is nearly parallel to  that of the remaining normalized data, but which. results in a 
lower modulus at a given temperature (Figure A-5.2). The room temperature modulus 



Fraction Porosity EGG-A-GO 

Fig. A-5.1 Comparison of Young's modulus data for U 0 2  at amb-ient temperature and the fraction of porosity, from a 
leastsquares fit to Equation (A-5.3). 

obtained from this data from the low density fuel and extrapolated to theoretically dense 
U02, is 2.143 x l o 1  pascals, which is outside the range expected for isotropic, 
'theoritically dense U02 [*-'.131 . Young's modulus, determined from the remaining data, 
was 2.2 x lo1  pascals which is in the expected range. However, both sets of data resulted 

. . 6 
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. . Temperature (O C) EGG-A-88 

. , 

Fig. A-5.2 Comparison o f  Young's modulus for U 0 2  normalized to 100% TD as a function of temperature, with 
least-square fits to Equation (A-5.4). 

in nearly the same slope given by cu in Equation (A-5.4), thus indicating that the 
temperature coefficient is independent of porosity. The average value of 1.1 3 1 x 1 OC-' 

is used'for the temperature coefficient a. - 

, . 

Equation (A-5.4) predicts a linear decrease in Young's modulus as the tcmpcrature 
increases. . For temperatures, between room temperature. and about 100O0c, this linear 
decrease has been observed experimentally on other oxide systems [A-5-1 '1. However, with 
other ceramic materials 5, A-5. , grain boundary sliding occurs at, high tempera- 
tures. When sliding occurs, the modulus decreases more rapidly with temperature than at 

,lower. temperatures. This phenomenon has been observed for U 0 2  [A-5-14] and also 
contributes to  creep deformation (see Section 7). The abrupt change in elastic modulus with 
temperature expected at temperatures greater than 1 3 0 0 ~ ~  has not been modeled because 
of t,he lack of data as a function of temperature and porosity for this phenomenon. The 
extrapolation of Equation (A-5.4) to temperatures higher than 1300°C is therefore not 
recommended. 
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5.1.3 U02 Elastic Modulus as a Functio~l of Bolh Porosity and Temperature. 'The 

resultant expression for Young's modulus as a f~inction of temperature and porosity, 
assuming that the temperature and porosity coefficient are independent, ( ~ ~ u a t i b n  A-5.5) 
was obtained by combining Equations (A-5.3) and (A-5.4). The best-estimate- va11.1e for E,u 
derived in Equation (~15.3) for theoretically dense (10.96 g / c m 3 ) ~ 0 2  was normalized to  
O'C using equation (A-5.4) and used in Equation (A-5.5). Then for  stoichiometric U02,  
with the standard deviation shown: . 

E - 2:2G x 10" (1 - 1 . 1 3 1  x lo-' I )  [ I  - 2.62 ( 1  - D ) ]  

5.1.4 Effect of Irradiation on U 0 2  Elastic Mudulus. Equation (A-5.5) can be used as 

an approximation for irradiated fuel although il has been derived solely from measurements 
on unirradiated fuel. The porosity term can be used to  account for the changes in porosity 
itiduced by irradiation. While other structural changes such as cracking would not be 
accounted for, Marlowe and Kaznoff 41 have indicated that fission products in small 
concentration (1 0% or less) would have a negligible effect upon the elastic modulus. The 
minor effect of solute additions is due to the fact that Young's modulus is primarily 
determined by the interatomic bonding of the solvent. 

5.2 (U,Pu)02 .Elastic Modulus 
.. . . 

As with U02, temperature and porosity are considered to be the most sigriificant 
variables affecting the elastic modulus of UxPul-x02. However, in the case of mixed oxides, 
the oxygen-metal ratio i t  room temperature has alsci heen found to be important. 

5.2.1 O/M Ratio Dependency of Mixed Oxide Elastic Modulus. Padel and 
~ovion[A-5.31 determined the Young's modulus for 95% theoretical density Ug 8Pu0 202 * x 
bctwecn 25 a ~ d  1300n~. A Young's modulus ot  1.108 x 10' was 'measbred at  
2 5 ' ~  for an oxygen-metal ratio of 1.962; for an oxygen-metal ratio of 2.00 a Young's 
modu1,us of 2.265 x 10' ' pascals was nmaairc? However, ivhile young< m d u l u s  i s  
odsewea ~6 vary substantially with' the chaiigi. in Lxygen-metal ratio in mixed oiidds, the 
data arc not cxteilsive cliuugl~ lu support an empirical modelilig effort. F E ' L ~ ~ O D  -will be 
restricted to the stoichiometric case. 

. . 

5.2.2 ~emperature  Dependency of (U,Pu)02 Elastic Modului.' Young's inodulu's for 

s t~ i ch iom~t r i c  ( U , P U ) O ~  was found to  decrease 'linearly with tkm'6erature as 
follows: [A-5.3 1 

. _ I :  
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where 

E . = Young's modulus (pascals) 

T = temperature (.OC]). 

5.2.3. Porosity Dependency of (U,Pu)02 Elastic Modulus. Nutt et al (A-5 . 1 7)  deter- 

mined Young's modulus for Uo 8P% . 201 . 984at room temperature as a function of porosiw 
as follows: 

E = 2.103 x 10'' [ I -2 .03  (1 - D ) ] .  
,, 

where , . 

D = fraction of theoretical density. 
. . 

' .%-.. 5.2.4 (U,Pu)02 Elastic Modulus as a Fur~ction of Both Porosity and Temperature. 

Equations (A-5.6) and (A-5.7)were combined to  obtain an overall' effect of temperature 
and porosity on Young's modulus for stoichiometric mixed oxides.' A value of 2.52 x 10 11 

pascals was obtained from the value 2.265 x 10' pascals iri Equation (A-5.6) after 
normalizing to thebretically dense U 0 2  at OOC. The resuitant expression given b y  
Equation (A-5.8) i s  shown in Figure A-5.3 as a function of temperature and porosity and 
used'in FELMOD to calculate Young's modulus for mixed oxides. 

E = 2.52 x 10'' (1 - 7.843 x T )  [1 - 2.03 (1 - D ) ]  
(A-5.8) 

where 

D = fraction of theoretical density 

T = temperature (OC). 

. As in the case of U02,  the effects of irradiation upon the elastic mo'dulus of (U,Pu) 
O2 are expected to  be small. There are no  data presently available t o  contradict this 
expectation and Equation (A-5.8) may therefore be used for irradiated as well as 
unirradiated (U,Pu)02. 

5.3 Fuel  Elastic Modulus ~ u b c 6 d k  FELMOD Listing . . 

A listing of the FORTRAN subcode FELMOD used for calculating Young's modulus 
for U 0 2  and (U,Pu)02 mixed oxides is presented i i ~    able A-5.1. 



FELMOD 

Temperature (OC) EGG-A-78 
. . . . 

Fig. A-5.3 young\ modllus as s function of temperature and for (U,PU)O* mixed Axids as c~lculated from . .  . . . , . 
Equation (A-5.8). . . 



TABLE A-5. I 

L I S T I N G  OF THE FELMOD SUBCODE 

F U N C T I O N  F E L M O D ( F T E N P , F R A D E N , C O M P )  

F E L M O D  C A L C U L A T E S  F U E L  E L A S T I C  M O D U L U S  A S  A  F U N C T I O N  OF 
T E M P E R A T U R E B  F R A C T I O N A L  D E N S I T Y ,  A N D  P U 0 2  C O N T E N T .  

FELMOD-OUTPUT FUEL n o o u L u s  O F  ELASTICITY ( P A )  

F T E M P  m I N P U T  F U E L  T E M P E R A T U R E  ( K 1  
F R A O E N = I N P U T  F R A C T I O N A L  F U E L  D E N S I T Y  ( R A T I O  O F  A C T U A L  D E N S I T Y  T  

T H E O R E T I C A L  D E N S I T Y  1 
COMP - I N P U T  P U 0 2  C O N T E N T  ( U T  X I  

, T H E  
U O t  

T H E  

F O R  

YOUNGWS n o o u L u s  F O R  MIXED OXIDES IS B A S E D  UPON D A T A  FROM,  NUTT A 
A L L E N *  J A M E R  C E R A M  S O  5 3  (19701 P  2 0 5  A N D  A *  P A D E L  € 1  AL, 
J N U C L  H A T  V O L  3 3  (1968)  P  40 

FELMOD WAS O R I G I N A L L Y  C O D E D  B Y  V.  F. B A S T O N  I N  N A R C H  1974 
L A S T  M O D I F I E D  B Y  C.S. O L S E N  J U L Y  1 9 7 5  . % 

C C M H O N  / L A C . E N D L  / M A X I D X I  E M F L A 6  
D I M E N S I O N  E R F L A G ( 1 )  

E M C O ( E , A r B r O , T 1  0 E  ( l . E O  - , A * T 1  ? , ( l . E O  - B  ( 1 . E O  - D l )  . 
D A T A  Ul~UZ1U3/2.262Ellrl.131E-CrZebZI~ 
D A T A  P 1 ~ P Z ~ P 3 / 2 ~ 5 2 1 0 E 1 1 ~ 7 ~ 8 4 3 1 E ~ 4 ~ 2 ~ 0 3 /  

D A T A  0 N  I Z H O N  / r  
1 O F F  I 3 H O F F  / r  
2 L O C I D X  / 9 I 

' .  I F  I E M F L A G ( L O C 1 D X )  . E P . ' O N  GO T O  2 0  

F ,TEMP - t! : F R A D E N  
I F  ( C O M P  e G T  
I F  (11 .GT. 

F E L M O D  
GO T O  100  
I F  (11 . G T *  
F E L H O D  E M 0  
GO T O  100 
F E L M O D m 7 . O E +  

.GO T O  100 
F  L N O D  - E  

R E  !URN 
E N C  

N f E O D  ( F T E H P ' ,  F R A D E N )  
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6. FUEL POISSON'S RATIO (FPOIR) 

Poisson's ratio for both U02 and (U,Pu)02 fuels is calculated by the routine FPOIR.. 

Poisson's ratio can be related to Young's modulus and the shear modulus as 
.follows[A-6.1 I : 

where 

p = Poisson's ratio (unitless) . 

E ' = Young's modulus (pa) 

G = shear modulus (Pa). 

Wachtman e t  a1 [A-6.21 report mean values for the Young's modulus and shear modulus of 
U02  from two experiments as E = 2.30 x 10' Pa and G = 0.874 x l o1  ' Pa. Consequently, 
the value of Poisson's ratio is 0.3 16 and the routine FPOIR returns this "due for U O ~ .  The 

,.Wachtman et  a1 paper only considers single crystal U02 data at 25 '~ .  Howevcr, Padel and 
d e ~ o v i o n [ ~ - ~ . ~ ]  have reported values of 0.314 and 0.306 for  the ~o i i son ' r ra t io  of 
polycrystalline U02. These values are in reasonable agreement with w&htmanis value of 

. % 

Nutt and ~ l l a n ~ ~ - ~ ~ ~ 1  determined Poisson's ratio for U0 C P u O  2 02.x a t  room 
:temperature by determining the Young's modulus. and, the shear modu1;s and cdlculating 
,. ~oisson's ratio using Equation (A-6.1 ). ~ u t t  and ~ l l e n ' s  room temperature Poisson's ratio 
,,for (U,PU)O~ fuel of 0.276 k 0.094 was found to  be independent, of density and is returned 
.by :FPOIR for mixed oxides. 

. . . . 
. . 

. . Poisson's ratio for the fuel is shown in Figure A-6.1 as a function of temperature and 
' fuel coinposition as can.be seen from the figure, any plutonia content is assumed to reduce 
Poisson's ratio, which is independent of temperature. 

6.1 Fuel Poisson's Ratio Subcode FPOIR Listing 
. . 

' 

The listing of the FORTRAN subcode FPOIR is presented in Table A-6.1. . 



Fig. Ad.l.Computer generated curves showing Poisson's ratio as a fi~nctinn nf tsmpvrature for t\vo plutonio oontcnts. 
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LISTING OF THE FPOIR SUBCODE 

- 

- - 
. . 

- - 

P u 0 2  content(wt. %) = 0 - ----- P u 0 2  content(wt. %) Z 0 - 
----  .-------c--------------------- 

,. . . . . , . 

"FUNCTION FP ,O IR(FTE~~P ,COMP 1 .. ",' 

. .. FPCIW 'RETURNS PO IS SON"^ RATIO F O R  u o t  AND l ~ ~ ~ . ~ b  O X I D E S  
' 

. . - 'FPCIR-OUTPUT P O I S S O N ~ S ,  RATIO FOR uoz 
F T E M P - . I N P U T  F U E L  T E H P E R A T U R E  ( K l  
c o n P  =INPUT PUCZ CONTENT ( U T  X I  

0.27 300 
I I 
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A N D  A L L E N #  J .  ARER. CERAR.  S0C.e 5 3 . ( 1 9 7 0 1  P  2 0 5  
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7. FUEL CREEP KATE (FCREEP) 

The fuel creep model FCREEP predicts the steady state creep rate of U 0 2  and 
(U,Pu)02 fuel with semiempirical relationships. Because several factors (stress, temperature, 
grain size, density, and fission' rate during irradiation) affect the steady state creep rate, 
correlations which reflect these parameters are required so that fuel deformation cluriilg 
operation of a fuel rod can be predicted realistically. A theoretically based model is required 
t o  provide guidance in the selection of the most approdriate relationships between variables 
because the data are limited and exhibit much scatter. 

Theoretical creep .models that havc been applied to ceramic materials are discussed in 
Section 7.1, and experimental U 0 2  and mixed oxide creep data are reviewed in Section 7.2. 
Information regarding out-of-pile and in-pile creep behavior is included in these discussions. 
In Section 7.3 the FCREEP models for U02  and mixed oxide fuels based upon data and 
theory are presented. 

7.1 Theoretical Models for U02  Creep 

Theoretical creep models for the out-of-pile creep behavior of U 0 2  are generally based 
on the diffusion of vacancies a t  low stresses and on dislocation climb at high stresses. During 
irradiation the fissioning process introduces point defects that affect the creep rate. 
Theoretical models for out-of-pile creep behavior have received more attention than models 
for in-pile creep behavior. 

7.1.1 ~ o d e l s  for Out-of-Pile Creep Behavior. Two models have been proposed for 
out-of-pile U02  creep phenomena: a viscous creep model based on diffusion and a 
power-law model based on dislocation climb. 



The theoretical m ~ d e l [ ~ - ~ . ' ,  for viscous creep is based on diffusion of 
vacancies from grain boundaries in tension t o  grain' boundaries in comprgssion., This,model 
results in a creep rate that is (a) proportional t o  the diffusion coefficient of the rate 
controlling species, (b) inversely proportional t o  the square o f  the grain size, and 
(c) p r o p ~ r t i ~ n a l  to stress. Viscni~r, crccp using an ASI-llaaius aqualion to  rcprcsent LILG 
diffusion coefficient can be written as follows: 

. . 

*lo  
E = -  G, exp (-Ql /RT) (A-7 I )  

; = steady state creep, rate (s-') 

A1 = constant 

o = stress (Pa) 

G = grain size (pm) 

R = gas constant (8.1 34, J/mol.K) 

T = temperature (K) 

Q1 = activation energy for diffusion (J/mol). 

Equation (A-7.1) is based on the assumption that the diffusion path is through the 
lat'tice (volume diffusion). Therefore, this model results in a creep rate that is inversely 
proportional to. the square of  the grain size with an activation energy that corresponds t o  a 
value for volume diffusion. However, Coble [A-7.31 has shown that if the diffusion path is 
along grain boundaries, then the creep rate should be inversely proportional t o  the cube of 

. . 
the grain size with an associated activation energy that  orr responds t o  a value ful g~air! . . .  . 
boundal-y. iiffusiun. 

Equation (A-7.1 ) was derived solely for diffusion of vacancies in U02.  However, grain 
boundary sliding has also been observed to occur during viscous creep deformation of 
U O ~ [ ~ - ~ - ~ .  A-7.51. Both grain boundary sliding and diffusional creep have the charac- 
teristics o f  linear stress dependence and an activation energy nearly that of self-diffusion. 
Therefore, distinguishing betw'een mechanisms of grain boundary sliding and diffusion is 
very difficult experimentally. Regardless of which mechanism predominates, the form of 
Equation (A-7.1 ) is still applicable. 

At high streqes, the movement of dislocations due to  applied shear stresses within the 
crystal structure results in a macroscopic movement of material, And, a t  high temperatures, 
dislocatioll clilnb can occur and results in an increase in deformation rate by allowing 

, . 
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dislocations to surmount barriers which normally wo~lld restrict movenierit. 
~ e e r t h ~ a n [ ~ - ~ . ~ ]  has proposed a power-law model based on dislocation climb which results 
in a creep rate proportional to stress raised to the 4.5 power. In this case, creep rate is not a 
function of grain size. This model is represented by Equation (A-7.2): 

where 

4 . 5  
k = A 2 0  exp ( - Q ~ / R T )  

A2 = constant 

Q2 = activation energy (J/mol) 

and the other terms are as defined previously. 

7.1.2 Models for In-Pile Creep Behavior. A model has been proposec! by 
speight[A-7.71 for the irradiation enhancement of UO* creep. This model considers the 
effect of local dislocations and voids on the diffusion creep rate when large numbers of 
atomic displacements and the production of Frenkel defect pairs occur. Under these 
circumstances, dislocations show a preference for absorbing the irradiation-produced 
interstitials. To establish equilibrium, the dislocations and voids behave 'as continuous 
thermal vacancy sinks and sources, and the resulting interchange of matter is the process 
that enhances the creep rate. 

The principal result from this model is that the diffusion creep rate is enhanced by 
irradiation although it has the'same temperature dependence as unirradiated fuel. 

The defect concentration and the creep rate can be considered to depend upon the 
fi?sion rate[A-7.81 . Creep experiments using co60 gamma-irradiation sources show no creep 
deformation at temperatures between 100 and 200°c and stresses from about 20 to 
43.5 M P ~ [ ~ - ~ . ~ ] .  These results suggest that the energy from fission events is necessary to 
move radiation-produced defects at low temperatures. 

7.1.3 Conclusions from the Review of Theory. The creep behavior of U02 can be 
represented by the sum of the previously discussed n~odcls ns indicated by Eql~atinn 
(A-7.3): 

The constants A1, A2, Q1, and Q2 must be evaluated for both irradiated and unirradiated 
fuel. 
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7.2 Review of Published Creep Dala 

The general form of the creep equation has been established from the theoretical 
models previously discussed. The constants in this equation must be evaluated and the gain ' 
size dependency must be verified. 

Various techniques have been used to  determine the creep rate of ceramics. These 
techniques include either three- or four-point bending tests, tension or compression of 
helical springs, and compression testing of cylinders. Each of these techniques induces 
different stresses in the U02 specimens, and consequently the creep behavior changes with 
the technique used. Compressive creep of U02 cylinders is preferred.because this technique 
simulates more closely the conditions of stress induced in light water reactor fuel by fission 
product swelling, fuel thermal expansion, and cladding and fuel restraint. .Although the 
other techniques are not considered representative and may not be appropriate for 
determining absolute creep rates, they are useful for determining the effects of different 
paramctcrs an-the creep rale. 

In this section, creep measurememts from.U02 out-of-pile tests, U02 in-pile tests, and 
rnixcd-oxicle tests are discussed a11d u sumrnurj p_nd cgnclubicrns are  giver^. . 

7.2.1 Out-of-Pile U02 Creep Data. Scott et al [A-7. O1 used a three-point-bend 

apparatus to dctcrmine the gross differences in the plastic flow properties of 95% dense 
stoichiometric and nonstoichiometric U 0 2  Stresses up to  48 MPa and temperatures 
between 800 and 1700°C were used. They found that hyperstoichiometric U02 can be 
deformed readily at 800°c, but stoichiometric U02 only becomes plastic above 1 6 0 0 ~ ~ .  
The activation energy for viscous creep, Q l ,  was estimated to  be greater than 4 x 10' J / m d .  

Armstrong et  ~ I [ ~ - ~ . ~ I  also used a three-point-bending test t o  dctcrmine the plastic 
behavior of stoichiometric U02 for temperatures between 1250 and 1400°C and stresses 
between 5 and 110 MPa. The influence of grain size (6 to  4 0  pm) and density (0.933 to 
0.980 of theoretical) was also investigated. The creep curves exhibited instantancous elastic 
deflection upon application of the load followed by periods of primaly ar~d steady state 
creep. Tertiary creep was observed when samples exhibited strains greater than 1.5%. 

Creep rates decreased with an increase in the density of the U02. Thi's effect was 
noted for specimens sintered at  1650°c, but not for specimens sintered at 1 7 5 0 ~ ~ .  
Examination of microstructural features disclosed that materials sintered at lower 
temperatures have irregularly shaped porosity located predominately at grain boundaries; 
whereas materials sintered a t  higher temperatures exhibit porosity located primarily within 
the grains. The enhancement of creep by porosity for specimens sintered at 1650°C was 
attributed to grain boundary sliding induced by the pores at  the grain boundaries. 

Grain separation was observed in all the samples. Grain separation occurred 
predominately along grain boundaries lying transverse to  the direction of fiber stresses and 
on'the tension side of the neutral axis. Grain separation would not be expected during 
the compressive creep which is typical in reactor fuel. 
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The effect of density and grain separation in these tests indicates l11aL creep in bcnding 
is not representative of the predominately compressive creep behavior during steady state 
irradiation of U02. 

Armstrong and ~ r v i n e [ ~ - ~ - l  also studied the creep .deformation of nonstoichio- 
metric UU2 by the three-poiril-lend method. Densities of 96 and 97.2% and gain sizes of 6 
and 30  pm were used. Desired oxygen-uranium ratios were obtained by equilibrating a U02 
specimen with U308 powder. Creep tests were conducted for temperatures between 975 
and 1 35OoC, stresses up  to 48 MPa, and oxygen-uranium ratios between 2.02 and 2.16. 

For the .stress range studied, the creep rate was linearly proportional to stress, and the 
5 resultant activation energy (for oxygen-uranium ratios up to  2.08) was 2.33 x 10 J/mol, 

somewhat less than that for stoichiometric U 0 2  This result indicates that the activation 
energy may be dependent on the oxygen-uranium ratio for ralivs up tu 2.08. 

Grain boundary sliding occurred in nonstoichiometric as well as stoichiometric 
samples. This result supports Lhr. previous suggestions by Armstrong et ~ I [ ~ - ~ - ~ I  that grain 
boundary sliding must accompany the diffusion mechanism. 

Poteat and ~ u s t  related fuel microstructure with the compressive creep 
clefocjrmation of U 0 2  Fine grain polycrystalline specimens were prepared in the form of 
right-circular cylinders with 97.5% theoretical density and an average grain size of 10 pm. 
Fine residual porosity was distributed uniformly on grain boundaries. Compressive creep 
data were obtained for temperatures between 1430 and 1 6 6 6 O ~  and for stresses between 14 
and 76 MPa. Their U02 samples exhibited two regimes of creep deformation, viscous creep 
with an approximate linear stress dependence and a power-law stress dependence. A 
least-squares analysis of the Poteat and Yust data[A'7.5] shows that the stress coeffi- 
cicnt, n, varies from 1.1 0 to 1.76 at low stresses and from 3.0 to  4.0 at high stresses. An 
estimate of the activation energy at 52 MPa is 4.13 x 1 05 J/rnol. 

In a review of creep experiments performed up to  1967, Wolfe and Kaufman [A-7.121 
reported additional data obtained from compression testing of U02 cylinders. Temperatures 
varied from 1600 to  2 0 0 0 ~ ~  and stresses vaned from 6.9 to 34.5 MPa. Samples with grain 
sizes of 18 and 55 pm were used with densities of 97.5 and 98.5% TD, respectively. 

,Analysis of the stress. dependence of the Wolfe and Kaufman creep rate data for 
different temperatures and grain sizes yields a stress exponent for the material with an 
18-pm grain size is 1.1 8 at 1 800°c. The stress exponent of the 55-pm material is 4.72 at 
1 8 0 0 ~ ~  and 3.58 at  2000°c. The 1.1 8 value corresponds to  the values expected for viscous 
creep. The 55-pm grain size material stress exponents are near the 4.5 value expected for 
dislocation creep. However, because of the large grain size of 55 pm, a different mechanism 
may be occurring. The activation energy for the 55-pm material at 20 MPa is 3 x lo5  J/mol. 
Again, this value is lower than the values between 3.7 x lo5  and 4.2 x lo5  J determined 
by other investigators for small grain material. Therefore, the creep models discussed 
previously may not be applicable for materials with grain sizes larger than about 40 pm. 
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Bohaboy et al[A-7-131 performed compressive creep tests on stoichiometric U 0 2  as a 
function of temperature (1400 to  1 760°C), stress (6.9 to  100 MPa), grain size (4 to 35 pm), 
and theoretical density (92 to 98% theroretical). Bohaboy et al, like Armstrong, found that 
at low applied stresses their measured creep rates were nearly proportional to stress and 
inversely proportional to the square of the grain size. Thesc rcsults arc consistent with the 
viscous creep model proposed b Naborro r' and  erri in^[^-^.^] . The activation 
energy was found to  be 3.7  x 10- J/lnul and compatible with values for self-diffusion of 
uranium in U02. The crccp rate increased with a decrease in theoretical density. , 

The creep rates at stress values greater than 55 MPa were reported by Bohaboy et a1 to  
be proportional to the stress.raised to  the 4.5 power. The activation energy for the high stress 
mechanism was reported to  be 5.5 x l o5  J/mol, considerably higher than values for 
self-diffusion in U 0 2  No correlation between grain size and deformation rate was found in 
this regime. 

Bohaboy et ,a1 fit the conitants in Equation (A-7.3) t o  their data and obtained the 
folloying equation["] : 

where 

1 = creep rate Is- ) 

G = ga in  size (pm) 

o = stress (MPa) 

R - -  gas constant (8.314 J/molaK) 

T = temperature (K). 

7.2.2 Transition Stress. Wolfe and ~ a u f m a n [ * - ~ . ~ ~ I  suggested that the stress at 
which the transition from viscous creep t o  power-law creep occurs is only weakly dependent 
upon temperature, but strongly affected by grain size. Seltzer e t  al IA'7.14, A-7.151 , 
performed an analysis of the transition stress and prcscnted circumstantial evidence Tor a 
power-law creep rate with a 4.5 stress coefficient and a viscous creep rate with an inverse 
dependence on the square of the ga in  size. At the transition, Equations (A-7.1) and (A-7.2) 
can be written: 

[a] The constants in this equation agree with those in the reference, however, here they 
have been converted t o  SI units. 
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Equation (A-7.5) can be put in more general terms by letting n replace the exponent on 
stress and m replace the exponent on grain size. Solving for the stress at the transition: 

If the activation energies, Q2 and Q1, are about the same magnitude, the temperature 
dependence of a t  would be expected to be small and can be ignored. 

Table A-7.1 summarizes the values of rrl/(l-n) from various possible values of m and n. 

VALUES OF r n / ( l - n )  FROM POSSIBLE VALUES OF rn AND n  

- - .  

A plot of the logarithm of the transition stress versus the logarithm of the grain size results 
in a slope equal to m/(l -n). Seltzer [A-7.1 41 plotted the transition stress for compression 
testing versus' grain size obtained from Poteat and Yust [A-7.51, Wolfe and 
Kaufman [A-7.121, and Bohaboy and ~ s a r n a t o [ ~ ' ~ . l ~ I .  As indicated in Figure A-7.1, a 
slope of -0.61 resulted from a least squares fit of the data. Comparison of this value with 
those in '17able A-7.1 shows that the assumption of grain size to  the second power i.e. m = 2 
and a value of n between 4 and 4.5 for the strain exponent in Equation (A-7.5) are 
consistent with this result. However, the results from bend tests (Figure A-7.1) indicate that 
the transition stress is not a function of grain size. These results are inconsistent with 
theoretical predictions and with previous experimental results. 

Burton and Reynolds [A-7.1 7 7  A-7.181 have studied the creep behavior of U 0 2  as a 
function ot' grain size and st.nichiomelry. Compressive crecp tests were employed with either 
cylindrical pellets or with helical springs with square cross sections. The U 0 2  samples used 
for the stoichiometric tests had grain sizes of 7 and 17 pm and were 97% of theoretical 
density. Control of the stoichiometry was obtained by equilibrating CO-C02 mixtures with 
the oxide specimens. Specimens tested to determine the effect of grain size on the U 0 2  
creep were annealed for various times to  obtain the desired grain sizes. 

The stoichiometric samples showed a transition at about 69 MPa above which the 
creep was controlled by dislocation'motion. Below the transition, the stress dependence of 
the creep rate diminished as the diffusional creep made an increasing contribution. The 
occurrence of this threshold stress in Burton and Reynold's work seems dubious because 
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Fig. A-7.1   ran sit ion stress as a function o f  grain size. . 

they did not distinguish between their different testing techniques. Qualitatively, the 
thrcshold stress seems t o  occur in the regiorl of very low creep ratcs where the helical spring 
samples were probably used (with grain sizes larger than those of the cylindr.ica1 creep 
samples) 

a 7.2.3 In-Pile U02 Creep Data. Fission-induced creep test of U 0 2  samples. at 

temperatures less than 900°C have been performed by Sykes and Sawbridge [A-7.191 
~ l o u ~ h ~ ~ - ~ . ~ ~ ] ,  Brucklacher and ~ i e n s t [ ~ - ~ . ~  I ,  and Solomon and Gebner [A-7.221 ' 
In-pile creep mcasurcments were also performed by ~ e r r i r l [ ~ - ~ . ~ ~ ]  at higher temperatures 
between 11 1O and 1215OC. All thcsc measurements have been summarized by 
Solomon et a1 [A-7.241. The test conditions are summarized in Table A-7.11. 

Solomon e.t a1 [A-7.241 concluded, on the basis of thc data, that' the in-pile creep of 
UU2 consists of' (a) an elevatcd tcmperature regime, in wl1ic11 a nornlal ll~errnal creep 
mechanism is enhanced, and (b) a low temperature regime, in which the fission process 
induccs significant tcmperaturt indepe~icle~ll ueep.  

The results at temperatures less than ' 9 0 0 0 ~  indicate that ' the  creep. rate is linearly 
proportional to  fission rate a ~ d  to  stress. As shown in Figure A-7.2, all the data appeared to  
lie within a broad scatter band that is insensitive to temperature at tempcraturcs bclow 
about 1400 K. The evidence was insufficient to  determine whether that scatter is due 
prima.rily t o  variations of material properties (density, grain size, stoichiometry, and 
impurity concentration) or  test conditions (temperature, stress, and fission ra.te). In 
accounting for the experimental uncertainties, Solomon concluded that material variations 
probably influenced the fission-induced creep. 

A linear regression analysis of the data in Figure A-7.2 results in an activation energy 
of 3 x l o 5  J/mol for Perrin's data and -9210 J/mol for the remaining data. The 



TABLE A-7.11 

TEST CONDITIONS AND FUEL ROD CHARACTERISTICS OF LOW TEMPERATURE 
IN-REACTOR U02 CREEP EXPERIMENTS 

Gra in  D e n s i t y  S t o i c h i -  F i s s i o n  Rate Temperature 
Reference T e s t  S ize  ( %  TD) . ometry ( f iss ions/rn3--s)  ( " 0  S t r e s s  (MPa) 

rn - Sykes and Compression o f  8 t o  10 '  >97.5 - 0.08 t o ~ . l ? x l ~ ~ ~  525 t o  880 6 t o  12.5 
Sawbri dge he1 i c a l  s p r i n g s  

B r u c k l a c h e r  and Compression 30 t o  40 9 5 - 1 1 . 8 ~ 1 0  19 400 t o  600 7.8 t o  17.7 
D i  ens t d i s k s  

C l  ough T h r e e - p o i n t  8 t o  10 96 t o  97 2.0005 0 . 8 2 t o  1 . 6 ~ 1 0 ~ ~  595 t o  650 26.4 t o  30.5 
bend 

Solomon and Tens ion h e l i c a l  2 2 9 6 2.000 0 . 2 6 ~ 1 0 ~ ~  110 34.5 
Gebner s p r i n g s  
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A 
Perrin (1971) 
Sykes and Sawbridge (1969) 

a Clough (1970) 
A Brucklacher and Dienst (1970) 
o Solomon arld Gebner (1972) 

3 
Fig. A-7.2 Arrhenius plot of  irradiated U 0 2  creep normalized to a fission,rate of 10" fissionslm :S. 

10 -I1 

5 ' 3  x 10 J/mol value is near that for thermal creep in the viscous regime. The -9210 J/mol 
value indicates a relatively temperature-insensitive creep rate, but it cannot be considered 
very credible because it was determined from data obtained by different testing techniques 
and from materials with significant grain size and density variations. 

I - m 

I I I I 

Solomon et a1 [A-7.241 assumed a fivefold radiation enhancement in creep rate instead 
3 of the fourfold increase reported by Perrin at a fission rate of I .2 x 10' fissions/m -s. The 

fivefold increase was also assumed at higher stresses for which dislocation creep occurs and 
for which no experimental data are available. 

5 10 15 20 25 30 
Reciprocal temperature (10-4K-1) I NEL-A-6075 ' 
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Brucklacher et al[A-'7.251 measured the creep rate of Stoichiometric OU2 with a 
density of 96% TD and a grain size of 10 pm. At a constant fission rate the fuel temperature 
was varied from 250 to  500°c. The sample was compressively loaded with stresses from 1 t o  
38.6 MPa. The uranium fission rate was 1.5 x 1020 fissions/m3.s up t o  2.5% uranium 
burnup and 8.2 x 1019 fissions/m3.s up  t o  a maximum 8.5% burnup. 

For burnups u p  to 2.5%, the irradiation-induced creep rate measured by Brucklacher 
et a1 depended linearly on the stress and increased sli tly with increasing temperature. 
(The latter result is different than that of Solomon e t a l v ~ - ~ . ~ ~ ]  .) An activation energy of 
2.1 8 x l o 4  J/mol was obtained from the Brucklacher et a1 irradiation-induccd creep data. 
This very low .activation energy suggests a ,nearly temperature-independent creep rate. 
However, since the activation energy reported by Brucklacher et a1 was determined using 

4 materials with the same grain size and density, the value of 2.1 8 x 10 J/mol is probably 
more credible than the value discussed previously and indicated In Figure A-7.2. 

For burnups between 3 and 4%, the stress exponent determined from the data of 
Brucklacher e l  a1 was reported to  increase from 1 t o  1.5. This change was attributed to  a 
possible change in creep mechanism. 

7.2.4 Out-of-pile and In-pile Mixed Oxide Creep Data. Vollath [A-7.261 reported 
compressive creep measurements on mechanically mixed oxide pellets of two compositions: 
19.5 wt% Pu02 and 19.4 wt% Pu02;  with densities of 94% TD and 95.5% TD, respectively. 
Grain size was 10 pm for both materials. Test temperatures were between 1 100 arid 1 700?C 
and stresses were between 4.8 and 4 8  MPa. The fuel stoichiometry was 1.94. . 

s lag]  e 1  71 measured the high temperature creep of coprecipitated 
U02-20 wt% Pu02 pellets. One series of tests used pellets with a density of' 90.5 ? 1 .O% and 
a grain size of 4 pm. Another series of tests used pellets with a density of 96 + 0.5% and a 
grain size of 17 pm. 

The creep measurements were perforllled under constant load in a four-point-bend 
apparatus with maximum stresses and strain rates computed from elastic theory. For the . 

90.5% theoretical density material the stress exponent was found to  be 2.38 at 1400°C and 
.2.3 5 at 1 300°c, with an activation energy of 5.1 5 x 1 05 Jjmol. For a slightly more dense 
material (91% TD), stress exponents of 1.97 at 1400°c and 2.21 .at 1300°C were 
determined. These exponents are slightly higher than the value expecled [us viscous creep. 
For the 96% material, the stress exponents varied from 1.14 to  1.53. These values are in' 
better agreement with the viscous creep model. The analysis of the temperature dependence 

5 of the creep of the 96% dense material resulted in an activation energy of 4.6 x 10 J/mol. 

Difficulty was encountered by Slagle in obtaining reproducible strain rates on the 
same sample when the order of loading the sample was varied. The difficulty in getting 
reproducibility and the high values for the stress exponents place some doubts on the 
credibility of these experiments. 
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Creep experiments on irradiated and unirradiated mixed oxide fuel have been reported 
by ~ e r r i n [ ~ - ~ . ~ ~ ] .  The samples were fabricated from mechanically mixed U02 and 
22 wt% Pu02 powder and sintered to  yield pellets with 95% tl~eoretical density, a 3- t o  5-pm 
grain size, and an oxygen-metal ratio of 1.98. The samples were tested compressively at 
temperatures from 910 t o  1 1 2 s U c ,  stresses of 13.8 MPa, and fission rates from 0.7 to 
1.2 x 1 o1 fissions/m3.s. 

These experiments .indicate that the irradiation-enhanced creep- rate of mixed oxide 
fuel is linearly dependent upon fission rate. Perrin compared' his in-pile mixed oxide results 
with in-pile and out-of-pile U 0 2  creep data and suggested that at low tempera/ures the 
in-pile creep .rate of'mixed oxides is either athermal, or only moderately dependent on 
temperature, and at high. temperatures the inrpile creep rate is strongly dependent on 
temperature with an'activation. energy of' the ordcr of the out-of-pil'e creep data. Perrin 
reported t h a t  for the same stress- and temperature conditions and a fission rate of 

19 . 10 fissions/m3-s, the in-pile creep rate is enhanced by a factor of about 30  over that of 
unifradiared mixed-oxides: ~ o w e i e r ;  some of the data. indicated an enhancement of: only a 
factor of about nine. 

Evans et al[A-7.29] have performed compressive creep tests on coprecipitated mixed 
oxide fuel coiztainirlg 10, 20, and 30  wl% PuO,, and mechanically mixed' and sintered pellets 
containing 20 wt% P u 0 2  The characteristics i f  the samples are listcd in Tablc A-7.111. Thc 
experiments were performed t o  determine the effccts of dcnsity, stoichiometry, compo- 
sition, grain size, and homogeneity on the compressive creep behavior. The data were 
analyzed using Equa&n (A-7.3). 

.' .The ,effect. of. density was found t o  be much weaker a t  high stresses than at low 
stresses:This effect. was attiibuted to grain boundary sliding which would. be enhanced by 
grain bouhdary porosity. . 

The effect of stoichiornetry on the steady state creep deformation was very 
pronounced. An eightfold decrease in creep rate occurred when the stoichiometry decreased 
frulri 2.00 lu 1.95. This decrease was similar ifl both low and high stress regions and was 
attributed to a decrease in metal vacancies as anion vacancies increase (when the 
stoichiometry decreases from 2.00 to  1.9 5). 

The effect of the Pu02 concentration was t o  increase the creep rate as the plutonium 
content increased. The degree of softening appeared to  be similar in both the low and high 
stress regions. The plutonium composition did seem to  complicate the activation energy. 
For example, the activation energies for pure Pu02 were notably smaller than for 
U0.8, Puo.2)02, being 2.9 x 10' J/mol and 4.2 x lo5  J/mol in the low and high stress 
regions, respectively, for pure Pu02. 

A comparison of coprecipitated fuel .with mechanically mixed fuel could not be made. 
The mechanically mixed material contained regions of wid.ely differ.ent grain sizes. Because 
of the different grain'sizes, the creep behavior could not be correlated. 



TABLE A-7.111 

PROPE.RTIES OF SINTERE'D PELLETS USED BY EVANS ET A L [ ~ ]  

Compos i.t i on D e n s i t y  Approximate S i n t e r e d  S t o i c h i o m e t r y  Tes t  S to ich io rne t ry  
(w t% Pu) Range (%TD) G r a i n  S ize  (pm) Oxygen-Metal R a t i o  + O.C1 Oxygen-Hetal R a t i o  + 0.01 

I 

2 0 94.5 t o  95.5 2 0  1.98 1.95 

20 92.5 t o  94.0 22 1.98 and 2.00 1  .95 and 2.00 

P h y s i c a l l y  
M i  xed 95.0 

1 .98 and 2.00 

1 .98 

1.95 and 2.00 

1.95 

[a ]  Mixed o x i d e  f u e l  used by Evans e t  a1 i n  compressive c reep  exper iments .  
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Evans et al[A-7-291 described the creep data for mixed oxide fuel with an 
oxygen-mctal ratio of 1.95 t o  1.96 by the following equation: 

b = steady state creep rate (m/m-s) 

, . 
A = 1.25 x lo6 exp [33.3(1-D)] exp ( 3 . 5 6 ~ 1 ~ ~ )  

B = . 647 exp [ 10.?(1-D)] exp (3.56C) 

o = compressive stress (6.9 to  63  MPa) 

R = 8.314J/mol.K 

T = .. temperature (1473 to  1898 K )  

D = . fractional density (0.86 t o  0.95 TD) 

(-: = P u / ( h ~  + U), (0.2 to  0.3). ' 

~ o u t b o r t  et ~ I [ ~ - ~ - ~ ~ I  performed compressive creep tests on mechanically mixed 
oxide fuel containing 25 wt% Pu02 to determine the effects of grain size, stress, 
temperature, and oxygen-metal ratio. Two batch& of matcrial were used. One batch 
contained 9 3 % . 2 3 5 ~  with a grain size of 20 pm and a density. of 93% + 0.5% of theoretical. 
The other batch contained 65% 2351_1 with a grain size of 1 0 ~ m  and density of 95% + O.S%TD. 
The pellets from both batches had a nonhomogeneous grain size distribution with the 
average grain size in the peripheral arcas nf the pellets heine smaller hy a far-tnr nf twn tn  
three than the central grains. Stoichiometry was controlled by equilibrating.specimens with 
different mixtures of hydrogen and water vapor. Tests for oxygen-metal ratios of about 2.00 
were performed by equilibrating the samples with CO-C02 mixtures. 

The creep rate as a function of stress exhibited two regions: a viscous creep region at 
low stresses (i a o )  and a power-law creep region ( E  a on)  wheren was found t o  be 4.4. An 
Arrhenius plot indicated that the creep deformation in the viscous region was thermally 
activated with an activation energy of (3.88 + 0.13) x l o 5  J/mol. Similarly, the Arrhenius 
plot for the high stress region yielded an activation energy of (5.73 + 0.22) x lo5 J/mol. . 

The creep rate was found t o  be inversely proportional to  the square of the grain size. 
Thus, this effect indicated that lattice diffusion was involved rather than the grain boundary 
diffusion reported by  vans et al[A-7-29]. (Six data points were used in this analysis 
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compared to three in Evan's analysis, so that Koutbort's analysis appears to bc more 
credible on the basis of sample size.) The analysis performed by Roulbort [ A-7.301 based 
upon the transition stress and the grain size resulted in a ratio m/n-1 of 0.5 1, compared with 
Llle theoretical value of 0.57 for the stress exponent of 4.5 and m = 2. (A theoretical value , 
of 0.86 results from the stress exponent of 4.5 and m = 3.)  Therefore, the creep rate as a 
function of Ule reciprocal of the square of grain size seams to be a more appropriate 
relationship for mixed oxides. 

The effect of the oxygen-metal ratio on the creep rate was very complex. At 1650 and 
1 5 ~ 0 ~ ~  in the low stress region, the creep rate decreased with a decrease in oxygen-metal 
ratio to  a minimum at an oxygen-metal ratio of 1.94 to 1.96, respectively. The creep rate 
then increased with further reductions in the oxygen-metal ratio. As the temperature was 
further reduced to 1400°c, this trend was not followed. The creep rate increased as the 
oxygen-metal ratio decreased in the range 2.0 to 1.9. The oxygcn-metal ratio did not affect 
the stress dependency, bul 111e activation cncrgies did vary with the oxygen-metal ratio in a 
complicated fashion. 

Routbort [A-7.301 an equation similar in forni to Equation (A-7.4) to 
describe the creep rate of U02-25 wt% Pu02 fuel pellets with an oxygen-metal ratio of 
1.97. 

7.2.5 Summary of Experimental Data Review. Two different thermal creep mecha- 
nisms have been observed. A viscous creep ~nechanism with some grain boundary sliding 
operates at  low stresses and the creep rate at  low stresses is linearly proportional to stress. 
A mechanism based upon dislocation climb operates at high stresses and the creep rate at 
high stresses is proportional to the stress raised to  about the 4.5 power. The transition stress 
from viscous creep to dislocation creep is a function of grain size bul riot temperaturc. 

In the viscous creep regime, creep rate is inversely proportional to the square of grain 
size and results from lattice diffusion. The reported activation energy for this process varied 
bet.ween 3.7 x 10' and 4.2 x 10' Jlmol. The only value for the activation energy for the 
high stress mechanism was reported by Bohaboy to be 552 550 J/mol. 

T 

During irradiation, the fission process enhances the thermal creep mechanisms at high 
temperatures and induces creep at low temperatures where out-of-pile thermal creep 
normally does not occur. 

In the viscous regime, the thermal creep rate is enhanced by a factor of four to  five 
and the activation energy is nearly that of unirradiated fuel. No data are available for the 
creep enhancement in the dislocation controlled regime. The same creep enhancement in the 
viscous regime was assumed by Solomon et a1 [A-7.241 in the dislocation controlled regime 
but no data exist to substantiate this assumption. 

The fission-induced creep rate has been found to be linearly proportional to stress and 
fission rate. Early. experimenters reported the process to  be athermal, but suggested that the 
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t empera tu r e  dependency  cou ld  be maskcd by material variations. Later, 
Brucklacher [A-7.251 reported a slightly temperature-dependent process with an aitivation 
energy of 2.1 8 x lo4 J/mol. ~vahab l e  data are not sufficient to determine the effects of 
material properties such as grain size and density on the irradiation-induced creep of U O ~ .  

The creep rate of mixed oxides exllibils behavior similar to that observed for U02  
I h e  creep rate is controlled by viscous creep at low stresses with an activation energy 
between 3.7 x l o5  and 5.23 x lo5  J/mol, and is controlled by dislocation creep at high 
slrefises wilh an activation cncrgy between 5.7 x 1 o5 aucl '7.3 x 1 o5 J / ~ n u l ,  and stress 
exponent of 4.5. The creep rate is inversely proportional to the square of grain size in the 
viscous regime, and is enhanced by irradiation by a factor of about 9 to 30  in the viscous 
regime, but data are unavailable to quantify the effect of fission-induced creep at  low 
temperalures or fission-enhanced creep in the dislocation controlled region at  high stresses. 

7.3 Fuel Creep ~ o d e l  

The FCREEP subrouline incorporates the model proposed by Bohaboy et  a1 [A-7.131 
with the modifications suggested by Solomon et al[A-7.241 for fission-enhanced and 
fission-iliduced creep. The fission-induced creep constant proposed by Solomon et a1 has 
been changed slightly to  reflect the slight temperature dependence of fission-induced creep. 
Also, the model has been changed to remove the temperature dependencein the transition 
from viscous creep .to dislocation controlled creep. Irradiation-enhanced creep .in t.he 
dislocation controlled regime is not assumed in FCREEP'due t o  the lack of data. The 
following equation is used to calculate UQ2 creep: 

4.5 . . : ( A , + A ~ F ' )  ~ ~ X ~ ( - Q , / R T )  A 4 u  e x p ( - Q 2 / R T )  
C = . . 2.- -.--- 

+ 
(A,+D) . . 

+ A,nF exp ( -Q$RT)  
( A ~ + D ) G  

. .  . (A-7.8) 
where , . 
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3 = fission rate (8.4 x 1 017 to 1.18 x 1 020 fissionslm .s) 
\ 

n = stress (6.9 to 6 9  MPa) 

R = , gas constant (8.3 14 J/moleK) 

T = temperature (713 to 2073 K) 
. ' _  

n = density (0.92 t o  0.98 TD) 

G = grain size (4 to  35 pm), and stoichiometry (2.00 t o  2.01). 

The transition stress is given by the following expressiu~i: 

o = 165.6G -0.571 4 
t r a n s  

where 

- 
trans - transition stress (MPa) 

G = grain size (pm). 

When the stress is less than atrans' the actual stresses are used in the first term of' 
Equation (A-7.8); for stresscs greater than utrans9 the transition stress is used in the first 
term. I 

The predictions of FCREEP are compared in Figure A-7.3 with experimental data 
selected from out-of-pile compressive creep experiments for unirradiated stoichiometric U02 
and from available ex~er iments  for irradiated stoiclliometric UO?. This com~arison includes 
data from Bohaboy et a1 [A-7.1 31 , Poteat and ~ u s t [ ~ - ~ . ~ ]  . ~ e r & ~ [ ~ - ~ . ~ ~ f ,  and Wolfe and 
Kaufman [A-7.121 for unirradiated UO? and from Svkes and Sawbridge [A-7.191. 
~ l o u ~ h [ A - 7 . 2 0 1 ,  Solomon and GebnerrA-7.221,  ruckl lac her and ~ iens t [~- ; \ -7 -211  as 
reported by Solomon et a1 [A-7.24 and  erri in[^-'.^^ for irradiated fuel. Data from 
Burton and Reynolds LA-7.17, A-7.181 are not included because of the uncertainty in 
sephrating their compressive pellet data from their helical spring data. Good a reement was 
obtained among all these data except the data from Poteat arid Yust [A-7.5! in the hi& 
stress region, data for the 55-pm material used by Wolfe and Kaufman 2] , and data 
from  erri in[^-^.^^] for unirradiated fuel. Although the discrepancy in the high stress data 
of poteat and Yust [A-7.51 and the data for the large grain size material used by Wolfe and 
Kaufman is less than an order of magnitude; the discrepancy in the unirradiated' data of 
Perrin is about two orders of magnitude. No explanation is available for this discrepancy. 
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Bohaboy - Unirradiated 
Poteat and Yust - Low stress region, unirradiated 
Poteat and Yust - High stress region, unirradiated 

- 
Wolfe and Kaufman - 18-pm grain si7e, ~lnirradiated 
Wolfe and Kaufman - 55-p m grain size, unirradiated 
Sykes and Sawbridge - ~rrad~ated 
Brucklacher and Dienst - irradiated 
Clough - irradiated 
Solomon and Gebner '- irradiated 
Perrin - irradiated 
Perrin - unirradiated 

Experimental strain rate (s-')  

Flg. A-7.3 Comparison of irradiated and unirradiated U 0 2  experimental data with corresponding calculated values from 
FCREEP. 

The solid line shown in Figure A-7.3 would result if there was perfect agreement between 
experimental and calculated values. . ,  

For the creep of mixed oxides, the equation suggested by E&S et a1 [A-7.291 is 
adopted with modifications similar to  the U 0 2  model for the fission-enhanced creep. The 
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corisla~~l, B1, has been slightly changed to improve the correlation with experimental dala. 
The steady state creep rate for mixed oxides is described by the following equation: 

where 

B1 = 100720 

14 B2 = 7.57 x 10- . - 

B4 = 1.40 

B5 = 647 

B6 = 10.3 

Q1 = 4 . 6 0 5 ~ 1 0 ~ ( J / m o l )  

Q2 = 5.860 x 1 u5 (J/mol) 

3 F = fission rate (7.0 x 10 to 1.2 x 1 o1 fissions/m .s) 

o = stress (6.9 to 100 MPa) . . . . 

R = gas constant (8.3 14 JJmo1.K) 

T . = temperature (1 663 to  1948 K) 

C = ' Pu02 weight fraction (0.1 to 0.3) 

D = density (0.88 to 0.97. TD) and stoicl;iometry (1.95 tb.1.96). ' 

In Figure A-7.4 the predictions of FCREEP are cbmpared with mixed oxide creep 
data' selected from compressive experiments with oxygen-metal ratios between 1.95 and 
1.98. This comparison includes data from Evans et al[A-?'.29], Routbort et al[*-7.301, and 

. Good agreement is obtained for oxygen-metal ratios between 1.95 and 
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Fig. A-7.4 Comparison of mixed oxide experimental data with corresponding values from FCREEP. 

1.96 and grain sizes between 18 and 23 pm. However, measured values for the 4-pm material 
used by Evans et  al[A-7.291 are one to two orders of magnitude higher than the 
corresponding values calculated by FCREEP. Also, the high stress data of Routbort [A-7.301 
(in the dislocation-controlled creep regime) compare favorably with FCREEP calculations 
even though the oxgyen-metal ratio is slightly higher than 1.95. The low stress data lie about 
an order of magnitude higher than that calculated by the FCREEP model indicating the 
significance of the stoichiometry on the diffusion mechanism in the viscous creep regime. 
 erri in's[*-^.*^] data were used to determine the constant for fission-enhanced creep in the 
viscous creep regime (assuming the same amount of creep enhancement for material with a 
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1.98 oxygen-metal rat.io as for material with a 1.95 oxygen-metal ratio). Reasonably good 
agreement is achieved for the irradiated material but the calculated values for unirradiated 
material are' about an order of magnitude less than experimental values. The solid line 
represents the ideal cornparison if pcrfcct agreement is achieved between experimental and 
calculatcd values. 

7.4 Fuel C r e e ~  Subcode FCREEP Listing 

A listing of the subcode FCREEP used for calculation of U 0 2  and mixed oxide fuel 
creep is presented in Table A-7.IV. 

T A B L E  A-7 .  I V  

L I S T l N G  OF THE FCREEP SUBCODE 

F U N C T I O N  F C R E E P ( F T E ~ ~ P I F S T R E S ~ F D E N S ~ F G R N ~ F I S ~ C O ~ ~ P )  

T H I S  F U N C T I O N  CALCULATES THE STEADY-STATE CREEP RATE FOR U O 2  AND 
(U ,PUIO2 AS A  F U N C T I O N  OF STRESS, TEMPERATUREI F I S S I O N  R A T E *  . 
DENSITYI  G R A I N  S I Z E ,  AND C O M P O S I T I O N .  

FCREEP = OUTPUT S T R A I N  RATE ( ( S * * ( - 1 1 )  

FTEMP = I h P U T  F U t L  TEMPERATURE ( K )  
F S T R E S  = I N P U T  STRESS ( P A )  
FCENS I N P U T  FUEL D E N S I T Y  ( K G / M * * 3 1  
FGRN NPUT G R A I N  S I Z E  t M  ROMETERSl  . 
F I S  f N P U T  F I S S I O N  RATE ~ ~ F I S S I O N S / M * * ~ ) / S ~  ' 

c c n p  INPUT PIJOZ C O N T E N T  ( U T  X I  

FCREEP MAS CODED BY C.S. OLSEN , N O V  1 9 7 4  

D I f l E N S I O N  A ( 9 ) r Q ( 5 ) r B ( 7 )  
DATA A / 9 . 7 2 8 E O C 1 3 . 2 4 E - 1 2 ~ - 8 7 . 7 ~ 1 . 3 7 b E - 0 4 ~ 4 . 5 9 - 9 0 . 5 ~ 9 . 2 4 € - 2 8 ~  

t 2 4 0 0 0 . 0 0 *  - 0 . 5 7 1 4 /  
DATA B / 2 ~ 5 E 0 6 r 1 ~ 8 ~ € - 1 2 r 3 3 ~ 3 ~ 1 ~ 4 0 ~ 4 ~ 3 7 E - 4 ~ 4 ~ 5 ~ 1 0 ~ 3 /  
DATA Q/-45294.4r-66431~8~-2617.0~-50327~1~-70458~0/ 

11 = FTEHP 
5 1  = F S T R E S I t . 8 9 4 7 5 7 E 0 3  
G 1  FGRN 

E i  : L Z i r t 1 o c . c  

. ( C 1  .GT. 
= F D E N S * l  

= S T R A N S t G  
( 5 1  .LE. 
( 5 1  .GT. 

P C 1  + E  
REEP P C /  

6 0  20 

= EPS 
= EPS 

, S l , D l  

1 0  D l  F D E N S / ( D E k S ( C 1 1 * 1 . O E D 3 ) ,  
PC = E P S 4 1 T l , S l * D l , G l * F l f i )  + E P S S ( T l r S l r D l r C 1 )  
FCREEP = P C / 3 6 C O . 0  

2 0  C O N T I N U E  
R E  TURN 
EN C 
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8. FUEL FRACTURE S'I'KENGTH. (FFRACS) 

FFRACS calculates the fracture strength' of  brittle U 0 2  as a function of porosity and 
tempekature.for temperatures up to  1000 K, the.lowest temperature at which plasticity has 
been observed in-pile. For temperatures above 1000 K;aconstant value is used to  reyreseril 

: the .  in-pik fracture strength of plastic U02.  The U 0 2  fracture .model is given by the 
following equations: 

9 1; = 1 .7  x lo8 [ I  - 2.62 (1 - D).I''~ exp(-1590/@.314 T )  (A -8  l a )  

where 

OF = fiacture strength (pascals) 

D = fraction of theoretical density (dimensionless) 

T = temperature (K) 

uF(l 000 K) = fracture stress found with T = 1000 K. 

Equation (A-8.la) is based upon out-of-pile U02  fracture strength data and describes the 
behavior of brittle U02. Because no in-pile measurements of fracture strength have been 
made, Equation (A-8.lb) is based upon theoretical considerations and fragmentary 
out-of-pile data and applies to plastic U 0 2  The transition from brittle to  ductile material is 
accompanied by a discontinuity in fracture strength and occurs at temperatures below the 
usual out-of-pile brittle-ductile transition temperature due t o  fission-induced plasticity. 
Equation (A-8. l a) has a standard deviation with respect t o  experimental fracture strength 
data of 0.19 x lo8  pascals. The uncertainty in Equation (A-8.lb) is not estimated because 
of a lack of in-pile data. The following pages describe first the out-of-pile studies and then 
the model development. 
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8.1 Out-of-Pile U02  Deformation 

The out-of-pile deformation of U02 exhibits either elastic or elastic-plastic behavior. 
Elastic behavior is characterized by stress bcing linearly proportional to  strain up to  the 
fracture point [A-8. 1 . Elastic-plastic behavior is characterized by the stress-strain 
curve which is initially elastic (to the elastic prupu~tional limit), and which then exhibits 
plastic behavior[A-8.1, A-8.51. Each of these phenomena will be discussed in further detail. 

8.1.1 Review of Out-of-Pile U0, Elastic Behavior Data and Theory. At temperatures 

below a ductile-brittle transition temperature, Tc, U02  deforms elastically up to the 
fracture point A-8.51. In such cases the fracture stress, OF, is much less than the 
yield stress, o so that no yielding occurs prior to fracture. The fraclure topography of Y' 
near-theoretic'ally dense I.J02 exhibits the cleavage fracture mode of a brittle material. 
However, this fracture mode is affected by the amount of porosity and grain size, where, in 
general, the relative proportion of brittle to ductile fracture decreases with an increase in 
porosity and a decrease in grain size[A-8.6] . 

The crack initiator[A-8-1, A-8.2, A-8.4, A-8.6] has been suggested as the largest pore. 
The Griffith fracture can be applied to theoretically examine the parameters 
which affect the fracture stress. Griffith showed that the fracture stress or criti5al stress 
required to  propagate an elliptical crack of lcngth 2c with an "infinitely" small radius of 
curvature is given by Equation (A-8.2): 

where 

E = elactic modulus (Pa) " 

c = crack length (m) 

bt - - ' Poisson's ratio (unitless). 

This equation applies t o  plane strain conditions and t o  an infinitely thick section of purely 
elastic material. 

In Equation (A-8.2), the fracture stress is proportional to the square root of the elastic 
modulus, which in turn linearly decreases with porosity and temperature as discussed in 
Section A-5. Therefore, the fracture strength should decrease with increasing temperature. 
However, the fracture strength of U 0 2  has been observed to  increase slightly with 
temperature A-8-41. These measu'rements can be ex lained by the fact that y in 
Equation (A-8.2) probably increases with t e n i p e r a t u r e [ ~ - ~ . ~ f  at a faster rate than the rate 
of decrease of E with temperature. 
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 asse elm an[^-^-^] has shown that when-a matcrial cant-ains numerous elliptical cracks 
of length 2c spaced a distance 2h from each other, Equation (A18.2)- becomes. for ,plane 

- strain conditions: . . .  

E Y IT C 
2 5 ~ = i ,  ( 1  - v  1 h 

c o t  (-) 2 h  

where the ternls are defirled as above. 

Equation (A-8.3) and Equation (A-8.2) both predict a UO? fracture strength which is 
dependent on porosity because of the 'effect of porosity on 'the elastic modulus. 
Equation (A-8.3) also predicts a crack spacing effect upon. fracture strength, which in turn 
depends upon both the gore size and volume of porosity. A fracture stress dependency .upon 
the pore morphology (size, shape, and distribution) has also been observed by Roberts and 
Ueda[ A-8.1 I . 

8.1.2 Out-of-Pile Elastic --. Models. -.- The experimental data[A-8.1, A-8.2, A-8.h, A-8.91 
.for fraoture strength in thc brittlc region wclc fil Lo Equatiull (A-8.4) using a Hnear 

least-squares regression analysis [after reducing Equation (A-8.4) t o  a linear form] --.to 
deternliae Lha.coefficients A, m, and Q: 

where 

OF = ' fracture stress (Pa) 

D = fraction of theoretical density (dirnensidnless) 

The following values of A, m, and Q weredetemiined: 

A = 1.70 x l o 8  pascals 

m = 0.047 

The expression [ 1 - 2.62 (1 - D)I 'I2 arises from the proportionality between OF a n d o i n  
Equation (A-8.2) and (A-8.3) and the. relation between E and D (see Section A-5). The 
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expression bctwcen fracture stress and grain size was bascd upon .the'. sug estion nf 
I A-8. f 3 I which ~ r o w a n [ ~ - ~ . l  and ~ e t c l , [ ~ - ~ . l  2] and the data of Igata and D ~ m o t q  

relate the strength of a material to  In general terms, this factor is written Grn. The 
Boltzmann factor was selected to  represent the- temperature dependency. The effects of 
pore morphology have been ignored because of a lack of appl-opiate data. In Figure A-8.1, 
Equation (A-8.4) is compared with experimental data which are normalized to a 10-pm grain 
size and to 95% TD using Equation (Ar8.4). 

. .  - . 

- 
. . 

- 

- 6- 2 X c a n n o n  et a ,  

0 0 * Burdick a n d  Parker 

. . 273 773 . 1273 1773 ,2273 , 2773 

. . Temperature (K)  INEL-A.6104 

Fig. A-8.1 Comparison of  Equation (A-8.4) in the elastic behavior regime with out-of-pile U 0 2  fracture strength data 
normalized to  10-pm grain size and 95% TD. 
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~ n u d s e n [ ~ - ~ . ~ ~ ]  proposed the following empirical equation relating fracture stress to 
' ,  

grain size and. porosity: 

where 

b = a constant 

and the other terms hnvc bccn dcfined above, arld cunslants are given below. 

K~~uclsell suggesred that this relation reprcscnts the streilgtll of thuria and chromium 
carbide reasonably well. This expression was fit tn t h p  TJ02 fraclure strength,data, cxccpt 
that thc Arrhenius tern1 f i ' o ~ ~ ~  Equation (A-8.4) was added to provide a temperature 
dependency. The resultant expression was reduced to a linear form and a linear, multiple 
variable regression analysis was used to determine the coefficients A, m, b, and Q. Thc 
resultant values are: 

Equation (A-8.5) is comparecl with experimental data in Figure A-8.2. 

Both Equations (A-8.4) and (A-8.5) indicate a very small effect of grain size upon the 
fracture stress. Vahlw of m on the order of 112 are exprrtrd theoretirally[A-8~1 !,> A-8-121 
but values of 0.05 were obtained, indicating a very insignificant effect of grain size on U02  
fracture xtrrsq. Milch-scatter exists in the data with rcspcct to  Equatioiis (8-8.9) a11cl.(A-8.5) . 
and is .attributed to differences in pore morphology which are not accounted for in these 
equations and which were also not reported with the experimental data. 

In some cases, porosity has not been the initiator of cracks in U 0 2  Instead, silica or 
alumina 5] precipitated at grain boundaries has considerably reduced the fracture 
stress, whereas small additions of titania increased the fracture strength of 
These additions are not normally part of the fabrication process and were not coniidered in 
the U02 fracture stress model. 

8.1.3 Out-of-Pile Transition Temperature. The transition temperature, Tc, is defined 
to be the temperature at which the stress-strain curve departs from (linear) elastic to plastic 
behavior. Density, grain size, and strain rate are expected to effect this transition 
temperature, but experimental data is irisufficient to obtain a precise relationship. 
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data 

Cannon et a1 [A-8.2] reported out-of-pile transitions at 1 100, 13 75, and 1 450°C for 
strain rates of 0.092, 0.93, and 9.2/h,respectively,in material with an 8-pm average: grain 
size. Transitions at 1050 and 1 1 OOOc occurred for a strain rate of 0.092/h in material with , 
1 5- and 3 1 -pm average grain sizes, respectively. Evans and ~ a v i d ~ e [ ~ - ' . ~ ]  reported 
transition temperatures of 1200 and 1 3 0 0 ~ ~  for 8- and 25-pm materials. A transition 
temperature of 1 250°c is assumed for the FFRACS since that is the midpoint of the 1050 
t o  1 4 5 0 ~ ~  range of measurements. 
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8.1.4 Out-of-Pile 1J03 Elastic-Plastic' Behavior. At temperatures above the trarlsilion 
L. 

temperature, the deformation of U 0 2  exhibits plastic behavior after some elastic 
deformation has occurred. The yield stress is less than the fracture stress and yielding occurs 
prior to fracture[A-8.1, A-8.s] . The fracture mode is mostly intergranular, and a significant 
contributiorl Lu the deformation arises from grain boundary sliding. Figure A-8.3 shows the 
fracture strength of U 0 2  as a function of temperature. At temperatures above Tc the 
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Fig. A-8.3 Leastsquares regression fit of U02 fracture strength in the elastic-plastic regime to out-of-pile data of Cannon et  
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ulti~nate tensile strength dccreases with an increase in temperature. The effecl oC strain rate 
is significant but the effect of grain size is negligible for grain sizes up  to  about 30  pm. 
Strain rate effects and grain boundary sliding strongly suggest that creep plays a dominant 
role at these temperatures. When the creep rate for a given temperature is near the same 
order of magnitude as the strain rates, then stress relaxation reduces the fracture stress. This 
effect is shown in Figure A-8.3 by the increase in fracture stress with the i~~crease  in strain 
rate. 

8.2 U02 Fracture Stress Model 

Irradiation substantially reduces the ductile-brittle transition temperature. As dis- 
cussed in Section 7, in-pile creep measurements show plasticity exists in U 0 2  at 
temperatures as low as 1000 K. U 0 2  is assumed to  be brittle below this temperature, and 
Equation (A-8.4) (without the grain size term) is selected for the low temperature fracture 
stress model for U 0 2  Equations (A-8.4) and (A-8.5), each with a standard deviation of 
about 1.9 x 1 o7 Pa, predict the experimental out-of-pile fracture stress about equally well 
but Equation (A-8.4) has more theoretical foundation. 
Y 

Above 1000 K, irradiation and thermal effects enhance fhe plasticity of U 0 2  so that a 
decrease in fracture strength with increase in temperature may not occur. A strain rate 
effect may also exist, but the experimental data available are not sufficient to  quantify a 
strain rate effect. Therefore, the in-pile fracture stress for plastic U 0 2  a t  temperatures 
higher than 1000 K is taken to  be that found with the low temperature correlation at 
1000 K. This ensures calculational continuity between the two correlations. . . 

The in-pile U02  fracture stress model is summarized by the following equations: 

for 273 < T  1000 K 

for T > 1000 K 

where 

- 
OF 

- fracture strength (Pa) -.. . . .-.- ".. . - 
D - - fraction of theoretical density (dimen- 

sionless) 

T - - 'temperature (K) 

oF.(lOOOK) = fracture stress found with T = 1000 K 
using Equation (A-8.6a). 
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Equation (Ak8.6a) can be used for temperatures up'to about (1323°K) for out-of-iile use. 
Tl~e  predictions of FFRACS for .two different fuel densities as a function of temperatGre are 
shown in ~ i & r e  A-8.4. 

Fig. A-8.4 CalcLlated curves showing the predictions of FFRACS as a function of temperature for two fuel densities. . . . I  

. ., 
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8.3 Fuel Fracture Strength Subcode FFRACS Listing 
. . 

The FORTRAN listing of the FFRACS subcode is presented in Table A-8.1. 

T A B L E  A-8. I 

L I S T I N G  OF THE FFRACS SUBCODE 

C  
F U N C T I O N  F F k A C S ( F T E H P # F R A D E N )  

C  
EEiEOoOo1Oo 
F F A C 0 0 3 0  

C  F F R A C S  C A L C U L A T E S  T H E  U 0 2  F R A C T U R E  S T R E S S  A S  A  FUNCTION O F  
c F F A C 0 0 4 0  

T E R P E R A T U R E  b N C  F R A C T I O N A L  D E N S I T Y .  F F A C 0 0 5 0  
C  
C  F F R A C S  = O U T P L T  U O 2  F R A C T U R E  S T R E N G T H  ( P A )  
c F F A  E j 8 8 %  0 0 8 0  
C F T E M P  I N P U T  F U E L  T E M P E 4 A T l l R F  ( K )  F F A C O O 9 0  
C  F R A D E N  = I N P U T  F R A C T I O N A L  F U E L  D E N S I T Y  ( R A I I U  Ub A C T U 4 L  O C N S I T Y  T O F F A C O l O O  
C  T H E G R E T I C A L  D E N S I T Y  1 .  F F A C O 1 1 0  
C  F F A C O l Z O  
C  T H E  C O R R E L A T I O N  F O R  U 0 2  F R A C T U R E  S T R E N G T H  I S  B A S E D  U P O N  T H E  F F A C O l  3 0  
C  F O L L O U I N G  D A T A :  F F A C O 1 4 0  
C  J .  1. A. R O B E R T S  A N D  Y e  U E D A *  J .  A M E R e  C E R e  S O C e  5 5  1 7 ( 1 9 7 2 ) F F A C O 1 5 0  
C  R. F. C A N N O N  E T  ALI. J .  AMER.  CERAM.  SOC. 5 4  1 0 5 ( 1 9 1 1 t .  F F  A C 0 1 6 0  
C  J .  K A T A N I C - P O P O V I C  A N D  P E T R O V I C #  P H Y S .  S I N 1  R I N G  5 9 5 t 1 9 7 3 ) .  F F A C O l f O  
C  F .  K N U D S E N  € 1  ALI J. AMER.  CER.  SOC. 4 3  6 4 1 E 1 9 6 0 ) .  F F A C 0 1 8 0  
C  M. B U R D I C K  A N D  H. P A R K E R #  J. AMER. CER. SOC. 3 9  1 8 1 1 1 9 5 6 ) .  F F A C 0 1 9 0  
C  F F A C O Z O O  
C  F F R A C S  M A S  O R l G I N A L L Y  P R O G R A H M E D  B Y  S. O L  E N  I N  S E P T E M B E R  1 9 7 5  F F A  02 
C A N D  M O D I F I E D  B Y  G. A. R E Y H A N N  I N  S E P F C ~ B E R  1877. 
C  

F F A E O Z J ~  
F F A C 0 2 3 0  

S T ' R U ( T # F # A # B . C , P )  = 4  (1. - B * ( l .  -- F I ) * * C  E X P ( - Q / ( l . 9 8 7 * T l )  F F A C O 2 4 O  
D A T A  A l r B l r C 1 ~ 0 1 / 1 ~ 7 0 E 0 8 1 2 ~ 6 2 ~ 0 ~ 5 ~ 3 8 0 . /  F  F A C O 2 5 0  

F T E M P  I! : F R A D E N  F F A C 0 2 6 0  F  F A C 0 2 7 0  
I F ( T 1  . G T .  1 C O C . D )  11 1000. F F A C O 2 8 0  

C F F A C O 2 9 0  
F F P A C S  = '  S T R U ( T l r F l v A l ~ B l ~ C l ~ Q 1 )  . : F F A  0 3 0 0  
R E  T U R N  F F  A 8 0 3 1 0  
E N D  F  F A C 0 3 2 0  
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9. FUEL SWELLING (FSWELL) AND THE INTEGRATION O F  SWELLING 

AND DENSIFICATION (CONECT) 

. * 

A model for the gaseous and solid fission product swelling of uranium dioxide and 
mixed uranium-plutonium dioxide fuels .(with relatively low plutonium content) in light 
water reactor environments, is presented in this section. The model is empirical, based on 



PWR and BWR fuel swelling results, taking into account the Bettis flat plate data. The 
temperature dependence of the swelling rate was incorporated using mixed oxide swelling 
data. The data describe internal changes in the fuel dimensions so that macroscopic swelling 
is represented by the model. 

A ~notlel lo i~~corporatc  thc effects of fuel densification nn f~nel swelling and to 
calculate the combined effects of densification and swelling on in-reactor fuel dimensional 
changes is also presented. 'lThe net contribution uI' Lllese two effects to thc changes in fuel 
dimensions during irradiation is not a simple sum of the dimensional changes contributed by 
each effect. The subcode CONECT combines the contributions of swelling and densification 
(provided by the MATPRO subcode FUDENS) and completes the description of fuel 
dimensional changes caused by these phenomena during irradiation. 

9.1 Summary 

Swelling, densification, and the approach to integrating their net effect on fuel 
.., . geometry are modeled in three district subcod es in nrder t o  facilitate future modeling of 

LWR fuel swelling and densification and still combine the two models (FSWELL and 
FUDENS). The swelling and the integration subcodes are described in this section, while the 
densification subcode is presented in Section A-9.6. 

9.1.1 FSWELL Model. Description. The model assumes constant (temperature inde- 
pendent) values for the burnup dependent swellir~g rate below 1673 K and above 2473 K. 

!," The swelling rate is modeled as a linear function of temperature between these extremes, 
having a maximum at 2073 K. The values for the relative swelling rates were taken from the 
mixed oxide data of Nelson and ~ e b r o s k i l ~ - ~ . l ] .  

The temperature dependent swelling rate was normalized to  a value of 0.7% OVjV per 
fissions/m3 at 2273 K based on a linear average of measured swelling data. The data 

base for the model is shown in Table A-9.1. 

3 The swelling rate value of 0.7% AV/V per fissionsjm was obtained by linearly 
averaging the data presented in Table A-9.1. This averaged swelling rate was used to  calculate 
the relative swelling rate, giving 'the values shown in Table A-9.11. The temperature 
dependent swelling rate is compared with measured values in Figure A-9.1. 

9.1.2 CONECT Model Description. The subcode CONECT calls FSWELL and 
FUDENS t o  determine net dimensional changes and utilizes as a key parameter the porosity 
which may be filled by densification or  swelling without causing outward swelling of the 
fuel. The parameter is defined by 

with 



TABLE A-9.1 

DATA BASE FOR THE MATPRO FSWELL MODEL 

Measured Swel l  i ng Rate 

Source . 
3 ( %  aV/V per l o z 6  f i s s i o n s / m  ) 

B c t t i s  f l a t  p l a t e  da ta  - [A-'9.2) 0.7% 

B e t t i s  f l a t  p l a t e  da ta  - [A-9.31 

( r eeva l  uated hy GE)  

General E l e c t r i c  Company 

BWR da ta  [A-9.3,A-9.41 

Babcock & Wi lcox Company 

PWR da ta  [A-Y. !I] 

CALCULATED VALUES OF THE RELATIVE SWELLING RATE 

Temperature ( K )  

Swel l  i ng Rate 
3 ( %  nV/V p e r  f i s s i o n s & _ )  

where 

. P  = porosity which has not been filled by densification or 
swelling but which is potentially fillable without outward 
swelling 

Pf = porosity 'available for filling by densification and swelling 
- phenomena 



Fig. A-9.1 comparison of predicted and averaged measured swelling rates over the temperature ranges shown. 
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Ps = porosity filled by swelling (equal to  the net change in 
volume calculated by FSWELL) 

Pd = porosity filled by densification (equal to  the net change in 
volume calculated by FUDENS) 

Fuel Centerline Temperature ( O C  INEL-A-61 16 

A Daniel et 01, WAPD-263 

B A, as Reinterpreted by 1. C. Rowland et at, NEDO-20702 I 
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po = . as-fabricated fuel density kg/m3. 
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4 When P is greater than ze1.o (requiring an initial density less than 1.061 x 10 kg/n13 
by Equation (A-9.2) porosity .may be filled, densification will occur, and the net volume 
change is calculated by the FUDENS model alone. When P is zero or negative, densification 
is n o  longer possible and further geometry changes are determined by the FSWELL subcode 
(with outward swelling generally beginning in the 3 to  10 GWd/MtM' burnup range). In 
teims of n.et volume changes relative to  the as-fabricated fuel volume: 
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for P  2 0 

A V  A V  FUDENS FSWELL FSWELL 
r = (r) - (r) 

P=O P=O 

A v  FUDENS - 
(-1 - percent change in fiicl volume 

. v 
calculated by FIlDENS 

A v  FSWELL - 
(7) percent change in fuel volume 

calculated by FSWELL 

AV FUDENS 
= percont ~hnnge in fucl volurnc 

P = O  calculated by FUDENS when 

AV - - (-1 percent change in fuel volume 
v p = o  calcularcd by FSWELL when 

. P = O .  . 

In summary the assumptions made to combine the two models are: . 

(1) Densificatiorl "will occur until. equilibrium between pore gases 
and pore surface tension is reached. This is modeled in FUDENS. 

(2) ' Tht: fuel grains initially swell into the available void space 
without changing the actual external fuel dimensions due to  the 
stresses caused by fission products in the grains. 

(3) Some fission gas is lost into the pores SO that thermal sintering 
cannor be completed. 

The CONECT model i~ described in morc dctnil in Scction 9.6. 

9.2 Survey of Swelling Data 

9.2.1 Introduction. This section predent,~ an evaluation of fuel swelling results 
obtained from sources available in the open (nonproprietary) literature. In addition to 
macroscopic swelling data, results pertaining to  the solid fission product contribution to  the 
aforementioned macroscopic swelling are given. The following sources were used: 

Macroscopic Swelling Data: 

Battelle, Columbus Laboratories 



Bettis - Flat Plate Resulls 

Bettis - Rod Data 

General Electric BWR Data 

Babcock & Wilcox PWR Data 

United Nuclear Corporation' 

Turnbull ( cEGB[~] ,  Berkeley, UK) 

Nelson and Zebroski (GE). 

Solid Fission Product Contribution 

Anselin (GE) 

Wait (Harwell) 

Whapharn and Sheldon (AERE, UK) 

Harrison and Davies (Hanvell) 

Olander (U. of C., Berkeley). 

9.2.2 Macroscopic Swelling Dala. 

(1) Battelle Columbus Laboratories. Ket'erence A-9.6 presenls a summary of 
the results from the extensive fuel irradiation program at .Battelle Columbus Laboratories. 
Swelling data were obtained for U 0 2  and (U, Pu)02 fuels clad with a tungsten-rhenium alloy 
as a funcliun of temperaturc and burnup. 

There are two distinctive. characteristics of these experiments. First, the cladding 
surface temperatures were in the range from 1200 to  1900°c, as compared with typical 
BWR and PWR cladding surface temperatures of 280 to  3 5 0 ~ ~ .  Secundly, the ternpcrature 
gradients in the fuel were small, with the fuel centerline-to-surface temperature drop 
estimated t o  be less than 300°C. Nominal corresponding temperature differences for a - 

commercial LWR are typically about 550°c at 20 kW/m and 1300°C at 46  kW/m. The data 
showed the swelling rate to have an "Arrhenius" dependence on the cladding surface 
temperature for fuel temperatures above 50% of the" melting point. This conclusion is 
discussed in Reference A-9.7. Also, the swelling was a linear function of burnup and the rate 
a function of the fuel temperature. The nominal experimental conditions and parameters are 
summarized in Table A-9.111. 

- - 

[a] Central Electricity Generating Board. 

9 1 



T A B L E  A-9.111 

NOMINAL CONDlTIONS A N D  PARAMETERS FOR 
BATTELLE SWELLING EXPERIMENTS 

Parameter /Condi t ion - Value - 

Cl addi  n y  S u r f a c e  Temperature 1200 - 1900°C 

Fuel Center1  i ne Temperature 1450 - 2250°C 

Maximum  ine ear Power 12 kW/m 

F i s s i o n  Rate Densi ty  3 2. x 10'' f i s s i o n s / m  - s  

Burn-up 0 .4  - 20 x f i s s i o n s / m  
3 

Fuel Ctidr~acter'istlcs 
[ U O i  and (U,Pu)02]: 

dens  .i t y  91 - 97% T h e r o r e t i c a l  Densi ty  

l e n g t h  25 nm 

c e n t r a l  h o l e  0. D. 1 . 4  - 2 . 8  mm 

Cladding Thickness  0 . 5  - 1 . 5  mm 

The temyeraturt: and bumup dependenceof,the volumetric swelling rates are shown in 
Figures A-9.2 (from Reference A-9.8) and A-9.3 (from Reference A-9.9), respectively. Note 
that the temperatures in both figures are cladding surface temperatures which were the only 
tompcraturcs measured. 'llic fucl surhce and cenrerliiie te.mperatures were estimated to  be 
50 and 3 0 0 ' ~  higher, respectively. The volumetric swelling rates were calculated from 
extcmal dimensional cllariges of the fuel which were determined by radiography [A-9.91 
The swelling rates varied from. 3 to  15% AVIV per fissions/m3 for a variation in 
cladding surface temperature from 1325 to 1900°c. 

The swelling rates reported by 'Battelle are atypical of swelling rates associated with 
LWR fuel. The method of applying these data t o  relevant conditions has been discussed by 
~ h u b b [ ~ - ~ . ~ ] .  In the opinion of this author, these data can only be used in the framework 
of an analytic model incorporating the free swelling of elemental fuel volumes. The effect; 
of the restraint imposed by cooler adjacent volume elements and of the cladding would have 
to  be taken into account. A complication exists inasmuch as the Battelle data re-present 
macroscopic swelling, i.e., changes in the external dimensions of the fuel, whereas density 
change data would be more appropriate to  such a modeling effort. The Battelle data have 
been used for such modeling efforts [A-9.10, A-9:12] 
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Fig. A-9.2 Volumetric, swelling rate as a function of  cladding surface temperature for U 0 2  and (U,Pu)02 clad in W/Re as 
seen in Battelle experiments. 
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Pig. A-3.3 SwzUi~~g  uT U 0 2  a t  high temperatures measured at  Battelle. 

An extensive program at General Electric investigating swelling of BWR fuel 
concluded that the very high swelling rates manifested in the Battelle data apply only t o  fuel 
with very low r e ~ t r a i n t [ ~ - ~ . ~ ,  A-9.41. The significance of restraint in reducing swelling has 
been reported by Grando et a1[A-9.1 31 .  

. . 
(2) Bettis Flat Plate Swelling Data. The data from this Westinghouse program 

indicate that U02  undergoes a volume increase at a rate of 0.16% 'ohV/V per 10 2 6 
3 fissions/m up t o  a "threshold"  burn^^[*-^.^, A-9.141 Above this threshold bumup, the 

swelling rate is 0.5 to 0.7% AV/V per fissions/m3. Threshold burnup values ranged 
from 1 1 x 1026 to  17 x 1 026 fissions/m3. Based on an analysis of low density fuel, the true 



swelling rate of U 0 2 ,  indepelldont of bumup, was determined to he 0.7% AV/V per 1 026 
fissions/m3. This true rate is only observed after the internal pores are sealed. Thus, this rate 
is masked during the initial exposure period until the as-fabricated porosity is filled by 
fission products. The experimental conditions and parameters are summarized in 
Table A-9.IV. 

TABLE A-9.IV 

NOMINAL CONDITIONS AND PARAMETERS 
FOR BETTIS FLAT PLATE SWELLING EXPERIMENTS 

Parameter/Condi t i  on Value 

C l  adding Sur face Temperature . ,290 - 315°C 

Fuel cen te r1  i ne Temperature 885 - 2150°C 

Maximu111 L i n e a r  power 

Fuel C h a r a c t e r i s t i c s  (U02) : 
. .  . . .  

dens i . ty  87 - 98% T h e o r e t i c a l  ~ e n s i t y  

t h i ckness  0.8 - 4 x 10-% 

w i d t h  0.32 - 1.27 x l o - *  m 

1 ength 3.8 - 15.2 x m 

C ladd ing  ~ h i c k n e s s  3.8 - 6.4 x l o m 4  m 

These data have been frequently used as the basis for semiempirical ,swelling models 
and for model verification. (See, for example, Reference A-9.1 5.) Although the experi- 
mental conditions are representativk of LWR conditions, extrapolation from the flat plate 
geometry to  a rod configuration is not straightforward. Also, the Rettis data have been 
reevaluated by workers at General Electric who concluded the swelling rate is 0.5% AV/V 

3 
per fissions/m3 rather than the 0.7% AV/V per 1 026 'fissions/m value originally 
extracted by the Bettis workers [A-9.31 

(3)  Bettis Rod Data. Swelling data were obtained on two fuel rods containing 
U02 in the form of dished-end pellets[A-9.3]. The swelling rate was estimated as 
0.82% AV/V per fissions/m3. This result was interpreted as consistent with the Bettis 
flat plate value of 0.7% AV/V per fissions/m3 on the basis of higher temperatures in 
the rod experiment's. The justification foi the statement that higher temperatures were 
maintained in the rod experiments than in the plate experiments is not obvious. 



. , 3 The total swelling rate of 0.82% AV/V per fissionslm was analyzed into.three 
components: 

(1 ) 3 5% accommodated in pellet dishes 

(2) 43% fillcd internal porosity 

(3) 16% caused diametral expansion. 

(4) General Electric BWR Data. Results from an extensive General Electric 
BWR fuel rod behavior program showed very small amounts of ~ w e l l i n ~ [ ~ - ~ - ~ ,  A-9-41 . A 
major conclusion from the program is that fuel, pins with diametral clearances typical of 
BW Rdesign (0.23 to0.30mm) did not show any significant positive diameter changes due t o  the 
combined effects of differential thermal expansion and fission product swelling up  to a' 
burnup of 25.7 x fissions/m3. Since no  actual cladding diameter changes were 
observed, the maximum swelling rate is that inferred by assuming all the'intenlal volun~e of 
the fuel rod is filled by fission products. This assumption leads to  a maximum swelling rate 
of 0.4% AV/V per 1 o~~ fissions/m3. 

Pins with smaller diametral clearances did exhibit diameter increases. However, the 
measured expansion of high exposure pins in this group falls within the data scatter of 
similar clearance, low exposure gins. It was concluded that all of these observed diameter 
increases can be attributed to  thermal expansion early in life. 

A complementary General Electric program evaluating swelling of L M F B R [ ~ ]  type 
3 f u d  lvds lad Lu a maximum swelling rate of 0.23% N / V  per 1~~~ fissions/m . 

(5) Babcock & Wilcox PWR Data. Babcock & Wilcox have conducted a high 
bumup irradiation program to  determine the performance characteristics of typical PWR 

. The file1 rods were designed to operate at 59.1 and 713.5 k W / h j  the normal and 
peak transient heat rates, respectively, for design bases in PWR fuel rods. 

Swelling rates were calculated from measured increases in fuel rod diameters and fuel 
column lengths. 'Corrections for internal porosity were not made. Also, the calculations 
assumed that the  peak diameter increase occurred over .the entire length of the fuel column, 
an assumuption considered valid for most rods. 

The averaged swelling rate determined for pelletized U 0 2  fuel rods is 1.10% AV/V 
per fisions/m 3. These data and the averaged swelling rate as a function of burnup are 
shown in Figure A-9.4. 

(6) Miscellaneous Data. A United Nuclear Corporation program on the swelling and 
gas release of fast reactor fuels confirmed that unrestrained sweiling rates are considerably 
higher than swelling rates of fuels restrained by  ladd din^[^-^- 31 . The unrestrained swelling 

[a] Liquid Metal Fast Breeder Reactor. 



Fig. A-9.4 Total swelling as a function of burnup from Babcock & Wilcox high burnup fuel behavior program. 

3 fuel specimens consisted of 1.524 x 10- m diameter by 1.27 x 1 0 - ~ m  long free-standing pins 
in helium, held at the ends in tantalum carbide supports with space provided for axial 
expansion. The small diameter of the specimens was chosen to obtain essentially isothermal 
conditions. Test capsules were designed t o  operate a1 1000, 1300, and 1 6 0 0 ~ ~  controlled to 
* 2 5 O ~  with a fuel AT of less than 5 0 ' ~ .  

Two specimens of (U0.85 P u ~ . . ~  5)02 were irradiated at fuel temperatures of 1365 and 
1580°c, respectively, to  a burnup of 4.9 x fissions/m3. The lower temperature 
specimen was observed to  have a swelling rate of 1.5% AV/V per fissions/m3. The 
higher temperature specimen swelled at a rate of 2.6%AV/V per fissions/m3. The 
conclusion drawn is that the mixed oxide swelling rate at 1 6 0 0 ~ ~  is 1.7 times the rate at' 
1 3OO0c. 

Collins and Hargreaves 8] have summarized swelling results obtained from 
several sources. They report swelling rates from 0.17 to  0.33% AV/V per 1 026 fissions/m 3 .  

for "low te,mperatureH fuel, i.e., fuel with a maximum temperature below 1125Oc. They 
3 . .- 

conclude that a swelling rate of 0.33% AV/V per fissidnslm .IS conservative [or 
describing such low temperature swelling. This value corresponds to  what is commonly 
referred to as solid fission product swelling, however, it includes the .effects of gaseous 
fission products although bubble formation and interconnected porosity are insignificant at 
this low temperature. Above 1 125'C they state that gas bubble swelling becomes important. 
Fuel porosity increases at approximately 0.5% per IOOOC fuel centerline temperature 
increase. 

Turnbull [A-9.191 reported swelling rates of approximately 4%AV/V per 10 26 
fissions/m3 for U02  having an average initial grain size of 40  prn. As in the Battelle 



Columbus experiments the temperature gradients' in the fuel wcrc small, with a fuel AT of 
approximately 100°c. The fuel was maintained a t  1 750°c and the maximum burnup was 
low, l e k  than fissiolls/n~~. The U 0 2  specimens themselves were small, 1 cm in length 
and 0.3 c1n in diameter. They were encapsulated in 'I'ZC: molybdenum[a] . The results are 
coilsi~ter~t with those obtained in the Battelle exyerir~lerlls and probably represent 
unrestrained swelling. 

Nelson and Zebroski reported[A-9.1 some data on the temperature dependence of 
swelling ratcs for (T.J,I'11)02 fuel. Tlie irradialion capsules wcrc designcd t o  provide stru~lg 
radial constraint so that any swelling resulted in axial elongation of the fuel. The fuel pellets 
wcre approximately 7.6 cm in length and 0.25 cm in diameter. The cladding was 
1.03 1-cm-thicl; 304 stainless steel. Linear heat rates of 25 - 4 0  kW/m and cladding surface 
temperatures between 290 and 4 2 0 ' ~  were typical of commercial LWR conditions. 

The results of the measurements have been summarized by  COX[^-'.^^]. Two major 
conclusinns were drawn: first, the fuel volume increase is linear with b u n ~ u p  for each 
tcmperature range u p  to 14 x 1 02' fissi6ns/m3; second, the swelling rate is sharply affected 
by temperature. The swelling rates of the fuel are shown in Table A-9,V. The data were 

3 obtained for bur-r~ups between 14 x and 21 x fissions/m . 

TABLE A-9.V 
. .  . . . .  

SWELLING RATES OF (U,Yu)U2 

OBTAINED BY  NELSON AND ZEBROSKI 

Fuel Center1  ine Observed S w ~ l l i n g  Rate  R e l a t i v e  S w e l l i n g  
Temperature  (OC) (1 A V / V  p e r  10L6 f i s s ions / rn3)  Rate  

An explanation has been given for the temperature dependence observed in the 
swelling data shown in Table A-9.V. The low swelling rate at 1400°c is due t o  the strong 
radial restraint and accommodation of fission in interstitial sites, even though a higher 
percentage of the fission gas is retained in the fuel. The rate at 2 2 0 0 ' ~  is lower thah the rate 
at 1800UC due to high gas release. This is consistent with the commonly known 
temperature-gas release correlation, summarized in Table A - ~ . v I [ ~ - ~ . ~ ~ ,  A-9.231. All of the 
above results on macroscopic swelling are summarized in Table A-9.VII. 

[a]  An alloy consisting of 1.25% titanium, 0.3% zirconium, 0.15% carbon, and the 
balance mo!ybdenum. 



TABLE A - 9 . V I  

FUEL TEMPERATURE-GAS RELEASE-GRAIN STRUCTURE 
CORRELATION 

Fuel Temperature 
("C) 

F i s s i o n  Gas 
Release (%)  

' 1 0  

1 0  - 40 

70 - 100 

Observed 
Gra in  S t r u c t u r e  

Equiaxed 

Columnar 

9.2.3 Solid Fission Product Swelling. The contribution to  swelling due to  solid 
fission products has been evaluated by a number of authors and is included here for 

~. 
-,; completeness. 

~ n s e l i n [ ~ - ~ . ~ ~ ]  found the solid fission product contribution to  the swelling rate, 
based on irradiations performed under a wide range of conditions, to  be 0.35% AV/V 
per fissions/m3. However, he cautiorls that there is no unique number, Gince this 
contribution to swelling depends on irradiation conditions, fuel pin design, and, the 
properties of the fuel itself. Maximum and m.inimum swelling rates were, calculated by 
assuming zero and then complete use of fission produced vacancies in the fuel, giving values 
of 0.54% AV/V per 1 026 fissions/m3 and 0.13% AV/V per 1 026 fissions/m3, respectively. 
Note that the mcasured value, 0.35% AV/V per 1 026 fissions/m3, is very nearly the average 
of these calculated extremes. 

Anselin also found the solid fission product swelling rates for mixed oxide fuel to  be 
nearly the same as for U02.  Using (80% '0, 20% Pu)02 and U02,  minimum swelling rates of 

3 0.12% AV/V per 1 fissions/m3 and 0.13% AV/V per 1 026 fissionslm were calculalcd, - 
respectively. (These calculations were made to room temperature.) 

~ ~ o n s [ ~ - ~ . ~ ~ ]  has summarized the solid fission product swelling results of several 
authors, including those of Ar~selin. Wait [A-9.261 obtained a value of 0.2 1% AV/V per 

3 fissions/m3. Whapham and ~ h e l d o n [ ~ - ~ . ~ ~ ]  obtained 0.20% AV/V per 1 ~ ~ ~ - f i s s i o n s / m  . 

Harrison and ~ a v i e s [ ~ - ~ . ~ ~ ]  calculated solid fission product swelling values as a 
function of thermal neutron flux. They concluded that the swelling contribution 
monotonically decreased as the flux increased. Swelling contributions of 0.45%AV/V 

3 per fissions/m3 and 0.39% AV/V per 1 026 fissions/m were calculated for thermal 
2 neutron flux values o f  10 and 1 o1 neutronslm .s, respectively. 

Olander [A-9.291 also calculated the solid fission product swelling contribution. He 
obtained a value of 0.32% AV/V per atom % burnup, which corresponds closely to  Anselin's 



TABLE A-9.VI I  ' 

SUMMARY OF W.CROSCOPIC SWELLING DAT.1' 

Data Source 

[A-9.61 
B a t t e l l  e 

[A-9.131 . U n i t e d  Nuc lea r  

U n i t e d  Nuc lea r  [A-9.131 , 

T u r n b u l l  [A-9.191 

B e t t i s  
[A-9.2,A-9.1.61 

B e t t i  s 
[A-9-16]  

GE BWR r o d s  [A-9.3,A-9.41 . 

GE LMFBR rods  [A-9.171 

[A-9.51 
B & W PWR rods  

[A-9.181 
Col 1 i n s  & Hargr.eaves 

[A-9.11 
Nelson & Zebrosk i  

Observed S w e l l i n g  
Rate ( %  AVIL p e r  

1026 f i ss i onslm3) 

3 - 15 

1 .5  

2.6 

4.0 

0.7 

0.82 

0 .4  (rnax) 

0.23 (max) 

1.10 

0.17 - 0.33 

1200 - m e l t i n g  

540 - me1 ti ng 

1850 - me1 ti ng 

1125 

1400 

1 spo 

2200 

Comments . 

I s o t h e r m a l ,  f r e e  s w e l l i n g  

I so therma l ,  f r e e  s w e l l i n g  

(U..Pu)C., 
L 

. . 
l s ~ t h e m a l  . 
F l c t  p l a t e  da ta  

Rod d a t a  

Low temperature  
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minimum value of 0.12% AVJV per 1 0 ~ ~ f i s s i o n s / m ~ .  Olander points out that this value daes 
not account for fission migration and is influenced by uncertainties in th-e physical 
and chemical states of the fission products, leading to  an error of k50 % in the calculated 
value. Also, the influcnce of deviations from stoichiometry is discussed. For initially . . 

hYpostoichiometric U02, 0.074% per 1 026 fissions/m3; for initially hyperstoichio- v AV metric fuel or fuel irradiated to  high burnups,- 0.22% per fissions/m3: These v - 

resuIts are summarized in Table A-9.VIII. 

TABLE A - 9 . V I I I  

SUMMARY OF SOLID FISSION PRODUCT 
SWELLING V-ALUES 

Source 
Value ( %  aV/V p e r  
1026 f i ssions/m3) 

' [A-9.241 Ansel i n  0.13 - .0.54, c a l c u l a t e d  
0.35 measured 

W a i  tCA-9.261 0.21 

Whapham & Sheldon [A-9.271 0.20 

H a r r i s o n  & Davies [A- 9.28) 
.. 0.46 - 0.39, f l u x  dependent 

01 ander. [A- 9.291 0.12 + - 50% 

9.3 Survey of Swelling Models . 

Since the fuel swelling model described in this report is empirical, a detailed review of 
mechanistic or semiempirical swelling models will not be attempted. For such a review see, 
for example, the article by Frost [A-9.301. However, B summary of recent modeling efforts 
will be given for completeness and future reference. 

Swelling data are best described in terms of "geometrical" swelling. Georrletrical 
swelling is defined as comprising all the effects which cause an increase, AV(b), of the 
volume (V) of the original fuel pellet after a gven burnup, b [A-9.311. The major 
mechanical swelling models, GRASS and BUBL, address that gaseous fission product 
contributivri to this phenomenon [A-9.32 - A-9.351 . To describe the observed phenom- 
enon, such models must be coupled to  a fuel behavior code which takes into account 
stresses i n .  the fuel, creep, densification, and the thermal-stress-induced pellet cracking. 
GRASS, for example, has been joined to  the SST code and calculated geometrical swelling 
results have been obtained [A-9.361 



The bubble growtli and lransport model of Greenwood and ~ ~ e i ~ h t [ * - ' . ~ ~ ]  has been 
used in the C Y G R O [ ~ - ~ . ~ ~ ]  and F I G R O [ . ~ - ~ .  5] codes with-reasonable success. 

The model recently proposed by Sun and Okrent [A-9. 1 relies on the isothermal 
[A-9.6, A-9.91 to dcfinc. a simplified, semiempilicd swallir~g rr~odcl. data from Battelle -- 

Bauer's model [A-9. lo]  as well as that of ~ u ~ a r a [ ~ - ~ .  , intended to  describe the Battelle 
results, but had some similarities to the Sun-Okrent approach irl tllal Lhey are based on the 
empirical simplification tllal the strain rate in the lowstress (high temperature) regions of 
the fuel can he represented as  a n  Arrhenius function. 

A distinct approach has been formulated by Dollins and Oclcen, who focus on the 
resolution phenomena[A-9.39, 1 . The model as originally proposed underpredic tad 
the  welli in^[^-^.^^] and has been revised. However; it still remains a research tool rather 
than a verified predictive mechanism. 

In summary, fuel swelling models range from the first principle predictive. approach 
a 

exemplified by GKASS to  empirical data co;re.lations as illustrated b) ~ a n i e l [ ~ - ? . ; ~ l .  Thc 
processes affecting swelling are extremely complex, so modelers are forced to adjust 
unknowns to obtain agreement. In terms of steady state swelling, an empirical corrclation 
gtvo~ nlmoot a3 much accuracy with c ~ ~ l ~ p ~ ~ a l i v e l y  Lrivial ef'furl. . . 

9.4 Survey of Models Combining Swelling and Uensification 

Many investigators have assumed that fuel swelling and fuel densification dimensional 
changes could simply be added togcthcr in the appropriate mallrier lo obtain proper 
correlation of the, model with the data. For example, Chubb et al lA-9.42] proposed a 
method which is summarized graphically.in Figure A-9.5. They assumed that swclling was a 
linear function of burriup a1 any given irradiation temperature, and that swelling occurs 
whether or not pore removal is occurring. Slehle and Assman [A-9.43 1 also addressed the 
problem of combining densification and swelling models. They combined models of the two 
phenomena iil a manner very ~imilar to  Chubb's mcthod. 

Rlkins et al[A-9-441 also suggested that swelling and dcnsification are additi."t: arid 
Llial Lht: swelling rare per unlt exposure time is constant. Their model diffcrs from Chubb's 
because it iissur~lecl 1 1 0  external dimensional changes of the fuel until the pores and the fuel 
pellet dish volumes are filled. 

9.5 FSWELL Model 

9.5.1 Preli~~liriary Comments. The proposed FSWELL model is empirical, based on 
the following swelling data sets: 

General Electric B W R [ ~ - ~ . ~ ,  A-9.41 

Bettis Flat Plate [A-9.'2, A-9: 141 

Babcock & Wilcox P W R [ ~ - ~ . ~ ] .  
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(a) Length Change Due to Fuel Swelling 

m 
C .- 
V) 

' rn 
9' (b) Length Change D~rc  to Pore Removal 

~. 

Pore Removal from U02 

0bserved.Net Length Change 
. Including Densification and Swelling 

I 1 I 1 
(c) Length Change Due to Combination 

of Swelling and Densification 

1 I I . . 

Increasing Burnup - 
EGG-A-963 

Fig. A-9.5 Schematic o f  in-pile fuel column length change. 

The ~ a t t e l l e [ ~ - ~ . ~ ]  , United ~ u c l e a r [ ~ - ~ . l  31 , and   urn bull[^-^. ''1 data sets were 
rejected since they are nonrepresentative . of LWR . fuel conditions. The Bettis' 'rod 
data[A-9.16]' were obtained under whit  appears to  have been widely varied fuel 

temperature conditions and at fuel centerline temperatures lower than typical LWR 
conditions. 

The low temperature swelling results summarized by ~ol l ' ins  and Hargreaves 1 A-9.1 81 

are consistent with the General Electric BWR results, but documentation is limited. The 
General Electric LMFBR results [A-9.171 were excluded frdm the rnodel'data base, but do 
corroborate the General Electric BWR results which are typical of LWR conditions. 

Finally, the relative swelling rate results of Nelson and Zebroski will be used to  
quantify the temperature dependence. 

9.5.2 Definition of the Model. The Bettis flat plate data, the General Electric BWR 
data, and the Babcock 81 Wilcox PWR data were obtained at similar linear power levels and 
overlap in the fuel centerline temperature region near 2000°c. A linear average of the 
swelling rate results gives a mean value of 0.7% AV/V per 1026 fissions/rn3. This value is 
assumed to apply at 2000°c. 



FSW E'L:L/CONECT 

Using the relative swelling rate data of Nelson and Zebroski shown in Table A-9.V Lo 
account for the variation of.'swelling rate with temperature, and linearly interpolating 
between the values at the given fuel centerline temperatures, gives the relative swelling rates 
shown in Table A-9.IX. Also, Lhe maximum swelling rate values obtained by normalizing the 
rclstive swellii~g rates to 0.7% AV/V pcr 10" fissiu~ls/~il' a1 ZOOOOC are shown in the same 
table. 

TABLE A-9.IX 

TEMPERATURE DEPENDENCE OF T I I ~  
SWELLING RATE 

Fuel Center1 i ne R e l a t i v e  Maximum Swel l  i n g  Rates 
Temperature ( K )  Swel l  i ng Rate-.-- ( %  aV/V p e r  1026 f i s s i ons /m3)  

9.6 CONECT Model for Integrating Swelling and Densification 

The subroutine CONECT was ~no'deled to  combine effects of fuel densification 
.(FUDENS) and swelling (FSWELL) 'on fuel di~r~erisions and to  allow the models for these 
separate effects to  be improved separately as new data become available for either model: 
The available porosity fabricated into the fuel is considered in adding the.contributions of 
densification and swelling t o  the dimensional .changes. The model vikws densification as a 
form of thermal sintering (radiation induced) which reduces the pore sizes and volumes. 
Musl of the verv smallspores (less than 1 ~ r m )  are eliminated and .the lnrgcr P O P C ~  (1 pm or 
grcater) attain surface Lension and internal ,gas pressure equilibrium. The densification 

' 

process is stopped by the combined. effects of increased quantities of fission gases in the 
pores and by the reduction of the pore volumes. 

The E E I / E P R I [ ~ ' ~ - ~ ~ ]  data show that pores of 1 pm or less are relatively unstable 
during densification. Pores of 10 pm or greater are stable and increase in size. Figure A-9.6 
shows how the porosity size distribution changes during irradiation. Since the actual pore 
size distribution is very difficult to obtain (an electron microscope must be used), the 
approach in developing the code CONECT was to  use bulk porosity. 

As long as sufficient porosity is available, swelling is accommodated by pore space and 
the external fuel dimensions do not change because of swelling. The grains are assumed to  
creep into the available pores due to  intragranular fission product pressures (from both solid 
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I Pellet A-29 I 

Pore diameter ( p m )  I NEL-A-6085 
. . . , 

Fig. A-9.6 A smoothcd histogram showing the effect of irradiation on  the volume distribution of porosity in a stable 
(pore-former) sintered U 0 2  fuel. 

1.6 

1.2 

0.8 

0.4 

0 

and  gas fission products). Since the grains. are randomly oriented, the net effect of this 
swelling will be to  close the intergranular pore space and leave the pellet dimensions 
unchanged, although each grain will creep only in definite directions. Since fission gases are 

:.- .filling the pores a n d  eclrlilihrium is reached before all the porosity is removed, the fuel 
density can never reach l,OO,% of theoretical . . density. Based on a fit to  available data, it was 

. assumed that tht: nlaximum porosity that can be taken up  by swelling and densification is 

- 91 1 MWd/tU - 
13.6 x 1012 

Fissions/cm3-s 
A p = OS18% TI3 A 

r *  
After irradiation -I t - I I - 

1 I 

. . . .. . . - - 
As fabricated 

- 

I I I - .I I 1 1 1 1 1 1 1  

where 

0.01. 0.1 1 10 100 

Pf = 'porosity available to  be filled by densification and fuel 
swelling 

po = fabricated density of the fuel (kg/m3). 

This model implies that if po > 1.06 1 x l o 4  kg/m3 (96.7% of theoretical density) the 
fuel will not densify, but will immediately begin swelling. The maxi~ilunl porosity that can 
be filled by swelling and densification was determined by a best fit to  the EPRI [A-9.451 

and ~ a n k s [ ~ - ~ . ~ ~ ]  data. The EPRI fuel types 1 and 2 were used for the initial calculations. 
The EPRI data shown in Figure A-9.7 showed rapid.densification, with density remaining 
approximately a t  the maximum values between 1 and 3.5 GWd/MtM.   he Rolstad 
data[A-9.47] show apparently stable densities at maximum densificition values up  to  



Fig. A-9,7 Densificatinn data for different EPRI type fucls. 

-2 

4 

8 GWdjMtM. The ~ a n k s [ ~ ' ~ . ~ ~ ]  data also indicate that outward swelling begins by at least 
10 GWdlMtM ... Using the .  EPRI fue1::type 1 data, the amount of swelling (calculated by 
FSWELE') and the amount of densification (calculated by.FUDENS) were calculated at 
5 GWd/MtM and their sum was uscd to  determine Pf: Then the constant in Equation (A-9.2) 
was determined so that calculations.using~the resintering values of other EPRI fuel types and 
the ~ o l s t a d [ ~ . - ~ . ~ ~ ]  data irldicated outward swelling within the 3.0 t o  10 GWd/MtM range. 
An exception is that for very low density stable .fuels, the code calculates no  outward.' 
swelling until high burnup.is r ea~hed  (as great as 40 GWd/MtM) and the  .available porosity is - 
filled. 

The point at which outward swellir~g begins and densification ceases (if it has not-done 
so earlier by limits set in the FUDENS code) is given by P = 0, where 

-0 - - 
I I 1 

0 1 2 3 %  4 

- -. 

V EPRlTypc3 .. ' EPRI Type 2' 
*,- C P ~ I  Type J ' - 

EPRI Types 8'and 9' 
. . 

P = P  - P . - P  
f s d  (A-9.4) 

I 

and 

. . .  
Y = remaining porosity which has. not been filled by, densifi- 

cation and swelling 

P f ,  = porosity available to  be filled by densification and fuel 
swelling 
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Ps = porosity filled by fuel swellirlg illto the pores (cqual t o  llle 
volume change calculated by FSWELL) 

Pd = porosity tilled by densification (equal to  the volume 
change calculated by FUDENS). 

When P calculated with Equation (A-9.4) is greater than zero densification may occur. 
The net volume change is negative and iscalculated by the FUDENS model alone. When P is 
equal to zero or becomes less than zero (as burnup proceeds) densification is not possible 
and the fuel vvlurrie ,may increase due to swelling. The change in volume (relative to the 
original fuel dimensions) is given by CONECT according to: 

FUDENS 
A V  AV 
ij-- = (ij--I 

for P 2 0 

A V  - A V  
FUDENS FSWELL FSWELL 

ij-- - - (TI I (A-9.5 b) 
P=O P=O 

where 

- - percent change in fuel volume 

- - percent change in fuel volume 
calculated by FUDENS ' 

~v FSWELL - - percent change in fuel volume 

calculated by FSWELL 

nv FUDENS . - - percent change in fuel volume 
calculated by FUDENS when 
P = O  

nv FSWELL - - percent change in fuel volume 
calculated by FSWELL when 
P =  0. 

Figure A-9.8 shows the calculated values of volume change for fuel centerline 
temperatures of 1800 and 1300 K with accompanying experimental data points in the 
centerline temperature range (1 000 - 2000 K). 



p m  Calculation Ranor: hctwr.cn I2Ol3-lOOf! I( at W/O Dense UO2 
h m q  Calculation Range between 1300-1800'~ of 92% Dense U02 

' ' ' 

' Banks (1000 - 1500 K) r Banks (1500 - 2200 K) 
V NED0 ke-lnterpretated Bettis Data 
A Baruch and Rigdon 
0 WAPD-TM-455i - 89% dense) 

WAPD-T M-455 (-96% dense) 

Fig. A-9.8 Comparison of  calculated (CONECT) density changes and experimental data. 

9.7 Fuel Swelling Subcode FSWELL arid Swelling and Densification 
. Integration Subcode CONECT Listings 

A listing of the FSWE.LL subcode is shown as Table A-9.X. A listing of the CONECT 
subcode is provided in Table A-9.X1. 
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TABLE A-9. X I  -- 

L I S T I N G  OF THE CONECT SUBCODE 

S U B R O U T I N E  C O N E C T ( F T E M P ,  F T E M P C ,  BU, F D E N S ,  RSNTR,  TSINTI COMP, 
# T T I M E I  REMVOL,  D E L R U ,  D A X )  

C O N E C T  I N T E G R A T E S  F S W E L L  A N D  F U D E N S  V I A  P O R O S I T Y  C H A N G E S  A N D  
O U T P U T S  F U E L  DIME'NSIONAL A N D  D E N S I T Y  C H A N G E S  , 

' R E P V O L  = I N P L T / O U T P U T  V O L U M E  L E F T  T O  B  f r ( * * l l K G 1  

B i k R "  
= I H P U T / O U T P U T  F R & L T l U N A L  C I I A N G E  J A L I E ! L  n E N S I T i  
= O U T P U T  R A D I A L  A N D / O R  A X I A L  . D I H E N S I O N A L  C H A N G E  

F T E H P  = 
F T E M P C  = 
0 U  I 

F D E N S  = 
R S N T R  

T S I N T  
C O k P  = 
T T I M E  

F U E L  T E M P E R  
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10. FUEL RESTRUCTURING (FRESTR) 

During the irradiation of light water reactor fuels at relatively high powers, equiaxed 
grain growth occurs near the outer periphery of the fuel, and columnar grains form near the 
center of the fuel [A-1 . At the periphery the temperatures -are lower than those 
necessary for noticeable equiaxed grain growth to occur and the as-sintered structure 
remains. The subroutine FRESTR calculates the equiaxed grain growth as a function of 
temperature, initial grain size, and time and also calculates a time-dependent threshold . . 
temperature necessary for the formation of columnar grains. 
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10 .1  Summary 

The FRESTR subroutine consists of the following equations. Equiaxed grain growth is 
expressed by: 

5 D~ - D, = 1.717 x 10" exp (-3.87 x 10 /RT) t (A-10.1) 

where 

D = grain sizc (pm) 

Do = initial grain size (pm) 

T = t~ .mpera t l~ re  (K) 

t = time (s). 

The columnar formation js characterized by a threshold tempcrature, FTCRIT. If the 
fuel temperature at a particular location exceeds the threshold temperature, columnar grains 
with a density of 98% TD are assumed t o  form instantaneously. FTCRTT i s  defined by the 
following equation : 

where , 

t . - - time (s) 

FRCRIT = threshold tempcrature (K). 

Equiuxcd grain growtli will Le discussed in thb next sect~on and columnar grain formation is 
discussed in Section A-10.3. Finally, an integrated restructuring model representing U 0 2  
and (U,F'u)02 equiaxed grain growth and columnar grain formation is presented. 

10.2 U 0 2  and (U,Pu)02 Equiaxed   rain Growth 

Several models for equiaxed grain growth have been developed t o  predict grain growth 
I 

as a function of time and temperature. These different models correspond to  different mass 
transport mechanisms. 'l'he theoretical models will be discussed first, followed by a review 
of the experimental data and comparisons of the data with these models and with an 
empirikal model which was developed t o  explain grain growth in a-brass. 

10.2.1 Theoretical Models for ~ ~ u i a x e d  Grain Growth. 'l'he ' driving force f o r  
equiaxed grain growth is the decrease in surface free energy brought about by the decrease 
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in the number of grains and, cohsequently, the total surface arca. The pressure drop (or 
chemical potential) within a.grain (analogous to  a soap bubble) is given by 2ylr where y is 
the surface free energy and r is the radius of the bubble ( l / r  is the curvature). The grain 
boundaries move outward from the center of curvature; the larger grains consuming the 
smaller grains or  the grairis with fewer than six sides. .If tht: grain growth rate is assumed to 
be proportional to the curvature and the curvature is defined by the grain diameter, then: 

where . . 

D = grain size 

t = time 

k = a ~roportionality constant which contains diffusion 
cdefficient for the material. 

Using the Arrhenius equation for the diffusion coefficient and the boundary condition that 
at t = 0, the initial grain size is Do,.Equation (A-10.3) becomes upon integration: 

2 
D2 - Do = koexp(-Q/RTt) (A- 1 0-4) 

where 

Q = Llie activation encrgy 

T = temperature 

R = the gas constant 

other terms are defined as above. 

Equation (A-10.4) has been used successfully to  predict the grain growth of metals at 
high temperatures, but with considerable deviations at low temperatures. The presence of 
inclusions at thc fuel pin grain boundaries may explain why Equation (A-10.4) does not 
make a good prediction of low temperature grain growth in metals [A-10.2] . 1n ceramic 
materials such as U 0 2  or (U,Pu)02, a large fraction of the porosity is located at the grain 
boundaries. Speight and Greenwood [A-1 Oe3 performed an analysis that showed bubbles 
could not prevent the movement of grain boundaries, but their effect was to  reduce the 
velocity of movement as long as they remain attached to  the boundary, whereas larger 
bubbles move more slowly, and for a given spacing, have the greatest effect in retarding 
boundary movement. In this way, the effect of voids is markedly different from that of 

- solid precipitates which remain relatively fixed in position and permit only local boundary 
movement or complete boundary breakaway. 
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Kingery and Francois [A-1 Oe4] developed a model that considers the retarding effect 
of pores located on grain boundaries or more commonly at grain intersections. For grain 
boundary movement, the pores on thcsc boundaries havc t o  migrate at a rate inversely 
proportional to  the pore diameter, Dp. When, as usually found, the grain (and pore) growth. 
is more rapid than other changes, the pore-grain geometry remains about the same and thus 
the pore size remains nearly proportional to  the grain size, D. For the ideal case, 
Equation (A-10.3) is modified by the retardation effects of the pore and: 

where 

K' = a constant which contains the diffusion constant for the 
pores 

K" = K' divided by the constant of proportionality relating the 
pvrc sizc to the grdln size 

and upon integration 

where 

k = a single empirical constant of the material. 

Thus when pores restrict grain boundary movement, a cubic relationship between 
grain size and time results rather than the square of grain size with time relationship 
C X P P C ~ S C ~  in Equation (A- 10.4). 

o.2] extended the analysis of Kingery and ~ r a n c o i s [ ~ - ~ ~ - ~ ]  and showed 
.that thcir rc3ult3 implicitly assumcd a vapor transport rnecl~anisn~ with the pressure in the 
pore remaining equal to the equilibrium pressure drop 2ylr where y is the surface tension 

. , . . 
and r is the pore radius. 

. . .  . , 

~ i c h o l s [ ~ - l ~ . ~ ]  also showed that for a constant pore pressure (which is not a 
function of pore radius), equiaxed grain growth due to  a vapor-transport mechanism can be 
expressed by : 

10.2.2 Model Comparisons with Experimental Data. Lyons e t  al[A-10.51 compared 
available grain growth datalA-lUs6 A-lsO.'l'lI with the cubic model represented by 

Equation (A-10.5). He obtained a reasonable fit t o  the data with this equation except for 
Padden's data[*-' 0.71 at 1 500 and 1 700°c during the initial grain growth period, a*d most 
of the Hausner data [A-10-91. The problems with the Hausner data were attributed to  U 0 2  
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evaporation during annealing in an open system. A rerun of Hausncr's experiments with 
incapsulation of the U02 specimens resulted in a constant time dependency at all 
temperatures and values equal to  that initially obtained at 1950°C. However, the rerun 
values were still different than the third order time dependency predicted by Equation 
(A-10.3). This behavior, as well as Padden's data[A-10.7] from the initial grain growth 
period. may represent discontinuous grain growth where the pores are not at the grain 
boundaries and therefore are not hindering the rate of boundary migration. 

~ i c h o l s [ ~ - ~ ~ . ~ ]  reevaluated the MacEwan data[A-10-61 and calculated an activation 
energy of 5.19 x lo5 J/mol which compares favorably with the value of 5.77 x 10' J/mol 
for the heat of vaporization of U02. Using this value of 5.19 x lo5 J/mol rather than the 
4.98 x 10' J/mol value from Lyons et al and a constant k of 8.57 x 1014 from Lyons et al, 
the cubic grain growth equation becomes: 

D~ - Do = 8 -57  x 1014 t exp (-5.19 x 10 5 I R T ) .  (A-10.71 

Equation (A-10.7 was compared with all the ex erimental data [A-10.6, A-10.8, 
A-10-10,A-10.121 except those from Hausner ~ u n f o r s l ~ - l  Oel 1 and Padden 
data[A-10.7] which were questioned by  on[^-'^.^^. The results of this comparison are 
shown in Figure A-1 0.1. The standard deviation is + 10.5 pm. 

Ainscough et alrA-l performed measurements of equiaxial grain growth at 
temperatures between 1300 to 1500°C over fairly long periods (up to  24 weeks). They 
rejected the cubic relationship given by Equation (A-10.5). In its place, Ainscough et al 
proposed a limiting grain size, Dm, which is only a function of temperature. The grain 
growth kinetics for U02, then become: 

and upon integration: 

2 (DM - Do) 
Dm (0, - D) + D m  1 n - m  = k t .  

~ u r k e [ ~ - l ~ - l  3 1  successfully used this expression to correlate grain growth data for 
a-brass specimens containing a stable array of inclusions. A comparison of 
Equation (A-10.8b) with the higher temperature grain growth studies reported by other 
workers showed the rate constants calculated with this equation to  be, in general, higher 
than those calculated by this author by extrapolating the results of Ainscough et al. 
However, most of the measurements made on U02,'where the O/U ratio was close to 2.0, 
gave rate constants within a factor of four of the predicted values. 

A coinparison of the Ainscough correlation with the experimental data used in 
Figure A-1 0.1 is shown in Figure A-1 0.2. The resultant standard deviation is k5.5 pm. 
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T~LG fuulllr -- wlda Equation (A-10.6) derelopcd by Niehsls wm &o wafwated using tho 
~am&x~~dmmtal dn&-f& U Q ~  gnin gowfh as if~~% &Fi%r&-A-TU.l hi A-IU.2 t o  

5 determine tha crrnstants k illd Q. The average value of Q was 3.87 x 10 J/mol and the 
resultant exp&on is: 

D~ - Do = 1.717 x 10" exp (-3.87 x I O ~ / R T )  t. (A-1 0.9) 

A value of 3.87 x 1 o5 J/mol for the activation energy is less than the 5.77 x 1 o5 J/mol 
expected for the heat of vapmization. However, reevaluation of the activation energy using 
the cubic relation [Equation (A-10.5)) resulted in an even lower valpe of about 
3.64 x lo5 J/mol. Even though the activation energies do not compare with the expected 
value fur the heat of vaporization, Equation (A-10.9) is the best representation of the 
presentggrain growth data with a standard deviation of + 4.8 grn. 
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Fig. A-10.2 Comparison of Ainscough et a1 correlation (Equation A-10.8b) with experimental data for U 0 2  grain growth. 

10.3 Columnar Grain Growth 

Most sources [A-10-2, A-10-14 - 71 attribute the formation of columnar grains 
in U02 or (U,Pu)02 mixed oxide fuels to the migration of lenticular pores up a temperature 
gradient. Various theoretical models[A-I 0.18, A-10.231 for the rates of pore migration have 
been proposed which depend upon a particular mechanism of mass transfer: surface 
diffusion, volume diffusion, or vaporizationcondensation mechanisms with either pore 
pressure held constant or pore pressure in equilibrium with the surface tension. These 
models will be discussed first, followed by an evaluation of the experimental data on U02 
pore migration rates. 

10.3.1 Theoretical Models. From irreversible thermodynamics, the diffusion of gas 
bubbles, or  voids, up a temperature gradient implies a corresponding transfer of mass down 
the gradient proportional to the temperature grandient[A-10-24]. The mass flux is given by 
Equation (A-1 0.10) : 

i Qi 
d M  = Ci (- T VT) (A-10.10) 
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where 

JM = mass flux 

Ci = concentration of diffusing species 

Tfie diffusion coefficient Di and heat of transport Qi are intimately related to the detailed 
mechanisms of both mass and heat transfer sueh as v o k e  diffusion, surfwe diffusion, or 
vaporizationcondensation mechanisms. Unfortunately, Qi for migration in condensed 
phases cannot be calculated with any degree of confidence, even as to  sign. Qi is viewed as a 
process heat of transport which may include certain specific. parameters if one considers 
specific migration mechanisms [A-1 For example, 'with a vacancy volume diffusion 
mechanism, Qi will involve the enthalpy of vacancy formation. For a vaporization- 
condmtirm mwhanh,  Ca; is-simply the heiat~fvaftc)rkaP-im -. dmn ,. " it. d& nnt-inidvrc: any 
aeavated jknp process. 

The migration rate of spherical pores along a them&.&mt, mhg that thew 
spherical pons migrate without distortion, has been t m b d  by:&&& ar&&ors for the 
various mechanisms and may be writ-tenIA-l 0*20* A-1 OS2 : 

for surf-ace diffusion 

For volume diffusion 

For vapor transport 
with P =eonant .  

For vapor transport 
with P = 2Alr 

dT V = A (T) P AH, . a . 
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where 

surface diffusion coefficient 

number of diffusing species per unit area 

atomic volume 

heat of transport for surface diffusion 

pore radius 

thermal gradient in pore 

volume diffusion coefficient 

heat of transport for volume diffusion 

correlation factor 

pv 
- - matrix vapor pressure 

AH, 
- - heat of vaporization 

- - vapor pressure irl pure 

k - - Boltzmann's constant 

A(T),B(T) = constants. 

Analysis by ~ r u b e r [ ~ - l  0-2 1 of a spherical pore moving by surface diffusion showed 
that a spherical pore would not be distorted during migration. Similarly, Nichols LA-10.22, 

analyzed the case for the vapor transport mechanism and showed that the 
spherical pore would essentially retain spherical geometry but would tend to elongate in the 
direction of the temperature gradient. No mechanism is described to explain the formation 
of the often observed lenticular pores situated perpendicular to the temperature gradient. 

The relative importance of the various mechanisms of mass transport should depend 
upon the pore size and temperature. Surface diffusion should dominate at small pore sizes 
for all temperatures and its relative i.mportance may sometimes increase with lower 
temperature. For larger pore sizes, vapor transport or volume diffusion may dominate. The 
critical radius between surface diffusion and vapor transport (P = 2y/r) has been evaluated 
by Speight [A-1 0*251 to be about 1 pm at 2000 K. Bubbles with radii larger than 1 pm 
would migrate by vapor transport with P = 22 and surface diffusion would dominate at 

r 
smaller radii. 



Oldfield and Markworth [ A-1 0.26] ' developed a modd for the formation of .cro1umsr . 
grains based upon pore migration by vapor transport and the formation of steps by layer 
nucleation or by the development of screw dislocations. This process is analogous to a 
zonemelting situation in which the hot ' k c e  of the bubble is 'knelting" (actually 
evaporating into a gaseous "sokrt~on") and thefi c r y s t a ~ g  upon the cool u r k ~ .  TIE 
atoms af vapor attach' to the solid 2 favorable1 low energy sites, usually provided by a kink 
isa a layer edge or reen2rmce iri the lattice. Atoms reach WB &a+x and migrate along it 

,=). u n a  they reach a suitable site. The d.riving force to cause atlixchment is a fundion of the 
A -  -, ,:c ! emcentraoio~ gs&ent O$%~~HIS  at the sudtce. 'Tltuuall taka p l w  at layer edpp$ ~&d. 

k - , ' ?,?-A that eventually one might expect them to grow out, 'leaving -a clo*paclt@d surfwe in 
- ,  

V 

2.k -,I contact with the vapor. 'lliis behavior can be expressed by the Bwais'law whieh sttites that 
a crystal is bounded by its slowest growingsarfaces. 

Oldfield iand  arkw worth[^-^^.^^] consider the variation of aiifaee an@@, and l ihce 
the variation in number of w w t h  steps mound the c r y ~ ~ S u ~ c e .  Their model is expmed 
by Equsrlitlil (A-10.15): 

t a n h  
V = B  AT 

V = gmwth velocity associat8d Mth a layer 

P = p a d  pressure of vaoar ih the bubble 

v = atomic vibration frequency 

L = is related directly to the angle between tHe surface and the 
migrarion dixection 

bo = molar volume. 

Oldfield and Markworth used this equation to compute the shape of a dgmting 
bubble, assuming fixed velocity, over the entire surface, matching the AT in 
Equation (A-10.1 5) to the corresponding total available AT, and solving for L. Repetition of 



this calculation around the bubble surface yielded the bubble shape. When AT was assumed 
to be equal at the top and bottom, the calculated bubble was flattened and had a lenticular 
shape as has been observed. 

The equations for migration rates [Equations (A-1 0.1 1) to (A-1 0.14)] do not predict 
the plopel shape uf tlie bubbles. Huwever, 111e arralyses by Oldliald and 
 arkw worth[^-^^-^^] predicts the general shape of the bubble when a process of 
crystallization is factored into the analysis of pore migration. The fact that this model does 
predict observed bubble shapes suggests that the rate controlling step for columnar grain 
formation may be the recrystallization process rather than diffusion through the pore. 
Under these circumstances, measurements of migration rates of pores located at grain 
boundaries would not be governed by Equations (A-10.1 1) to (A-10.14). Instead, these 
equations would be applicable only to pore migration in single crystals or &thin grains. 
Equation (A-10.15) predicts the rate of formation of columnar grains. 

Lenticular pores contain irnpu- 
ritics so that the smooth surface 
bounding the pore becomes unstable 
beyond a certain growth velocity or 
impurity concentration and steep- 
walled grooves develop into which the 
impurities are rejected. These grooves 
form at the e.nd of the lenticular void 
and leave a trail of spherical bubbles 
in the boundary between two adjacent 
columnar grains. This rejection of 
bubbles into the grain boundaries has 
been experimentally observed (Figure 
~-10.3)[A-lO.l8, A-10.221. 

The association of crystal 
growth with the movement of lentic- 
ular voids also accounts for the 
observed orientation of the <I 11> 
crystallographic direction in the radial 
direction s f  the fuel LA-10.141 

10.3.2. Experimental Pore 
Migration Rates. Based on the pre- 

- - 

ceding discussion of pore migration 
the experimental data were Fig. A-10-3 Lenticular void in Tho2-5% U02 fuel showing 

s e p a r a t e d i n t 0 t w 0 c a t e- injection of spherical bubbles into grain boundaries. 

gories: (a) pore migration in single 
crystals and (b) pore migration at 
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grain boundaries. The initial migration of pores at  grab boundaries leads directly to the 
forhation of ciilumnar' grains. Whereas after b e  fonixitiotl bf columnar grains, pore 
migration through the colirmnir grains results in fmion gas release and fud swelling. 

Williamson md ~ o m e ~ [ ~ - ~ ~ * ~ ~ 1  measured the pore rnignrtiurl ratss in U02 singlc 
crystals at bmperatures'between 1250 and 145C1°C. These authors attributed the pore 
mip t ion  to surfwe diffusion a c e  small bubbles were observed to move faster *,larger 
ones. Pornshes were less f i t h e n  0.5 grm. 

~ u l d e n [ ~ - * ~ * ~ ~ ]  mkmured the migration of fitsicin' gas bubbles in UQ2 at 
tempektuures between '1-400 and 1 ~ 0 8 ~ ~  and for pore sizes between 2.5 md 1.4 nm. From 
the effect of diffusion coefficient upon the bubble &us, a volume diffuskn mechanism 
was attributed 'to be the rate controllibg mechanism for a:pore radius =eater Man 3.7 nm. 
These results condict with the expectation that vdume &ffu&on wcum only in very large 
pores. 

Oldfield and ~ r o w ~ [ ~ ~ ~ . ~ ~ 1  measured the migration .rate of bubbles located at 
wlumnar sibin bandides in U02. The, measured rats were rim& Im&er &m cone- 
spanding values gredicte4 by a vapor trm@xoslt mI;kEmhm. This .experhmt& i l t  
~ m ~ s r ~ ~  -- Ce33-w 'wt%he -$BiHan Fa* @f pmes 4- at 'qgsbin 
Ixmndafies shdd' be dgfmnt &en %he t b n  rates s f  pores l a a b d  wim pains. 
N[igrw$Ina rakes af co1,wpxpir m i n s  raa8f:d *ween 0.01 and 1 pmls for temper&u~es 
between 1900 and 2450aC. A 

Mchels and ~ o e ~ ~ ~ [ ~ - ~ ~ ~ ~ ~ ]  mmwred the migra&n rates of fhion-gas bubbles in 
(U,Pu)02 mixed d d e  fuel f o ~  pare- sim. amghg from 2.5 to 6.5 ~;zm. MuCb "scattm existed 
in .the pore migration ratss and pred aa m c t  .d@termina.ti.an af the effact of p ~ r e  size 
upon the mimtion rate. However, they &WX& the surface diffusion mechanism because it 
gave more reawntr6le- predicted w i e s  .whW4'@ vapor trmspwt mech&m. Michds and 
Pnem~E ~tsn:ted &&a vapx trapport s t e p c h ~ h r n ~ m s : a l ~ o  possible. 

Ron& +;nd - &pitA-fQSi3 rneasuf.Ab:t;Be . aut-mf-gile -n &;e~ -for pars I d  
at cnlumar &rain Wm.dal5m 'h UQ2. B H  u p a ~  a meamr%d activation eneqy of 
4.85 x lo5 J / m l  (slightly babw the evaplorii~cm enthalpy of UOZ) and using a constant 
pore preswq they d%d.umpf %hat the paws in -their simp1es migrated by a .vapor- transport 
mechanism .with a coastant @ore psessuze. Their misation rates were-higher than those of 

[ k10-2& but th~valuesruere  in-agreement with v h e s  predicted by a Oldfield and B f m  , 

vapor tamspat mod$l. l'keg c ~ o ~ ~ c l  $hat @spore pressure could net be in equilibirim 
with the mrfaei: tension. 

Buescher and Meyer [A-1 0.321 m w r e d  pore migration rates in single ewstal U02 for 
pore radii between 0.0 1 and 1.0 pm The migration velocities were found to.be indqmdent 
of pore size. The observed values were found to be substantiiy larger ;than those predicted 
by mechanisms of volume diffusion and vapor transport (P = 2ylr) but smaller than those 
predicted by surface diffusion models. They proposed a model based upon nonlocalized 



surface diffusion that is affected by collisions between diffusing species and gas atoms 
within the bubble. In ruling out the vapor transport mechanism, they ignored the constant 
pore pressure model which predicts the migration rates to be independent of the pore size, 
as observed in their results. The absolute values for pore migration rates, of course, depend 
upon the assumed pore pressure. In other words, vapor transport with constant pore 
pressure is a possible mechanism in their experiments. 

The results from experinrental measurements of pore migration rates are summari~ed 
in Table A-10.1. As a whole, the conclusions reached by various authors are mixed and leave 
no concensus as to the mechanism of pore migration. Factors contributing to this lack of 
consensus include: (a) different pore sizes, (b) imprecise estimates of the temperature 
gradients, (c) inaccurate temperature measurements, (d) mutual interaction of grain bound- 
aries and pores in retarding pore migration, and (e) assumption of pore pressure and size 
relation migration rates. 

However, in considering these data some eneral conclusions can be drawn. The 
measurements of Williamson and Gornell 0-f71 clearly indicate a surface diffusion 
mechanism when the pore sizes are less than about 0.5 pm. For pore sizes larger than about 
1 pm, Ronchi and OS3 1 suggest a vapor transport mechanism with a constant pore 
pressure as the rate controlling mechanism, and the results from Michels and 
~ e o ~ ~ e l [ ~ - ~ ~ - ~ ~ 1  and Buescher and Meyer do not preclude this mechanism. At 
very small pore sizes (2.5 - 14 nm), volume diffusion appears to be the rate controlling 
mechanism. 

Large uncertainties still exist in the absolute values of pore migration rates of pores 
located both at grain boundaries and within grains. Also, one must distinguish between the 
initial formation of columnar grains probably by the movement of pores located at grain 
boundaries and the subsequent pore migration within or through essentially single crystal 
columnar grains. 

10.4 Fuel Restructuring Model 

A number of theoretical models have been proposed for equiaxed grain growth in 
U02. Since pores located at grain boundaries apparently restrict grain boundary 
movement, either a third or fourth order relationship between grain size and time is 
theoretically expected, depending upon whether the pore pressure is in equilibrium with the 
surface tension or whether the pore pressure is constant. The models were compared with 
the available data, as discussed in Subsection A-10.2.2, and the grain growth rates predicted 
with the fourth order Equation (A-10.9) gave the smallest standard deviation of the models 
tested. This result suggests that the vapor transport mechanism operates with a constant 
pore pressure and is independent of the pore size. Moreover, examination of pore migration 
rates as a function of pore size shows the rates to be independent of size. Therefore, 
equiaxed grain growth in U02 and (U,Pu)02 mixed oxide fuels is represented in the 
FRESTR subcode by Equation (A-1 0.1 6): 

D~ - 0: = 1.717 x 10'O exp (-3.87 x IO~IRT) t (A-10.16) 



TABLE A-lO.1 

SUMMARY OF PORE MIGRATIOI RATE EXPERIMENTS 
> :  

Investigation Material Type T m p ~ r a t u r e  Pwc Sire Camnsnt~ on N~chanism 

Williamson and ~ o r n e l l [ ~ - ~ ~ ' ~ ~ ]  U02 single crystal 1250 t o  2.5 t o  5.0 nm Inferred surface d i f ' fu~ion  
7 450'C mechani 6m 

Gu O. 283 P o l y t r y ~ t a l l i n e U O ~  1400 to  2.5 ta14 .0nmVolumedif fus ionfor  
I ~ O O ~ C  r > 3.7 nm, unknown f o r  

r < 3-7 nm 
1 Oldfield and Brown 291 Pg ly~rys ta l l~ ine  U02 1 8 5  t o  0 .2  t o  0.2 ~m 

C 241 O°C 
M 
Q\ 

Michel s and Poeppel [A-10.301 Polycrystall ine 1585 t o  1 La 10 pm 
(U,Pu)02 1 E50"C 

Ronchi and Sari [A-10.311 Pol ycrystal I i ne 1600 t o  not given 
U02 and (U,Pu)02 2600°C 

Buescher and Meyer [A-10*321 U02 single crystal  1P4G ta 0.01 t~ 1.0 ph-~ 
2020 "C 

Ledge nucl eat  i on impeded 
motion 

Size dependence wndetermi ned 
but authars indicated surface 
diffusion with a possibi l i ty  
of vapar transport . 

Vapor transport wechani sm 

Rates independept of pore 
s ize;  authors proposed an 
impeded surface,3iffusio~ 
mechanism but resul ts  kould 
f i t  yamr transport ~ 4 t h  
constaqt pressure 
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where the terms have been defined above. A comparison of this equation with experimental 
data (Figure A-10.4) shows a standard deviation of -+ 4.8 pm. 
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Fig. A-10.4 Comparison of Equation (A-10.16) with experimental data for U02 grain growth. 

Columnar grains apparently form by pore migration due to vapor transport and 
subsequent crystal growth where the rate controlling mechanism is the crystal growth. 
Conservatively low measurements of the columnar grain boundary velocity show the rates to 
be between 0.01 to 1 pmls for temperatures between 1900 and 2450°~[A-10-29] . For a 
fuel radius of 0.5 1 cm, a time between 1.4 and 14 1 hours would be required for columnar 
grain formation, corresponding to the fastest and slowest rates of columnar grain formation. 
Thus the formation of columnar grains occurs very rapidly once the threshold temperature 
is exceeded. 

Since the rates of columnar grain movement are very ill-defined and the constants in 
the various published models are difficult to evaluate, a theoretical model is not very useful. 
However, the published equations do show that a threshold temperature should exist for the 



formation of columnar gmin~ and that this temperature should be a function of time, 
decreasihg with i n  inbease in time. a s t e n s e n  [A-10-331 measured threshold temperature 
as a function of time and derived the 'bllowing relationship: 

T = temperature (K) 

This is the model.chosen for the FRESTR subcode. 

In the formation of columnar grains, most of the sintering porosity moves towards the 
fire1 center, but some of thls pornsty is lei€ m the bounaanes between the co1UrnIMr @&IS. 

&sod on pootkadiation oxminations of pellet mio&ruotures, a dendty of 98% TD is 
assumed for tho  d m i t y  of tho oolurrmar grain zone I A-10.344] . 'lberefore, the model for the 
formation of columnar grains consitsts af an eslhate of the th- tempm~ture for the 
formation of columnar pains as a function of h e .  ,Then, for weas of the fuel that e x d  
this threshold temperature, the density is assumed to be 98% TD. The po~ad%'y 
cumspondhg to the differcncc between the 98% density vahe and- the initial density of the 
fuel is placed instantaneously in the central hole of the fuel. 

The equiaxed grain growth equation is assumed to apply over the entire Euel region 
from the fuel surface to the radius of column grain formation. Hmwwj-in regions of low 
fuel temperature, such as near the pdlet.wrface, essentially no change in grain structure will 
he calculated. 

165 Fuel Rmtw@turing S u W o  FW3STR. Listing 

A FaRTRAN Iiairlg af at? FKESTR sMivu11tiyie is & a m  in Table A-10.11. 
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TABLE A- 10.  I I 

L I S T I N G  OF THE FRESTR SUBCODE 

C  F R S R O O l O  
S U B R O U T I N E  F R E S T R ( F T E M P I T T I M E I D O P O S I Z E ~ F T C R I T ~ F ~ F N S ~ F R A C S ~  F R S R O O Z O  

C  F R S R 0 0 3 0  
C  F R E S T R  C A L C U L A T E S  F U E L  R E S T R U C T U R I N G  I N C L U D I N G  E O U T A X E D  G R A I N  F R S R O O C O  
C  G R C W T H  A N D  C C L U M k A R  G R A I N  F O R M A T I O N .  E O U I A X E O  G R A I N  G Q O W T H  I S  F R S R O O S O  
C  C A L C U L A T E D  A S  A  F U k C T I O N  O F  T E M P E R A T U R E  A N D  T I H E .  T H E  F O R M A T I O N  F R S R 0 0 6 0  
C  O F  C O L U M N A R  G R A I N S  I S  C H A R A C T E R I Z E D  B Y  A  T H K E S H H O C D  T E N P E R A T U R E  F R S R 0 0 7 0  
C  W H I C H  I S  A  F U N C T I O N  G F  T I M E .  W H E N  T H E  F U E L  T E M P E R A T U R E  E X C E E D S  F R S R 0 0 8 0  

T H E  T H R E S H H O L D  T E R P E R A T U R E ,  T H E  F U E L  D E N S I T Y  I S  S E T  A T  9 8 7  O F  F R S R 0 0 9 0  
T H E  T H E O R E T I C A L  D E h S l T Y .  C F R S R O l O O  

C  F R S R O l l O  
C  D S I Z E  = O U T P U T  G R A I N  S I Z E  A T  T I M E *  T T I M E  ( M I C R O M E T F R S )  F R S R O l 2 0  
C  ' F T C R I T =  O U T P C T  T H R E S H O L D  T E M P E R A T U R E  F O R  C O L U M N A R  G R A I N  F R S R 0 1 3 0  
C  F O R M A T I O N  ( K 1  F R S R 0 1 4 0  
C  F D E h S  O U T P U T  D E N S I T Y  O F  C G L U M N A R  G R A I N  Z O N E  ( U N I T L E S S  F R A C T I O N )  F R S R O 1 5 O  
C  F R S R 0 1 6 0  
C  F T E M P  = I N P U T  F L E L  T E M P E R A T U R E  ( K )  F R S R 0 1 7 0  
C T T l M F  0 T N P l l T  T I M E  ( F R S R O l e O  
C  D O  = I N P U T  G R A I N  f j Z ~  ( H I C R O M E T E R S I  F R  R O  90 
c F R A c s  = I N P U T  I N I T I A L  A s - s I N T E R E D  F U E L  D E N S I T Y  (UNITLESS F R A ~ T I ~ N ) F R Z R ~ ~ O O  
C F R S R O 2 l O  
C  T H E  E O U I A X E D  G R A I N  G R O U T H  E Q U A T I O N  I S  B A S E D  U P O N  P O R E  R E T A R D A T I O N  F K S R 0 2 2 0  
C  O F  G R A I N  B O U N D P R I E S  A N D  P O R E  M I G R A T I O N  B Y  V A P O R  T R A N S P O R T  W I T H  F R S R 0 2 3 0  
C  C O N S T A N T  P O R E  P R E S S U R E .  F R S R O 2 4 O  
C  T H E  E Q U A T I O N  F O R  T H E  T H R E S H H O L D  T E M P E R A T U R E  WAS O B T A I N F D  F R O H  F R S R 0 2 5 0  
C  C H P I S T E N S E N ,  A N S  T R A N S A C T I O N S ,  V O L  1 5  ( 1 9 7 2 )  P P  2 1 4 - 2 1 5  k R S W 0 2 6 0  
C  F R S R 0 2 7 0  
C  F R E S T R  W A S  C O D E D  B Y  C.S.  O L S E N  N O V  1 9 7 5  F R S R 0 2 8 0  
C  F R S R 0 2 9 0  

GRAIN(DIT ,A IQITT)  - D * * 4  t A  E X P ( - Q / ( 1 . 9 8 7 * T ) I  T T  F R S R 0 3 0 0  
C  F R S R 0 3 1 0  

F T C R j T T # B , C )  0 1 . / ( B  * A L O G l O ( T T 1  + C l  F R S R 0 3 2 0  
C  F R S R 0 3 3 0  
c T H E  D E N S I T Y  O F  T H €  C O L U N N A R  G R A I N  Z O N E  I S  A S S U M E D  T O  B E  P R Y  OF F R S R 0 3 4 0  
C  T H E O R E T I C A L  D E N S I T Y .  F R S R 0 3 5 0  
C  F R S R 0 3 6 0  

D A T A  AlrOl~BlrB2/6.18k13~9~24E04~3e435E-05rC.69E-~4/ F R S R 0 3 7 0  
T I P E 1  = T T I M E / 3 6 0 G . O  F R S R 0 3 8 0  
I F  ( T I M E 1  .GT .  0 . 1  G O  T O  10 F R S R 0 3 9 0  
D S I Z E  D O  F R S R 0 4 0 0  
F T C R I T  2 1 3 2 . 2 0  F R S R 0 4 1 0  
F D E N S  8 F R b C F  F R S R 0 4 2 0  
G O  T O  2 0  F R S R 0 4 3 0  

C  F R S R O 4 4 O  
10 DSIZE = ( G R A I N ( D O ~ F T E M P ~ A ~ ~ O ~ ~ T I M E ~ ) ) * * ~ C ~ ~ ~ O )  F R S R 0 4 5 0  

F T C R I T  F T C R ( T I H E l r B l r B 2 )  F R S R O 4 6 0  
F D E N S  = F R A C S  F R S R 0 4 7 0  
I F  ( F T E M P  .GE. F T C R I T )  F D E N S  0 . 9 8  F R S R O 4 8 O  

2 0  R E T U R N  F R S R 0 4 9 0  
E N C  F R S R O 5 O O  

A-10.5. M. F. Lyons et al, Analysis o f  U 0 2  Grain Growth Data from 0ut :o f l i le  
Experiments, GEAP-4411' (November 1963). 

A-10.6. J. R. MacEwan, Grain Growth in Sintered uranium Dioxide, AECL-1 184 
(CRFD-999), Atomic Energy Commission of Canada Limited (January 1961). 

A-10.7. T. R. Padden, "Behavior of Uranium Oxide as a Reactor Fuel," Proceedings o f  2nd 
. '  International 'conference o n  Peaceful Uses o f  'A tomic  Energy, Volume 6,  . . 

Paper P/2404,  (September 1958) pp 569-586. 

A-10.8. H. Stehle, Paper Presentation at Joint Meeting o f  the Deutsche Gesellschaft fur  
Metallkunde and the Deutsche Keramische Gesellschaft, November 8-9, 1962. 



FRESTR 

A-10.9. H. Hausner, U02 Grain Growth and Melting Studies, High .Performance U 0 2  
Program Quarterly Progress .Reporfs, GEAP-3771-5, 377 1-6, 377 1-7 (.1962-1963). 

A-10.10. J .  D. Eichenberg, e t  al, Effects of  Irradiation on Bulk U02,  WAPD-183 
(October 1957). 

A-1 0.1 1. U. Runfors e t  al, "Sintering of Uranium Dioxide," Proceedings o f  2nd Interna- 
tional Conference on Peaceful Uses o f  Atomic Energy, Volume 6,  Paper PI1 42, 
September 1958, p 6U5. , . 

A-1 0.1 2. J. B. Ainscough et al, "Isothermal Grain Growth Kinetics in Sintered U 0 2  
Pellets," Journal o f  Nuclear Materials, 49 (1 97311 974) pp 1 17-1 28. 

A-10.13. J. E. Burke, "Some Factors Affecting the Rate of Grain Growth in Metals," 
Transactions o f  the American Institute of Metallurgical Engineers, 180 (1949) 
yp 73-9 1. 

A-10.14:J. P. MacEwan and V. B. Lawson, "Grain Growth in Sintered Uranium Dioxide: 11, 
Columnar Grain Growth," Journal o f  the American Ceramzc Society, 45 (1962) 
pp 42-46. 

A-10.15. J. A. Christensen, "In-Pile Void Migration in Uranium'Dioxide," Transactions o f  
the American Nuclear Society, 8 (1965) pp 44-45. 

A-1 0.16. J. A. Christensen, "Columnar Grain Growth in Oxide Fuels," Transactions o f  the 
American Nuclear Society, 15 (1 972) pp 2 14-2 1 5. 

A-10.17..P. F. Sens, "The Kinetics of Pore Movement in U02  Euel Rods," Journal o f  
Nucleur Mutertuls, 43 (1 972) pp 293-307. 

. A-1 0.1 8. F. A. Nichols, "Movement of Pores in Solids," Journal o f  Metals ( 1 969) pp 19-27. 

.A-10.19. P. G.  Shewmon, "The M,ovement of. Small Inclusions in Solids, by a Temperature. 
Gradient," Transactions o f  the American ~nst i tute  o f  Metallurgical Engineers, 230 
(1964) pp 1 134-1 137. 

A-10.20. F. A. Nichols, "Kinetics of Diffusional Motion of Pores in Solids," Journal o f  
Nuclear Materials, 30 (1 969) pp 143-1 65. 

A-10.21. E. E. Gruber, "Calculated Size Distributions for Gas Bubble Migration and 
Coalescenence in Solids," Journal of Applied Physics, 38 (1967) pp 243-250. 

A-10.22. F. A. Nicho1s;"Pore Migration in Ceramic Fuel Elements," Journal o f  Nuclear 
Materials, 27 (1 968) pp 137-146. 



FUDENS 

A-10.23. F. A. Niihols, "I'orc Migration in Ceramic Fuel Elements," .Iowrnnl nf Nuclear 
Muleriul~, 22 (1 967) pp 21 4-222. 

A-10.24. G. N. Lewis et al, Tlzermodynamics, Second Edition, New York: McGraw Hill 
Book Co., 1961. 

A-10.25. M. V. Speight, "The Migration of Gas Bubbles in Malerial Subject to a 
Temperature Gradient," Journal o f  Nuclear Materials, 13 (1 964) pp 207-209. 

A-10.26. W. Oldfield and A .  J. Markworth, "The Theory of Bubble Migration Applied to 
Irradiated Materials," Material Science and Engineering, 4 (1 969) pp 353-366. 

A-10.27: G. K. Williamson and R. M. Cornell, "The Behavior of Fission Product Gases in 
Urai~ium Dioxidc," Journal o f  Nziclsar? il4aterials, 13 (1 964) pp 3.78-280. 

A-10.28. M. E. Gulden, "Migration of Gas Bubbles in Irradiated Uranium Dioxide," Journal 
o f  Nzrclear Materials, 23 (1 967) pp 30-36. 

A-10.29. W. Oldfield and J .  B. Brown Jr., "Bubble Migration in U02 - A Study Using a 
Laser Image Furnace," Materials ~ c i e n i e  and Engineering, 6 (1 970) pp 36 1-370. 

A-10.30. L. C. Michels and R. B. Poeppel, "In-Pile Migration of Fission Product Inclusioris 
in Mixed-Oxide Fuels," Journal of  Applied Physics, 44 (1 973) pp 1003- 1008. 

A-1 0.3 1. C. Ronchi and C. Sari, "Properties of Lenticular Pores in U02, (U, Pu)02 and 
Pu02," Journal o f  Nuclear Materials, 5'0 (1974) pp 91-97. 

A-10.32. B. J. Buescher and R. 0. Meyer, "Thermal Gradient Migration of Helium Bubbles 
in Uranium Dioxide," Jotlmal o f  Nuclear Materials, 48 (1 973) pp 143-1 56. 

A-10.33. J. A. Christensen, "Columnar Grain Growth in Oxide Fuels," Transactions o f  the 
American Nuclear Societj,, 15 ( 1972) pp 2 14-2 15. 

A-10.34. R. D. Leggett e t  al, "Central Void Size in Irradiated Mixed-Oxide Fuel Pins," 
Transactions o f  the American Nuclear Society, (1 973) pp 175-1 76. 

1 1. FUEL DENSIFICATION (FUDENS) 

During the first few thousand hours of reactor operation, some U02  and (U,Pu)02 
fuels densify at temperatures below normal sintering temperatures. The code FUDENS 
calculates the extent of U 0 2  and (U,Pu)02 in-pile densification as a function of burnup, 
fuel temperature, and the density change found during a resintering test or the initial density 
and sintering temperature used while fabricating the fuel pellets. 
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1 I .  1 Summary 

The code. allows a choice between two methods to calculate the maximum density 
.change during irradiation. Use of the density change seen during a resintering test (1 700°C 
for more than 24 hours) in a laboratory furrlact: is tht: preferred method for the calculation. 
If a .resintering density change is not input, the code uses the initial unirradiated density of 
the fuel and the fuel fabrication sinlering temperature for the calculations. The above inputs 
are used in the following equations, to calculate the maximum length change occurring 
cluiing irradiatio~~. 

If a positive value for the resintering density changc is input: 

( )  = (0.001 ) RSNTR. when FTEMP < 1000 K (A-1 1.1) 

('k). (0.00205) RSNTR. H ~ I ~ I I  FTEMP - 1000 K. (A-1 1.2) 

If a zero or negative value for the resintering 'density change is input: 

( % ) m =  22i2 TSSNT ( l o o  - - 2073) DENS)y when FTEMP < ,000 K (A-1 1.3) 

(%) ; 6 6 . . * k . 1 y y  (TSINT - 1453 when FTEMP 1000 K (A-I 1.4) 

where 

maximum dimension change of fuel duc. t o  
irradiation (percent) 

I?ENS = percent theoretical density 

FTEMP = fuel temperature (K) 

TSINT = sintering- temperature (K) 

RSNTR = resintered fuel density change (kg/m3). 

The rate of densification as a function of burnup is calculated by the code using 
Equation (A-1 1.5 j: 

1 %  = I(%) 1 - exp [-3(FBU +- B ) ]  -2.0 exp [-35IFBU + B)]  
. rn 
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where 

the. absolute value of the radial dimension change of 
the fuel due to irradiation (percent) 

AL (-1 = the absolute value of the maximum dimension change ! L m l  of the fuel due to  irradiation (percent) 

FBU = fuel bumup (MWdIkgU) 

B .  - - a constant determincd by the code to  fit the 
AL boundary c.or?ditions - = O when FBU = 0. 
E 

1 1.2 UO-, and Mixed Oxide Densification Data and Models 

The sintering of cold pressed U 0 2  powder compacts may be divided usefully into 
three regimes: (a) the formation of necks between particles, (b) the decrease of 
interconnected porosity, and (c) the subsequent volume reduction of isolated 
pores [A-1 l . ' ] .  The last stage begins when about 92 to 95% theoretical density is reached. 

. The porosity in fuels which is less than about 92% theoretically dense and which have been 
sintered at  low temperatures is open and located along grain edges. The closed porosity in 
low density materials sintered a t  low temperatures is also located along grain boundaries. 
However, at higher sintering temperatures accelerated grain growth occurs and the closed 
porosity may be found inside the grains even in low density compacts [A-1 1.21 . The 
in-reactor densification phenomenon involves the third sintering regime in which fine 
isolated closed porosity (located either at grain boundaries or within the grains) is 
annihilated. 

11.2.1 U 0 2  and Mixed Oxide Densification Data. An Edison Electric Institute/ - --.- 
Electric Power Research Institute (EEIIEPRI) project[A-11.31 recently concluded a 
comprehensive study of U 0 2  fuel densification. The fuel was tested in the RAFT (Radially 
Adjustable Facility Tubes) of the General Electric Test Reactor ( G E T R ) [ ~ ] .  The 
preirradiation and postirradiation physical properties are reported on fuel subjected to  
burnups of .up to  3.5 MWdlkgU. The studylA-l 1.41 concluded that irradiation-induced 
densification can be correlated with fuel microstructure, i.e., thelargest in-reactor density 
changes occurred for those fuel types having a combination of  the smallest pore size, the 
largest volume percent of porosity less than 1 pm in diameter, the smallest initial grain size, 
and the lowest initial density. The volume fraction of porosity less than 1 pm in diameter 
contributed significantly to densification of the fuel types studied; deniity increases were 
accompanied by a significant decrease in the volume fraction of pores in this size range. The 
volume fraction of pores ranging in diameter from 1 to  10 pm initially increased with 

[a]  Located in Pleasanton, California. 
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densification; but with continued densification, the volume of these pores decreased. 
Significant density increases occurred during irradiation with only minimal increases in grain 
size. 

Analysis of thc EPRI data also shows that pellets located in low burnupj low C i ~ i u ~ l  
rate regions densify less than pellets irradiated to  the same burnup but in higher fission rate 
and temperature positions (see b'ig;re A-1 1.1 ). At the higher fission rates and temperatures, 
densification occurs rapidly and pellets approach maximum densities at a burnup of about 
1 MWd/kglJ. A t  the lower fission rntcs, dcnsificntion nppc.nrs t o  bc incrcnsing with b~lrnups 
nf 7. MWrl/kel l .  

Burnup (MWd/kg U) INEL-A-61 14 

Fig. A-11.1 l'hrr effect of' burnup and iission rate o n  the density change for EPRI fuol typcs 1 ,  2, nnd 4 .  

Kolstad et al[*-l measured the fuel stack length change of U 0 2  in the Halden 
HBWR The physical variablesof fuel densities (87, 92, and 95% TD), fabrication 
sintering temperatures, irradiation power levels, and fuel-cladding gap sizes were used to  
study irradiation-induced densification. The axial length change was measured at time 
intervals during the irradiation of'the rods. The axial length change, as a functionof burnbp 
(see Figure A-1 1.2) for different power levels, did not depend on reactor power levels or 
fuel temperatures. Hanevik et al[A-I proposed that this may be attributed to  the fact 
that the outer edges (shoulder) of the pellet would be within 200 to  300°C of each other a t  
both power levels. Since the outer edges of the pellet are much colder than its center 

[a]  Test reactor located in Halden, Norway. 

134 



k\ 
I I I I I I 1 I I 
l . l rn 8 

kv-v Unstable ' . v v v v --*-- Stable - . .. . - . . . 
Stable Fuel (92% TD) - - 

V Unstable Fuels (92% TD) . "I 
I I I 1 I I I I I 

0  1 2 3 4 5 6 7 8 9 1 0  

Burnup (MWd/kg U) 

Fig. A-11.2 Change in fuel stack length of  Halden fuel as a function of burrmp. 

I I I 1 I I I I 
A A A A 

Stable n 
n 

n A - 
Metastable . 0-0 

- 
E 

-2  

-3 

\ . 
8 ,  

0 
A Stable Fuel (87% TD) -\. - 

-a 0 Unstable Fuels (87O/0 TE)  - 0 . O - O  
0 

0 C 

I I i I I I 
0  1 , 2  b 4 5 6 7 8 9 10 

Burnup (MWd/kg U)  € 0 5 - A - 1 4 4 5  



FUDENS 

section, the axial in-reactor length change. measurements are probably a measurement of the 
shrinkage in these regions (i.e., low temperature irradiation densification). The amount of 
fuel stack length change of the Halden. fuel was found to  depend mainly on out-of-pile 
thelnlal fuel slabilily , initial density, and burnup. 

Collins and ~ a r ~ r e a v e s [ ~ - l  1-71 contrasted measurements of out-of-pile sintering rates 
at temperatures greater than 1600 K with the sintering rates of fuel irradiated in the 
Windscale Advanced Gas-Cooled Reactor (wAGR)~"]  . The observed out-of-pile densification 
w a ~  attributed to the sirlterir~y of grain boundary porosity and was characterized by an 
activation energy of 2.9 x l o 5  J/mol for grain boundary diffusion. Extrapolation of these 
results t o  the approximate 1000 K temperatures of the in-pile material indicated that 
negligible tlier~nal sir~lering would he expected after a few hundred hours a t  this 
temperature. In addition, no evidence of sintering was observed in out-of-pile annealing tests 
a t  1173 K and a pressure of 2.06 MPa. However, fuel irradiated t o  less than 0.3% burnup at 
iuel temperatures between 1000 and 1 100 K experienced significant reductions in the pellet 
diameters. This shrinkage was attributed to  irradiation-induced sintering which decreased 
the initial fuel porosity volume. Pores with diameters less than 3 pm were reported by 
Collins and Hargreaves to be the major source of increased density. Pores larger than 100 pm 
were reported stable during irradiation at temperatures below 1500 K. 

Ferrasi et measured U02  fuel pellet densification in commercial reactors; 
using -both moveable incore flux detectors and postirradiation examination of selected test 
rods. The densification rate of the fuel was reported t o  occur rapidly during the early stages 
of irradiation and then slow or even stop after about 6 t o  10 MWd/kgU, as shown by 
Figure A-1 1.3. These results are bonsistent with the measurements of Rolstad e t  al. For the 
given density (92% TD), the extent of densification was reported t o  vary significantly with 
microstructure, but 110 details of the rriicrosLruct.ure were reported. 

. , 

- Ferrari et al, reported that power levels between 4.9 and 55.8 kW/m did not 
significantly affect densification. This result is in agreement with Rolstad et al. The axial 
shrinkage was suggested t o  be controlled by densification in the shoulder of the fuel pellets, 
a region of t h e  tiad pellets which generally operates at temperatures below 8 0 0 ~ ~ .  These 
ler~~peralures are too low for in-pile densification to  be attributed t o  thermal mechanisms. 
lierrari et a1 proposed that the kinetics of densification are compatible with irradiation- 
enhanced diffusion processes. 

Metallographic measurements on the fuel studied by Ferrari et a1 indicated that the 
irradiation-enhanced densification was associated with the disappearance of fine pores and 
that pore shrinkage significantly decreased with increasing pore size. These results 
correspond to  the EPRI findings. Ferrari et a1 suggest that densification could be reduced 
through both microstructural control of the fuel pellet and a reduction of the fine porosity 
content. Both of these facto~is are influenced by the pellet fabrication process, especially 

[a]  A prototypic, power-productive reactor in Windscale, Cumberland, England. 
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Fig. A-1 1.3 Fuel stack length changes for 92% TD UO processed by different techniques. 2 
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sintering temperature and the use of so-called "pore formers". Ferrari et a1 reported that 
experimental fuel of 89% theoretical density (TO) has been made and demons.trated to be 
relatively stable in the Saxton reactorua1 . 

A A 
- - 

Heal et a1 [A-1 reported that by controlling the pore size they have developed 
U 0 2  fuel which does not densify significantly. They calculated that shrinkage of the pores 
would continue until the internal pressure of trapped gas in the pores matched the surface 
tension forces causing shrinkage. Their calculations show no pore shrinkage with voids of 
20 pm or greater. Even a 10-pm void is expected to shrink only 6 to 7 pm before gas 
stabilization occurs. Voids of 1.0 pm or  less, however, shrink to  0.2 pm or less before gas 
stabilization occurs, causing considerable densification. Fuel pellets fabricated with porosity 

3 sizes greater than 25 pm were irradiated by Heal et a1 to  1.4 x fissionslm with center 
temperatures u p  t o  1 6 0 0 ~ ~ .  Postirradiation examination of these pellets showed signifi- 
cantly less than 1% volume densification. 

3 ~ o s s [ ~ - l  l."O] has shown that fuel after an irradiation of 2 x fissionslm has 
lost most pores with radii less than 0.5 pm. He found that fuels with burnups even as low as 

24 . . 3 2 x 10 fisslons/m had removed most pores with radii less than 0.3 pm. 

[a]  Experimental reactor located in Saxton, Pennsylvania. 

13 7 
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Burton and Keyr~olds [A-1 '.' l measured the shrink,age of fuel pellets, during the 
final stage of out-of-pile sintering of 96.5% TD U 0 2  with isolated porosity located at grain 
boundaries. The density change as a function of time was measured for three specimens at 
different temperatures. The densification rate was initially large but it dec'reased to a much 
slower rate at longer times. 'l'he shapes of' these curves are very similar to  those for the , 

in-pile densification of U02;  however, in-pile densification occurs at much Jower 
temperatures. This reduction in the sintering rate with time can arise for several reasons: (a) 
ga in  boundaries may migrntc away from cavities during annealing, thus removing short 
dil'l'usiu~~ paills o l  vaca~icies away from cavities, (b) when significant entrapped gas is 
present, cavities rrlay sl~ririk until they become stabilized as the internal gas pressure 
becomes equal to  the surface tension of the cavity as proposed by Heal et al, and (c) the number 
of cavities can become progressively reduced as densification proceeds. The first and second 
reasons were rejected by Burton and Reynolds because the majority of the cavities in their 
samples remained on grain boundaries during sintering, and smaller cavities sintered to 
closure. Therefore, Burton and Reynolds suggested that the reduction in the sintering rate 
with time is only due to the progressive reduction in the number of cavities. 

The reported irradiation-induced densification data indicate that it is affected by 
porosity and pore size distribution, fuel density, and irradiation temperature. The lack of a 
temperature dcpendencc, of the fuel densification data by Ferrari-et al and Rolslad et al is 
probably a result of the measurement technique (i.e., measurement of the length change in 
t.he Inw temperat~~re  pellet edges). 

11.2.2 Survey of Densification Models. Densification models proposed by 
~olstadl A-1 1.51 , ~ e ~ e r [ A - ' i  1.1 21 , Collins and ~ a r ~ r e a v e s l  A-1 1.71 , Voglewede and 
~ o c l ~ w a t [ A - l  Stehle and ~ s s m a n n [ A - l  ~ a r l o w e [ A - I  l . l 5 ] ,  Hull and 
lCimmeruA-l h]. ,  and MacEwcn and ~ a s t i n ~ s [ ~ - l  are reviewed it1 this section. 

Rolstad e t  a1 used two equations to correlate their data. The first equation below 
AT ... 

pl.edicls 111e rnagnilude of shortening (-) as a f11nr.ti.on of the. percent theoretical density 
L m 

(DENS) and sintering temperature i n  degmcs centigrarle (TSTNT) at a b~.lrnup of 
5UUU MWd/MtU02: 

(100 - DENS) ( )  = "" (TSINT - 1.180) ' 

The effect of burnup was introduced through the use of a master curve created by shifting 
all curves vertically to  agreement at SUUU MWd/MtU and then horizontally t o  achieve the 
best agreement at the low burnup portion of the curves. The master curve is described as 
follows: 
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wherc 

- - - the percent shrinkage of the fuel 
L 

L. 

BU = the burnup (MWdIkgU). 

This equation results in a rapid length change at low burnups (< 1 MWd/kgU) and small 
length change at higher burnup levels. Very little additional densification is calculated after 
a bumup of 5000 to  6000 MWd/kgU. 

~ e ~ e r [ ~ - '  2] developed a conservative model for licensing purposes. The model is 
based primarily on the results obtained from a resintering test of the fuel at 1 700°C for 24 
hours. The resulting density change is used in the model as the maximum densification 
(Ap max) incurred during irradiarion. The model is cleG11cd by- the following equations. 

For fuels that densify less than 4% TD, 

ap = 0 f o r  0 < BU c ,  1728 MWs/ kgU 

np = m log(BU) + b f o r  1728 < BU < 172 800 MWs/kgll 

Ap = Ap 
. , ma x 

f o r  BU > 172 800 MWs/kgU 

where the coefficients m and b are found from 

0 = m log (1728)  + b 

Apmax = m l og (172  800) + b 

and Ap, ,a, is the estimated in-reactor maximum density change. 

For very unstable fuels that densify more than 4% TD, 

ap = 0 f o r  0 < BU < 432 MWs/kgU (A-1 l.lOa) 

ap = rn log(BU) + b f o r  432 < BU < 43 200 MWs/kgU (A-1 l.lOb) 

. AP = bmaX f o r  BU > 43 200 MWsYkqU (A-1 1 . 1 0 ~ )  

where the coefficients m and b are found from 

(A-1 1.1 l a )  

(A-1 1.1 l b )  
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where 

Ap = change. in density 

BU = h i ~ r n ~ i p  in MWs/kgl-1 

- 
b m a x  - maximum density change possible 

- an - constant 

b - - constant. 

This model is very useful as a licensing model which calculates the maximum irradiation- 
induced densification. Meyer reports that tile 1 700UC/24 hour resintering densification in 
his rriodel adequarely bounds all in-reactor densification data at their disposal. 

From the fuel sintering heasurement in the WAGR, Collins and Hargreaves arrived at 
the empirical expression for the volume change of porosity as a function of burnup: 

V = A V o  ex?(-SI)  + ( I - A )  V o  (A- 1 1 -112) 

where. 

V = fuel porosity at bumup I 

I = fuel bumup (MWs/kgU) 

Vo = percent of initial porAosit.y, of Lhe fuel 

A = a constant between 0.5 andt0.6 

S . = 2 x fur ternparalures > 1000 K or 

S = % lo4  for temperatures < 1000. K. 

Collins and Hargreaves further suggested that a complete description of the densification 
rate of uranium dioxide under irradiation demands a knowledge of the initial size 
distribution of 'the as-manufactured porosity in addition to the total volume of porosity 
because of the differing sintering rates of pores of different sizes. However, the morphology 
of the porosity in the U02 fuel they used was not determined. 

J. C. Voglewede and S. C. Dochwat [A--l ' .I3] developed an .equation for final stage 
densification of mixed oxides fuels based on EBR-llla] reactor data. It is a semiempirical 
approach based on porosity, stress, and temperature: 

. [a] The Experimental Breeder Reactor, operated by Argonne National Laboratory, Idaho 
National Engineering Laboratory, Idaho Falls, Idaho. 
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m n 
( l / v )  d v / d t  = k (P/1-P) a exp ( -Q/RT)  

where 

dv - 
( l / v k  - densification rate hr- 1 

P 
- - fractional porosity 

u - - stress (kg/cmL) 

n - - 413 

R - - gas constant 

T - - temperature (K). 
- 

The model was based on Argonne National Laboratory data of U02  - 25 wt% Pu02 
sintered pellets under stresses of 100 to  800 kg/cm2. 

Stehle and Assmann LA-' 41 proposed a vacancy controlled densification model as a 
function of initial fuel porosity, fission rate, initial pore radius, fuel temperalure, and' 
vacancy diffusion. Their model is summarized by the equation: 

where 

o = pore volume lost after each fission event 

t = time 

X = fission spike length 

F = fission rate 

r = poreradius 



Rg = grain radius 

Dv = vacancy diffusion coefficient 

R = distance betweell vacarlcy sink and pore center 

Cs = vacarlcy saluration concentration 

Ct s l ~ ~ l l y  state vacancy concentrat~on. 

Equation (8-1 1.14) considers pores of only one diameter; therefore, application of 
this equation to practical engineering prvblerns requires that thc cquation be integrated over 
the pore sizes existing in the fuel. The Stehle and Assmann approach predicts that 
irradialion-induced fuel densification is temperature dependent because of the dependence 
of DV on temperature. The authors used approximate values for Dv and found that the 
.densification rate should change at approximately 7 ~ 0 ~ ~ .  This corresponds very well with 
the experimental results found in the EPRI densification study. 

Marlowe [A-1 proposed a model for diffusion-controlled densification and 
rrlodified the model to  include fuel swelling contributions to the density changes as well as 
an irradiation-induced diffusivity which provides atomic mobility for grain growth 
.densification. His model is.expressed by the following equation : 

7 

where 

S = fractional volumetric fuel swelling pcr i ~n i t  cxpnwire 

- = initial grain size 

M = densification rate constant for the matcrial prior to  
irradiation M = ( G ~ / D  ) dpldt 

. . 

A = grain growth rate constant for the material prior to 
.irl.adiilion A = 3G2 ( d ~ ~ / d t ) -  

F = fission rate per unit volume 

t = irradiation time 

D = diffusion coefficient 
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. po = iriilial pellet density ('31;TD) 

G .= grain size as a function of time during thermal tests (cm). 

This model is based on densification and grain growth rate parameters, which must be 
determined .experimentally for any particular fuel. The parameters, M and A, strongly affect 
the predicted in-reactor densification behavior through grain size modification. Because tlle 
model allows complete pore elimination and, in fact, densities greater than theoretical for 
the matrix material, an upper limit to  the density must 'be calculated to limit the 
densification change as calculated by Equation (A-I 0.15). The limit is calculated by 

Hull and Rimmer 6 j  proposed a model using a porosity distribution which 
quantitatively predicts the density change as a.function of time: 

where 

V = volume 

t = time 

w = grain boundary width 

Dgb = grain boundary self-diffusivity 

X = mean cavity spacing on the grain boundary 

T = , temperature 

k = constant. 

Hull and Rimmer reported reasonably good agreement with the Burton and Reynolds 
data despite the approximations required to evaluate this equation and the errors in 
determining. the porosity distribution of the samples. Both the shape of the predicted curve 
and the absolute magnitude of the values .were reported t o  be in good agreement, 
demonstrating that the decrease in sintering rate with time is associated only with the 
progressive reduction in the number of cavities. However, the calculation assumed a 
constant cavity spacing for each time step in changing from one volume size to  the next. 
The similarity between the out-of-pile and in-pile densification strongly suggests the 
importance of pore size distribution and volume for in-reactor densification. 
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MacEwen and ~ a s t i n ~ s [ * - l  ' - l71  developed a mod,el describing t h e  rate change of 
pore diameter based on the time dependence of vacancy and interstitial concentrations, 
fission gas concentrations, and internal pore pressures. TWO equations were used. One 
describes the diametral change of - pores on the grain boundaries and the other describes 
intergranular pore shrinkage. Use of their model requires interstitial and vacancy 
concentrations, internal' pore pressures, and interstitial and vacancy jump frequencies. The 
model is thus difficult to  use in engineering appllcations with the present in-reactor fuel data 
base. 

Fuel densification models proposed by the authors in Keferences A-1 1.1 1 and 
A-1 1.13 through A-1 1.17 attempted t o  correlate fuel densification with fundamental 
material properties. These theoretical or semiempircal approaches will eventually be the 
pccferred modeling techniques but currerit versions o f ,  these. models must be based on 
estimates of such material properties as diffusion coefficients, void concentrations, jump 
frequencies, etc., which are not sufficiently well defined t o  be used to  predict in-reactor 
densification . 

As R. 0. Meyer has pointed out in his review, the use of complicated theoretical 
approaches is not justified unless such a model can be supported with material property data 
which allow significantly better predictions than fully empirical correlations. It is the. 
author's conclusion that an empirical approach similar to  the ~ e ~ e f  model is best for-  
modcling densification at the y resent. 

11.3- FUDENS Model Develooment . . 

The relation between densification and burnup suggested by Rolstad et a1 .[Equat.i,on 
(A-1 1.7)1 has. been adopted in the FUDENS code. Densification is assumed t o  consist of a. 
rapidly varying component [represented by the term -2.0 exp [-35 (FBU +.B)] in Equation 
(A-1 1.5)] and..a slowly varying component [represented .by the t e r n  exp I-3(FBU + B)] in 
Eqqal.ion (A-1 1.5)]. The expression was adopted because it successfully. describes the 
burnup. dependence of both the original Rolstad e t  a l s  data and recent EPRI data:. 
Comparisons of .the model predictions with. the data will 'be presented.'later in thissection. 

AL) of Equation (A-1 1.5) deterrnincs thc maximi~m in-reactor densifi- The term ( = 111 
cation. Four different expressions [Equations (A-1 1 :l ) to  (A-1 1 :4)] are used by the 
FUDENS' code to  determine a number for this term. When a measurement of,  fuel 
densification during a resintering,test at 1 700°c is available; this measurement is the basis of 
the model's prediction for the maximum in-pile shrinkage. The resintering density change 
found during a resintering test at 1 700°C for at least 24 hours is the most appropriate basis 
to use in calculating the maximum in-pile densification because in-pile densification and- 
thermal resintering are hoth dependent on porosity removal. However, Meyer's [A-1 1.121. 

assumption that the change in length during a resintering test is. equal to  the maximum 
in-pile densification is conservative at best for densification as required for the FUDENS 
code. The maximum irradiation-induced densification calculated by FUDENS is therefore a 
fraction of the density change found during a resintering test, i.e., 94% of the resintering 
density change at temperatures greater than 1000 K and 33% for temperatures below 
1000 K. 
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If resintering test data are not available, the FUDENS ~ ~ i o d e l  reverts to  thc cxprcssion 
suggested by Rolstad et a1 [Equation (A-1 1.3)] . This expression provides a reasonable 
estimate of the in-pile densification, but unlike resintering tests, i t  cannot account for 
variations in pore. size distribution. 

Constants in the expressions used hy FUDENS for maximum in-pile shrinkage were 
determined separately for high (> 1000 K) and low temperatures. The separate expressions 
were used because a ten~peralure d c y t ~ ~ d e i ~ c c  was found in the EPRI data [A-11.31 ,,d 
because of the irregular relation between the Halden data and the EPRI data sets. The 
Rolstad e t  a1 model, w h c h  predicts the Halden data well, fits the EPRI low temperature 
data but not the high temperature EPRI data. Hanevik et a1 suggested the Haldeq data was 
probably a measurement of the densification of fuel pellet edges, i.e., the cooler regions of 
the pellet. The Rolstad model is assumed by the FUDENS code t o  apply to  low 
temperature densificadon, and the high telilperature densification is nssumod to  be three 
times as large. 

The constants in Equations (A-1 1 -1) to (.A-1 1.4) were determined by inspection t o  
. . 

. '  provide the best fit to  the rnaxirr~um density change of thc EPRI data. Model predictions 
and the data base are shown in Figures A-1 1.2 and A-1 1.4. Mixed oxide fuel is assumed to  
densify in the same manner as U02  due t o  lack of data to  show otherwise. 

1 1.4 Fuel Densification Subcode FUDENS Listing 

A FORTRAN listing of the subcode FUDENS is presented in Table A-1 1 .I. 

1 1.5 References 

A-1 1.1. W. Beere, "The Sintering and Morphology of Interconnected Porosity in U02  
Power Compacts," Journal o f  Materials Science, 5 (1 973) pp 171 7-1 724. , 

A-1 1.2. W. M. Armstrong, W. R. Irvine, R. H. Martinson, "Creep Deformation of 
Stoicllio~lletric Uranium Dioxide," Journal of Nuclear MateriaLs, 7 (1962) 
pp 133-141. 

A-1 1.3. D. W. Brite et al, EEIIEPRI Fuel Densification Project, Research Project 13 1 Final 
Report (Revised June 1975). 

A-1 1.4. M. D. Freshley et al, "The Effect of Pellet Characteristics and Irradiation 
Conditions on U 0 2  Fuel Densification," ANSICNA Topical Meeting on Commer- 
cial ~ u c l e a r  Fuel - Current Technology, Toronto, Canada, April 19 75. 

A-1 1.5. E. Rolstad et al, "Measurements of the Length Changes of U 0 2  Fuel Pellets 
During Irradiation," Enlarged HPG Meeting on Computer Control and Fuel 
Research, June 4- 7, 19 74. 
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TABLE A-11.1 

- l T S T I N G  OF THE FUDENS SUBCODE 

F U ~ C T I O N  F U O E N S  ( F T E M P s  BU, FDENS, RSNTR, T S I N T I  campr T T r n E )  

FUDENS I S  A  SUBRGUTINE THAT C A L C U L A T E S  I R R A U I A T I O N - I N D U C E D  
DENS I F I C A T I O N .  

FUDEKS - OUTPUT F U E L  D I H C N S I O N A L  CHANGE ( % I  

. FTEMP 

!!ENS 
RSNTR 

I N P U T  FUEL TEMPERATURE I K I  

i NPUT BURNUP (MU-S /KG-U)  
NPUT t U t L  U t N 5 l l l  ( K G ~ M * * ~ )  

I N P U T  H A X I M U H  O E N S I T Y  CHANGE D E T E R M I N E C  BY 
TEST OF 1 9 7 3 K  FGR 2 4  HOURS ( K G / M * * 3 )  
I N P U T  F U E L  S I N T E R I N G  TEMPERATURE ( K )  
I N P U T  P L U T O N I A  CONTENT (WT f )  
I N P U T  T I R E  ( 5 )  

R E S I N T E R I N G  

T S I N T  
c o n p  
T T I M E  

N  = NUMBER OF I T E R A T I O N S  
M  = NUMBER OF I N T E R V A L S  FOR NEWTON'S S O L U T I O N  
EPS = CONVERGENCE C R I T E R I O N  

FUDEKS WAS CODED BY C.S. OLSEN J A N  1 9 7 4  
M 0 D . I F I E D  BY RICI HASON MARCH 1 9 7 7  

D I M E N S I O N  C ( 2 ) r B ( 5 )  
DATA C / 1 0 . 9 7 r l l . 4 6 /  
DATA 0 / 3 ~ 0 ~ 1 ~ 0 0 ~ 3 . ~ 0 ~ 2 ~ 0 0 ~ 3 5 ~ 0 0 /  

D L E N ~ ( A L E N I B U I A B U )  = - B ( 1 )  t ALEN t B ( 2 1 *  E X P ( - B ( 3 ) * ( B U  + A B U ) )  
# t 8 ( 4 ) *  EXP - 8 ( 5 ) * I B U  t A B U ) )  

D L E N 3 ( B U )  = - 0 ( 2 ) * R ( 3 ) *  E X P L - B ( 3 ! * B U )  - B ( 4 ) * 0 ( 5 ) *  E X P ( - R ( 5 ) * B U )  
F B L  RU 1 . C 2 0 2 E - 0 5  
T S  8 T S I N T  - 2 . 7 3 1 5 E 0 2  

I F  RSNTR OR T S I N T  I S  NOT D E F I N E D  BY USER*  THE DEFAULT VALUE I S  
T S I N T  1 8 7 3  K. 

I F  ( T S I N T  .LE. 0 . 0 )  TS 1 6 0 0 . 0  
ROTH rn C ~ 1 ~ * C ~ 2 ~ / ~ O ~ O l * C O H P * C ~ 1 )  t ( 1 . 0  - O . O l + C f l M P ) * C ( Z ) )  
DE = F D E N S / ( R O T H * l O . O )  

I F ( ( F T E M P  .GE. 0 0 0  .AND. ( R S N T R  .GT. O . ) ) D L E N l  O.O0205*RSNTR 
I F  ( ( F T E M P  .LT.  f 0 0 0 : I  .AND. (RSNTR .GT. O . ) ) D L E N l . =  0 . 0 0 1 5 0 * R S N T R  
I F ( ( F T E H P  .GE. 1 0 0 0 . )  .AND. (RSNTR .LE. 0 . ) )  
I D L E N l  6 6 . 6 * ( 1 6 0 . 0  - D E ) / ( T S  - 1 1 8 0 . 0 )  

I F ( ( F T E M P  .LT.  1 0 0 0 . )  .AND. (RSNTR .LE. 0 . ) )  
I D L E N l  + 2 2 . 2 * ( 1 0 0 . 0  - D E ) / ( T S  - 1 1 8 0 . 0 )  

N  = 5 0  
E P S  = 0 . 0 0 0 2  
H = 1 . 0 0  
M - 6  
X 3  = 0.0 

IF ( I -  .EO. n )  
C O N T I N U E  
C O h T I N U E  
x i  - x 3  a 
DO 2 5  J  1,N 
X  = X 1  - DLENZ 
ERR = A B S ( ( X  
I F  (ERR .LE. E 
X 1  = X  
C O N T I N U E  
A L 3  = 2 . 9 9 6  
A L 2  = 5 . 3 8 4  
GO TO 4 0  

3 5  A L 2  X  
4 0  C O N T I N U E  

FUOENS = DL 
I F  ( B U  .LT.  
GO TO 5 0  

4 5  P R I N T  1 0 0  
1 0 0  FORMAT ( l X ,  

I T  UO2 
FUCENS = 0.  

5 0  C O N T I N U E  
RETURN 
END 

3, F  BU, 
FUDEN 

I ROCTS 

A L 2  
s - G.0 

HAVE BEEN AND FOUND BETUEEN 0 .  
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A-1 1.8. H. M. Fcrrari ct al, "Fuel Densitication Lxpenence in Westinghouse k'ressurized 
Water Reactors," BNES Nuclear Fuel Performance Conference, London, 
Octoher 15-19, 1973, paper no. 54. 

A- 1 1.9. T. J. Heal et nl, "Dcuclopmcnt of Stable Density U 0 2  Fuel," BNES Nuclear Fuel 
Performance Conference, London, October 15-1 9, 1973, paper no. 52. 

A-1 1 .'lo. A. M. Ross, "Irradiation Behavior of Fission Gas Bubbles and Sintering Pores in 
U02," Journal o f  Nuclear Materials (April 1969)yp 134-1 42. 

A-1 1 . I  I .  B. Burton and G.  L. Reynolds, "The Sintering of Grain Boundary Cavities in 
Uranium Dioxide," .Journal o f  Nuclear .MnteriaLs, 4.5 (1 972173) pp 10-14. 

A-1 1.12. R. 0. Meyer, The Annly,sis of  Ftdccl Densificntion, Office of Nuclear Reactor 
Regulation, U.S. Nuclear Regulatory Commission NUREG-0085 (July 1976). 

A-1 1.13. J. C. Voglewede and S. C. Dochwat, Reactor Development Program Progress 
Keport, ANL-KDP-33 (December 1974) pp 5-1 through 5-2. 

A-1 1.14. H. Stehle and H. Assmann, "The Dependence of In-Reactor U 0 2  Densification on 
Temperature and Microstructure," Journal o f  Nuclear Materials, 52 (1974) 
pp 303-308. . 

A-1 1.15. M. 0. Marlowe, "Predicting In-Reactor Dencification Behavior of U02," Trans., 
actions oj ' the American Nuclear Society, 17 (November 1973) pp 166-1 69. 
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A-1 1.16. D. Hull and D. E. Rimmer, "The Growth of Grain-Boundary Voids Under Stress," 
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, U02," The Philosophical Magazine 31, 1 (January 1975) pp 135-143. . 

' A-1 1.18. R. W. Hamming, Introduction to  Applied Numerical Analysis, New York: 
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12. FISSION GAS RELEASE (FGASKL) 

- FGASRL 

. Duririg the irradiation of light water reactor fuel rods, gaseous fjssio~i products arc 
produced in the fuel and slowly released to  the various void volumes in the rods. The 
released fission gases degrade Llie i~~ i t i a l  fill gas thermal conductivity (thereby changing the 
thermal response of the fuel rods) and increase the fuel rod internal pressure. In this section 
a correlation is described for'the fractional fission gas release from oxide fuels cluli~ig nornlal 
(steady state) operation. The ~ ~ r r e l a t i o n  is based on the work of Weisman et a1 [A-12.11 and 
is semiempirical, employing an equation derived fro111 first principles and empirical 
constants. The constants were evaluated by comparing data from seven sources with code 
predictions using the F R A P - s ~ [ * - ' ~ . ~ ~  computer code and the MATPRO cracked pellet 
gap conductance model. The constants reported here are, therefore, slightly different than 
the 'constants originally reported by Weisman et al. The model is inle~lclecl as a slmplificd 
alternative to  the more detailed prediction wllicll. will be availablc when the routine 
 GRASS[^-^ 2.31 (Gas Release And Swelling Subroutine) developed by. Argonne National 
Laboratory is incorporated into FRAY. 

Fractional release is given as a function of time, temperature, and burnup by 
Equation (A-1 2.1 ) below: 

( I  - k ' )  1 - e x p ( - k t )  
k t  

with 

k = exp ( - 1 4  800 T-' - 9.575) and 

k ' .  = e x p  (-6920/T + 33.95 - 0.338 DEN) 

where 

F = fractional gas release 

k' = the fraction of fission gas that escapes without being 
trapped 

k = the probability of trapped particle release per unit 
time multiplied by k' 

T = temperature (K) 

t = time since startup (s) 

(A- 1 2.2a) 

(A-1 2.2b) 

DEN = percent theoretical density of the fuel. 
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If T < 935 K, then T is set equal to  935 K. 

The expressions for k and k1 have been obtained by fine-tuning the basic model, as 
discussed in Section A-12.2, to the temperature distribution generated by the FRAP code, 
which is discussed in Scction A-12.3. The uncertainty of the correlation for frnctio~ld 
release is dealt with in Section A-1 2.4, and an extension of the model to variable power-time 
histories is suggested in Section A-12.5. Additional parameters which influence gas release 
are briefly reviewed in Section A-1 2.6 and a listing of the subroutine is presented in 
Section A-1 3..7. 

The analytical model is that developed by Weisman et al[A-l 2.1 1 . It gives gas release 
as a function of temperature, time at temperature, and fuel theoretical density. The model 
considers gas release to  be determined by the escape of gas from the fuel matrix and the 
release of trapped gas from grain boundaries or dislocations. 

If k' iS the fraction of gas that escapes without being trapped, then dn l ,  the number 
of moles of gas released directly in timc dt is k'pdt, where p is the gas productioil rate. If the 
probability of trapped, pa;ticle release per unit time is k" and the number of moles trapped 
is C, then the trapped moles released in dt  is dn2 = krl C dt. Only a fraction k' of this gas 
released from traps reaches the surface. Thus the total gas released during dt is 

dn = dn, + k '  dn2 = k ' p  d t +  k '  k "  C d t .  (A-1 2.3) 

C must equal the number of moles of gas produced minus the number released, i.e., 
(1 = ( p l  - n). Making this substitution into Equation (A-1 2.3): 

dn = k '  p  d t  + k t  k"  p  t d t  - k '  k "  n  d t .  (A- 1 2.4) 

I 1.1 - Letting k k - k and rearranging: 

If k and k' are independent of t, as. they should be, then Equation (A-12.5) is a common 
form of differential equation which can be solved by multiplying by the "integrating 
fac,torH ekt as follows: 

(A- 12.6a) 

(A-1 2.6b) 
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Equation (A-1'2.6b) may bc integrated over the limits (t  = 0, n = 0) to  !t = t ,  n = n)  wllere t 
is the duration of the time step and n is the number of moles of fission gas released in the 
time step. The quantity n is zero when t is zero because no gas has been released during the 
time step at the very beginning of the step. 

The various integrals are tabulated in most tables of integrals, such Bs  wight[^"?-.^]. 
.: Evaluating the expressions in Equatio~i (A-l2.7b) and solving for n gives 

(A- 12.8) 

(A-12.9) 

At constant power, the total fraction release is: 

which is Equation (A-1 2.1). 

1 2.3 Evaluation of Constants 

Following Weisman et al, expressions for k and k' have been evaluated from the 
literature assuming they have an Arrhenius temperature dependence. This functional form 
seems reasonable because gas release is uite small at low temperatures [A-12.5, A-12.61 but 

2.6 - A-1 2'91 at higher temperatures. shows a strong temperature dependence 

As discussed below, the evaluation uses FRAP-S predictions for temperatures and 
reported measurements of temperatures. 

12.3.1 Use. of the FRAP-S Temperature. Distribution. The FRAP-S code treats 
temperatures which vary axially and radially by dividing the fuel rod into 11 radial 
increments and up  to  as many as 15 axial increments. 
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At each axial and radial 'station the code calculates the temperature, the fission gas 
production, and finally fission gas release. The production and release are then summed over 
the entire rod, and the ratio of the totals is used t o  express the rod-averaged fraction release. 
The heavier fission gases mix with the fill gas between the fuel and the cladding, degrading 
its thern~al cond~tctivity and thus reducirig the heal transfer to  thc coolant, which in turn 
affects the rod's temperature profile. Therefore it is necessary to  carry out gas release and 
ten~perature iterations at each puwer level until convergence is obtained. 

12.3.2 Data Survey. Thc dntn 11sc.d for thc rc.finc.ment of the model was taken from 
the report of Beyer and ~ a n n [ ~ - l  2.91. These authors were particularly careful to select fuel 
pin data which were from in-pile experimcnts, contained nearly stoichiometric fuel 
(OIM = 2 + 0.005)' and %95% or more TD, had constant power histories,relatively flat axial 
power profiles, and had good surface and centerline temperature determinations. They 
considered 46 experiments from 7 different sources [A-12-10 - A-1 2-16] . Four of these 
46 points were not used in this modeling effort because they referred t o  fuel which had an 
axial hole in the center, which is not typical of normal LWR fuel? 

The expressions found for k and k' are: - 

k '  = exp(-6920/T + 33.95 - 0.338 DEN) 

where 

T = temperature (K) 

DEN = percent theoretical density of the fuel. 
, 

The constants in Equations (A-1 2.10) and (A-1 2.1 1) were determined by running the 
FRAP-S code with different values for the parameters and comparing the calculated results 
wilh dala from the Beyer and ~ n n n l ~ - ~ ~ . ~ ~  rcport. 

12.4 Evaluation . .-. - , of Model Uncertainty 

The fractional release calculated by Equation (A-12.1) in conjuction with 
Equations -.(A-1 2.1 0) and (A-1.2.1 1 ) was checked against all the data selected. The 
comparison between the measured values and those predicted in this way is shown in 
Figure A-1 2.1. The standard deviation between measured and predicted values was 7%, that 
is, if the measured gas release was SO%, the one standard deviation limits are 43 and 57%. 
All but one of the points falling outside the one standard deviation limits occur when the 
gas release is greater than 30%, and the model consistently underpredicts in this region. All 
these points are from experiments where there was a large thermal gradient from the fuel 
centerline to  surface. Since this is a circumstance where one would expect fuel cracking, a 
possible explanation for this might be the gas escaped through cracks and, in the interest of 
simplicity, this model does not'include the effects of cracking. 
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Measured Release (%I ANC-A-7830 

Fig. A-12.1 Calculated versus measured gas release pkrcentages for the data points from R. M. Carroll et al. 

12.5 Extension of the Model to Variable Power-Time Hisluries 

The model presented above was developed for fuel pins with constant power-time 
histories. The model can be used to approximate the gas release from fuel pins with variable 
power-time histories by assuming reactor operation is described by a series of constant 
power steps. The number of moles released, Ani, during the ith power-time interval, is then 

+ ci-, [ I  - exp ( - k i  b t i  11. (A-12.12) 

The first two terms of Equation (A-1 2.12) are analogous to  Equation (A-1 2.1) 
and represent the release during the interval Ati, had the initial gas concentration been zero. 



Thc last term is the additional release due to  previously produccd gas. Since the total release 

from Lime zero is ?Ani, the fractional release is 
1 

where 

m = the number of constant power steps. 

Results obtained using Equation (A-12.13) werc not vcrificd with FRAB-S runs as part 
nf this ef fn r t .  

12.6 Acidirlorlal Pafametes Which IlifliienCe Gas Reiease 

Even t h o u g h  i t  i s  enerally agreed that gas release incrcascs , with 
h u r n l ~ ~ [ ~ - ~ ~ - ~ ,  A-1 2.179 '-12.18f [or  time at power as shown in Equation (A-12.1)] and 

2.6 - A-1 2.91 and is inversely proportional t o  densitytAm1 2-6, A-1 2.1 71 , 
there are several other f3cto1-s which have 3n effect but which are not  explicitly included in 
the present model because their importance and evcn dircction (causing an incrcasc or a 
decrease) are matters of disagreement. They are listed here and briefly discussed for 
completeness as well as to  point out areas where more experimental work is needed. 

12.6.1 Irradiation Effects. ~ a r r o l l [ ~ - '  2.5, A-1 2 . 7 1  reported that gas release 
decreased with increasing radiation density. In a later paper he reported this 
inhibiting effect occurs only at high irradiation levels. ~ o u l h i e r [ ~ - l  2.6] reported that gas. 
release is independent of irradiation level. 

12.6.2 Stoichiometry. * ~ a i l e ~ [ ~ - ~  2.1 71 reported that gas release is independent of 
sluiclliurriell.y, while Beyer and ~ a n n [ * " ~ . ~ ]  noled greater .gas release with hyper- 
stoichiometric fuel than with stoichiometric fuel. 

12.6.3 Cracking. This is very important since gas often escapes from the  fuel interior 
via cracks, but again there are contradictory reports. The Argonne National Laboratory ' 

quarterly for January-March, 1976 2. 9 1  reported that the effects of cracking are not 
well documented. Burley and Freshley [A-12.201 claimed that most of the gas is released 
during shutdown power cyclin when changes in temperature would be expected to  cause 
fuel cracking. Carroll 2.2b;j claimed that thermal cracking during irra'diation can 
increase the external surface area by an order of magnitude. Since gas must escape from an 
external surface, this is an effect worth consideration. 

These additional factors are listed not as criticisms of the model presented, since they 
are considered to  some extent by virtue of the model's empirical nature, but rather as 
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reminders Lhal 1uLu~'e experimental rcports should include these items in their fuel 
characterizations so that modelers can more easily assess their importance. 

Fission Gas Release Subcode FGASRL Listing 

A FORTRAN listing of the subcode FGASRL is giyen in Table A-12.1. 

TABLE A-12.  I 

L I S T I N G  OF THE FGASRL SUBCODE 

F U N C T I O N  F G A S K L I F R A D E N , T T l M E s F T E M P )  

F G A S R i  C A L C U L A l t S  I H t  ~ K A C T I O N A L  F I S S I O N  G A S  R E L C A f C  A S  A 
F L N C T I O N  OF TEMPERATURE,  F U E L  D E N S I T Y  AND T I M E .  

F G A S R L  = O U T P U T  FRACTION FISSION G A S  G E N E R A T E D  UITHIN T H E ' F U E L  
U H l C H  I S  F E L E A S E D  

F R A D E N  = I N P U T  F R A C T I O N A L  F U E L  D E N S I T Y  ( U N I T L E S S  R A T I O  OF A C T U A L  
DENS f Y  T O  T H E O R E T I C A L  D E N S I T Y )  

TT IME = I N P u f  T I M E  ( s )  
F T E M P  = I N P U T  F U E L  TEMPERATURE ( K )  

THE C O R R E L A T I O N  U S E D  TO C A L C U L A T E  F I S S I O N  GAS R E L E A S E  I S  T H A T  
D E V E L O P E D  B Y  P.E.MACDONALD AND J s U E I S M A N *  ANS T R A N S A C T I O N S .  VOL. 
~ Z I N U M E E R  2 (NOVENEER 1 9 6 9 )  

F G A S R L  WAS CODED RY G.A.REYMANN I N  J U L Y  1 9 7 6 .  

D E N  = F R A D E N * l . E O Z  
T I M E  = T T I M E 1 3 . 6 E G 3  

I F l F T E M P . L E . 9 3 5 . 6 )  GO T O  2 5  

R E T U R N  
E  lvD 
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13. CESIUM AND lODINE RELEASE (CESIOD) 

Cesium and iodine isotopes are produced in significant quantities by the fission of 
U-235 and Pu-239. The quantities of thesc isotopes released in the. fuel rod gap are of 
interest in describing possible chemical attack of cladding by fission and fission 

. ' product release in the event of cladding-integrity loss. 

The CESIOD subcode was programrncd because of publications containing the 
assumption that all the iodine and cesium produced by fission is available to  attack' zircaloy 
claddingl A-I 3.1 1. The subcode does not provide a realistic description of iodine release 
because it does not consider chemical interactions between iodine and other fission 
products. It does, however, represent some improvement over the assumption that all of the 
fission-produced iodine is released from a ceramic oxide fuel matrix and attacks the 
cladding. In view of the uncertainty caused by chemical interactions, no effort has been 
made to  incorporate the latest values of fission yields or nonfission effects on isotope 
production. 

13.1 Summary 

Cesium and iodine releases are modeled separately for each isotope since the decay 
rates of the different isotopes require separate treatments. Moreover, the approximations 
used t o  model long- and short-lived isotopes are different. Long-lived isotopes accumulate in 
the fuel in proportion t o  the burnup and are released by diffusion to  the gap. Short-lived 
isotopes achieve a steady state in which their rate of release to  the fuel rod gap is balanced 
by the decay rates of the isotopes in the fuel and in the gap. The concentration o f '  
short-lived isotopes is proportional t o  the rate of burnup. 
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The input data required by the s'ubcode:are: 

(1) Net fuel burnup (MWs/kg fuel) 

( 2  Net time at  operating temperature (s) 

(3) Maximum fuel temperature attained during operation prior to 
the constant-power (or time) step considered (K) 

, (4) Bumup increase dunng the constant-power (or time) step 
considered (hiWs/kg fuei) 

(5) Duration of the step considered (s) 

" (6)  Fuel density (kg/m3) 

(7) Fuel temperature at the mesh point considered (K) 

(8) .l'crccnt Pu02 con tent, of the f11e.l (i~sccl u111y tu clcfil~e ruGl 111el1). 

For the long-lived iodine and cesium isotopes (1-127, 1-129, Cs-133, CS-135, and 
Cs-137) the expression used to prcdict thc release of the isotope to the fuel rod gap is 

where 

R, = the specific isotope yield (kg of the isotope/kg fuel) 

Ci = the fission yield ,of the isotope (kg of isotope/MWs), this 
constant i s  ~roviclcd by the nibru~i tilie 

B = bul .~~up  (MWs/kg fuel) 

D = diffusion coefficient for the isotope in fuel (mL/s), this 
constant is calculated by the subroutine from the input 
maximum temperature 

a = diffusion distance for gas rclcasc (m), this constant is 
estimated by the subroutine from the input fuel density 

t = tirile sirice the beginning of irradiation (s). 
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For the short-lived iodine and cesium isotopes plducecl  in quantity in light water reactors 
(1-131, 1-132, 1-133, 1-134, 1-135, and Cs-138) the expression used to  predict the quantity of 
the isotope available in the steady state condition is 

where the symbols not defined in conjunction with Equation (A-13.1) are 

AB ' = burnup during the step considered (MWslkg fuel) 

At = duration of.the bumup step considered (s) 

Yi = fission yield of the isotope (atoms uT ith isotope/fission) 

Mi = atomic weight of the isotope 

1 Ai = the decay constant of the isotope (s- ). 

The diffusion coefficient in Equations (A-13.1) and (A-13.2) is calculated with an 
exponential expression which is truncated at low temperatures: 

D = 6 . 6  x 1 0 - ~ e x ~  (-36T086) f a r  T > 1134.054 K 

f n r  T - < 1134.054 K 

where 

T = the maximum fuel temperature (K) when D is used in 
Equation (A- 13.1 ) or 

T = the current fuel temperature when D is used in Equation 
(A-1 3.2). 

A value.for the diffusion distance, a, in Equations (A-1 3.1 ) and (A-1 3.2) is obtained from an 
empirical fit to measured values of effective open surface areas per volume of fuel as 
determined from gas absorption experiments. The correlation is presented in Section 
A-13.2.1. 

The basis for the model is discussed in Section A-13.2. Section A-13.3 is a review of 
the predictions of the model. A listing of the CESIOD code is provided in Section A-13.4. 
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1 3.2 Dcvclopment of the Model 

At. fuel temperatures above 1000 K, gaseous fission products become sufficiently 
mobile to migrate out of the U02 lattice in a complex series of p r o c e ~ s e s [ ~ ' ~ ~ . ~ ,  
In the simplest useful apyroacll tu 11.1udel this process the fuel is treated as a collection of 
spheres, Fick's law is used to  describe the diffusion of fission gases from the U02 lattice, 
and the surface area per fuel volume (or, the effective radius of the spheres) is estimated from 
gas absorption measure'ments. This simple approach'has been adopted to model the release 
of cesium und iodinc to  thc ficl r6d .gay because ii Jilulse sup1.1isLi~aled Lreatnient of the 
diffusion process is not justified.. without includi.ng complex chemical effects. Exact models 
for the amounts of cesium and 'iodine in the rod gap would require- consideration of the 
chemical interactiuns of cesiurn, iodine, zirconium, and o.xygen as well as the details of the 
diffusion and gas release mechanism. 

13.2.1 Derivation of the Mathematical Expressions. The equation which describes 
the release of stable or long-lived isnt,npes hy d i f f i l s i n n  is[A-13.3, A-13-41..: 

where. 

. I / .  - rrurrrbe~ uf alums uf an isotope pet unit volume. of' fuel 
(atoms/m3) 

t .  = time (s) . 

D.. = diffusion coeffident for :the isotope (mZ/s), 

Y. = fission yield of the isotope (atoms of isotope/fission) 

3 dl =J fission rate of the fuel (atoms ficdonad/m -3), dotorrnined. 
d t from the burnup rate. 

Since Y dT represents the rate of the isotopes; the fracti'on o f~ the  isotopes 
dt 

which. is released fiom a sphere of radius "a" (a =-diffusion distance. for gas release. . .) 
[A-13.-31 is 
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where 

R - - the released fraction (unitless) 

the radial flux of isotope atoms obtained from 
Equation (A-13.5) (atoms/m2). 

The other symbols have been defined previously. 

Equations (A-13.4) and (A-13.5) can be combined to find an expression for R. The 
resultant expression is [A-13.4, A-13.51 

7 r L ~ t  or, for - 
a2 

< 1, 

Multiplication of the release fraction (R) by the fission yield of an isotope (Ci) and 
the burnup (B) produces Equation (A-13.1) for the specific isotope yield of a long-lived 
isotope into the fuel rod gap. Expressions used for the diffusion coefficient (D) and the 
diffusion distance, required for gas release (a) are discussed in Section A-1 3.2.2. 

When the isotope is short-lived, the decay rate of the material in the U02 matrix and 
in the fuel rod gap must be considered. The rate of change of the number of isotope atoms 
in the fuel .rod gap is the difference between the rate of isotope release from the U02 matrix 

, and the rate of decay of isotope atoms in the gap. 

where ' 

M = number of isoto'pe atoms in the fuel rod gap 

t = time (s) 

v = escape rate coefficient (s-' ) 

N = number of isotope atoms in the U02 matrix 

h = decay constant'of the isotope (s-l). 
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The rate of change of the number of isotope atoms inside the U02.matix is thc production 
rate less the rate of isotope release from the U 0 2  matrix and the rate of decay of isotope 
atoms in the U02  matrix 

where 

3 V = volume of the U02  matrix (m ) 

and the other symbols have been defined in conjunction with Equations (A-13.4) and 
(A-1 3.8). 

When the steady state is achieved %and@ are both zero. Equations (A-13.8) and 
d t  d t 

(A21 3.9) thus imply that the steady state value of M (denoted by hds) is 

If. the escape rate coefficients were known experimentally, Equation (A-1 3.10) would be 
sufficient to-model the number of atoms of each isotope in the gap. Since sufficient 
experimental data are not available, the approach used for this model is t o  estimate an 
escape rate coefficient with the collection-of-spheres idea that was used for long-lived 
isotopes. The diffusion equation for the steady state (constant isotope concentration in the 
U02  matrix) is 

where 

= number of atoms of the isotope per unit volume of fuel 
3 (atomslm ) 

t = time (s) 

D = diffusion coefficient for the isotope (m2/s) 

Y = fission yield of the isotope (atoms of isotope/fission) 

- - 3 df - fission rate of the fuel (atoms fissionedlm .s) 
dt  

h = decay constant of the isotope (s-' ). 
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The quantity of interest for finding v is the ratio, F, of the isolupt: release rate to the 
isotope production rate. The ratio for a sphere of radius a is 

Equations (A- 13.1 1) and (A-1 3.12) can be combined t o  find an cxprcs3ion for R. The 
resultant expression is [A-13.31 

For @ >> 1 , Equation (A-13.10) reduces to thc form used in the model described here: 
D 

The ratio, F, of the isotope release rate to the isotope production rate may also be 
. written in terms of the escape rate coefficient 

If the steady state form of Equation (A-13-9) is used to find an approximate expression for 
N when X >> V, and if the resultant expression for N is substituted into Equation (A-1 3.15) 
one finds 

Finally, fr.om Equations (A-1 3.14) and (A-1 3.16) 

which is the result obtained by ~ e l l e [ ~ - l ~ . ~ I .  

Substitution of the approximate value of v from Equation (A-13.7) into 

 quat ti on (A-1 3.10), conversion of the fission rate df to a burnup rate, and conversion of M 
d t 

to kilograms of isotope per m3 of fuel results in Equation (A-13.2). This equation is the one 
used in the model for the release of the short-lived isotopes of cesium and iodine. 

. .  13.2.2 Correlations for Material Constants Used in the Model. This section discusses 

the correlations used to  obtain the diffusion coefficient for isotopes in the fuel, the 
diffusion radius for gas release, and the fission yields of the isotopes modeled. 



The correlation for the diffusion coefficient used with the model [ Equation (A- 13.3)1 
is the empirical expression recommended by Belle on page 5 12 of his r e v i e ~ [ * - l ~ . ~ ]  . 
Recent results have not been used because improved values for the diffusion coefficient are 
simply not relevant until the improved techniques developed for the modeling of Xe and Kr 
can be adopted to provide significant improvement of the basic expressions for the release 
o f  cesium and iodine. 

The corr.elatio~~,used for tl1.e diffusion radius is 

where 

TD = .fractional fuel .density (ratio of actual density to  theoret- 
ical density). 

.Tht: expression is taken from the corre1atio.n for free. surface area per ,unit volume 
. r$ommend.ed in Figure 9.18 of Belle's reviewlA-I 3-41 . Belle's figure, is: reproduced as 
' F.i,gufe- A-'1:3.1 of this report. I he data are .estimates base.d;.on,gas .a bsorpblon .m,easurem.ents 

Fig. A-13.1 Surface area per unit volume recommended by Belle. 
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with fuels of varying theoretical densities. Although considerable scatter is exhibited by the 
estimates, the trend toward smaller free surface area with higher density fuel is clear. 

Expressions for the fission yields of thc various isotopes are based on the early work 
of ~ a t c o f f [ ~ - l ~ - ~ ] .  Since the products of fission have excess neutrons, they undergo a 
series of 0- decays in chains of constant mass number until a stable isotope is produced. The 
decay chains for mass numbers 127 and 138 and thermal fission of U-235 are reproduced in 
Figures A-13.2 and A-13.3. Decay chains for thermal fission of Pu-239 are similar. The 

Mass No 

Stable 

9.8h Sb 

Stable 

12d Xe 

3.4m Sn-23m Sb 8.05d 1I3l 

24m Te . . Stable Xe"' 

Fig. A-13.2 Fission chains for mass numbers 127-132 from the thermal fission of U-235. 



Mass 

134. 50s Sb -43m Te -- -52.!jm 1'3'- Stable Xe"" 

/ XeIJ6 + Neutron 

. a"-. . INEL-A-6184 

Fifi. A-1 3.3 Fisii~ll~ I : ~ I H ~ I I S  ~ I J I  I I I ~ ~ R S  I I I I I I I ~ ~ . . ~ F  133-1?8 from rhe !herma1 f l $ & i ~ n  of V-235, 

half-life of each chain member is indicated inafront of the element's chemicalsymb'ol; and 
the chain yields in percent yield per fission'are indicated by the box symbol a t  those.points 
in the chain where they have been measured. At points where significant neutron decay 
exists, such as the decay of 1-137 by neutron emission to  form Xe-136, the.yields.vary 
significantly along the chain. 

The yields for stable and long-lived isotopes of iodine and cesium are summarized in 
Table A-13.1. 'l'he conversion of the values of percent yield given in Figures A-13.2 and 
A-13.3 yields in kilograms of isotope per megawatt seconds for use in' Equation (A-13.1) is 
given in Equation (A-13.19) : 
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FISSION YIELDS OF STABLE'AND LONG-LIVED ISOTOPES 
OF IODINE AND CESIUM 

I s o t o p e  Hal f - L i  f e  

1-1 27 Stab1 e  

1-129 7  1.7 x 10 y e a r s  

Cs-1 33 Stab1 e '  

Y i e l d  
( % I  

c s - j  35 2.6 x 10 6 y e a r s  . 6 .41 1.98 x 

30 y e a r s  

where 

Ci = the fission yield of isotope i (kg/MWs fission energy) 

Yi = fission yield of isotope i (percent per fission) 

Mi = mole weight of isotope i (kglmol) 

Na = Avogadro's number (atoms/mol) 

Ef = , energy per fusion (MWslfusion). 

The fission yields for short-lived isotopes of iodine and cesium are summarized in 
. 'I'able A-13.11. Since the conversion from atoms released per fission to kilograms released per 

burnup rate is contained explicitly in Equation (A-13.2), the fission yields for short-lived 
isotopes are not convertid to units of kg/MWs fussion energy as they were in Table A-13.1. 

Several short-lived isotopes of iodine and cesium are not included in Table A-13.11 or 
in the model. They are iodine isotopes with mass numbers 130, 128, and 126 or less; cesium 
isotopes with mass .numbers 136, 134, and 132, or less. The previous isotopes are not 
included because the relevant decay chain is terminated by a stable isotope before the 
isotope is produced. The other omissions are based on the very short half-lives of the 
isotopes which have been omitted. For very short half-lives the large decay constants 
obtained from the relation will cause very small amounts of the isotope in question to  be 
present in the steady state. 

- l n . 2  
'i - h a l f - l i f e  
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TABLE A-13.11 

' .  FISSION YIELDS OF SHORT-LIVED ISOTOPES 
OF IODINE AND CESIUM 

I s o t o p e  

1-131 

1-132 

1-133 

I -'I 34 

Hal ' f -L i  f e  

8.05 days 

2.30 hours 

20.8 hours 

52.5 minutes 

6.7 hours 

32.2 minutes 

Decay Constant  Y i e l d  
( 2 3 )  ( u n i  t l e s s  f r a c t i o n )  

9 . 9 7  3.1 x 

13.3 Mudel 'Calculations and Comparison wirh Experlmenta1:Dara 

- Figure A-1 3.4 illustrates model predictions for iodine .and cesium releases from 97% 
dense f6el as a function of fuel temperature for a burnup of 2.6 x l o 5  MWs/kgU at one tenth, 

y e a r  and a burnup rate of 3 x lo6 MWs/kgU per year. The mass of cesium released is 
approximately ten times as large as the mass of iodine released-and both quantities increase 
rapidly as. the fuel temperature increases. Two of the important components of the iodine 
release are shown separately. 1-1.29 is a long-lived isotope so its contribution will increase 
with increasing burnup. 1-13 1 is a short-lived isotope whose concentratioil in the gap is a 
function of the burnup rate. The step'increase in the release of 1-1 29 (from 0.8 x loz5 kg 
1-1 29/kg fuel td 1.1 x 10" kg 1-1 29lkg fuel) at 3 100;K is caused by the assumption that 
tots1 rr.lcasc nf ln'ng-lived isotnpes occlln a t  fiiel melt. 

~ i ~ u ; e  A-13.5 illustrates the change in the predicted release of iodine when fuels of 
varying density are considered. Total iodine release at 1400 K for a burnup of 
2.6 x lo6 MWs/kgUat one year and a burnup rate of 3 x lo6 MWs/k&J per year are shown 
for fuel densities ranging between 90  and 98% of theoretical density. Although the factor of 
40 decrease in the iodine release, is a large effect, the most important variable in determining 
the release of iodine (and cesium) is the temperature of the fuel. 

No direct measurements of the amounts of cesium and iodine outside of the fuel 
matrix have been found. However, rod average escape rate coefficients determined from 
resin and loop water activities have been reported from tests of defected  rod^[^-'^-^]. The 
escape rate coefficients reported and the escape rate coefficients predicted by Equation 
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Temperature (K)  INEL-A-6121 

Fig. A-13.4 Model calculations for iodine and cesium releases from 97% dense fuel as a function o f  temperature for a 
burnup o f  2.6 x l o 5  MWslkgU at 0.1 year and a burnup rate o f  3 x l o 6  MWslkgU per year. 



92 96 90 94 98 

Fuel Densily (% theoretical) EGG-A-1413 

Fig. A-13.5 Iodine release from fuels o f  varying density with 2 x lo6 MWs/kgU burnup at one year and a burnup rate o f  
3 x I nh MWS/L-CII per year., 

(A-13.14) are compared in 'Tahle A-13.111 Sinre the temperature distributipn within the 
Cue1 ~ u d s  is not known, estimates of the fuel centerline temperature and the rod average 
diffusion constant suggested by Belle on page 521 of his re vie^[^-^^-^] have been used in 
Equation (A-1 3.13). Belle's expression is 

where 

Dt = t h e  average diffusion coefficient for the rod:(m2/s) 

D, = the diffusion constant at the fuel surface temperature 

(m2/s) 
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TABLE 'A-q3, I I I 

COMPARISON OF MODEL PREDICTIONS FOR ESCAPE RATE COEFFICIENTS 
WITH VALUES REPORTED I N  WCAP-TM-159 

Cent.er1 i ne 
Temperature v u 

( K )  Fuel Dens i t y  .. ,. . . - .. . . . I so tope  WCAP-TM-159 Model 

Dm = the diffusion constant at the median fuel temperature 
(m2/s) 

D, = the diffusion constant at the fuel center temperature 
(m 2/s). 

The model underpredicts the low temperature escape rates, possibly because diffusion 
is not the dominant release mechanism at  685 I(. At the two higher temperatures the model 
predictions for 1-1 3 1 fall within the scatter of the data, the one value measured for 1-1 33 is 
one fifth the value predicted by the model and the model predictions for Cs-138 are about 3 
times the values reported. 
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13.4 Cesium and Iodine Release Suticode CESIOD Listing 

The FORTRAN subcode CESIOD is listed in Table A-1 3.IV. 
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T A B L E  A-13. I V  ---- .-- 

L I S T I N G  OF THE C E S I O D  SUBCODE 

. . 
C. C E S I O O l C  
C  ' C E S I  0 2 0  

I u B R o u T I N E  c E s I o D  ( T i n €  , F T M r x  , D E L B u  , D T I M t  , F T F M P  .,FRALIEN, ~ 1 ~ 1 8 0 3 0  
11 C S  r P . G l D  1 C E S I G O 4 0  

c .: C t S I U O 5 O  
D I P E N S I O N  R O I D ( 8 ) r C S ( 5 )  C E S I O 0 6 0  

C C E S I O O 7 0  
C  . C E S I O D  C A L C U L A T E S  T H E  A M O U N T S  O F  C E S I U M  A N D  I O D I N E  I S O T O P E S  C E S I O O 8 O  
C  A V A I L A B L E  T O  T H E  F U E L  R O D  G A P  C E  I 0090  
C  C E f  10100 
C  R O I D ( 1 )  = D U T P L T  N E T  S P E C I F I C  R E L E A S E  O F  I O D I N E  C E S I O l l O  
C  ( K G  I O O I N E  I K G  F U E L )  C E S I 0 1 2 0  
C  R O I D ( 2 )  = O U T P U T  N E T  S P E C I F I C  R E L E A S E  OF I O D I N E  1 2 7  C E S I 0 1 3 0  
C  ( K C  I O D I N E  1 2 7 l K G  F U E L )  S T A B L E  C E S I 0 1 4 0  
C  R O I D I 3 )  O U T P L T  N E T  S P E C I F I C  R E L E A S E  O F  I O D I N E  I 2 9  C E S 1 0 1 5 0  
C  ( K G  I O D I N E  1 2 9 l K G ' F U E L )  H A L F  L I F E  1 . 7 2 E 0 7  Y E A R S  C  E S  I 0 1  60 
C  R O I D ( 4 )  = O U T P U T  N E T  S P E C I F I C  R E L E A S E  O F  I O D I N E  1 3 1  C E S I 0 1 7 0  

E . .  
( K C  I O D I N E  1 3 1 l K G  F U E L )  H A L F  L I F E  8 . 0 5  D A Y S  C E S 1 0 1 8 0  

R O I O ( 5 )  O U T P L T  N E T  S P E C I F I C  R E L E A S E  O F  I O D I N E  1 3 2  C E S I 0 1 9 0  
C ( K G  I n n J N F  1 3 2 l K G  F U E L )  H A C F  I F E  2.3 H O U R S  ' C E S  I 0 2 0 0  

C  @ 0 1 ~ ( 6 )  O U T P l i T  N E T  S P E C I F I C  R E L E A S E  O\ I O D I N E  1 3 3  C € S  I 0 2 1 0  
C s  , ( K G  I O D I N E  1 3 3 l K G  F U E L )  H A L F  L I F E  2 1  H O U R S  C E S 1 0 2 2 0  
C  R O I D I 7 1  = O U T P U I  N E T  S P E C I F I C  R E L E A S E  O F  I O D I N E  1 3 5  s E S 1 0 2 3 0  
C  ( K G  I O D I N E  1 3 4 l K G  F U E L )  H A L F  L I F E  5 2  M I N U T E S  , E S I O 2 4 0  C  R O I D ( 8 )  = O U T P U T  N E T  S P E C I F I C  R E L E A S E  O F  I O D I N E  1 3 5  C E S I 0 2 5 0  
C  ( K G  I O D I N E  1 3 5 l K G  F U E L )  H A L F  L I F E  6.7 H O U R S  C E S I 0 2 6 0  . .,- C  ~ ~ ( 1 1  = O U T P L T  N E T  SPECIFIC R E L E A S E  OF CESIUM C E S I O 2 7 O  

E ( K G  C E S l U M l K G  F U E L )  C E S I U Z 8 0  
C S ( 2 1  = O U T P U T  N E T  S P E C I F I C  R E L E A S E  O F  C E S I U M  1 3 3  C E S I O Z P O  

c ( K G  C E S I U M  1 3 3 l K G  F U E L )  S T A B L E  C E S I 0 3 0 0  C  C S ( 3 )  = O U T P U T  N E T  S P E C I F I C  R E . L E A S E  O F  C E S I U M  1 3 5  C E S 1 0 3 1 6  
C  - ( K G  C E S I U M  1 3 5 l K G  F U E L 1  H A L F  L I F E  2 . 9 E 0 6  Y E A R S  C E S I O 3 2 0  C  C S ( 4 )  O U T P U T  N E T  S P E C I F I C  R E L E A S E  O F  C E S I U M  1 3 7  C E S I 0 3 3 0  
C  ( K G  C E S I U M  1 3 7 l K G  F U E L )  H A L F  L I F E  3 3  Y E A R S  C E S I 0 3 4 0  C  C S ( 5 )  = O U T P C T  N E T  S P E C I F I C  R E L E A S E  O F  C E S I U M  1 3 8  C E S I 0 3 5 0  
C  ( K G  C E S I U M  1 3 8 l K G  F U E L )  H A L F  L I F E  32.2 M I N U T E S  C E S I 0 3 6 0  
C  F T F A X  = O U T P U T  M A X I M U M  T E M P E R A T U R E  A T T A I N E D  B Y  T H E  M E S H P O I N T  C E S I 0 3 7 0  

. C  D U R I N G  C P E P A T I O N  T O  T H E  E N D  O F  T H E  B U R N U P  S T E P  C E S I 0 3 e O  
C C O N S I D E R E D  ( K l  , C E S I 0 3 9 0  
C C E S T n 4 0 0  
C  . T I U E  = I N P U T  T I M E  A T  C P E R A T I N G  T E M P E R A T U R E  A T  F N D  O F  S T E P  ( S )  C E S I 0 4 1 0  
C  ., F T K A X  = I N P U l  M A X I M U n  T E M P E R A T U R E  A T T A I N E D  B Y  T H E  M E S H P O I N T  C E S I 0 4 2 O  
C  D U R I N G  O P E R A T I O N  P R I O R  T O  T H E  B U R N U P  S T E P  C O N S I D E R E D  ( K )  C E S I 0 4 3 0  
C  D E L B U  = I N P U T  @ U R N U P  D U R I N G  T H E  S T E P  C O N S . I D E R E D  [ M U - S I K G  M E T A L )  C E S l O C G O  
C  D T I M E  I N P U T  D U R A T I O N  O F  T H E  B U R K U P  S T E P  C O N S I D E R E D  ( 5 )  C E S I 0 4 5 0  
C  F T E M P  = I N P U T  F U E L  M E S H P O I N T  T E M P E R A T U R E  . l K )  C E S I 0 4 6 0  
C  c : .  F P A D E N =  I N P U T  F R A C T I O N A L  F U E L  D E N S I T Y  ( R A T I O  OF A C T U A L  C E S 1 0 4 7 0  

D E N S I T Y  T O  T H E O R E T I C A L  D E N S I T Y )  C E S I 0 4 e O  
C  C E S I 0 4 9 0  
C  T H E  E Q U A T I O N S  U S E D  I N  T H I S  S U B R O U T I N E  A R E  B A S E D  O N  D A T A  F R O M  C E S I 0 5 0 0  
C  ( 1 )  J. B E L L E  U R b N I U M  D I O X I D E .  P R O P E R T I E S  A N 0  N U C L E A R  C E S I O 5 l O  
C  A P P L I C A T I O N S  ( J U L Y  1 9 6 1 1  C E S  1 0 5 2 0  
C  ( 2 )  S. K A T C O F F  N U C L E O N I C S  16  ( A P R I L  1 9 5 8 )  P P  7 8 - 8 5  C E S I 0 5 3 0  
C  ( 3 )  5 .  K A T C C F f  N U C L E O N I C S  1 8  ( N O V  1960)  P P  2 0 1 - 2 0 9  C E S  I 0 5 4 0  
C  ( 4 )  B. F .  R I C E R ,  A  S U R V E Y  A N D  E V A L U A T I O N  O F  T H E R M A L  F I S S I O N  C E S I 0 5 5 0  
C  Y I E L O S  F O R  U - 2 3 5 ,  P U - 2 3 9 ,  U - 2 3 3 .  A N D  P U - 2 4 1 1 ,  C E S I 0 5 6 0  
C  G E A P - 5 3 5 6  ( S E P T  1 9 6 7 )  C E S I 0 5 7 0  

C E S I O 5 8 0  
T H I S  M O D E L  I S  F O R  L Y P  R E A C T O R S  O N L Y  C  C E S 1 0 5 9 0  

C  C E S I 0 6 0 0  
C  C t S I O D  U A S  C C D E C  B Y  D. L. H A G R M A N  J A N U A R Y  1977  C E S I 0 6 1 0  
C  C E S I 0 6 2 0  

C C M M O N  I P H Y P R G  I F T M E L T I F H E F U S ~ C T M E L T I C H E F U S ~ ~ A N B ,  C E S I O b 3 0  
# '  C T R A N E B C T P A N Z , F D E L T A I B U  9 C f l f i P  C E S I O b 4 0  

C  C E S I 0 6 5 0  
C  C E S I 0 6 6 0  

D A T A  Y U I D Z  I 9 . 5 D E - 1 2 1 ,  Y U I D 3  I 5 . 9 C E - 1 1 1 s  Y U l D 4  I 3 . l O E - 0 2 1  C E S  O h 7 0  
D A T A  Y U I D 5  I 4 . 3 0 E - 0 Z l r  Y U I D 6  I 6 . 9 0 E - 0 2 1 1  Y U I D ?  I 7 . 9 0 E - 0 2 1  C E S i 0 6 8 0  
D A T A  Y U I D P  1 6 . 1 O E - L 2 I  C E S I 0 6 9 0  
D A T A  Y U C S 2  I 5 . 0 4 E - 1 0 1 ,  Y U C S 3  I 4 . 9 8 E - 1 0 1 r  Y U C S 4  I 4 . 8 5 E - 1 0  I C E S I 0 7 0 0  
D A T A  Y U C S 5  1 t . t O E - C 2 1  C E S I 0 7 1 0  
D A T A  A L M D I 4 1  9 . 9 7 E - 0 7 1 ,  A L M D I 5 1 9 . 1 7 E - 0 6 1 1  A L M D 1 6 1  @ . 3 7 E - 0 5 1  C E S I 0 7 2 0  
D A T A  A L M 0 1 7 /  2 . 2 2 E - 0 4 1 ~  A L M D I 8 1  2 . 8 7 E - 0 5 l r  A L M D C 5 1  3 . 5 9 E - 0 4 1  C E S I 0 7 3 0  

C  C E S I 0 7 4 0  
C  U N I T S  C O N V E R S I G N  C E S I O 7 5 0  
C  C E S I 0 7 6 0  

B  = B U *  C . E 6  C E S I D 7 7 0  
F I S R  9 O E L B U * G . 8 8 1 ( 1 . 7 3 2 E l W  D T I M E )  C E S  I 0 7 8 0  

C E S I O 7 9 0  
I F  ( F T E M P  - F T P A X )  1 0 , 1 0 1 5  C E S I O B D O  

5 F T P A X  = F T E M P  C E S I 0 8 1 0  
C E S 1 0 8 2 0  

" c F I N D  D I F F U S L C N  P A O I U S  A N D  D I F F U S I O N  C O N S T A N T S  C E S I O 8 3 0  
C  C E S I D 8 4 0  

10  A  = 3 . 0  4 F R A C E N  ( 1 0 * * ( 2 0 . 6 1  - F R A D E N * ( 6 7 . 9 0  - 4 h . 0 0 *  F R A D E N ) ) )  C E S I 0 8 5 0  
D M b X  6 . 6 E - C 6 /  E X P ( 3 . 6 0 8 6 E 0 4 1 F T M A X )  C E S I 0 8 6 0  
D N C U  6 . 6 E - 0 6 1  F X D ( 3 . 6 0 8 6 E 0 4 I F T E R P )  C E S I O B 7 0  
I F t F T M A X  . L E .  1 1 3 4 . 0 5 4 )  D M A X  s 1 . O E - 1 9  C E S I O 8 8 0  
I F ( F T E M P  . L E .  1 1 3 4 . 0 5 4 1  D N O U  1 . O E - 1 9  C E S I O 8 9 0  



TABLE A-1  3. I V  (con.t inued) 

F I N D  ESCAPE RATE C O E F F I C I E N T S  

F I h D  S P E C I F I C  R E L E A S E  FOR LONG L I Y E O  I 5 O T O P E S  

CHECK FOR FUEL MELT 

M A X  . L T .  FTWSL 
) - Y U I D Z  0 
I Y U 1 0 3  * B 
= YUCS2 B 
= YUCS3 B 

YUCS4 * B 
2  5 

CHECK T b  SEE I F  RELEASE F R A C T I O N  1 5  GRETAER THAN ONE 

R O I D ( 2 )  = Y U I D Z  * B F 
R O I O ( 3 1  = Y U I D 3  B F  
C.S. 2 )  = YUCSZ * 0 F  
C.S'I3) = YUCS3 0 F  
C S ( 4 1  = YUC.S.4,* 0 F  

F IF iO '  S P E C I F I C '  RELEASES FOR SHORT L I V E D  I S O T O P E S  

2 5  R O I D ( 4 )  = F I S R .  1 3 1  Y U I 0 4  A N U I 4  I ( ( A N U 1 4  + A L H D I 4 ) *  AL 
R O ' I D ( 5 1  *. F I S R  * % 1 3 2  * Y U I D 5  A N U I S  I ( ( A N U I 5  + A L H D I 5 ) *  AL 
R O I D L 6 I  =. F l S R  1 3 3  Y U I U b  A N U I b  I I ( A N U I 6  + A L R D I b j *  AL 
R O I O ( 7 1  = F I S R  * 1 3 4  * Y U I D 7  A N U I 7  I ( ( A N U I 7  + A L H D I l I *  AL 
R O I D ( 8 )  * F I S R  1 3 5  Y U I D B  * - A N U I B  / ( ( A N U I B  + A L r l D I B ) *  AL 
C S ( S I  =- F I S R  1 3 8  YUCS5 * ANUC5 I ( ( A N U C 5  + ALHDC5l *ALWDC 

CA,LC'U.LATE SUPS 

P O I D ( 1 J  * R O l E ( 2 1  + R O I D ( 3 )  + R O I D ( 4 1  + R O I O ( 5 )  +, R O I D f b )  
1. + P C I D 1 7 )  + R O I O ( 8 )  

C S ( 1 ) '  CS'(2'1 + C S ( 3 1  + C S ( 4 ) . +  C S ( 5 I  
RETURN. 
ENC 
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APPENDIX B 

CLADDING MATERIAL PROPERTIES 

Nineteen material properties of light water reactor cladding (zircaloy -2 or  .-4) have 
been modeled for inclusion in MATPRO - Version 10. Modeling approaches range from a 
choice of experimental _data with linear interpolation or extrapolation or both to a 
semiempirical expression suggested by theory. 

All nineteen properties are modeled as a function of the cladding temperature. In 
addition such variables as flux, fluence, cold work, stress; time, and impurity content are 
used as arguments. Each inodel description characterizing a material property includes a 
listing of a FORTRAN subcode to enable users to  independently program and urillz'e the 
correlations in the description. Some of the subcodes are interconnected, employing in part 
identical or very similar correlations (for example, strain versus stress, stress versus strain, 
and cladding ultimate strength), and some subcodes call upon others such as the physical 
properties subcode, PHYPRO, but all information needed to run a given subcode is 
contained. 

1. CLADDING SPECIFIC HEAT (CCP) AND THE EFFECT OF 

HYDRIDE SOLUTION ON CLADDING SPECIFIC HEAT (CHSCP) 
/ 

Two function subcodcs are used t o  describe the apparent specific heat of the 
zircaloys. The first, CCP, describes the true specific heat 'of the alloys and the second, 
CHSCP, describes the apparent addition to the specific heat because of energy used in 
hydride solution. Uncertainty estimates have been determined for values returned by each 
function. 

CCP requires only temperature as input, w h i 1 e . c ~ ~ ~ ~  requires both temperature and 
the concentration of hydrogen. The hydrogen concentration may be supplied directly by 
the user or, i t  may be calculated by the MATPRO function CHUPTK. 

1 .1 Specific Heat 

For the alpha phase of the zircaloys (temperature less than 1090 K), CCP returns 
linear interpolations for the points listed in Table B-I .I. (Linear interpolation is corr~yuted 
by the subcode POLATE described in Appendix D). 

The table is based on precise data taken by Brooks and Stansbury [B- l . l l  a 
zircaloy-2 sample thBt had been vacuum annealed at 1075 K t o  remove hydrogen. The 



S P E C I F I C  HEAT C A P A C I T Y  A S  A 
, F lJNCTION OF TEMPERATURE - A L P ~ A  PHASE 

S p e c i  f i c H e a t  ( J /  kg K)  

standard errorLa] of the CCP interpolation (that is, the precision of the fit to  the data) was 
based on the 90 points in the data base and was found to be temperature dependent. For 
the 57 data points between 300 and 800 K it is 1.1 J1kg.K and between 800 and 1090 K it 
is 2.8 J/kg K. 

For temperatures from 1090 to 1300 K (where Brooks and Stansbury d o  not report 
results) values- of specific heat proposed by Deem and Eldridge [B-l .*I are adopted by 
MATPRO. The Deem and Eldridge values, shown in Table B-1.11, are based on their 
measurements-of enthalpy and temperature which provide considerably less precise specific 
heat data than the results of Brooks and Stansbury [B-1 :l 1 

The standard error as estimated b'y the Deem and Eldridge data in the region 1090 
through 13 10 K is 10.7 J/kgSK. Again, this standard error is a measure only of the precision 
of the fit since only a single data source is employed. 

The specific heat as calculated by CCP is shown in Figure B-1.1. Figures B-1.2 and 
B-1.3 also show the CCP prediction using an expanded scale at lower temperatures and 
illustrati~~g tile base data frsl111 Brooks a i d  Stci~isLury as well as alpha-phase data from Dee111 
and Eldridge that were not used in constructing CCP. 

At temperatures.up to  900 K, the Brooks and Stansbury data agree with the ~ e e m  
and Eldridge data within. 3%. Above the alpha + beta to  beta transformation temperature 
(about 1250 K) and up  to about 1320 K, a constant value of 355.7 J/kgeK was reported by 
Deem and Eldridge. This value agrees well with a value of 365.3 reported by Coughlinsand 
ICing[ B-l .3 for p u r i  beta zirconium: 

[a]  The standard error is estimated for a data set by the expression: [sum of squared 
112 residuals/(number of residuals minus degrees of freedom)] . 



TABLE Bz.1. I I 
. - 

SPECIFIC HEAT CAPACITY AS A 
FUNCTION OF TEMPERATURE - BETA PHASE 

Temperature  ( K )  

1093 

1113 

1133 

1153 

1173 

1193 

121 3 

1233 - 

S p e c i f i c  Heat  ( J 1 k g - K )  

502 

590 

61 5 

71 9 

81 6 

770 

61 9 

469 

- . . 

The estimated standard error of CCP for data consisting of a random sample from all 
zircaloy-2 and zircaloy-4 claddings is also shown in Figures B- 1.2 and B- 1.3. This standard 

'.. error is discussed in Section B-1.3 after the discussion of the effect of hydride solution. 

1.2 Effect of Hydride Solution . .  

Values returned by the function CHSCP for the addition to  the specific heat due to  
energy used in solution of hydrides are 

CHSCP = - T -. TSOL 

where 

CHSCP = addition to true specific heat due to  hydride 
solution (J1kg.K) 

T - - cladding temperature 



CCPlCH SCP 

Fig. B-1 .l Specific heat of zircaloys as calculated by CCP for alloys without hydrides. 
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TSOL = minimum temperature for complete solution of th'e 
hydrogen concentration as determined with 
Equation (B-1.2) (K) 
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C - - 45:70 (J/kg.ppm hydrogen). 

TSOL, the minimum temperature required for complete solution of the hydrogen 
present in the cladding, is determined from the expression 

B TSOL = -- 



A Zlrcaloy - 4 ,  from Eldridge and Deem 
o Zircaloy - 2 ,  from Eldridge and Deem 

Zircaloy - 2 ,  A l ~ c ~ e o l e d  ot  1973 K ,  from 
Brooks and Stondsbury 

2 50 1 I 1 A 

200 400 600 800 1000 

Temperature ( K) INEL-A-61 13' 

Fig. B-1.2 Available data, MATPRO expressions for specific heat, and estimated uncertainty of the MATPRO expression 
for temperatures from 300 to 1000 K .  



Te.mpero ture  ( K ) INEL-A-6109 

Fig. B-1.3 Available data, MATPRO expressions for specific heat,.and estimated uncertainty o f  the MATPRO exprqsion 
for tcmperatures from 1000 to  2100 K. 



CCPlClH SCP 

where 

A and B = constants given in conjunction with Equation 
(B-1.1) 

H - - hydrogen concentration in ppm by weight. 

A value of H can be detcrmined in either of two ways. A positive input by the user will be 
used directly, and a zero or negative input value for H will cause the rerriai~ling input 
arguments of CHSCP to  be used. with the function CHUPTK (Appendix B, Section 17) to 

' calculate-the hydrogen concentration. 

Equations (B-1 .l and B-1.2) are based on data reported by Scott [B-1.41 for zirconium 
wit11 and witl~out intentional additions of hydrogen. For temperatures below 830 K,  ~ c o t t  
(Figure 16 of Reference B-1.4) finds the logarithm of the terminal solubility of hydrogen in 
zirconium to  be proportional to temperature. Below the temperature TSOL, when hydrides 
are not completely dissolved : 

~ n e r ~ ~  t o  d i s s o l v e  hyd r i de  = cons tan t  x  exp nega t i ve  cons tan t  ( temperature ) a  

It is assumed in thiS expression that the terminal solubility will be attained as long as 
undissolved hydrogen is present. The heat of solution per gram atom of hydrogen may be 
taken as the average of two values given by Scott (Table VII of Reference B-1.4). Equation 
(B-1 . l )  results from differentiation of this expression with respect to temperature and 

multiplication by the empirical factor [ e x  ( - T O )  + 11 to express the fact that 
0.02 TSOL 

the data do not. show an instant termination of hydride solution with increasing 
temperature. 

Figure B-1.4 illustrates Scott's data for two samples of iodide zirconium and a single 
saillple of zirconium intentionally doped with approximately 300 ppm of hydrogen. The 
two iodide zirconium samples apparently contained some hydrogen and were fit by the 
MATPRO correlation [Equation (B-1.2)] assuming they contained 28 ppm hydrogen. 
Figure B-1.4 also shows the MATPRO correlation assuming 300 ppm hydrogen and the 
cume recommended by Scott for pure zirconium. 

1.3 Uncertainties in Specific Heat Predictions 

l 'he systematic crror (the cstimated variation between values obtained with different 
samples) is larger than the imprecision in the base data of CCP and CHSCP. 

The standard error of CCP, reflecting the systematic error for a random sample of 
cladding zircaloys, is estimated t o  be + 10 J1kg.K (?3%) in the alpha phase. This value is 
based on the difference between values of specific heat estimated by Deem and Eldridge 
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Fig. 8-1.4 Data base for MATPRO prediction o f  the effect o f  hydride solution on specific heat, Scott's proposed cu.rve 
specific heat o f  zirconium, and the MATPRO predictions for the effect o f  28 ppm and 300 ppm o f  hydrogen on 
spccific h'eat.curve. 
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CCP/CH SCP 

from their data[B-1.2] and the more precise dala liu111 one samplc of zircaloy-2 used by 
MATPRO. In the alpha-beta phase region and the beta region to 1300 K a crudely estimated 
standard error of 25 J1kg.K is assigned to CCP, based on the decreased precision of the 
measurements and on the lack of  any confirming data in this temperature range. For 
temperatures above 1300 K, the only basis for the assumed constant value ot' specific heat is 
t l ~ e  plecli~lion of thc Dcbyc model of heat rapacity for temperatures above the Debye 
temperature. Since no data are available, a standard error of -+ 100 J/kg.K is listed. 

The basis for the estimate of the standard error of CHSCP over a random sample of 
cladding zircaloys is d ~ u w n  in Figurc B-1.5, which compares MATPRO predictions for 
several concentrations of hydrogen with a curve published by Brooks and Stansbury [B-1.11 

for the specific heal of  zircaloy-2 testcd without prior heat treatment. The unpublished data 
are reported td be within 1% of this curve and the MATPRO prediction is as far as 3% 
(10 J1kg.K) below the reported curve. Since t l ~ e  plediction of CCP in this temperature range 
is based on precise data (-+I .1 J/kgsK) takcn with vacuum annealed samples of the same 
alloy, shown by a dashed line in Figure B-1.5, most of the discrepancy (between the dashed 
line and the 28 ppm H solid line) is presumed to be due to  errors inherent in the application 
by CHSCP of the zirconium dala of Scott t o  zircaloys. A standard error of 50% in the 
hydrogen-induced increment to  apparent specific heat is therefore assigned to  the model. 

The uncertainties in CCP are summarized in Table B-1 .III. 

The stcfidard error in CHSCP (the addition to specific heat due t o  hydride solution) is taken 
to  be +50%. 

1.4 Cladding Specific Heat Subcode CCP and Effect of Hydride Solution Subcode CHSCP . 

Listings 

' The FORTRAN subcodes CCP and CHSCP are listed in Tables B-1 .IV and-B-1 .V 
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B-1.4. J. Scott, A Calorimetric Investigation of Zirconium, Titanium, and Zirconium 
Alloys from 60 to 960°C, Ph.D. Thesis, University of Tennessee (1957). 



- Molle l  P red  icliulls for 
Several  Concentrations of 
Hydrogen 

- -- Zircaloy - 2  as-received, 
Reported by Brooks and 
S tans  bury 

Fig. B-1.5 MATPRO predictions for apparent zircaloy specific heat for several hydrogen concentrations compared with one 
curve measured with as-received zircaloy-2. 



TABLE B-1.111 

UNCERTAINTIES IN SPECIFIC HEAT OF ZIRCALOY 

Temperature Range Standard Error in CCP 

300 < T < 1090 K - + 10, J / k g - K  

TABLE B-1.IV 

LISTING OF THE CCP SUBCODE - 

.- 

F U N C T I O N  C C P ( C T E M P )  

C C P  C A L C U L A T E S  T H E  S P E C I F I C  H E A T  A T  C O N S T A N T  P R E S S U R E  
F O R  Z I R C A L O Y S  

C C P  = O U T P L T  C L A D D I N G  S P E C I F I C  H E A T  A T  C O N S T A N T  
P R E S S U R E  ( J I K G - K ! .  _,.. . - , ,-  

C T E M P  = I N P U T  C L A O O I N G  i t n P t ~ n ~ u ~ E  i K i  

T H I S  C O D E  I S  B A S E D  O N  D A T A  F R O H  
(1) C. R. B R G O K S  A N 0  E.  E. S T A N S E J U R Y P  " T H E  S P E C I F I C  H E A T  
O F  Z I R C A L O Y  - 2  F R O M  50 T O  700 C  J O U R N A L  O F  N U C L E A R  
M A T E R I A L S  1 8  ( 1 9 6 6 1  P 2 3 3  
( 2 )  Em A. E L D R I D G E  A N D  H. U .  D E E M *  S P E C I F I C  H E A T S  A N D  H E A T S  
O F  T R A N S F O R M A T I O N  O F  Z I R C A L O Y  - 2  A N D  L O U  N I C K E L  Z T R C A L O Y  - 
U S A E C  R E P O R T  B H I - 1 8 0 3  ( M A Y  3 1 s  1 9 6 7 )  

C O N V E R S I O N  F R G R  J / ( K G * K )  T O  C A L / I G * C )  I S  
2 . 3 9 0 0 6 0 - 4  ( C A L / ( G * C ) I / ( J / ( K G * K ) I  

E S T I M A T E D  S T  
C C P  F O R  T H E  
S A V P L E S  -- ( 
R E S I D U A L S * D E  
( 1 l F O R  T E M P E  
( 2 1 F O R  T E M P E  
( 3 ) F O R  T E M P E  

D A R D  E R R O R  
E C I F I C  H E A  
H  O F  S O U A R  
E E S  O F  F R E  
T U R E  E S S  
T U R E  k090  
T U R E  A B O V E  

O F  T H E  P R E O I C T I O N  O F  
T  O F  Z I R C A L O Y  C L A D D I N G  
E D  R E S I O U A L S / ( N U M B E R  O F  
E D O H 1 1 * * 0 . 5  -- I S  
T H A N  1090 K s  1 0 J I K G - K l  
K T U  1 3 0 0  K  r Z S J I K G - K l  

1300 K  r 1 0 0 J I K G - K )  

C C P  C O O E D  B Y  R.  L e  M I L L E R  O C T O B E R  1 9 7 4  A N D  M O D I F I E D  R Y  
Dm L .  H A G R R A N  HAY.  1976 

O M H O  N / 
I M E N S I O N  E  
M E N S I O N  C P D A  
T A  C P D A T A l  
3 7 5 . 9 1 0 9 0 . r  
7 1 9 . r 1 1 5 3 . 9  
4 6 9 . 1 1 2 3 3 . r  
T A  N P C P I  I U  
A T A  0 N  

O F F  

L A C E M D L  / 
M F L A G I 1 )  
T A  ( 2 6 . 1  

2 8 1 . 9  300.9 
5 0 2 . 9  1 0 9 3 . 9  
8 1 t . 9  1 1 7 3 . 9  
3 5 6 . 9  1 2 4 6 .  

/ 1 3 9 1 1  
/ 2 H O N  
/ 3 H O F F  

I F  ( C T E t ' P . G E . 1 2 4 8 . 0 )  GO T O  2  
C C  P  = P O L A T E  ( C P D A T A ,  C T E M P 9  N P C P r  I U  1  

2 C C P  = 3 5 6 .  
G O  T O  2 0  

10 C C P  = E M C C P  ( C T E M P I  
2 0  C O N T I N U E  

R E  T U R N  
E N  C 
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TABLE B-.I.. V: 

L I S T I N G  OF .TUE CHSCP SUBCODE 

L 
F U N C T I O N  C H S C P ! P P M , H Y D , C T E M P # I C O R I  I C . M r D C O # D C I r  T I M E r  W O X O *  

Y CHORGI P P M H 2 0 , D P )  - 
k C H S C P  C A L C U L A T E S  T H E  A P P A R E N T  A D D I T I O N  T O  S P E C I F I C  H F A T  
C B E C A U S E  OF E N E R G Y  U S E D  I N  S O L U T I O N  O F  H Y D R I D E S  P R E S E N T  
E I N  Z I R C A L O Y S  

C H S C P  O U T P L T  A P P A R E N T  A D D I T I O N  T O  S P E C I F I C  H E A T  B E C A U S E  
OF H Y C R I O E S  P R E S E N T  I N  7 1 R C A L O Y S  ( J I K G - K )  

C  P P F H Y D  = I N P L T  C O N C E N T R A T I O N  O F  H Y D R O G E N  I N  T H E  S A M P L E  ( P P M )  
,C C T E M P  I N P U T  T E M P E R A T U R E  ( K )  
C  1 

C  T H E  F O L L O W I N G  I N P U T S  ARE U S E D  O N L Y  I F  P P R H Y D  I S  
4 NOT A  P O S I T I V E  N U M B E R  ( S E E  C H U P T K  D E S C R I P T I O N )  

I C C R  = I N P U T  

Ic r  =INPIJT 
< D C C  I N P U T  - XNPU Pf IE = I N P l ; f  
WOXO = I N P U T  
C H C R G  = I N P L T  
P P F H Z O  = I N P C T  
D  P  = I N P U T '  

I N D E X  

I N D E X  ( 2 -  Z I R C Z  
l A M E T E R  ( I N C H E S  
A R C T E R  L I N C I I C S I  
E .  ( 5 )  

I Y , E I G H T  ( M G / D M *  
O N T E N T  ( P P M I  

( P P M  
ER ( I N C H E S )  

L 
i H I b  C U U t  I S  B A S t U  U N  O A l A  F R O M  

J .  S C O T T ,  A  M E T R I C  1 ~ : N V E S T I G A T I O N  OF Z T R C O N T l l M ,  
C  
C  ( U N I V E R S I T Y  C F  T E N N E S S E E ,  1 9 5 7 )  
C 
C  C H S C P  C O D E D  B k  D. L .  H A G R M A N  M A Y  1 9 7 6  
C  

* C c  C O h V E R S I O N  F R C M  J / ( K G + K I  T O  C A L / ( G * K )  1s 
2 . 3 9 0 0 6 0 - 0 4  ( C A L / ( G * C ) I / ( J / ( K G * K )  

E S T 1 , M A T E D  S T A N D A R D  E R R O R  O F  T H E  P R E D I C T I O N  OF C  
C  C H S E P  F O R  T H E  A P P A R E N T  A D D I T I O N  T O  S P E C I F  H E A T  
c B E C A U S E  O F  E k E R G r  U S E D  IN S O L U T I O N  O F  H Y D A ~ D E s  P R E S E N T  

I N  Z I R C A L O Y  C L A D D I N G  S A R P L E S  -- ( S U M  O F  S Q U A R E D  
R E S I D U A L S /  ( N C M B E R  OF R E S I D U A L S * D E G R E E S  O F  F R E E D O M )  ) * * O .  5 -- C  

C I S  H A L F  OF T H E  P R E D I C T E D  V A L U E  
C  

A = 1 . 3 3 2 E 0 5  e = 4 . 4 0 1 ~ 0 3  
C  4 . 5 7 0 E C 1  
I F  ( P P M H Y D I  1 C 1 1 0 9 2 0  

10 P P P H Y D  C H U P T K ( C T E R P ~ I C O R t I C M ~ D C C ~ D C I ~ T I M E * U O X O ~ C H ~ R G ~  
a 

2 0  I r c I E M P  
P P V H Z O ? D P \ )  

T S C L  = B I ( A L C G ( A ~ P P M H Y D ) )  
C H S C P  = C * A * P / ( T * * 2 ) *  E X P ( - B / T ) * ( l / (  EXP((T-TSOL){(TSOL/50))+l)I 
BE*TUPN 
E N C  

2. CLADDING THERMAL CONDUCTIVITY (CTHCON) 

An expression has been developed for the thermal cdnductivity of zircaloy-2 and -4 
based on the pooled data from eight reports. This expression and the uncertainty in the 
correlation are presented in this section. 

2.1 Summary 
-, 

. .  . . .  
The thermal conductivity of alloys is primarily a function of temperature. Other 

characteristics such as residual stress levels, crystal orientation, and minor composition . 
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differences (zircaloy-2 versus zircaloy-4, for example) may have a secondary influence on 
thermal conductivity. Considering only temperature as the defining parameter, the thermal 
conductivity .of zircaloy and its uncertainty are found to be: 

where 

k = thermal conductivity of zircaloy (W/m-K) 

T = temperature (K) 

I * 0.71 - 

0.4 

- 

- 

- 

-0.1 A - J  I I I I 1 I 

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 
Temperature (K) INEL-A-6095 

uk = standard deviation (W1m.K). 

'l'his equation predicts k very well from room temperature to the data limit of about 1800 K 
and may be extrapolated with some confidence to  the melting point. The standard deviation 
of the data with respect to this correlation (uk) appears to be temperature independent over 
the data range (0-1 500°c, Figure B-2.1). Regression analysis indicates that one standard 
deviation for each of the constants in Equation (B-2.1) is 20 to  30% of thc value of the 
constant. - 

0 9 I I I I I I I I I 

Fig. B-2.1 Thermal conductivity data, least-squares fit, and the two standard deviation limits. 

0.8 - - 
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2.2 "urvey and Analysis of Available Data 

Thermal conductivity 'data of the zircaloy alloys have been reported by 
~ n d e r s o n [ ~ - 2 - l ]  , Chirigos ct al[ R-2-2], ~ e i t h [ ~ - 2 . ~  I ,  Lucks and ~ e e m [ B - 2 . ~ 1 ,  
~ a w e r s [ * - ~ . ~  a n d * ~ c o t t [ ~ - ~ . ~  . Thcsc da ta  arc prcscntnrl in Tnhle R-2.1. 

Anderson [B-2s '1 reported thermal conductivity data for zircaloy-2 in thc temperature 
range of about 380 to 872 K. Chirigos et  al[B-2.2] reported thermal cdnductivity data for 
zircoloy.4 in the temperature range of about 370 to 1125 K. Feith [B-2.31 studied the 
thermal conductivity of zircaloy-4 in the temperature range of about 640 to 1770 K. Lucks 
and Deem [B-2.41 measured the thermal conductivity of zircaloy-2 in the temperature range 
of about 2.90 to  1075 K .  ~ o w e r s ~ ~ - ~ . ~ ~  reported three sets of therrnd conductivity data for 
zircaloy taken from BMI letter reports. These data cover both zircaloy-2 and -4 over 
temperature ranges of approximately 300 to 1000 K. Scott [B-2.6] reported the thermal 
conductivity of zircaloy-4 in the temperature range of about 400 to 1060 K. Numerical 
values of his data were reported by Touloukian et a1 [B-2.71 

2.3 Model Formulation Considering All Available Data 

The data reported in Section 2.2 refer to  zircaloy-2 and zircaloy-4 having various 
textures and pretest histories. The alloy chemistry and heat transfer properties of zircaloy-2 
and -4 are similar enough to consider them to be a single material. The differences in 
thermal conductivity bctwccn thc materials appears to  be of' the same magnitude as the 
statistical scatter in the data. 

Texture may have an effect in the alpha phase temljerature region. Zircaloy 
crystallizes in the hexagonal close packed configu,ration in the low temperature alpha-phase 
and there may be some difference in the thermal conductivity along the prismatic and basal 
direclions. A1 higher .Lernperalures Lhe riialerial is body centered cubic and will not exhibit 
texture effects. In any case, contributions to the thermal conductivity due to  texture are 
probably well within the scatter of the experimental data used to develop models for this 
property . 

2.3.1 Thermal Conductivity Model. All of' the available data for thermal conductivity 
of zircaloy-2 and -4 (approximately 120 data points) were combined and analyzed using a 
least squares polynomial fit of the third degree. The equation is 

where 

K = zircaloy thermal conductivity (W1m.K) 

T = temperature of cladding (K). 

. This relation and the data are shown in Figure 8-2.1. 
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. TABLE B-2.1 - . -.-- 

ZIRCALOY THERMAL CONDUCTIVITY DATA BASE 

Tempera tul-e 
( K )  

Thermal 
Conduc t i v i t y  

( ~ / m - K )  

1.350000E+01 
1 .443000E+09 
1.568000E+01 
1 .709999E+01 
1.842000E+01 
1.991 000E+01 

1 .360000E+01 
1 .429999E+01 
1.520000E+01 
1.640000E+01 
1.799999E+01 
2.010000E 101 
2.250000C+01 
2.520000E+01 
2.660000E+01 

Calcu la ted 
Therrna 1 

Conduc t i v i t y  
(W1m.K) 

D i f fe rence  Between 
Calcu la ted and 

~ x ~ e r i m e n t s  1 T h ~ r m a l  
Conduc t i v i t y  Reference Mater i  a1 

2 Zr- 4 
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TABLE B-2. I ( c o n t i  nued) 
. . 

Temperature 
(K) 

Thermal 
C o n d u c t i v i t y  

(W1m.K) 

C a l c u l a t e d  D i f f e r e n c e  Between 
Thermal C a l c u l a t e d  and 

C o n d u c t i v i t y  Exper imental  Thermal 
(Wlm-K) Conduct i  v i  ty  Reference M a t e r i a l  

4 ,105307~-01 3 Zr -4  
7.595182E-02 ( c o n t i  n-  ( c o n t i n -  
4.476639C-02 ueel ) ued ) 

-7.43501 6E-01 
-4.181 534E-01 

2.951 047E-01 
2.232487E-01 

-7.11 1352E-01 
-8.877888E 01 
-8.61 1653E-01 

1 ,816643E-01 
5.26921 1 E-02 

-1.34377GE-OQ 
4.7302tiOE-01 
2.187051 E-00 
5.107228E=01 
1.4701 60E-00 

-5.11 1024E-01 
-9.787221 E-01 
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TABLE B-2. I (con t inued)  

Temperature 
( K  

Thermal 
C o n d u c t i v i t y  

;.l W/m K )= 

C a l c u l a t e d  
Thermal 

C o n d u c t i v i t y  
(W/m-K) 

D i f f e r e n c e  Between 
Ca lcu la ted  and 

Experimer~ t a l  Thermal 
C o n d u c t i v i t y  Reference M a t e r i a l  

-3.51 3338E-02 5  Zr-4 
4.663263E-02 ( c o n t i n -  ( c o n t i n -  

- 1.187387E-02 ued ) ued ) 
3.383048E-02 

-6.256034E-03 
-7.21 3538E-02, 

4.61 9744E-02 
-1.261 909E-03 

2.3.2 Uncertainty in Model. The standard deviation of the 120 data points with 
respect t o  Equation (B-2.3) is 1.01 W1m.K. Thirty-two of the points fall outside of plus or 
minus one standard deviation from the curve. Four points fall outside of plus or minus two 
standard deviations (Figure B-2.1). The standard deviations of the coefficients of Equation 
(B-2.3) are about 20 to  30% of the absolute value of the coefficients. 

The standard deviation is small enough so that the user may have considerable 
confidence in the model. Jensen [B-2.81 performed a parametric analysis of several variables 
involved in estimation of fuel and cladding temperatures. Both steady state and transient 
analyses showed that variations of + 20% resulted in calculated cladding temperature 
variations of about 2.8 K. Fuel centerline temperatures are more sensitive t o  cladding 
thermal conductiv.ity and showed variations of 28 K. Similar findings were reported by 
Korber and ~ n ~ e r [ ~ - ~ . ~  . 
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2.4 Cladding 'l'hermal Conductivity Subcode CTIiCON Listing 

A FORTRAN listing of the thermal conductivity model CTHCON is presented in 
Tablc B-2.11. The uncel.tahly in Lhe model is mentioned, but will be programmed in a 
scparatc subcode with other iilli;al lui~llios for usc in scnsitivity analyses. 

TABLE B-2. I1  

LISTING OF THE CTHCON SUECODC 

L 
C 

F U h C T I O N  CTHCO.N(CTEMPI  T I M E ,  F L U X *  C O L D W )  
C  

- C  C T H C O N  C A L C U L A T E S  C L A D D I N G  T H E R H A L  C O N D U C T I V I T Y  A S  A  F U N C T I O N  
C  T E F P E R A T U R E ,  T I M E .  F L U X .  A N D  C O L D  WORK 
C  
5 C T H C O N  .= O U T P U T  T H E R M A L  C O N D U C T I V I T Y  O F  Z I R C A L O Y - 4  ( U l M - K )  
L E C T F M P  I N P I I T  C L A D D I N G  f 4 L S H P Q l N T  T E M P E R A T U I I  I K I  

T I k E  * I N P U T  T I U E  A T  T E R M P E R A T U R E  A N D  F L U X  ( 5 )  

i F L U X  - I N P U T  F A S T  N E U T R O N  F L U X  ( N l M * * Z - S l  
C O L D Y  = TNPIIT C ~ L D  w o P r  (IJNITLESS RATIO OF A R E A S )  

T H E  E Q U A T I O N  U S E D  It4 T l l I S  S U O C O D E  I S  B A S E D  O N  D A T A  F R O M  
U + K +  ANDERSON.  C.J .  BECK,  A.R. K E P H A R T  A N D  J.S. T H E I L A C K E R  

1 19b P P  h? - 91 t .  KAf!, u.s. KIRK A N D  G.J. SALVAGGIO 
F U E L  E L E M E N T  F A B R I C A l I O N .  A C A D E M I C  P R E S S *  1961, PP 1 9  - 5 5  

A.0. F E I T H p  G E R P - 6 6 9  ( O C T  1 9 6 6 1  
C.F. l I l r K S  A N @  H . k ,  DE6M. B R I - 1 2 7 3  ( 1 3 5 8 )  PI' 7-3 
A.E. POUERS.  K A P L - 2 1 4 6  ( 1961 )  
n . R .  S C O T T ,  ~ C C P Q ~ Z ~ Q - ~ ~  ( 1 8 6 s )  P P  5 - 3  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C  T H I S  V E R S I O N  O F  C T H C O N  D O E S  N G T  U S E  T I M E .  F L U X  .OR C O L D U O R K  

A S  P A R A M E T E R S  I N  C A L C U L A T I O N  O F  Z I R C A L O Y  T H E R M A L  C O N D U C T I V I T Y  : ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C  
c O N E - S T A N D A R D  DEVIATIGN OF THIS FUNCTION 1.01 win-w 
C  
C  T H I S  V E R S I O N  O F  C T H C O N  WAS D E V E L O P E D  B Y  R.L. MILLER., D E C  1 9 7 5  
c 

c O ~ ~ O N  / L A C E M O L  / H A X I O X ,  E M F L A G  
D I M E N S I O N  E M F L * A G ( l )  
D  b T A  ON / 2 H O N  / J  

1 O F F  / 3 H O F F  I 0  
2 L O C I O X  / 7 I 

I F  ( E M F L A G ( L C C 1 D X l  .EQ. O N  GO T O  10 

C T H C O N  7 . 5 1 1  + C T E M P  ( 2 . 0 8 8 E - 2  + C T E M P  ( - 1 . 4 5 O E - 5  + 
Y C T E M P , * 7 . 6 6 8 E - 0 9 )  

E ! H E ~ N ~ ~ = E M c ~ G N  ( C T E M P  ,TIME .FLUX ,COLDY ) 1: . C C N T I N U E  
R E  T U R N  
E N D  
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3. CLADDING SURFACE EMISSIVITY (ZOEMIS) 

One of the important modes of heat transfer to  and from cladding surfaces during an 
abnormal transient is radiant heat transfer. Since the energy radiated is directly proportional 
to the emissivity of the inner and outer cladding surfaces, surface emissivity is important in 
descriptions of abnormal transients. 

3.1 Summary 

Surface emissivities are significantly affected by surface layers on the cladding. For 
cladding with thin oxide coatings, the oxide surface represents only a few wave lengths of 
near infrared radiation and is partly transparent. Oxide thickness is an important parameter 
for these thin coatings. Thicker oxide layers are opaque so the oxide thickness is not as 
important as the nature of the outer oxide surface. This surface is affected by .temperature 
and by the chemical environment. The effect of temperature has been modeled but 
variations in crud on the external cladding surface and chemical reaction products on the 
inside surface are not modeled explicitly. 
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The model for emissivity was constiuctcd. by considering measured emissivities 
reported by several investigators [B-3. - B-3.3 1 . Expressions used to  predict the*emissivity 
of zircaloy claddiilg surfaces are summarized below. 

When the cladding surface temperature has not exceeded 1500 K, emissivities are 
modeled by Equations (B-3 . la)  and (B-3.1 b). For oxide layer thicknesses less than 
3.88 x m ' 

6 for oxide layer tl~icknesses of 3.88 x 10- m orgrcatcr[al 

E i = hemispherical emissivity (unitless) 

ci = oxide layer: thickness (m). 

When the maximum cladding temperature has exceeded 1500 K, emissivity is taken to  be 
the larger of 0.3 25 and 

- exp [ ( 1 5 0 0 - T ) / 3 0 0 ] .  €2 - €1 (B-3.2) 

where 

e l  = value for emissivity obtained from Equation (B-3.1) 

T = maximum cladding temperature (Kj. 

The standard error expected from the use of Equation (B-3.1) to  predict emissivity- in 
a reactor when cladding surface temperature has never exceeded 1500 K is 

When cladding temperature has exceeded 1500 K, the expected standard error is estimated 
by considering the value 02 in the expression 

o 2  = + 0 . 1  exp [(T-1500)/300]. (B-3.3b) 

[a] The use of six significant figures in Equation (B-3.1 b) ensures an exact match of.the 
values of e l  at d = 3.88 x m. 
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If Equations (B-3.3b) and (B-3.2) predict values of €7 k u2 which fall inside the range of - 
physically possible values o f  emissivity (0.0 - 1.0), the value 02  is returned as the. expected 
standard error. If the prediction e2 + u2 is greater than 1 or if €2 - 02  is less than 0 ,  the 
standard error of Equation (B-3.3b) is modified t o  limit € 2  + 02 at 1 and/or €2 - 02 at 0. 

The following subsection is a review of the available data on cladding emissivity. The 
approach used t o  formulate the model for emissivity is described in Section R-3.3 arid 
Section B-3.4 is a discussion of the uncertainty of the model for cladding emissivity. A 
listing of the suhrouti.ne ZOEMIS is presented in Section B-3.5. References are contained in 
Section B-3.6. 

3.2 Literature Review 

Measurements of zircaloy-2 emissivities as a function of temperature and dissolved 
oxygen content were reported by ~ e m m o n [ ' - ~ . ~ l .  The measurements utilized the 
hole-in-tube method and were carried out in vacuum. Data from samples with an oxide iilm 
were reported ' but the nonoxidizing environment of the sample during emissivity 
measurements.caused the emissivity to  change wirh tlme. hlureuve~, Ll~e L ~ I ~ L ~ I I C S S ~ S  of the 
oxide films were not reported. The Lemmon data were not used in formulating the ZOEMIS 
subcode because the unknown oxide thickness probably influenced the values of emissivity 
and because of the complications caused by the vacuum environment. 

The emissivity of zircaloy4 was reported by Juenke and Sjodahl [ B-3.21 from 
measurements on oxidized zircaluy ill vacuulii wid O o ~ n  111easurcmcnts in stcam during the 
isothermal growth of oxide films. These authors reported .a decrease in the emissivity 
measured in vacuum which they attributed to the formation of a metallic phase in the 
oxide. This metallic phase did not form in the presence of steam. The data taken in steam 
were used in constructing ZOEMIS because the steam envirtir~ment is similar to  an abnormal 
reactor environment. 

Figure B-3.1 is a reproduction of the Juenke and Sjodahl steam data. The data suggest 
that emissivity decreases when oxide films become very thick (long times or high 
temperatures). In fact, Juenke and Sjodahl expect the total emissivity of very thick films to  
approach 0.3 or 0.4 which are characteristic of pure Z r 0 2  However, the decrease in 
emissivity at temperatures greater than about 1200°c is greater than one would predict 
from oxide layer thickness alone. The correlation of this emissivity data with oxide layer 
thickness is discussed in Section B-3.3. 

Juenke and Sjodah17s data do not include very thin oxide films but they do report that 
the total emittance rises almost instantaneously from about 0.2 to  0.7 with the introduction 
of steam. Data relevant to  thin films are discussed below. 

The emissivity of oxide films measured in air at temperatures in the range 100 to  
4 0 0 ' ~  were reported by Murphy and ~ a v e l o c k [ ~ - ~ . ~ ]  and are reproduced in Table B-3.1. 
The ernissivities are not strongly dependent on temperature but they do increase rapidly 
wit11 oxide thickness for the thin oxide layers measured. The one value of emissivity 

6 measured with an oxide thickness of '94 x 10- m is important because the oxide was 



Fig. B-3.1 l'otal hemispherical emttance of zucaloy4 versus time at temperature in steam. 
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EMISSIVI.TY OF THIN .O'XIADE FILMS AS REPORTED- BY 
MURPHY ' AND HKVELOCK 

Oxide Emiss i v i  t y  
Thi  ckricss 

Surface4 Cond i t ion  (vm> - ---- 100°C 150°C 200°C 300°C 400°C 

80 AX. A - 
c C A 
0 - 
W 

- e 5 0 ° c  
0 . 6  

Pick.led + 2 days 0.9: 0.424 0.414 0.416 0.434 0.433 
i n  a i r  a t  400°C 

0 . 5  

P i c k l e d  + 10 days 1.48 0.521 0.542' 0.557 0.588 - - 
i n  a i r  a t  400°C. 

- 
A iOOO°C ' 

---0' l i 0 O 0 C  

- 0 12OO0C - 
-A', 1 3 0 0 ~ ~ .  

p i c k l e d  + ,55 days 2.3 - - 0.582 0.599 0.620 - - 
i n  400°C steam 
under a pressure 
o f  10.4 MPa 

W0 I I I I I I 1 I I I 
10 20' ' 30 4U 5 V  6U '10 80 90 too' 110 

Time (min) .  ANC*-5605 

P i c k l e d  + 30 days 9 4 
i n .  a i r  a t  400°C . . 
+ 73 days i n  a i r  
a t  500°C 
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approximately thirty times the thickness associated with the transition from "black" oxide 
layers to  "white" oxide layers. The emissivity of this oxide, which was described as "white". 
by the authors, has a measured emissivity characteristic of surfaces which are black in the 
infrared region of the spectrum. Since (a) the Murphy and Havelock data were taken in an 
oxidizing environment and (b)  the emissivity of the 94 x lod n~ oxide fdm agrecs with 
the emissivity of films measured in steam, all of the Murphy and Havelock data were used in 
the for~l~ulation of ZOEMIS. 

Additional data were reported by T. B. Burgoyne and A. Garlick at the OECD-CSNI 
meeting on the Behavior of Water Reactor Fuel Elements under Accident Conditions in 
Spinad, Norway, on September 13-1 6, 1976. Using a hot-filament calorimeter, these authors 
measured the emissivity of zircaloy-2 cladding surfaces coated with uniform oxide, nodular 
oxide, and crud. The emissivilies .were measured in vacuum. However, the following 
arguments are presented in favor of including some of these data in the data base of 
ZOEMIS: (a) a significant decrease in emissivity was not noticed with initial oxide 
thicknesses greater than 1 0 - ~ m  until the samples were heated above approximately 8 0 0 ~ ~  
(the alpha-beta phase transition of zircaloy); (b) the low temperature values of emissivity 
measured with uniform oxides correspond closely to values measured in steam; and (c) the 
data taken with nodular and crud coated surfaces are representative of in-reactor surfaces 
not represented in other data. Data from Burgoyne and Garlick which did not show the 
sudden decrease in emissivity, characteristic of the change caused by a vacuum environment, 
were used in ZOEMIS. Table B-3.11 is a summary of the measurements used. 

3.3 Zievelopmerir of the Model 

Near infrared radiation has a wavelength of 1 x m. Oxide films up t o  a few 
wavelengths thick should be partly transparent t o  infrared radiation and should therefore 
have emissivities strongly dependent un oxide thickness. The emissivity versus oxide 
thickness data of Murphy and Havelock [B-3.31 were fit with standard least squares residual 
analysis t o  deduce Equation (B-3. l b). 

The equation for the emissivity of oxide films thicker than 4 x m is based on the 
data of Burgoyne and Garlick, Juenke and ~ j o d a h l [ ~ - ~ . * l  and one measurement from 
Murphy and Havelock [B-3.31 as discussed in Section B-3.2. Oxide thicknesses were calculated 
from the time and temperatures reported by Juenke and Sjodahl using the correlation 
published by ~ a t h c a r t [  B-3.4j : 

where 

X = the oxide layer thickness (m) . 

T = temperature (K)  

t = time at temperature (s). 
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TABLE B-3. I 1  

EMISSIVITY DATA FROM BURGOYNE AND GARLICK 

Sur face  Layer  Measurement Temperature E m i s s i v i t y  
Cladding Surf,ace Thickness (K) ( u n i  t l e s s )  

Un i fo rm Oxide 

Uni form Oxide 

Nodu1.a.r Oxide 

Crud 

Table B-3.111 lists the emissivity, -time, and temperatwe reported by Juenke and Sjodahl 
together with the oxide thickness predicted using Equation (B-3.4). Values of emissivity and 
oxide layer thickness from Tables B-3.1, B-3.11, and B-3.111 for oxide layers thicker than 
4 x 1 o - ~  m were used to  establish Equation (B-3.1 b). 

Figure B-3.2 is a comparis0.n of the curves gene~ated by Equations (B-3,l a) and 
(B-3.1 b) with the data base used to  .derive these equations. Predicted values of emissivity 
increase rapidly until the surface oxide layer thickness is 3.88 x rn then decrease very 
slowly with increasing surface layer thickness. 
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TABLE 6-3.111 

EMISSIVITY VERSUS OXIDE THICKNESS FROM 
JUENKE AND SJODAHL'S DATA 

Temperature 
( K )  

. . 

Ca l cu la ted  
Oxide Thickness 

(urn) 

Measured 
Emissi v i  t y  
( un i  t l e s s )  

The values of emissivity measured by Juenke and Sjodahl at 1575 K (0.62 and 0.60) 
are significantly below the measured emissivities at lower temperatures. Since thicker oxide 
films were formed at lower temperatures, the low emissivity is not due to  the thickness of 
the oxide film. Moreover, the low values of emissivities measured by Juenke and Sjodahl at 
high temperature are shpported by posttest observations of cladding surfaces which have 
been at  high temperatures [B-3.51. Cladding surfaces which experienced film boiling and 
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o Murphy and Movelock in Air 
A Juenke and Sjodahl in:Steam 

Burgoyne ana Garl ick,  Uniform Oxide 
V Burgoyne and Garlick, Nodular Oxide 

Burgoyne and Gorlick, .Oxide with Crud - Model  Prediction Temperature less than 15.00K -- Model Predictior~ Temperature = 1573 K 1 
I 1 I 1 1 

0 3 0  60 90 120 1 5 0  
Surfoce Layer Th~ckness ( / l  m )  INEL-A-6099 

Fig. B-3.2 ZOEMIS calculations compared with the data base of thc modcl. 

t11ei;efurt: high Lernp.eratures, showed spalled oxide and somewhat whiter oxide surfaces jn 
the region of the film boiling. The observations-reported (deference B-3.5) and the fact that 
the trend toward lower values of'emissivity at  higher temperatures was reported by Juenke 
and Sjodahl at 1475 and 1575 K implies t.hat lower values of cladding surface emissivity are 
likely at tem'peratures above approximately 1500 K. This trend in the limited data has been 
included in ZOEMIS by (a) adding a multiplicative factor to the expression for emissivity: 

where 

T = the greater of 1500 K and the maximum cladding 
temperature 
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and (b) limiting the minimum value of emissivity to 0.325, which is the value pledicted by 
the model for zero oxide thickness. 

3.4 Uncertainty 

I'he s1;rndarcl ~ I I O I S  obtained with Equations (B-3.la) and (R-3 1 h) and the data base 
used to develop these Equations are listed in Table B-3.IV. 

TABLE B-3. I V  

STANDARD ERRORS OF MODEL PREDICTIONS 

Emiss i v i  ty 
Sur face  D e s c r i p t i o n  Standard Erer~ur- 

Oxide f i l m s  < 3.88 x m - + 0.04 

Pure ox ide  f i l m s  . 3.88 x 

Oxide f i l m s  i n c l u d i n g  samples w i t h  - + 0.07 
nodu la r  ox ides and c rud  

Standard errors shown in Tahle B-3.IV for oxide layers without the complicating 
features of nodular oxides or  surface crud are consistent with measurement errors of + 3% 
estimated by Lemmon [B-3.1 3 . However, the model is intended to  predict the emissivity of 
cladding surfaces with crud or  U02 fission products as well as the oxide layer. The data 
from Burgoyne and Garlick (illustrated in Figure B-3.2) suggested that crud layers 
introduced a systemmatic error of approximately f 0.1. The value of + 0.1 is therefore 
included in ZOEMIS as the best estimate for the standard error of the model prediction for 
emissivity during abnormal reactor operation at temperatures below 1500 K.  

The uncertainty of the prediction for enlissivities abovc 1500 K is difficult to 
estimate. Equation (B-3.3b) was selected as a reasonable expression for the expected 
s t a n d a r d  e r r o r  o f    qua ti on (B-3.2), simply because the expression + 0.1 
exp[-(1500 - maximum cladding temperature)/300] predicts a standard error approxi- 
mately equal to the change in emissivity caused by the empirical multiplicative factor of 
Equation (B-3.5). 

In Figure B-3.3, the data base and model predictions of Figure B-3.2 are repeated. The 
standard error expected with ZOEMIS for temperatures below 1500 I< is shown by the 
cross-hatched area centered on the solid line. The cross-hatched area centered on the dashed 
line shows the standard error estimated for temperatures of 1573 K.  

Cladding Surface Emissivity Subcode ZOEMIS Listing 

A FORTRAN listing of the subcode ZOEMIS is presented in Table B-3.V. 
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Pig. B-3.3 Expected standard errors of emissivity for temperatures'below 1500 R.and at 157.3 K 

B.3-1. .A. W. Lemmon, Jr., Studies Relating to the Reaction Bet-ween Zirconium and Wuler 
at High Temperatures, BMI-1154 (January 1957). 

2B-3.2. E. F. Juenke and L. H Sjodahl, "Physical .and. Mechanical Properties: Emittance 
Measurements", AEC Fuels and Materials Development Program, USAEC 
GEMP-1008 (1 968) pp 239-242. 

B-3.3; E. V. Murphy and F. Havelock, "Emissivity of Zirconium Alloys in Air in the 
Temperature Range 100-400°C", Journal o f  Nuclear Materials, 60, (1976) 
pp 167-1 76. 
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IAEILE B-3.V 

LISTING OF THE ZOEMIS SUBCODE 

C  
S U B R O U T I N E  Z O E t l I S  ~ C T M A X S Z R Q X I O I E M I S S V I  

A 

2: Z O E M I S  C A L C U L A T E S  T H E  E M l S S I V I T Y  O F  T H E  C L A D D I N G  X U R F A C E  
C  A S  A  F U N C T I O N  C F  M A X l M U f l  C L A D D I N G  T E M P E R A T U R E  A N D  
C  O X I D E  T H I C K N E S S .  E X P E C T E D  S T A N D A R D  E R R O R  O F  T H E  
C  C A L C U L A T E D  E P I S S I V I T Y  C G M P A R E D  T O  I N - R E A C T O R  
E D A T A  I S  A L S O  R E T U R N E D  

t E M  I S S V  = O U T P U T  C L b D O I N G  S U R F A C E  E M I S S  I V I T Y  ( U N I T L E S S  I 
C  PUEMIS = O U T P U T  POSITIVE S T A N D A R D  E R R O R  E X P E C T E O  IN EHISSV 
C  W H E N  C O M P A R k D  T O  I N - R E A C T O R  D A T A  
C  U U E M I S  O U T P b T  N E G A T I V E  S T A N D A R D  E R R O R  E X P E C T E D  I N  E M I S S V  
E W H E N  C O M P A R E D  T O  I N - R E A C T O R  D A T A  

? C T ~ A X  = INPUT MAXIMUM CLADDING T E ~ P E R A T U R E  ( K I  
C  Z R C X I D  = I N P U T  O X I D E  L A Y E R  T H I C K N E S S  ( M I  

T H E  E Q U A T I O N S  U S t D  I N  T H I S  S U B R O U T I N E  A R E  B A S E D  O N  9 A T A  F R O M  
( 1 1  A E C  F U E L S  A N D  M A T E R I A L S  D E V E L O P M E N T  P R O G R A M  P R O G R E S S  
R E P O R T  NO. 7 6 s  U S A E C  R E P O R T  G E M P  - 1 0 0 6  ( 1 9 6 8 ) .  S E C T I O N  B Y  
E.  F.  J U E N K E  A N D  S. J. S J O O A H L P  P .  2 3 9  
( 2 1  T. B e  B U R G G Y h E  A N D  A. G A R L I C K *  P A P E R  P R E S E N T E D  A T  
S P E C I A L I S T S  P E E T I N G  O N  T H E  B E H A V I O U R  O F  U A T E R  R E A C T O R  
F U t L  E L E M E N T S  U N D E R  A C C I D E N T  C O N D I T I O N S ,  S P A T I N D  N O R U A Y  
( S E P T E M B E R  1 9 7 6 1  
( 3 1  E. V. M U R P H Y  A N 0  F .  H A V E L O C K B  E M I S S I V I T Y  O F  Z I R C O N I U M  
A L L O Y S  I N  A I R  I N  T H E  T E M P E R A T U R E  R A N G E  100 - 4 0 0  C  
J .  N U C .  HAT. ,  6 0  ( 1 9 7 6 )  P P  1 6 7 - 1 7 0  

L 
c z o ~ n r s  C O D E D  B Y  w. L. ~ I L L E R  S E P T  1 9 7 4  
C  ' M O C I F I E D  B Y  C. L .  H A G R k A N  O C T O B E R  1 9 7 6  

M U G E L  F O R  
I F  f Z R O X I O  
E M I S S V  = 
GO T O  2 0  
E M I S S V  = 
P U E M I S .  = 
U U E M I S  = 
I F  ( C T M A X  

T E M P E R A  
.GE. 3. 
. 2 5 € - 0 1  

B E L O W  1 5 0 0 K  
I G O  T O  10 
E O 5 * Z R O X I O  

k M O C I F I C A T I O N  F O R  M A X l k U M  T E M P E R A T U R E S  A B O V E  1 5 0 0  K  F O L L O W S  
E H I S S V  = E M I S S V  E X P ( ( 1 . 5 O E 0 3 - C T M A X ) I 3 . O O E O 2 ~  
I F  ( E M I S S V  . L T .  0 . 3 2 5 )  E M I S S V  0 . 3 2 5  
P U E f l I S  = P U E K I S /  E X P ( ( 1 . 5 O E 0 3  - C T M A X I I 3 . 0 0 E 0 2 )  
u u E n x s  = P u E n r s  

C  
S T A N D A R D  E R R C R  C U T  O F F  A T  I H P O S S I B L E  V b L U E S  F O L L O W 5  
I F ( P U E M I S  .GT.  ( 1 . 0 0 - E t ! I S S V l )  P U E M I S  = 1.00 - E H T S S V  
I F ( U U E M 1 S  . G T .  E M I S S V I  U U E M I S  = E f i I S S V  

5 0  R E T U R N  
E N  0 

B-3.4. J. V. Cathcart, Quarterly Progress Report on the Zirconium Metal-Water Oxidation 
. Kinetics Program Sponsored by  the NRC Division o f  Reactor Safety Research for 

April - June 19  76, ORNLINUREG-TM-4 1 (August 1976). 

B-3.5. Quarterly Technical Progress Report on Water Reactor Safety Programs Sponsored 
by  the Nuclear Regulatory Commission S Division o f  Reactor Safety Research, 
October - December.1975, ANCR-NUREG-130 1 (May 1976) p 67. 
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4. ZIRCONIUM DIOXIDE THERMAL CONDUCTIVITY (ZOTCON) 

The transfer of heat' from fuel pellet .to coolant d'epends partly on the thermal 
conductivity of the oxide layer that forms on the rod surface. Accurate predictions of fuel 
rod temperature profiles require knowledge of the oxide thermal conductivity. 

Kingery et a1 lB-4-11 reported the thermal conductivity of zirconium dipxide 
stabilized with calci'um oxide over the temperature range 100 to  1400OC. A least squares 
analysis of his data resulted in the correlation 

whcrc 

k = zirconium dioxide thermal conductivity (W/m.K) 

T = temperature (K). 

This correlation and its supporting data are shown in Figure B-4.1. Equation (B-4.1) is used 
in Lhe ZOTCON subroutine for calculating zirconium dioxide thermal conductivity. 

Temperature (OC ) INEL A 6098 

Fig. B 4 . 1  Thermal conductivity o f  zirconium dioxide as a function of  temperature as calculated'by the ZOTCON subcode. 

and Lapshov and ~ a s h k a t o v I ~ - ~ . ~ ]  have also reported the thermal - 
conductivity of zirconium dioxidi: films. Maki's data, presented in ~ a b l ' e  B-4.1, cover a much 
smaller temperature range, show a strong temperature dependence, and generally exhibit 
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TABLE 0-4. I 

THERMAL CONDUCTIVITY OF ZIRCONIUtS DIOXIDE FROM F l A K I  [B-4.21 

L i n e a r  
Heat  Rate 

Specimen ( k ~ l m )  

C o o l a n t  
Temperature 

(K) 

Ternperaturbe 
I n s i d e  Tube 

(0  

41 5.9 
446.8 
502.6 
545.5 , 

597.5 

425.6 
459.1 
512.8 
551.2 
608.2 

Apparent  
Thermal 

Conduct i  v i  t y  
(W/m* K )  

0.76 
5.14 
6.73 

16.20 
94.10 

larger values of thermal conductivity than the data of Kingery et al. Lapshov and Bashkatov I 

experimented with films formed by plasma sputtering of zirconium dioxide on tungsten 
substrates. Although their data, shown in Figure B-4.2, cover the range of 300 to  1 500°C, 
the data exhibit much greater scatter and are substantially smaller in value than those of 
both References B-4.1 and B-4.2. The reason for the discrepancy between the data of 
Lapshov and Bashkatov and that of Kingery et a1 and Maki may be due to the fact that the 
sputtered or sprayed coatings are quite porous, poorly consolidated, and not very adherent 

. to the tungsten substrate. 

4.1 Zirconium Dioxide Thermal Conductivity Subcode ZOTCON Listing 

A FORTRAN listing of the ZOTCON subcode is given Table B-4.11. 
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Temperature ( K ) INEL-A-6170 

Fig. B 4 . 2  Temperature dependence of the thermal conductivity of zirconium dioxide according.to Lapshov and 
Baohlratov, 3howi~g tllc l i ~ i ~ i l  lirre. 

TABLE B-4. I 1  - - -  

L I S T I N G  OF THE ZOTCON SUBCODE 

C  
F b N C T I O N  Z O T C C t 4 ( C T E M P )  

C  
188E8848 . L O O N 0 0 3 0  

Z O T C O N  C A L C U L A T E S  Z I R C O N I U M  D I O X I D E  T H E R M A L  C O N D U C T I V T T Y  A S  A  Z O O N 0 0 4 0  
F U b C T I O N  O F  T E R P E R A T U R E .  C  Z O O N 3 0 5 0  

C  Z O O N 0 0 6 0  
C  Z O T C O N =  O U T P U T  T H E R V t A L  C O N D U C T I V I T Y  O F  Z I R C O N I U M  D I O X I D E  ( Y I H - K )  
c c T E n P  s I N P U T  C L A o D I N c  # E z W r o I t J T  T c n P c R A T u R E  t u )  iEi&&Zi 
C  
C  T H E  D A T A  U S E D  T C  G E N E R A T E  T H I S  C O R W E L A T I O N  Y E R E  T A K E N  F R O M :  L O O N 0 1 0 0  
C  W.D. K I N G E R Y ,  J .  F R A N C L ,  R.L.  C O B L E  A N D  T. V A S I L O S  
c J .  A n E a .  C E P A M .  SOC., 3 7  NO.I ( 1 9 5 4 1  P P  107-110 
c iili $1 
C  Z O T C O N  WAS C O D E D  B Y  R . L . M I L L E R  I N  M A R C H  1 9 7 4 .  Z O O N 0 1 4 0  
C  M O D I F I E D  B Y  R.L. H I L L E R  H A Y  1 9 7 4  Z O O N 0 1 5 0  
C  L O O N 0 1 6 0  
C  U S E  C A U T I O N  A B O V E  1 7 t O K  Z O O N O 1 7 0  
C  L O O N 0 1 8 0  

Z C T C O N  1 1 . 9 5 9 9  - C T E M P * ( Z . C l E - 4  - C T E M P * ( 6 ~ 4 3 E - 7 - C T E M P * 1 ~ 9 4 6 E - 1 0 ~ 1 Z O O N 0 1 9 0  
R E T U R N  Z O O N O 2 0 0  
E N D  L O O N 0 2 1 0  

4.2 References 

B-4.1. W. D. Kingery et a1,"Thermal Conductivity: X, Data for Several Pure Oxide Materials 
Corrected to Zero Porosity," Journal o f  the American Ceramic Society, 37 (1954) 
pp 107-1 10. 
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- 
B-4.2. H. Maki, "Heat Transfer Characteristics of Zircaloy-2 Oxide Film." Journal o f  

Nuclear Science and Technology, 10 (.1973) pp, 107-1 75. 

B-4.3. V. N. Lapshov and A. V. Bashkatov, "Tllcr~nal Conductivity of Coatings of 
Zirconium Dioxide Applied by the Plasma Sputtering Method," Heat Transfer, 
Soviet Research, 5 (1973) pp 19-22. 

5. CLADDING AXIAL THERMAL EXPANSION (CATHEX) 

Correlations for the axial thcrmal expansion of zircaloy cladding and the uncertainties , . 

in these correlations are presented in this section. The assumption is made that zircaloy-2 
and zircaloy-4 may be described by the same correlations. This assumption is justified by 
the large scatter in the data. '. 

5.1 Summary 

This model is divided into three sections: alpha phase, transition phase, and beta 
phase. From room temperature to  1073 I<, the following correlation was developed from a 
least squares fit to  thc poolcd data of three sources [B-5.1, B-5.2, B-5.31 . 

for 300 < T <  1073 K 

where 

T = temperature (K). 

. For the region between 1073 and 1273 K, including the transition region, there are 
very few data and only those of ~ c o t t [ ~ - ~ . '  1 are considered. In this range, the values for 
expansion are obtained through linear interpolation of Scott's data by means of the 
subroutine POLATE. For the beta phase the correlation used is 

for 1273 < T < Tmelting. 

The uncertainties in the model are largely due t o  both unspecified texture variations 
and lack of data at higher temperatures. The uncertainties are expressed as a percentage of 
total expansion and are: 

+ l o %  f o r  300 < T < 1073 K 

'+:!::) for T > 1073 K . 
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5.2 Derivation ol'CA'17HEX Model 

- 
Thermal expansion correlations are required to  estimate geometry changes in the 

cladding as a function of temperature. For calculational continuity in accident analyses, the 
correlations must span the range from room temperature to  the melting temperature of the 
cladding. Llue to  the strong texture (preferred crystallographic orientation) of cold-worked 
zircaloy, the thermal expansion is different in the axial and radial directions. The directions 
which may exhibit differences in texture for rolled plate and drawn tubing are shown in 
Figure B-5.1. Since much of the existing data are for plate specimens rather than for tubing, 
it is useful t o  consider analogous directions for plate and tubing even though it cannot be 
assumed that textures in analogous directions are identical. For example, the textures and 
the ther~nal expansion in the axial direction of tubing and the longitudinal direction of 
rollacl plale art: similar, as are those of rhe long rransverse direcrion in rolled plate and the 
circumferential direction of tubing, and the radial direction of tubing and the short 
transverse direction of plate. 

Transverse I / 

Fig. B-5.1 Nomenclature used to  describe directions in rolled plate and drawn tubing. 
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5.2.1 Survey of Available Data. A papcr by Mchan and ~ u t l e i [ ~ - ~ . ' l  ~onta ins  results 
covering the temperature range from room temperature to 1273 K. They found no 
anisotropic effects, and report that not all the data obtained were included, because in most 
cases the samples were cycled into and out of the beta phase (above 1273 K) at least twice 
to  obtain "thermal stability", and the expansion data were taken on the third run. This is 
unfortunate, because a single excursion into the beta phase apparently reduces anisotropic 
effects, even when the sample is later returned to  the alpha phaselB-5.21 . Therefore, Mehan 
and Cutler failed to use their most significant results, those of the first runs, and their data 
are not included in the model. 

~ c o t t [ ~ - ~ - '  1 ,  ~ e a r n s [ ~ - ~ . ~ I ,  and Mehan a n d  ~ i e s i n ~ e r [ ~ - ~ . ~ ]  have published 
zircaloy thermal .expansion data which do exhibit anisotropy. Of these, only Scott has data 
covering the temperature range where the transition from the alpha to beta phase takes 
plncc. Mchan and Wicsinger's data are for zircaloy-2 plate, Kearns' are for zircaloy-4 plate, 
and Scott's are for zircaloy-4 tubing. 

5.2.2 Cladding Axial Thermal Expansion Model in the Alpha Phase. A least squares 
analysis of the data from the sources used shows that when the thermal ex-pansion is 
expressed as a linear function of temperature, the standard deviation from the data base is 
not substantially larger than that resulting when a cubic temperature dependence is used. 
Therefore, for simplicity, a linear equation is used in this temperature range. The expression 
is 

for 300 < T < 1073 K 

where 

T = temperature (K) 

Lo = length a t  approximately 300 K 

AL = change in length resulting from thermal expansion (m). 

A least squares fit to  the data was.made without constraint conditions since the expansion 
coefficient is the item of most interest, even though this approach does not give AL = 0 at 
the base temperature. 

Equation (B-5.3) has a standard deviation of 1.35 x lo4 from its data base, with the 
largest deviations occurring at higher temperatures. However, this data base is very small, 
containing only 35 points, and other data, specifically that of Mehan and Cutler and o f '  
Kearns using samples with different textures, exhibit greater scatter, and texture variations 
fromsample to  sample can be quite large. ~ e a r n s [ ~ - ~ . ~ ]  even suggests that the amount of 
thermal expansion may be used as a measure of texture. Since the absolute value of the 
deviation between the curve given by Equation (B-5.3) and the data from Mehan and Cutler 
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increases with temperature, a percentage uncertainty ,is more meaningful than a single-valucd 
tolerance or standard deviation. Placing uncertainty limits of ?20% on Equation (B-5.3) for 
alpha-phase zircaloy includes most of the available data. 

5.2.3 Cladding Axial Thermal Expansion During the Alpha-Beta-Phase Transition. 
Starting at about 1083 K, zircaloy undergoes a phase transition which ends at approxi- 
mately 1244 K. Below 1083 K it normally has a hexagonal close-packed structure, called the 
alpha-phase; and above 1244 K it-normally has a body-centered cubic structure, called the - beta-phase. During the alpha-beta transition, there is a distinct contractiol~ whiclz is partially 
reversed on cooling back to the alpha phase. The amount of expansion during cooling is, 
however, not necessarily equal .to the amount of contraction which occurred during heating. 
Furthermore, after having been through the transition and cooled t o  room temperature 
again, the sample usually has a length different .than the original. This change in length may 
be an increase [B-5.31 or  a d e c r e a ~ e [ ~ - ~ - l  1 - the controlling factors are not yet defined. 
Because of this ambiguity, as well as the texture uncertainty which occurs after cycling to 
the beta phase and returning, only that thcrmal expansion which occurs during the first 
excursion of the as-received tubing from alpha to beta phase is modeled in this section. 

Of the sources used to formulate this model, only that of ~ c o t t [ ~ - ~ - ~ ]  includes data 
.for this region, and he lists only six points. It does not seem reasonable to try to  find an 
analytical form using such a limited data .base, and therefore a smooth curve was drawn 
through Scott's data and points taken from the curve were used to  generate a .data table 
describing the thermal expansion in this temperature range. Interpolation in this data set is 
accomplished through the use of the linear interpolation subroutine POLATE. 

The values of returned by the MATPRO subcode CATHEX for temperaturesin 
Lo 

the transition region are about half as big as those reported by Mehan-and ~ u t l e r [ ' - ~ - ~ ~ ,  
the only other source including data at these temperatures (not included in this model's data 
base for reasons given in Section B-5.2.1). Until more data are available, the upper uncertainty 
limit in this reglon is therefore assumed to be IOU% ot the UATHEX value. 4t is also difficult 
to assess the lower uncertainty limit, but 100% is too large since that would include the 
pussiblllly uf a cunlraclion durlng Lhe alpha-beta phase transition cu~riple tely cancelillg Llle 
expansion which occurred in the alpha phase. Such a large contraction has never been 
reported by Mehan and Cutler, Scott, or investigators of pure ~ i r c o n i u m [ ~ - ~ - ~ ,  B-5.61. At 
present it seems that assuming a lower uncertainty limit of 50% is reasonable. 

5.2.4 Cladding Axial Thermal Expansion in the Beta Phase. For beta-phase zircaloy, 
t h e ~ e  are no data available. Therefore, above 1273 K the assumption was made that the 
coefficient of thermal expansion of zircaloy was the same as that for zirconium. A constant 
value for this coefficient of 9.7 x 1U6 K-' is reported by Lustman and Kerze [B-5.61 and 

, also characterizes the data of Skinner and ~ o h n s t o n [ ~ - ~ - ~ ] .  This yields the following 
correlation for zircaloy : 
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for 1273 < T < 2 0 9 8  K 

where 

, T = temperature (K). 

The constants are given to only two significant figures due to  the lack of a data base. 

The uncertainties in this temperature region are assumed to be the same as those for 
the transition region, i.e., +loo% and -50%. 

The results of these correlations and the points from Lhe data base ; S I ~  presented in 
Figure B-5.2. 

Temperature ( O C  I 
400 400 600 700 800 300 1000 1100 1200 1300 I400 I500 1600 1700 I800 1900 

I I I I I I I 

Fig. B-5.2 Axial thermal expansion of  zircaloy tubing as calculated by CATHEX, including data base and estimated 
low-temperature uncertainty limits. 

5.3 Cladding Axial Thermal Expansion Subcode CATHEX Listing 

The FORTRAN listing of the subcode CATHEX is presented,in Table B-5.1. 

5.4 References 

B-5.1. D. B. Scott, Physical and Mechanical Properties. of Zircaloy-2 and .-4, USAEC 
WCAP-326941 (May 1 965) pp 8-1 2. 



L I S T I N G  OF THE CATHEX SUBCODE 

F U N C T I O N  C A T H E X  ( C T E f l P )  

C A T H E X  C A L C U L A T E S  T H E  A X I A L  T H E R M A L  E X P A N S I O N  O F  Z I R C A L O Y  A S  A  
F U N C T I O N  O F  T E M P E R A T U R E  

C A T H C X  = O U T P U T  T H e R f l A L  E X P A N S I O N  O F  Z I R C A L O Y  ( t ! / Y 1  
C T E M P  = I N P U T  C L A D D I N G  M E S H P O I N T  T E M P E R A T U R E  ( K )  

D A T A  F O R  T H E  C C R P E L A T I O N  F R O M  R O O R  T E M P E R A T U R  T O  2 7 3 K  A R E  
T A K E N  F R O M  R.L.  M E t i A t i  A N D  F.u. u I E s I N G E R ,  ~ M E ~ H A N I Z A L  P R O P E R T I E S  
O F  Z I R C A L O Y - 2 " r  U S A E C  R E P O R T  K A P L - 2 1 1 0  ( 1 9 6 1 1 9  0.8. S C O T T *  
" P I - Y S I C A L  A N D  M E C H A N I C A L  P R O P E R T I E S  O F  Z I R C A L O Y - 2  A N 0  - 4 " r  U S A E C  
R E P O R T  W C A P - 3 2 6 9 - 4 1  ( 1 9 6 5 ) ~  A N D  J . J .  K E A R N S r  " T H E R M A L  E X P A N S I O h  
A N D  P R E F E R R E D  O R I E N T A T I O N  I N  Z I R C A L O Y n r  U S A E C  R E P O R T  W A P D - T H - 4 7 2  
( 1 5 6 5 ) .  

A B C V E  1 2 7 3 K  T H E  C O E F F I C I E N T  O F  T H E R M A L  E X P A N S I O N  U S E D  I S  T H E  
C O C S T A N T  V A L U E  9 . 7 0 - 0 6 / K  R E C O f l M E N O E D  B Y  8 s  L U S T M A N  A N D  F.  K E R Z E *  
" T h E  M E T A L L U R G Y  O F  Z I R C O N I U M n r  MC C R A W - H I L L  B O O K  C O M P A N Y 8  N E W  
Y O R K  ( 1 9 5 5 )  P A G E  3 5 5 .  

B E T W E E N  1 0 7 3  A N D  1 2 7 3 K  ( A P P R O X I M A T E L Y  T H E  A L P H A - B E T A  T R A N S Y T I O N  
R A N G E  F O R  Z I R C A L O Y )  C A T H E X  U S E S  T H E  L I N E A R  I N T E R P O L A T I O N  R O U T I N E  
P O L A T E  T O  F I N D  T H E  T H E R M A L  E X P A N S I O N  

C A T H E X  M A S  C O D E 0  B Y  R.L. H I L L E R  I N  O C T  1974 
U P D A T E D  B Y  G.A. P E Y b A N N  A P R I L  1976 

C O M M O N  / L A C E M D L  / f l A X I O X r  E M F L A G  
D I M E N S I O N  E M F L A G ( 1 )  

O I P I E  
D A T A  * 3  

3 
3  
3 * 2  * 2  * 1 * .  1 
1 * 1 
1 

N 5 I O N  C A T H X D  
C ' A T H X D I  

D A T A  0 N  / 2 H O N  /r 
1 O f  F  / 3 H O F F  . / r  
2.' L O C I D X  4 3 / 

D A T A  N P C A T X I  I U  / 2 2 9 1  I 

C A T H E X  P O L A T E ~ C A T H X D , C T E H P I H P ~ A T X ,  IUI 
R E  T U R N  

1 C A T H E X  = - 2 . 5 0 6 6 - 0 5  + (CTEMP-273 .15 ) *4 .441E-06  
R E T l l R N  . . - . - . . . 

Z C A T R E X  = = 8 . 3 E S 0 3  + ( C T E H P - 2 7 3 . 1 5 ) * 9 . 7 f . - 0 6  
G O  T O  2 0  

10 C A T H E X  * E H C T X P ( C T E t l P )  
2 0  C C N T I N U E  

R E T U R N  
E N D  

C A T X O O 1 0  
C A T X 0 0 2 0  
C A T X 0 0 3 0  
C A T X 0 0 4 0  
C A T X O 0 5 0  
C A T X 0 0 6 0  
C A T X O O 7 0  
C A T X 0 0 8 0  
C A T X 0 0 9 0  
C A T X O l O  
CATXOI I~  
C A T X 0 1 2 0  
C A T X O 1 3 0  
C A T X 0 1 4 0  
t A T X O l 5 O  

cC:f i81SOo 
C A T X O l 8 0  
C A T X O l 9 O  
C A T X O 2 O O  
C A T X O 2 l O  
C A T X O ~ Z O  
C A T X 0 2 3 0  
C A T X O 2 4 0  
C A T X O 2 5 0  
C A T X O 2 6 0  
C A T X O 2 7 0  

C A T X 0 3 1 0  C d T X 0 3 2 0  

C A T X 0 3 3 0  
C A T X O 9 4 0  
C A T X 0 3 5 0  
C A T X O 9 6  
~ ~ 1 x 0 3 7 8  
C A T X O 3 8 0  
C A T X 0 3 9 0  
C A T X 0 + 0 0  
C A T k O S l O  
C A T X O I Z O  
C A T X O 4 3 0  
C A T X O 4 4 O  
C A T X G 4 5 0  
C A T X 0 4 6 0  

E A T X 0 4 7 0  
A T X 0 4 8 0  

C A T X 0 4 9 0  
C A T X O S O O  iii$iiI 
C A T X O 5 4 0  
C A T X  5 5 0  
C A T X 8 ' 5 6 0  
e A T X O 5 P O  
C A T X 0 5 8 0  
C A T X 0 5 9 0  
C A T X 0 6 0 0  
L A  I Rublo 
C A T X 0 6 2 0  
C A T X 0 6 3 0  
C A T X 0 6 4 0  
C A T X O 6 5 0  
C A T X 0 6 6 0  

B-5.2. J. J. Kearns, Thermal Expansion and Preferred Orientation in Zircaloy, USAEC 
WAPD-TM-472 (1 96 5). 

B-5.3. R. L. Mehan and F. W. Wiesinger, Mechanical Properties of  Zircaloy-2, USAEC 
KAPL-2 1 10 (February 196 1). 
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B-5.4. R. L. Mellal~ a11J G. L. Cutler, Tlzer17zal Ed\-palzsio~z o f  Zircaloy 2 Bct~ocerz Room 
Temperature and l,OOO°C', USAEC KAPL-RLM-15 (1 958). 

B-5.5. G. B. Skinner and U. L. Johnston, "Thermal Expansion of Zirconium Between 
298 K and 1,600 K", Journal of '  Chemistry and Physics, 21 (August 1953) pp 
1383-1384. 

B-5.6. B. Lustman and F. Kerze, Jr., The A4etallurgy o f  Zirconium, New York: 
McGraw-Hill Book Company, Inc., 1955 p 355. 

6. CLADDING DIAMETRAL THERMAL EXPANSION (CDTHEX) 

In this section, correlations for the diametral thermal expansion of zircaloy cladding 
and the uncertainties in these correlations are.presented. . 

6.1 Summary 

~s with the axial thermal expansion model CATHEX, the temperature range for 
CDTHEX is' divided into three sections: the alpha-phase region, the transition region, and 
the beta-phase region. The assumption is made that zircaloy-2 and zircaloy-3 are .similar 
enough in their thermal expansion properties to be described by the same correlations. Also - the same sources of data are used[Bd.l ,B-6.2,B-6'31 as in the CATHEX model. 

.. . 
For room temperature to  the beginning of the transition: 

for 300 < T < 1073K. 

The assumption is made that the diametral thermal expansion is parallel to  the 
CATHEX thermal expansion curve (shown in Figure B-5.2) from about 1.07! K to  a 
temperature at which the beta phase is well formed, about 1273 K. This assumption was 
used to generate a data table to describe the thermal expansion of zircaloy from 1073 to  
1273 K. CDTHEX then employs the subroutine POLATE t o  linearly interpolate between 
points in the data set. . ... 

For the beta phase the correlation is 

for 1 273K. < T < Tmelting 
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The uncertainties in the model are largely due both to unspecified texture variations 
and to  lack of data at higher temperatures. The uncertainties are expressed as a percentage 
of the total expansion and are 

+ l o % '  f o r  300 < T < , I 0 7 3  K 

f o r  T > 107.3 K; - 50% 

6.2 Derivation of CDTHEX Model- 

The diametral expansion of tubing is a combination of circumferential.and radial 
expansion. The circumferential direction of tubing and the long transverse direction of 
rolled plate specimens are similar in texture and expansion properties, as are the radial 
direction of tubing and thk short transverse direction of plate (see Figure B-5.1 of the axial 
thermal expansion discussion). However, the thickness of the tubing wall is so small 
compared with the diameter of the tubing that the radial contribution need not be 
considered. ,Therefore, the long transverse direction of plate may betused to model diametral 
expansion of tubing without serious error. 

6.2.1 Survey of Available Data. The same. sources as. were used to  model .axial 
[B-6:4]~ were thermal expan.sion .are used in this section. Again; the dataof Mehan and. Cutler.. 

neglected because they observed no anisotropic effects and their samples were subjected t o  
heat treatment not typical-of as-received zircaloy tubing. 

6.2.2 Cladding Diametral Thermal Expansion in the Alpha Phase. A 'least squares 
AD analysis of possible polynominal fits to  the data base chosen, shows that-expressing - as a 
Do 

linearc function of the temperature gives a standard deviation from the data.which is not 
significantly different than that resulting from a higher order fit. Therefore, the linear 
equation given below was chosen to represent the thermal expansion 

for 300  <.T < 1073K. 

where 

T = temperature (K) 

D6 = . diameter at approximately 300 K 

AD = change in diameter resulting from thermal expansion (m). 

A least squares fit to the data was made without constraint conditions since the 
expansion coefficient is the item of most interest, even though this approach does not give 
AD = 0 i t  the base temperature. 
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Since the scatter of the data generally grows with increasing temperature, a single 
value for a standard deviation or  for error limits does not give a particularly representative 
or useful idea of the uncertainty associated with the correlation expressed by Equation 
(B-6.3). Rather, it was found that the percentage deviation was more constant over the 
temperature range,'with a value of about +lo% of the calculated value including nearly all of 
the data base. 

6.2.3 Cladding Diametral Thermal Expansion During the Alpha lu Beta Phase 
Transition. There are no diametral data available in the temperature range from 1073 to 
1273 K, where the zircaloy phase transition occurs. Therefore, the assumption is made that 
the diametral 'thermal expansion is parallel t o  the axial thermal expansion curve shown in 
Figure B-5.2. The curve resulting from this assumption was uscd t o  gencratc a data table to  
be used by the subroutine POLATE for linear interpolation. 

The uncertainty of the results returned in this temperature range is difficult to  
estimate. Until there are data available, the values used in CATHEX will be assumed to  
apply hcrc as wcll, i.e., an upper-uncertainty limit of 100% of the CDTHEX value, and a 
lower limit of 50%. 

6.2.4 Cladding Diametral Thermal Expansion in the Beta Phase. For the beta phase 
(above approximately 1244 K), there are again no data available. Thus the assumption was 
made that the coefficient of thermal expansion for zircaloy is the same as that for zirconium 
2s q~llctec! ir. L~s tn?ar .  2r.d ~ e r z e [ ~ - ~ . ~ ] .  Using this vdue and adding a constant to obtain 
agreement at 1273 K, the following correlation is obtained: 

for 1273 < T < 2098K. 

As before, the constants in Equation (B-6.4) are given only t,o two significant figures 
because of the lack of a data base, and the uncertainty limits are assumed to  be +loo% and 
-50% of the CDTHEX value for AD/Do. 

The results of these correlations and the data base points are presented in Figure 
B-6.1. The predictions of CDTHEX and CATHEX are compared in Figure B-6.2. 

Cladding Diametral Thermal Expansion Subcode CDTHEX Listing 

The FORTRAN listing of the subcode CDTHEX is presented in Table B16.1. 

6.4 References 

B-6.1. D. B. Scott, Physical and Mechanical Properties of Zircaloy-2 and -4, USAEC 
.WCAP-3269-41 (May 1965) pp 8-1 2. 



CDTHEX 

Temperoture PC), 

4W 500 600 7 W  800 900 I000 1100 1200 1300 1400 1500 1600 1700 1800 1900 
' 10 I I I. I I I I I I I I I I I 13 

Keorns 
9 - r Scott 

- 12 
rn Mehon and Wiesinqer - MITPRO Model 

8 - --- Uncertainly Limits - I 1  

7 - 

- 
.E 
G C  . 

?9 - 
5 5 -  .- 
C 0 

z 
c' a 
G 4 -  - 7  6 

0' 1- , , slope; 9.7 x .16~ K-I ,./ ' 9< a 

3 - / *  I.<// , / /,! / 
- 6 

7 - - 5 
'slope = 6.72 X I ~ ~ K - '  

' 

1 - - 4 

6b0 9bo I ~ O O  1$0 1h00 I& law IS& 

Tcmpcraturo P C )  ANC-C-5954 

Fig. B 4 . l  Diametral thermal expansion of zircaloy tubing as calculated by CDTHEX, including data base and 
low-tetnperature uncertainty limits. 
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Fig. B-6.2 Comparison of  the diametral thermal expansion of zircaloy tubing as calculated by CDTHEX with the axial 
thermal expansion of  tubing as calculated by CATHEX. 
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TABLE 8-G. I 

LISTING OF THE CDTHEX SUBCODE 
- 

FUNCTION CDTHEX(CTEMP) 

C D T H E X  CALCULAT .ES  THE D IAMET~AL .THERMAL  EXPANSION nF Z T C R A L O Y  
AS A  FUNCTION OF TEMPERATURE 

CDTHEX OUTPUT THERMAL EXPAkS ION OF ZIRCALOY ( M I M )  
CTEMP INPUT  CLADDING MESHPOINT T E ~ P E R A T U R E  ( K )  

DATA FOR THE CCRRELATION FROM ROOM TEMPERATURE TO l 2 7 3 K  ARE 
TAKEN FROM R.L. MEHAN AND F.W. UIESINGER, "HECHANIC4L PROPERTIES 
OF ZIRCALOY-2"s USAEC REPORT KAPL-2110  ( 1 9 6 1 1 ,  0.8. SCOTTI 
"PHYSICAL AND MECHANICAL PROPERTIES OF Z.IRCALOY-2 AND - 4 " ~  U  AEC 
REPORT WCAP-3269-41 ( 1 9 6 5 1 ,  AND J.J. KEARNS, "THERMAL F x p A N s I o N  
AND PREFERRED ORIENTATION I N  ZIRCALOY", USAEC REPORT MAPD-TH-472 
( 1 9 6 5 ) .  

AOGVE 1 2 7 3 1  TYL C O E F F I C T F N T 8 F  E#ERHAL  EXPANSION USED I S  TH' 
CONSTANT VALCE 9 . 7 D - 0 t l K  REC 3M ED B Y  B .  LU ITMI "4  AND F r  K ~ R Z C ~  
"THE METAL URGY OF ZIRCONIUMmr MC GRAM-HILL BOOK CDMPANYI NEW 
YORK ( 1 9 5 5 t  PbGE 355.  

BETWEEN 1 0 7 3  AND 1 2 7 3 K  (APPROXIMATELY THE ALPHA-BETA T R A N S I T I O N  
RANGE FOR Z IRCALOY)  CDTHEX USES THE L INEAR INTERPOLATION ROUTINE 
POLATE TO F f h O  THE THERMAL EXPANSION 

CDTHEX UAS CODED BY K.L. M I L L E R  I N  NOVI 1 9 7 4 1  
LAST UPDATED BY G.A. REYMANN I N  APRIL  1976 .  

C  CHHON I LACEMOL / MAXIDX, EMFLAG 
.DIMENSION EMFLAG(1 )  

D IMENSION DTHEXP ( 4 4 )  

D A l A  UTHEXP/ 4.34BOE-04, ' 373 .151  
5.1395E-03,  1073.15,  5 . 2200E-039  1083.15,  5.2500E-03, 1093 .159  * 5.2800E-03,  1103.15,  5.2800E-03, 1 1 1 3 . 1 5 ~  5.24OOE-03s 1123 .15s  * 5.2200E-03,  1 1 3 3  e l 5 1  5.1500E-03,  1143.15, .5.0800E-03,  1153.15, * 4.9000E-03. 1163.15,  4.7OOOE-038 1 1 7 3 . 1 5 ~  4.45OOE-03, 83 .151 
4.1000E-03.  1193 .151  3.500Ot-03.  1203 .15s  3.1300E-03, I l l 3 . 1 5 ,  
2.9700E-03,  1 2 2 3 . 1 5 ~  2 .9200E-031  1233.15,  2.8700E-03, 1 2 4 3 .  5 ,  
2.8600E-03,  1253.15 ,  2.8800E-03,  1263.15,  2.'9000E-93, 1 2 7 3 . t 5 I  

DATA NPDEXPI I U  1 2 2 ~ 1  / . 
D  bTA 0  N  / 2H0N / r  

I OFF / 3HOFF I *  
1 LOClOX 1 4  I 

I F  ( EMFLAG(LCC1DX) .EQ. Oh 1 GO TO 1 0  

IF (CTEMP.LE . lC73 .15 )  GO TO 1 
IF(CTEMP.GE.1273.15) GO TO 2  
CDTHEX * P O L A T E ( D T H E X P I C T E M P ~ N P D E X P P I U )  
G O  TO. 2 0  

1 COTHEX = -2.373GE-04 4 ~ ~ ~ ~ M ~ - 2 7 3 ~ 1 5 ~ * 6 ~ 7 2 1 0 ~ - 0 6  ' 
GO TO 2 0  

2  CDTHEX = -6.600E- 3 4 (CTEMP-273.15)*9 .70E-06 
10 CDTHEX = EHCTXP(!TEP.P) 
2 0  CONTINUE 

CDTXOO 0  
C D ~ X 0 0 i 0  
CDTX 0 3 0  
CDTX8040 CDTX0050 

CDTX0060  
COTX0070 
COTXOOBO 
CDTXOO90 

EIT3198 
C D T X O l t O  
CDTX0130 
CDTX0140 
CDTX0150 
CDTXO160 
CDTX0170 
COT XOlBO 
CDTXOlOO 
CDTXO2OO 

E B f  ZS28 
CDTX0230  
CDTX0240 
CDTX0250 
CDTX0260 
CDTX0270 
CDTXOteO 
CDTX0290 
CDTX0300  
COTX0310 
CDTX0320 
CDTX0330 
CDTX0340 
CDTX0350 
CDTX0360 
CDTXO370 
CDTX0380 
C0CX0390  
CDTX0400 
CDTX0410 ' 
COTX0420 
CDTX0430 
CDTX0440 
COTX0450 
CDTX0460 
CDTX0470 
CDTXO4BO 
CDTX0490 
CDTX0500 
CDTX0510 
CDTX0520 
COTX0530 
CDTX0540 
CDTX0550  
CDTXO560 
CD'1X0570 

. < ,  

r 
B-6.2. J .  J .  Kearns, Thermal Expansion and Preferred Orientation In Zircaloj,, USAEC 

WAPD-TM-472 (1 965).  

B-6.3. 'R. L. ~ e h a n  'and F. W. wiesinier, Mechanical Properties o f  Zircaloy-2, USAEC 
KAPL-2110 (February 196 1). 
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B-6.4. R. L. Mehan and G. L. Cutler, Thermal ~ x p a n s i o n  of Zirialoy-2 Between Room 
Temperature and 1 . O O O O ~ ,  , USAEC KAPL-M-RLM-15 (1 958). 

B-6.5. B. Lustman and F. Kerze, Jr., The Metallurgy of  Zirconium, New York: 
McGraw-Hill Book Company, Inc., (1  955)  p 355. 



CELMOD 

7. CLADDING ELASTIC MODULUS (CELMOD) 

The modulus of elasticity is rcquircd to  calculate 111cc11arlical properties of zircaloy 
cladding at stresses less than the yield stress. The elastic modulus is defined by Hooke's law 
as 111e ralio of strcss to strain for stresses below the yield point. The data available are for 
unirradiated material and span the range from room temperature t o  about 1073 K, although 
they are 1p.w reliable above 673 K. 

~ u s b ~ [ ~ - ~ . ~  reported values of the elastic modulus for zircaloy-4 between 297 and 
644 K for five combinations of cold work and heat treatment. Too few data were reported 
to allow separation of the contribution of cold work and heat treatment from the effects of 
temperature, howcvcr. A linear least squares fit of'Busby's data resulted in the correlation: 

whcre 

. C - Tuullg's ~ ~ ~ u d u l u s  (Pa) 

T = temperature (K). 

Spasic et  al[B-7.21 studied the elastic modulus of zircaloy-2 in the unirradiated 
condition from room tempcraturc to 673 I<. They reporled the cor.relation 

where 

.. : ki Young's modulus p a ) ,  

'T = . temperature (K j  

Eo = experimental value .of Young's modulus at room tempera- 
ture (300 K) 1.0 1 x 101 1 Pa. 

The Spasic et a1 data are reported to fall within f 3% of their calculated c u ~ - v e [ ~ - ~ - ~ ] .  
Their correlation [Equation (B-7.2,)l and support,ing data are shown in Figure B-7.1. The 
elastic modulus calculated by this correlation decreases slowly after about 900 K and is 
probably not valid much beyorld Lhe limits of its data base. The material used by Spasic .et a1 
was not characterized as to amount of cold .work, and the .assumption is made that 
unirradiated material in the a'nnealed condition was used in the- tests. 

~ e h a n [ ~ - ~ . ~ ]  and Mehan and ~ i e s i n ~ e r [ ~ - ~ . ~ ]  reported elastic modulus data in the 
range of room temperature to 1089 K. These data were gathered on unirradiated, 



Temperature (K) INFI .-A-6087 
, . 

Fig. B-7.1 Elastic modulus of  zircaloy-2 as a function of  temperaturc showing the data and correlation of Spasic et al. 

vacuum-annealed zircaloy-2. Brassfield et  a1 [B-7.51 reportedthe following of 
Mehan and wiesinger7s[ B-7.41 data: . 

where 

E = Young's modulus (Pa) 

T = temperature (K). 

This correlation is shown in Figure B-7.2. 

: In the temperature range over which the data base of the preceding correlations 
overlap, the agreement is within about 10%. The CELMOD correlation is a linear relation of 

[a] Equation (B-7.3) has different coefficients from those quoted in Reference B-7.5 
because it has been converted to SI units. 



the elastic modulus as .a function of .telrrperalure based on the pooled data from the 
preceding sour'ces. The relation .is 

Fig. B-7.2 Zircaloy elastic modulus as a function o f  temperature showing the.correlation of  Busby, Spasic et al, Mehan and 
. . Wiesinger, and CELMOD for the a-phase for zircaloy. 



CELMOD 

for 300 < '1' < I 13SK 

where 

E' = Young's modulus (Pa) 

T = temperature (K). 

This function is used to represent the elastic modulus of zircaloy-4 in the alpha-phase 
region (that is, in the region up to 1083 K) and thus involves an extrapolation over a 
considerable temperature range. This relation is plotted in Figure B-7.2 along with the 
correlations from which it was derived. 

Another extrapolation was made frvlr~ Ll~t: value at 1135 K to about zcro at the 
melting point. This extrapolation is used to represent the elastic modulus in the beta-phase 
region and is given by 

for 1135 < T < T melting 

where 

E = Young's modulus (Pa) 

T = temperature (K). 

This relation is shown in Figure B-7.3 along with the corre,lation for the alpha-phase region. 
10 I I 

I I I 

Temperature ( K )  INEL-A-61 15 

Fig. B-7.3 Elastic modulus of zircaloy as a function of temperature as caldated by the CELMOD subcode. 



CELMOD 

The change in the elastic modulus in the alpha-beta transition region is unknown. The 
extrapolation of the elastic modulus from the alpha-beta transition region .to the. melting 
point is for calculational convenience, and large uncertainties exist in values calculated using 
the code in the beta-phase region. 

Cladding Elastic Modulus Subcode CELMOD Listing 

A FORTRAN listing of the subcode CELMOD is presented in Table B-7.1. 

TABLE R - 7 .  I 

L I S T I N G  O F  THE CELMOD SUBCODE 

C  + u N C  r 1 0 N  c t L n u u t c  i tnv, r l n E ,  F L U X ,  c o L D u J  tE888828 
E C E O D 0 0 3 0  

C  E O D 0 0 4 0  
C  C C L M O D  C A L C U L A T C S  C L A D D I I d Q  E L A S T I C  M O D U L U S  A S  A  P U N C T I O l d  O P  

T E P P E R A T U R E .  T I P E I F L U X  A N D  C O L D  WORK A R E  P R E S E N T L Y  D U M M Y  
C E O O Q O 9 0  
C E O D O O 6 0  8 V A R I A B L E S  

C  
C E O 0 0 0 7 0  
C E O D O O B O  

C  C E L P O D  O U T P U T  M O D U L U S  O F  E L A S T I C I T Y  F G R  Z I R C A L O Y - 4  ( P A 1  
C  
C  C T E M P  I N P U T  C L A D D I N G  T E N P E R A T U R E  (lo 

ZE8X80:On 
C E O D O l l O  

c TIME = INPUT TIME A T  T E M P E R A T U R E  AND FLUX ( 5 )  C E O 0 0 1 2 0  
C  F L U X  I N P U T  F A S T  N E U T R O N  F L U X  ( N E U T R O N S I M * * 2 - S )  C E O 0 0 1 3 0  
C  C O L D U  = I N P U T  C O L D  WOPK ( U N I T L E S S  R A T I O  O F  A R E A S )  C E O 0 0 1 4 0  
C  C E O 0 0 1 5 0  
C T H E  M O D U L U S  C F  E L A S T I C I T Y  U S E D  I N  T H I S  S U B R O U T I N E  I S  T A K E N  F R O M  C E O D O l b O  
C  T H E  D A T A  A N D  C O R R E L A T I O N S  F R O M  T H E  F O L L O U I N G  R E F E R E N C E S  C  E 0 0 0 1 7 0  
C 1 e.e. B U S B Y P  I N  Y A P D - T M - 3 8 5 r  P R O P E R T I E S  O F  I T R S A L O Y - 4  T U B I N G ,  L E ~ D u ~ u O  

E 'i .R. WOODS, ED, P A G E S  6 5 F F .  C E O 0 0 1 9 0  
2) 2.  S P A S I C ,  P. P A V L C V I C *  G. S I M I C D  C O N F E R E N C E  O N  T H E  U S E  O F  C E D D 0 2 0 0  

C  Z I R C O N  U M  A L L C Y S  I h  N U C L E A R  R E A C T O R S *  P I Z E N s  C Z E C H *  1 9 6 8 1  P P  2 7 7 - 8 4 C E O D  2  0 
C  C A T A L O ~ U E D  A S  U S A E C  R E P O R T  C O N F - 6 8 1 0 8 6  
C  ( 3 )  R.L.  P E H A N  b N D  F . M .  U 1 E S I N G E R ,  M E C H A N I C A L  P R O P E R T I E S  O F  

c E o ~ 8 2 i o  

Z I R C A L O Y - 2 ,  U S A E C  R k P O R T  K A P L - 2 1 1 0 .  
C E O D 0 2 3 0  
C E O D 0 2 4 0  E C E L M O O  M A S  C C D E D  B Y  R . L . M I L L E R  I N  M A R C H  1 9 7 4 .  
C E O D 0 2 5 0  
C  E O D 0 2 6 0  

U P C A T E D  A N D  C O R R E C T E D  B Y  B . U . B U R N H A M *  O C T O B E R  1975 C E O D 0 2 7 0  
c E O D C I Z A ~  

C A U T I O N  S H O U L D  8 E  E X E R C I S E D  I N . U S I N G  T H I S  C O R R E L A T I O N  B F Y O N D  C E O 0 0 2 9 0  
C  7 0 0  K C  E O 0 0 3 0 0  
c 

c CMMON I L A C E M O L  / M A X I D X ,  t M F L A G  EE888318 
D I M E N S I O N  E P F L t i G ( 1 )  E O D 0 3 3 0  

C  E O D 0 3 4 0  
D b T A  0 N  / Z H O N  I P 

u C E O 0 0 3 5 0  
O F F  I 3 H O F F  ID C  E O D 0 3 6 0  

I L O C I D X  4 5  / C E O 0 0 3 7 0  
D A T A  B U  I C.OCO I. 

a 
. C E O D 0 9 0 0  

C C Y P  I O.OEO I ' C E O 0 0 3 9 0  
D A T A  C T R A N Z  / 1 1 3 5 . 1 5  / C E O D 0 4 0  
I f  I . E M F L A G ( L C C I D X )  .EO. O N  1 G O  T O  10 

C  
1 F f C T E M P . b i . C J R A N Z )  GO 10 Z O  
C E L M O D  I 1 . 1 4 8 E l l  - C T E M P  5 . 9 9 E 7  C E O 0 0 4 4 0  
G C  T O  1 5  C E O 0 0 4 5 0  

C  C E O D 0 4 6 0  
' 2 0  C E L M O D l =  1 . 0 0 5 0 E l l  - C T E M P  4 . 7 2 4 5 1 7 8 E 7  C E O 0 0 4 7 0  

G C  T O  1 5  C  E O D 0 4  8 0  
10 C E L R O D  = E M C L E M  ( C T E M P )  C E O 0 0 4 9 0  
1 5  C G N T I N U E  C  E O D O S O O  

R E T U R N  C E O D O S l O  
E  N D  C E O D O S Z O  
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8. CLADDING STRESS VERSUS STRAIN (CSTRES AND CSIGMA) 

The subroutine CSTRES calculates cladding true and engineering stress as a function 
of true strain, true strain rate, cladding temperature, maximum previous cladding 
temperature, cold work, and fast ncutron flucncc. A sccond subcode, CSIGMA, is provided 
which returns only the expression for true stress. 

8.1 Summary 

This section is intended to  serve as an introduction t o  the common features of all the 
plastic deformation subcodes in MATPRO as well as the particular features of CSTRES and 
CSIGMA. All input strain or stress values are assumed by MATPRO mechanical property 
routines to  be true strainLa] or true stressIb] values. With the exception of the function 
CSIGMA, MATPRO output values are given both as true and engineering values of stress or 
strain. In CSTRES true stress is converted to  engineering stress by using the constant volume 
approximation: 

engineering stress [c l  = 
true stress 

1 + engineering strain 

- - true stress 
exp (true strain) ' 

[a]  True strain = the change in length divided by length at the instant of change integrated 

from the original to  the final length = 
/ L  - dQ 
Lo 2 '  

[b]  True stress = force per unit cross sectional area with the area determined at the instant 
of measurement of the force. 

[c]  Engineering stress = force per unit cross sectional area with the area determined when 
force was zero. 

- .  



Two different equations are used in 'MA'I'PRO to relate true stress to true strain. In 
the clastic rcgion, Hookeys law is used: 

where 

u = lruestress 

E = true strain 

E = the modulus of elasticity (calculated by CELMOL) as a 
function of temperature). 

In the plastic region the relation is 

where. 

K = . strength coefficient (Pa) 

n = strain rate hardening exporient (dimensionless) 

. . ~n = strain rate sensitivity exponent (dimensionlcss) 

The .transition from the elastic to the plastic region is defined t o  be at  the nonzero 
in ienect inn or I l ~ e  cu~vss  pretli~Lsd I)y Equatiui~s CB-8.2) (U-8.3). 

Effects of cladding temperature, in-reactor annealing, cold work, and irradiation on 
mechanical properties are expressed as changes in the strength coefficient, K, the strain 
hardening exponent, n, and the strain rate sensitivity constant, m, of Equation (B-8.3). For 
fully annealed material, the temperature and strain rate .dependent values of n and K.are as 
follows. 

[a] For input values of i outside the range of lo-' to  10-l/s the input value i is replaced 
by the closest value in this range. 



Values ol'rl art: l u u ~ l d  with the correlations: 

for T < 850 K: 

n = - ~ . 8 6 ~ 1 0 - ~ + ~ [ 7 . 1 1 0 ~ 1 0 - ~ - T ( 7 . 7 2 1 ~ 1 0 - ~ ) ]  (B-8.4a) 

for T 2 8 5 0  K :  

Values of K are found with the correlations: 

for T < 794.9814 K: 

for T > 794.9814 K: 

K = exp [3.417 x 10' + T (-2.6630 x + T (1.1569 x l o e 5  

- 1.7111 T ) ) ]  (B-8.5 b) 

Values of  m for all material are given as follows: 

for T < 730 K: 

for 730 K < T < 750 K: 

for 750 K < T < 1090 K: 

for 1090 K < T <  1172.5 K: 

m = -6.47 x l o - ' +  2.203 n T 



0 i f  ; - > 6.34 x 1oe3/s  

6 .78  x lo -*  i n  (6 .34  x x [ ( I255  - ~)/82.5] 

i f ;  < 6.34 x 1om3/s 

where 

T = temperature (K) 

c - truc strain rotc ,(C1). 

, These. expressions are discussed in conjunction with Figures B-8.1, B-8:2,. and. B-8:3 of 
Section:.B:8.:2. 

For irradiated and cold-worked cladding which has remained at. tempe~ature.~ below 
550 K, Lhe change in the strength coefficient is described by. multiplying the values for. 
annealed materials .by: 

[I - 0.546 x co ld  work [a ] ]  (B-8..7) 

Similarly, the work hardening exponent is multiplied by a factor Y which expresses 
the effect of cold work on n and a factor Z which expresses the effect of irradiation on n. 
'l'he analytical expressions for Y end Z ere: 

Y = 0.847 exp ( -39 .2 'CO~~w. ) '  + 0.153 

+ COLDW (-9 .16 x lo-' + 0.229 COLDW) (B-8.8) 

z = exp [-(bt)1/3,/  ( 3 . 7 3  x l o 7  + 2 x l o 8  C O L D W ) ]  (B-8.9) 

where 

COLDW = cold work (fraction of cross sectional area reduction) 

r 

[a] Fraction of cross sectional area reduction. 



@ - - fast neutron flux ( I ~ / I I I ~ . S )  

t - - time at flux (s). 

Graphs of the analytical expressions for Equation (B-8.7) and YZ at typical values of $t are 
shown in Figures B-8.5 and B-8.6 of Section B-8.3. 

Changes in the strength coefficient and strain hardening exponent caused by cold 
work and irradiation are assumed to  anneal permanentiy as a function of temperature. 
Changes due to  annealing of irradiation damage are presumed to  occur in the temperature 
range from 550 to 700 K and are approximated by replacing the fluence in Equation (B-8.9) 
by 

700 --- K . - Maximum Cladding Temperature 
, 100 K 

times the original fluence when the maximum cladding temperature is between 550 and 
700 K. Annealing of cold work effects i s  presumed to occur over the temperature range 
Frvrri 775 to  850 K and is incorporated into the modcl by rcplncing the expression.for cold 
work by 

850 K - Maximum Cladding Temperature 
75 K 

times the original value for cold work whenever the maximum cladding temperature is 
between 775 and 850 K. For previous maximum temperatures greater than 850 K, the 
cladding is presumed t o  have been annealed. 

No specific provision is included in the model for stress relief or other heat .treatments 
which are not implied by maximum cladding temperature. For material which has been 
stress-relieved at temperatures higher than the first maximum cladding temperature input 
the "equivalent cold work" can be input to  approximate the state of the material. 

The development of the expressions for m, K, and n as functions of temperature is 
discussed in the following section. Section B-8.3 is a description of the modification of the 
expressions for K and n to  include effects of irradiation, cold' work, and annealing. The 
output of CSTRES is illustrated in Section B-8.4; however, a comparison of model 
predictions and experimental data is reserved for the CMLIMI' subroutine which predicts 
the values of yield and ultimate strength that are most often quoted in the literature. 

8.2 Temperature Dependence of m, K, and n 

The strain rate sensitivity constant, m, of zircaloy-2 and zircaloy-4 was evaluated with 
data obtained from References B-8.1 through B-8.4. The values of m which are plotted in 
Figure 'B-8.1, at temperatures higher than 900 K, were given by Reference B-8.2 as a 

3 function of engineering strain for strain rate changes centered around 1 0- 1s. No significant 
dependence on strain was indicated, so m is modeled without strain dependence. Outside 



Fig. B28.1 Values o f  strain rate sensitivity constant and data base as a function of  temperature and strain rate used by 
MATPRO mechanical propertiesioutines. 

0.8 I I I 1 1 1  I I I 

thc alphazbcta. phase transition region (taken as 1090 K to  1255 K) no significant 
dependence of m on strain rate was observed either. Within the alpha-beta transition region, 
the value of m was a strong function of the strain rate. 

0.7 

In the MATPRO plastic deformation models, values of m from data taken at 
temperatures below 730 K are approximated with a constant, m = 0.02, while data for 
tcmpcmturcs abovc 750 K and outsidc thc alpha bcta phnsc arc rcprosontod by n l~near  
function of temperature. The linear function, m = 0.0647 + 2.203 x ~ o - ~ T  is illustrated in 
Figure B-8.1 along with the data. It should be noted that a distinction between data from 
z~rcaloy-2 and zircaloy4 became evident at the two highest test temperatures. The lower 
group ot points at 15'13 and 16'13 K are trom zircaloy-2. it this trend continues at higher 
temperatures or is identified as due to the higher oxygen concentration of zircaloy-2, the 
strain rate sensitivity constant may have to be expressed as a function of oxygen 
concentration in the high temperature region of the beta phase. 
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Rate Dependenl Values 
I I of m 'in a-/3 Phase 
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' Values of m in the alpha-beta transition region were also obtained from data presented 
in Reference B-8.2. The strain rate dependent values measured at 1173 K were assumed to  
reflect an additive increase in m due to the mixed phases. When the increase is plotted 
against the logarithm of the strain rate, the effect of varying strain rates on m can be closely 
approximated by a straight line of the form: 
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which was obtained by a least squares fit to the data. The fit is illustrated in Figure B-8.2. 
For strain rates dutside the range 1 0 - ~ / s  to 6.34 x 1 0 - ~ / s  the change in m is taken to be 
equal t o  its value at  the nearest point of this range of values. 

Fig. B-8.2 Increase in the strain sensitivity constant at  1173 K as a function of strain rate shown with the expression used 
. . for this increase in MATPRO. 



In the preserll model it is assumed that the value of m increases linearly from its value 
at the edges of the alpha-beta transition region to a maximum at 1 173 K in the center of the 
region as shown in Figure B-8.1. Further data on values of m as a function of temperature 
and strain rate in the alpha-beta transition region will be required if this crude expression is 
to be refined. 

Values for K and n as a function of temperature from room temperature to  
775 kelvins are bascd on data from tensile tests on zircaloy4 tubes[B-8.1 I .  The effects of 
varying a m v u ~ ~ l s  of cold work and stress relief in the tubing tested were included by using 
thc models described in the next section for changes in K due to  cold work and annealing 
prior to determining the temperature dependence of K. Similarly the effects of' different 
slrain rates werc taken into account with the model discussed in previous paragraphs of this 
sectionla'. Thc data for K, lr~odifisd to represent annealed tubing, are shown' in Figure 
B-8.3 along with the least squares fit polynomial used to describe the complex behavior of 
the 64 data points below 794.981 4 kelvins. 

Values of K above 755 kelvins were calculated from ultimate tensile strength 
(presumed+= maximum engineering strength) of Reference B-8.5 and Reference B-8.3. In, 
order to estimate K il is assumed in Equation (B-8.3) that E = n when the engineering stress 
is maximum[b1. Thus Equation (B-8.3) at  maximum engineering stress can be rewritten 
using Equation.(R-8.1) to  give: 

n u l t i m a t e  = S m a X ~ x p  (4 
K = 

n n  ( j 3  ) nf' ( ( ) m' 
10 / S  1 n-3/s 

where , 

- - the maximum engineering.stress as defined Smax . 
ill E~,l~~allvtr (8-8.1) 

. . . .. 

- - 
Oultimate the ultimatc tcnsilc strcngth . 

. - .- . ... 
The other symbols are defined in conjunction with Equation (B-8.3). 

. ... 

[a] Strain rate.and annealing effects were removed from K as follows: First, K' as given by .- # , 

Reference B-8.l"fgr'use in the expression o = K'en was redefined to  b.e equal to. 

K . K ( : l  7 .  
10- 1 s  

Then the fractional change in K expected from varying amounts of cold work and 
annealing was removed to  give values for the K of annealed tubing consistent with the . 
model adopted by MATPRO for the cffects of cold work and annealing. 

[bl  For a discussion bf this assumption see'page 3 4  of Reference B-8.7. . ': ; ' . . . . 



Fig. B-8.3 Data for K ,  modified to represent annealed tubing with the analytical expressions used in MATPRO to represent 
K as a function of  temperature. 

The expression for n as a function of temperature is based on a least squares fit to 
data reported in Reference B-8.1. Effects of cold work and an incomplete anneal on the 
values of n are approximated simply by multiplying the fit to  data taken with 70%cold- 
worked and stress-relieved material by a factor of 1.38 in order to  approximate values of n 
obtained with fully annealed zircaloy. Figure B-8.4 shows the base data from stress relieved 
tubes and the curves generated by the expressions used to represent both the stress-relieved 
value of n (left side scale) and annealed values of n (right side scale). 

Above 755 K the value of n would be expected to  decrease to  zero near the alpha-beta 
phase transition. However, recent have indicated that the behavior may 
be more complex. In the current mechanical properties model the quadratic expression 
which was fit to data from 300 to 755 K is continued to 850 K where the value of n is 
0.028 for annealed zircaloy. Above this temperature, n is assumed to be constant and equal 
to 0.028. The present version of MATPRO does not set n = 0 because several of the FRAP 
codes [B-8-9, B-8.1 O] which use MATPRO become unstable for very small values of n. 



Fig. B-8.4 Base data and the expression used to represent the strain hardening exponent for annealed tubes. 

8.3 Effects of Irradiation, Cold Work, and Annealing 

Extensive testing to  determine the effect of irradiation and cold work on zircaloy 
mechanical properties at room temperatures has been carried out by ~ e m e n t l ~ - ~ . ~ I .  
Unfortunately, published tcsls a1 high temperatures r R m 8 . '  B-8.131 d o  not yet include a 
similar series of tcsts in a single supply of inaterial. Thus variation in mechanical properties - 

due to  uncharacterized differences in the materials such as different textures [B-8.141 

diffefeiit grain slzes i B  8-131, have caused co~~siderable scatter among the high temperature 
data. It was thcrcfore decided to base tlir, present model primarilv on the data from 
~eferelict: B-8.6, using ratios to describe the complex effects of irradiation and cold work. 
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8.3.1 Effects of Cold Work on the Strength Coefficient. Values of a strength 
coefficientfa] from Reference B-8.6 are plotted in Figure B-8.5. Although texture effects 

Temperature (K) INEL-A-6090 

V) 
Q, 

3 
C 

u 
a, > 
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U) 

are evident in annealed material and irradiation does tend to  increase the strength 
coefficient slightly, the dominant correlation is a linear increase in the strength coefficient 
with cold work. A linear least squares fit yields the room temperature correlation for the 
strength coefficient K', (h4Pa): 

- 
- - 
- - 

- 
= a a - - 6 

K '  = 624.4 + 341. COLDW = 624.4 ( 1  + 0.546 COLDW) (B-8.12) 
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[a]  Defined in conjunction with the equation o = K'en and therefore somewhat lower 
than the values represented in Figure B-8.3. 
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Fig. B-8.5 Data and least-squares fit to  strength coefficients as a function of cold work and irradiation a t  ambient 
temperature. 

. . 

where 

COLDW = the cladding cold work. 

In order to estimate the effect of temperature on. this correlation, values of the strength 
coefficient determined from the limited data from References B-8.1 1 and B-8.12 at 
temperatures of 553 and 573 K were also fit to  a straight line with the resultant correlation: 

K '  = 373 + 238 COLDW = 373 (1  + 0.64 COLDW). (B-8.13) 

Comparison of the two results shows that they are consistent with a temperature dependent 
expression of the form : 

K '  = K t ( T )  [I + cons tan t  COLDW] (B-8.14) 

where 

K' (T) = the temperature dependent function describing the 
behavior of the strength coefficient of annealed 
zircaloy [Equation (B-8.4)] . 



The for111 vl' Equation (B-8.14) has therefore been assumed. The constant coefficient of the 
cold work term is taken to be the value 0.55 as determined at room temperature since the 
room temperature data exhibit much less scatter than the high temperature data which were 
taken from several different sources. 

8.3.2 Efiect of Cold Work on the Strain Hardening Exponent. Figure B-8.6 illustrates 
the effect of cold work and irradiation on the strain hardening exponent, n, as determined 
at room temperature in Reference B-8.6. The strain hardening exponent of unirradiated 
material shown in Figure B-8.6; can be descnbed by the empirical relation 

n = 0.111 exp (-39.2 COLDW) + O . O ~ ( C O L D W ) ~  - O.lZ(COLDW) + 0.021. 

This expression is essentially a decreasing exponential function for small values of cold work 
and a slowly increasing parabola for large values of cold work. 

Key: 0p .n  Symhnls: Trnnavcru nirngtiyn 
Close0 5ymoas : Longlliiaianal U~rect~on 

0 9  T x y  . 
0 Un~rrodioted 

8 X 10" n/m2 . -------- 
A I . ~  R IU?. ti/m? -.- 
0 1.1 x 1 0 ~ '  n/m2 - -  

y = 0.111 exp ( - 3 9 . 2 ~ )  + 0 . 0 3 x e  - 0 . 0 1 2 ~  + 0 . 0 2  

0 0.1 0 .2  0.3 0.4 0.5 0 . 6  0 .7  0 .8  
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Fig. B-8.G Data and analytical futlcliulls fur slrair~ lrardaning coefficient as a function o f  cold work and irradiation at 
ambient temperature. . 

At higher temperatures, trends exhibited by the limited and scattered values of n 
(which have been obtained at 553 K [ ~ - ~ . ~  and 573 2 ]  ) are consistent with the 
assumption that the fractional changes in n with cold work are similar to  the fractional 
changes in n at room temperature. Thus the following functional relationship is assumed for 
the present model: 

n(temperature, cold work) = n(temperature) at cold Work *- 



When the expression for n as a function of cold work, given by Equation (B-8.15), is 
substituted into Equation (B-8.16), then for unirradiated zircaloy : 

where n (T) is given by Equation (B-8.4). 

8.3.3 Effects of Irradiation on K and n. The effect of irradiation on the strength 
coefficient was illustrated in Figure B-8.5. Although irradiation tends to  increase the 
strength coefficient, the increase is small and the data show n o  consistent pattern. Effects of 
irradiation on the strength coefficient are therefurt: 11ot modeled. 

The effect of irradiation on the size of the strain hardening exponent, n, is complex. 
Figure B-8.6 shows that the fractional change in n due to  irradiation at 333 K is large in 
annealed material and somewhat less in material that has been heavily cold worked. 
.Furthermore, the effect of irradiation is highly nonlinear. Increasing amounts of irradiation 
produce continually decreasing changes in n.. 

These features are described empirically in the irradiation model by expressing the 
ratiz zf the  ~a!l-!rl. of n after irradiation t o  the value of n before irradiation as an exponential 
multiplier with a moderating cold work dependent term in the argument of the exponent. 
The strain hardening exponent of irradiated material is then 

n  = n ( u n i  r r a d i a t e d )  exp[- ( f l  ~ e n c e ) " ~ / ( ~  + B COLDW)] (B-8.18) 

where 

and n(unirradiated) is defined in Equation (B-8.17). 

This model is assumed to  be valid up to  thermal annealing temperatures [B-8.101 
' 

8.3.4 Thermal Annealing of Cold Work and Irradiation Damage. Only crude 
estimates of the effects of thermal annealing on cold work and irradiation-induced changes 
are available in the literature. ~ i c k m a n [ ~ - ~ - l  51 has commented that most irradiation effects 
anneal out at 653 K, and Reference B-8.12 shows annealing curves for irradiation damage 
which demonstrate annealing at about 700 K. The comparison of ultimate tensile strength 
data on stress-relieved tubing with tensile strength data from annealed material [B-8.51 
shows that differences due to  cold work which are present at 700 K are completely annealed 
out at 866 K. Thus cold work and irradiation effects anneal over different temperature 
ranges. 



The limited data on the effects of annealing are approximated by "turning off" the 
irradiation effects (i.e., the fluence) as a linear function of maximum temperatures between 
550 and 700 K. Similarly the cold work is "turned off" over the range from 775 to 850 K. 
The minimum terriperalure was then determined to be consistent wlth the linear model 
developed in Sectio~l B-8.3.3 Tor Lhc cffccts of cold work on Kt, wit11 tl~t: valueb 01' Kt for 
70% cold-worked tubes which had been stress relieved at 783 K [B-8. 1 , and with values of 
K' 1'ur the tubes which had been annealed at 922 K [ ~ - ~ . ~  1 .  The model is preliminary, both 
because the temperature dependence of annealing i s  approximate and because no 
connidcrntinn is givcn to the time spell1 aL l ~ ~ a x l l ~ ~ u r r ~  Lurnpcraturc. 

Examploe of CSTREF, Output 

Predicted values for true and engineering stress as a function of true strain at several 
3 telnperatures and a strain rate of 10- 1s are presented in Figure B-8.7. The figure represents 

fully annealed tubing, and the stress at 300 and 600 K is noticeably less than the stress 
predicted for cold-worked and stress-relieved tubing normally uscd in pressurized water 
reactors. 

Figure 13-8.8 illustrates predicted effects of cold work and irradiation on the true 
3 stress-true strain curve at 600 K and a strain rate of 10- 1s. Yield points and rupture points 

as predicted by the subroutine CMLIMT are included in the figure only to camplete the 
illustration. The su;broutines CSTRES and CSIGMA will calculate and return stresses even if 
the input strain is larger than the rupture strain. However, in CSTRES, values of stress are 
limited to  a maximum of 1 .O1 times the values predicted for a strain of unity. 

The predicted effect of strain rate is illustrated by Figure B-8.9 which presents true 
stresses prcdictcd for strain rates from to 10;l/s at 900 K.For strain rates outside 
these limits, CSTRES defaults to the nearest strain rate within this range, so the curves for 
strain rates of 1 o - ~  to 1 o - ~ / s  bound the predicted values of true stress at 900 K. The relation 
between temperature and strain rate effects can be estimated by noting that the strain rate 

* 

sensitivity constant predicted at 900 K by CSTRES is 0.134. The predicted strain rate 
sensitivity constant increases with increasing t~mperature to values of nearly 0.4 at  tho 
meltrng paint and to values of 0.63 for low strain rates at the center of ' the alpha-beta phase 
transition (see Figure B-8.1). 

8.5 Cladding Stress Subcodes CSTRES and CSIGMA Listings 

Listings of the FORTRAN subcodes CSIGMA for calculating true stress and CSTRES 
for calculating both true and engineering stress as a function of true strain are given in 
Tables B-8.1 and B-8.11 respectively. 
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T A B L E  B-8. I 

L I S T I N G  OF THE CSIGMA SUBCODE 
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LISTING OF THE CSTRES SUBCODE 
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TABLE 8-8. I I (cont inued) 

1)-8.9. J. A. Deariei~ et a.1, I;RAP-'T2: A Computer Code ,for Tratzsierzt ~rzalysis o f  Oxide 
Fuel Rods, TREE-NUREG-1040 (March 1977). 

B-8.10. J. A. Dearien et al, FRAP-S2: A Computer Code for the Steady State Analysis o f  
Oxide Fuel Rods, TREE-NUREG-1107 (July 1977). 

B-8.11. A. Cowan and W. J .  Langford, "Effects of Hydrogen and Neutron Irradiation on the 
Failure of Flawed Zircaloy-2 Pressure Tubes," Journal o f  Nuclear Materials, 30  
(1 969) pp 27 1-28 1. 

B-8.12. L. M. Howe and W. R. Thomas, "The Effects of Neutron Irradiation on the Tensile 
Properties of Zircaloy-2," Journal o f  Nuclear Materials, 2 (1 960) p 248-260. 

B-8.13. G. J. Salvaggio, "Effects of Irradiation on Mechanical Properties," Properties 0.f 
Zirculuy-4 Tubing, WAPD-TM-585 (De~errlber 1966). 

B-8.14. G. ,F. Fieger and D. Lee, "Strength and Ductility of Neutron Irradiated and 
Textured Zircaloy-2", in Zirconium in Nuclear Applications, ASTM-STP-55 1 (1 973) 
pp 355-369. 

B-8.15. D. 0. Pickman, "Properties of Zircaloy Cladding," Nuclear Engineering and Design, 
21, (1972) pp 212-236. 
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9. CLADDING STRAIN VERSUS STRESS (CS~I~KANJ 

In this subroutine, strain is calculated as a function of true stress, true stress rate of 
change, cladding temperature, maximum previous cladding temperature, cold work, and fast 
nmtron fluence. Both elastic and plastic stress-strain curves are consistent with the relations 
used in CSTRES and CSIGMA. 

9.1 Summary 

In CSTRAN all input values of stress are assumed to  be true stressUa] and the output 
values are true strain[b] which are converted to engneering  strain[^] by using the 
expression: 

e n g i n e e r i n g  s t r a i n  = exp ( t r u e  s t r a i n )  -1 . (B-9.1) 

Both true and engineering strain are returned as output. 

Two different equations are used to  relate true strain to  true stress. In the elastic 
region, Hooke's law is used: 

where 

E = true strain 

o = true stress 

E = modulus of elasticity (calculated by CELMOD). 

In the plastic region the relation 

[a]  True stress = force per unit cross sectional area with the area determined at the instant 
of measurement (of the force). 

[b ]  True strain = change in length divided by the length at  the instant of change and 

integrated from initial to  final length 

[c] Engineering strain = change in length divided by the original length. 

245 
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where 

K = the strength coefficien.t'[a] , 

n = the strain hardening exponent[a1 

€ = the trae strain rate [ bl 

m = the strain rate sensitivity constant[". 

The transition from the elastic to  the plastic region is defined to  be the nonzero intersection 
of the curves resulting from Equations (B-9.2) and (B-9.3). 

The method used in CSTRAN to determine f of ~ ~ u a t i o n  (B-9.3) is selected by user 
specification of an integer value for the variable KINDOR (kind of rate). A value of 1 
instructs the subrou'hne to assume that u represents a constant stress rate, and a value of 2 
causes tho oubroutinc to nssumc and calculate a ~ullslcl~ll ~Llaill  ale cu~lespu~idi~ig Lo Uit: 

input value of u. A value of 3 causes CSTRAN to assume the given strain rate and ignore the 
input stress rate: Fur codes which employ time steps, the option KINDOR = 3 with strain 
rate determined from the two previous solutions for strain is the preferred use of CSTRAN 
because .this approach bypasses the complex steps necessary to  estimate strain rate from 
3trc33 rntc. 

When .the strain rate cannot be input from previous time steps, it is calculated from 
the solution of the.time derivative of Equation (B-9.3) with strain rate assumed constant. 
For constant stress rates, the strain rate solutions assuming '; = 0 are used to estimate the 
strain rate. Details of the calculation of strain rate for both the constant strain ratc case and 
the correction for constant stiess rates are discussed in Section B-9.2. 

For truc strain r a t ~ s  b ~ t w t t l l  l v 5 / h  i i 1 1 ~ 1  6.35 i 1 0 - ~ / s  in the tempemlure range.1090 
to 1255 K the strain rate sensitivity constant, m, in Equation (B-9.3) is a function of and;a 
more involved approach 'is needed to find and m, from thc available input. In this 
temperature.region (the alpha-beta phase transition), an iteration procedure is used in 
conjunction with the time derivative of Equation (B-9.3) to  obtain values for i and nl wlleli 
E is not input. Details of the iteration,procedure are discussed in Section B-9.2. 

Effects of cladding 'temperature, in-reactor annealing, cold work and, irradiation on 
mechanical properties are expressed as changes in the strength coefficient, K, the strain 
hardening exponent, n, and the strain rate sensitivity constant, m,  of Equation (B-9.3). 

[a] Expressions for these constants are discussed in the .description of CSTRES and 
CSIGMA. 

[b]  Values of;  are.limited to  the range of 1 O - ~ / S  to 10-l/s. 
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'I'hese eifects and the expressions Tor K, 11, and m as a funclion of temperatusc, cold work, 
and irradiation are the same as discussed in the description of CSTRES in Section B-8. 

9.2 Computation of Strain Rate When It Is Not Input 

In order to  obtain an expression for E from input values of o and u the time derivative 
of Equation (B-9.3) is used: 

1 

For constant strain rate the second term, -mz/;, is zero and the resultant expression in E can 
be reduced 

1 
m 1 - n  1 +; - 

n+m 
(B-9.5) 

which is the expression used in CSTRAN for finding the strain rate.when a constant strain 
rate is assumed. 

When & is not zero the second term of Equation (B-9.4), -mz/i, is approximated with 
constant strain rate values of E obtained from Equation (B-9.5) as follows: Constant strain 
rate values of E and E are found with input values of o and u.  Then E is increased by 5%, the 
corresponding new value of a is found with the cxprcssions used in CSTRES, and Equation 
(B-9.5) is again used to find E for the new value of a and the (presumed) constant value of u.  
Finally, ;i is taken to be the change in the constant strain rate values of E divided by the time 
between the two values[b]'and the appropriate correction term, -ma';/;, is added t o  6 in 
Equation (B-9.4) before determininga constant stress rate value for E with Equation (B-9.5). 

It should be noted that the term -m€/; in Equation (B-9.4) is a strictly mathematical 
description of the changing stress-strain contribution t o  i. This version of MATPRO does 

- . not contain any information about the .physical effects of nonconstant strain rates since the 
entire data base used to  construct the stress-strain curves is taken from constant strain rate 
tests. 

[a]  A more concise' I'czr~n of the exprcssion, rii/t. = ulo, is u s e f ~ ~ l  for checking the 
consistency of CSTRAN and CSTRES predictions but is of no direct use in the 

. computation of strain rate because the strain is not known. 

[b ]  For.constant stress rate the time between the two values is 
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In the temperature range 1090 to 1255 K (the alpha-beta phase transition region);m 
in Equation (B-9.3) is a function of E, so .a more involved.approach isneeded. As discussed 
in conjunction with the CSTRES subroutine, the expression for m is of the form: 

3 . g(;) = zero for E larger than 6..35 x 10- 1s and increases with . . 
decreasing i .  

In .order to find m, CSTRAN starts by using Equation (B-9:5) to find .the value .of 
corresponding to the low value m = f ( 1 )  ?his value of k is then used['] t o  find a revised 
value of m with Equation (B-9.6). 'The process is repeated through five iterations and the 
correction for constant stress rate discussed in the previous two paragraphs is applied at each 
iterztiiun when the consrant stress rate optiotl is specified. 

9.3 Examples of CSTRAN Expressions 

.Predicted values .%of true and engineering strain as a function of true stress at several 
temperatures are presented in Figure B-9.1; Predictions of the.deformation.behavior of fully 

3 annealed tubing at a constant strain rate of 10- /s are presented- which correspond to the 
curves.of Figure B-8.8 in the description of CSTRES .in Section B-8. 

.Figure B-9.2 illustrates the effect of different rates of stress at 900 K. Solid curves 
represent stress rates which vary to cause constant strain rates of 1 0-5, 1 oy3, and 10-' / s :~he  
.dashed cllrves illustrate the predicted strains for four different constant values of stress rate. 
A discontinuity in the curves for constant stress rites of 102 MPals and higher.is causcd by 
the artificial limit of 1s imposed on all strain rates. 

9.4 Cladding Strain Subcode CS'TRAN Listing . 

A listing of the FORTRAN subcode CSTRAN used for calculating strain as a function 
of stress .is given in Table B-9.1. 

[a] Unless E should fall outside the range of 1 o - ~ / s  to 10-l/s: 1f i is outside this range, the 
nearest limit of the range is substituted for E. 
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0 200 400 600 800 

True Stress (MPa) INEL-A-6185 

Fig. B-9.1 Values o f  true and engineering strain calculated by CSTRAN at sever4 temperatures and a constant strain rate o f  
10-31s. 



True Stress ('MPo) 

Fig. B-9.2 Effect o f  different constant rates o f  stress and strain o n  the values o f  true strain calculated by CSTRAN at 
900 K .  
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T A B L E  B-9.1 

L I S T I N G  O F  THE CSTRAN SUBCODE 

S U M K U U T I N E  C S T R A N  ( C F L U X ~ T I M E I C T E H P P C T H A X P C O L O O ~ K I N D O R ~ S T R E S T ~  
1 R S T R E S ,  R S T R A N I  S I R A N T I  S T R A N E I  

C S T R A N  C A L C U L A T E S  C L A D D I N G  S T R A I N  A S  A  F U N C T I O N  O F  
T R U E  C L A D D I N G  S T R E S S ,  T R U E  C L A D D I N G  S T R E S S  RATE,  C O L D  Y O R K P  
F A S T  N E U T R O N  F L U E N C E p  T E M P E R A T U R E ,  A N D  M A X I M U H  P R E V I O U S  
C L A D D I N G  T E M P E R A T U R E  

C T R A X  = O U T P U T  H A X I W U H  T E M P E R A T U R E  ( K l  
R S T R A N  * O U T P U T  T R U E  S T R A I N  R A T E  ( S * * ( - 1 1 1  
S T R A N T  O U T P U T  T R U E  S T R A I N  ( M f M I  
S T R A N E  = O U T P U T  ENGINEERING STRAIN I n i n ]  
C  F  L U X  
T I  RE 
C T E H P  c s  rial 
C O L D O  
K I  HDOP 

I N P U T  F A S T  N E U T R O N  F L U X  ( N E U T R O N S l ( ( f l * * Z I ( S l ) )  
I N P b T  T I H E  A T  F L U X  ( S )  
I N P U T  C L A D D I N G  T E M P E R A T U P E  ( K )  
I N P U T  H A X I H U H  C L A D D I N G  T L M P C R I T U R E  ( K l  
I N P U T  C O L D  U O R K  ( U N I T L E S S  R A T I O  O F  A R E A S ]  
I N P U T  K I N D  O F  R A T E  I N D E X  
1 = C G N S T A N T  S T R E S S  R A T E  
2  = C O N S T A N T  S T R A I N  R A T E  FROW I N P U T  S T R E S F  R A T E  
3  = A V E R A G E  S T R A I N  R A T E  A S  I N P U T  W I T H  R S T R A N  
I A P U T  T R U E  S T R E S S  ( P A 1  
I ~ ~ F L I T  T ~ u e  S T R E S ~  R A T E  ( F A ~ ~ I  

T H E  E O U . A T l O N S  U S E D  I N  T H I S  S U B R O U T I N E  ARE B A S E D  ON D A T A  F R O M  
( 1 1  C.C. B U S B Y  I N  U A P D - T f l - 5 8 5 ,  P R O P E R T I E S  O F  Z I R C A L O Y  - 4  T U B I N G I  
C.C. WOCDS r E D .  A P P E N D I X  C  A N 0  P A G E S  6 5  F F  ( 1 9 6 6 1  
( 2 l U L T l W A T E  S T R E N G T H  D A T A  O F  H.C. B R A S S F I E L O B E T  AL.  U S A F C  R E P O R T  
G E P P - 4 8 2 ( 1 9 6 8 1  
1 3 1 A . L .  B E W E h ' T p  JR.9 E F F E C T S  O F  C O L D  U O R K  A N D  N E I J T R O N  
I R P A O I A T I Q N  O N  T H E  T E N S I L E  P R O P E R T I E S  O F  Z I R C ' A L O Y - 7 r  
U S  AEC RE P O R T  H h - 7 4 9 5 5  
( 4 )  A. C O W A N  A h 0  b .J .  L A N G F O R O  J e N U C L E A R  H A T E R .  
3 0  2 7 1 - 2 8 1  (19691 
1 5 1  1 . M .  HnUF AND U.R. THOMAS,  J ,  N U C L E A R  M A T E R .  i -  i i 6 6 o i  2 4 8  ' 

6 )A .M.GARDE I N  A N L - 7 5 - 5 8 ,  L I G H T  h A T E R  R E A C T O R  S b F E T Y  
R E S E A R C H  P R D G R A H  Q U A R T E R L Y  P R O G R E S S  R E P O R T  A P R I L  - J U N E  
1 9 7 5  P A G E S  4 7  - 83 ( S E P T E M B E R  1 9 7 5 )  
(71A.W.GARDE I N  A N L - 7 5 - 7 2 r L I G H T  U A T E R  R E A C T O R  S A F E T Y  
R E S E A R C H  P R O G R A H  Q U A R T E R L Y  P R O G R E S S  R E P O R T  J U L Y - S E P T E M B E R  
( 8 1  R.L. M E H A N  A N D  F.U. W I E S I N G E R I  M E C H A N I C A L  P R O P E P T I E S  
O F  Z I R C A L O Y - 2 ,  K A P L - 2 1 1 0  
( 9 )  D. L E E  A N D  U.A. B A C K O F E N  T M S - A I M E  2 3 9  1 0 3 4 - 1 0 4 0  ( 1 9 6 7 1  

C O N V E R S I O N  F R O H  P A  T O  P S I  I S  1 . 4 5 3 5 E - 0 4  ( P S I I P A I '  

C S T R A N  C R I G I N A L L Y  C O O E D  B Y  WL M I L L E R  A N D  RR H G B B I N S  M A P C H  1 9 7 4  
C S T R A N  WAS L A S T  M O D I F I E D  B Y  D L  H A G R W A N  A U G U S T  1076 

C O L D U  = C O L D O  
F N C E  C F L U X * T I W E  
I F  ( C T E M P - C T W A X )  2 ~ 2 ~  1 
C T V A X  = C T E H P  
T  = C T E H P  
I F  ( 1 - 7 3 0 . 1  7 9 7 ~ 7 3  
A H  2 .OOE-2  
GO T O  9 
I F  ( 1 - 7 5 0 .  I 7 4 r e ~ B  
AM - 2 . 9 1 9 1 6 2 5 E 0 0  + 4 . 0 2 6 2 5 E - 3 * T  
GO TO 9 
A H  . - 6 . 4 7 E - 2 + 1 * 2 . 2 0 3 E - 4  
I F  ( 1 - 8 5 0 . )  10119r19 
I F  ( C T f l A X - 8 5 0 .  I 1 2 , 1 1 1 1 1  
C O L D U  0.0 
F N C E  = 0.0 
GO T O  1 6  
I F  ( C T f l A X - 7 7 5 . )  54 ,13 ,13  
C O L D U  C O L O h * ( 8 5 0 .  - C T M A X l 1 7 5 . 0  
I F  ( C T W A X - 7 0 0 . 1  1 4 ~ 5 5 ~ 5 5  
F N C E  0.0 
GO T O  1 6  
I F ( C T M A X - 6 2 0 . 1  1 6 r 1 5 , 1 5  
F N C E  F N C E *  ( 7 0 0 .  - 7 1 1 8 0 .  
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TABLE B-9.1 (cont inued)  

1 8  A K  = ( E X P ( 3 . 4 1 7 E l +  T * ( - 2 . 6 6 3 0 E - 2 +  T * ( 1 . 1 5 6 9 E - 5 -  T * 1 . 7 1 1 1 E - 9 1 ) ) ) *  
t (1.0 t 5 . 4 6 E - O l * C O L O U )  

G O  T O  4 0  
19 A N  = 0 . 0 2 7 9 0 6  

A K  = E X P  ( 3 . 4 1 7 E 1 +  T * ( - 2 . 6 6 3 0 E - 2 +  T * ( 1 . 1 5 6 9 E - 5 -  T * l . ? l l l E - 9 ) ' ) )  
2 0  I F  ( 1 - 1 0 9 0 . 1  4 C s 4 0 ~ 2 1  
2 1  I F ( T - 1 2 5 5 . 1  2 2 ~ 4 0 b 4 0  

C S A N O R h O  
C S A N O 8 7 0  
C S A N O 8 8 0  
C S A N O e Q O  
C S A N 0 9 0 0  
C S A N 0 9 1 0  
C S A N O 9 2 0  
C S A N 0 9 3 0  

C S A M O V P O  
C  S b N 0 9 8 0  
C f  A N 0 9 9 0  
C S A N 1 0 0 0  
C S A N l O l O  
C S A N l O 2 O  iiiEiiEH 
C S A N 1 0 6 0  
C S A N 1 0 7 0  
C S A N l O 8 O  
C S A N 1 0 9 0  
C S A N 1 1 0 0  
C S A N l l l O  
C S A I i l l Z O  
C S A N 1 1 3 0  
C f A N l l 4 0  
C s A N l l T S O  
C  S A N 1 1 6 0  
C  A N 1 1 7 0 '  
c S A N i i 8 o  c s A N 1  90 

C S A N 1 . 2 0 0  
C S A N l Z 1 0  
C S A N l 2 2 O  
C S A N 1 2 3 0  
C S ' A N 1 2 4 0  
C S A N . 1 2 5 0  
C S A N l 2 6 O  
C S h N 1 2 7 0  
C S A N 1 2 8 0  
C S A N 1 2 9 0  
C S A N 1 3 0 0  
C S A N . 1 3 1 0  
C S A N 1 3 2 0  
C S A N l 3 3 0  

C  S A N 1 3 7 0  
C S A N 1 3 8 0  
C S A N 1 9 9 0  
C S A N 1 4 0 0  
C S A N 1 4 1 0  
C ' S A N 1 4 2 O  
C S A N l 4 3 0  
C S A N 1 4 4 C '  
C S A H l ~ ' t 5 0  
C S b N 1 4 h 0  
C S A N l 4 7 0  
C S A N 1 4 8 0  
C S A N 1 4 9 0  
C S A N 1 5 0 0  
C S A N l 5 l O  
C S A N 1 5 2 0  
C S A N 1 5 3 0 .  
C S A N 1 5 4 0  
C S A N 1 5 5 0  
C S A N 1 5 6 0  
C S A N 1 5 7 0  
C S A N l 5 8 0  
C S A N 1 5 9 0  

S A N 1 6 2 0  
C S A N l 6 3 0  
C S A N l 6 4 0  
C S A h 1 6 5 0  
C S A N 1 6 6 0  
C S A N 1 6 7 0  
C S A N 1 6 8 0  

S T R A I N  R A T E  C b  
' R A ~  = 1 . 0 4 ~ ~  
T T f T - 1 1 7 2 . 5 1  7 

L C U L A T  

7 . 7 3 . 2  

I O N  F O R  1090 - 1 2 5  

4 

5  K E L V I N  F O L  

T M F  = 7-1090. 
GO T O  2 5  
T H P  = 1 2 5 5 . - T  
I F  ( K I N D O R - 3 )  6 
I F  ( R S T R A N - 6 . 3 4  
T F  I R S T R A N - 1 . O C  
R S T R A N  = 1 .OE-  
A M  A M  + 6.7 
G O  T O  100  
I F ( S T R E S T  - (1 
S T R E S K  1 C O . O  
G O  T O  3 5  
S T R E S K  S T R E S  
P R O  R A N * ( R S T  
I I  ( R f T R C S m L T o C  
R S T R A N  = ( 1 . O E  

I A N  + 
I F ( R S T R A N - 1 1 0 C - 5 )  2 6 . 2 7 . 2 7  

2 0  R S T P A N  1 o O C - 5  
2 7  I = U 
7 1 I = I t 1  . -  - 

IF ( R s ~ R ~ i - 6 . 3 4 ~ - 3 )  Z t 9 3 6 9 3 6  
2 8  A R R  = A M  t 6 . 7 e E - 2 * A l . O G ( 6 . 3 4 E - 3 / R S T R 2 A N  

I F  ( P R D . L T . 0 . )  GO T O  2 9  
R S . T R A N  = (1  . O E - 3 ) * ( P R D * * ( l /  ( ~ + A ~ ~ R * R R A N )  

# ( b N  + A H R  ) ) I  
I F  ( R S T S A N - 1 . C E - 5 )  2 9 9 3 0 9 3 0  

P 9  R S 1 2 A N  - 1 . O E - 1  
G O  Tn 3 0  

C O R R E C T I O N  F C R  C G h S T A N T  S T R E S S  R A T E  C A  
6 1  A R C 3  = A K  * ( ( R S T R A N / l . O E - 3 ) * * b n R )  

I F . ( ( S T R E S T / A R G 3 ) - l . O l E O 1  5 1 r 5 0 ~ 5 O  
5 0  S T P E S 4  1 . O I E C  A P G 3  

G U  T O  5 7  

S E  F O L L O W S  

5 1  i i ~ ~ 3 4 - i  S T R E S T  
5 3  S T R A N :  = ( S T R E S 4 / A R G 3 1 * * R A N  

S T R A N ,  a S T R A N 4  + l t O S C O  
S T R E S 5  A R G 3  * ( S T R b h 5 * * A N )  
R S T R N 5  = ( l . O E - 3 ) * ( ( ( l / A N I * ( R S T R  

U ( ( S T R E S 5 / A K ) * * ( ( R A N - 1 ) /  
I F ( R S T R N 5 - I . C E - 5 )  5 6 , 5 7 9 5 7  

5 6  R S T R N 5  + 1 . O E - 5  
5 7  I F  ( R S T P N S - 1 . 1 E - 1 )  6 ' 1 j 6 4 ~ 6 3  
h 9  R S T R N S  - 1.1F-l 
6 4  S T R S K 4  = S T R E S 4 / A K  

R C G R R  = ( ( R S T R N 5  - R S T R A N ) * R S T R E  
# S T R S K 4  

R S T R S K  R S T F E S / A K  - R C C R R  ' 

I - F ( K S T R S K . L T . 0 . )  GO T O  5 8  
R S T R A N  ( l . C E - 3 ) * ( ( ( 1 / A N ) * ( R S T R  

1! ( S T R S K 4 * * ( ( R A N - l ) / ( l + A M  
I F  ( R S T R A N - 1 . 0 E - ' I  5 8 , 5 9 9 5 9  

5 8  R S T R A N  = 1 . 0 E - 5  
I F  ( ' R S T R N 5 . G T . l . G E - 1 1  R S T R A N  7. 

5 9  I F t R S T R A N - 1 . G E - 1 )  3 7 , 3 7 9 6 0  
6 0 .  R S T R A N  1 . O E - 1  
3 7  I F I I - 5 )  7 1 9 7 2 ~ 7 2  
7 2  C O K T I N U E  

A M  = AMR 
G O  T O  1 G O  

S T R A I N  R A T E  C b L C U L A T I C N  F O R  A L L  B L T  1090 - 1 2 5 5  K F L V I N  F O L L O U S  
4 0  R A N  = 1 . O I A N  

I F  ( K I N D O R - 3  1 6 k r 9 6 9 9 6  
6 6  I F ( R A N . G T . 5 G O . )  R b N  = 5 0 0 .  

I F  ( A N  -0.011) 4 7 9 4 7 9 4 e  
4 8  I F ( S 1 R t S T  - ( l O . * b K ) )  4 5 9 4 5 9 4 9  
4 9  S T P E S K  1 C .  

CD T O  4 6  



I F  ( S T R E S T  - ( 1 . 5 * A K )  1 4 5 9 4 5 9 4 4  
S T R E S K  = 1 . 5  
G O  to 4  
S T R E S K  
I F  ( R S T R  
P.S 1PP.N 

I F  ( P S T R  
R S  T R A N  
I T  ( R S T R  
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-_ 10. CLADDING MECHANICAL LIMITS (CMLIMT), CLADDING STRAIN 

.AT RUPTURE (CSRUPT), AND CLADDING LOCAL STRAINS 

AT RUPTURE (CLOCRP) 

Three subroutines are provided to  describe zircaloy cladding mechanical limits, 
circumferential elongation at failure, and strain at  rupture. The first, CMLIMT, calculates 
true and engineering values of strain at yield, instability strain, total circumferential strain a t  
rupture, yield strength, and ultimate strength. The second, CSRUY'I', repeats the correlation 
for total circumferential strain a t  rupture and adds expressions for the uncertainty of the 
correlation. The third, CLOCRP, predicts local strains at  failure of zircaloy cladding in the 
temperature range 1050 - 1370 K.  'CMLIMT is designed for general use with fuel rod 
analysis programs while CSRUPT is designed specifically for use with subcodes which 
describe fuel rod integrity limits using a statistical approach. The CLOCRP subroutine is a 
preliminary code intended for use with, models which predict local strains as a function of 
local temperature. 

10.1 Summary 

The required input information for CMLIMT is cladding temperature, maximum 
previous cladding temperature, cold work, fast neutron fluence (> 1Mev) and strain rate. 
The equations used by CMLIMT for true strain at yield, true yield strength, and true 
ultimate strength are: 



m 

True U l t i m a t e  S t reng th  = K ($) nn 

where 

K = strength coefficient 

11 = strain hardening exponent 

t - ~.l.ur, strain ratela] 

m = strain rate sensitivity exponent 

E = Young's modulus. 

The values of' K, n,  and m are calculatcd in CMLIMT from the input parameters as discussed 
in the description of CSTRES (Section B-8), E is obtained by calling the function 'CELMOD 
(S.ection B-7), .and a value for ; is required input information. The strain rate, .;, should.be 
determined from values.of strain closely spaced in time. Values of rate which are averaged 
over long pcriods of time may fail to ~l.nvir.1~ A goor1 rlr,sr:riptinn of the instantaneous state 
of the material. 

The following four correlations predict circumferential elongation of cladding at ' 
' rupture: 

for temperatures less than 1090 K 

- 7  2 STRRPE = (0.198 + 4.16. x I O - ~ T  + 2.06 x 10  T ) R  (B- 1 0.4a) 

[ a ]  Values of; used by the subroutine are limited t o  the range 1 u - ~  through 10-~ /s .  



for temperatures between 1090 and 1 170 K [ ~ ]  

STRRPE = 9.06231055 - 7.491855 x ~ O - ~ T  

for temperatures between 1 170 and 1600 K 

for temperatures greater than 1600 K 

STRRPE = 0.60208 

where 

STRRPE = circumferential elongation at rupture i.e. (rup- 
ture circumference minus initial circum- 
ference divided by inital circumference) 

T - - temperature at rupture (K) 

R - - 'factor which accounts for the effects of 

irradiation and cold work on the circum- 
ferential elongation of zircaloy cladding at 
rupturc. 

R equals 1 for annealed material and decreases with irradiation or cold work as described in 
Section B-10.3. 

The instability strain for biaxial stress states returned by CMLIMT is one-fourth the 
circumferential elongation of unirradiated and annealed cladding 

I n s t a b i  1 i t y  S t r a i n  = STRRPE/R. (B-10.5) 

The expected standard of the prediction for circumferential elongation is 
given by the following analytical expressions: 

for temperatures less than 800 K 

a = t h e  s m a l l e r  o f  0 . 0 8  o r  t h e  p r e d i c t e d  v a l u e  (B-10.6a) 

[a]  Use of several significant figures is required to  avoid discontinuities in the expressions 
at the boundaries between different temperature regions. 

[b] The standard error of a model is estimated with set of data by the expression: (sum 
of squared residuals/number of residuals minus the number of degrees of freedom) I*. 



for temperatures between 800 and 1090 K 

for ,tcmpcruturcs ubovc 1 1 70 IC 

Both engineering and true values of stress and strain are returned by CM,LIMT and 
CSKUPT. In order to obtain engineering strains o r  stresses from the values of true strainla] 
or true stressub'l in Equations (B-10.1) to  (B-10.3) the true values are converted to  
enginesring ctresc[F] or engineering ctrainldl ucing the relations 

e n g i n e e r i n g  s t r e s s  = 
t r u e  s t r e s s  

exp ( t r u e  s t r a i n )  

e n g i n e e r i n g  s t r a i n  = exp ( t r u e  s t r a i n )  - 1. (B-10.8a) 

The inverse of Equation (B- 1 O.Sa), 

t r u e  s t r a i n  = an ( e n g i n e e r i n g  s t r a i n  + 1 ) (B~10.8b) 

is used with the engineering strains from Equations (B-10.4) to obtain true strains at 
rupture. 

Cladding local temperature is the only required input information for the local strain 
subcode (CLOCRP). For temperattires in K,  true local radial (wall thickne.ss) and true local 
circumferential strains at rupture are given by the correlations 

, . 
C i r c u m f e r e n t i a l  s t r a i n  = -0.415 + 0.001368 x  Temperature (B-10.9) 

- - -- - 
[a]  True strain = the change in length divided by the length at the instant of change and 

integrated from initial to final length 

[b l  True stress = the force per unit cross sectional area with the area determined a t  the 
instant of' measurement of the force. 

[c]  Engineering stress = the force per unit cross sectional area with the area determined 
when the strain was zero. 

[d l  Engineering strain = the change in length divided by the orignal length. 



R a d i a l  s t r a i n  = -0.0107 - 0.001305 x Temperature. (B-10.10) 

Corresponding values of engineering strain are calculated with expression (B-10.8a). The 
CLOCRP subcode is preliminary since it is based only on seven cross sections of tubes burst 
between 1090 and 1320 K. However, surprisingly consistent results were obtained with 
these few tests. Local circumferential and local radial (wall Lhlckr~ess) st~.air~s at ~ u p t u r t  are 
found to  be closely approximated with linear functions of temperature. This implies that 
the pronounced minimum in average circumferential expansion during the alpha-beta phase 
transition is a localization of circumferential'stiain rather than a reduction of the local strain 
required for rupture. Since local circumferential strain .and local radial strain are related 
during deformation and at rupture, either component of stiain is a candidate for use as a 
fhilurc criterion. Both strains to  rupture are developed here, but the, change irr radial strain is 
based on simple direct measurements and is therefore the preferred criterion for failure 
when cladding wall thickness can be determined. 

The following section describes the derivation of Equations (B-10.1) to  (B-10.3). The 
determination of the correlations for circunlferential rupture strains and biaxial instability 
strains, Equations (B-10.4) and (B-10.5), is discussed in Section L3-10.3 and the expressions 
for the standard error of the rupture strains are discussed in Section B-10.4. The derivation 
of Equations (B-10.9) and (B-10.10) is discussed in Section B-10.5. Examples of the output 
of CMLIMT and CSRUPT are presented in Section B-10.6. A listing of the CMLIMT, 
CSRUPT, and CLOCRP subcodes is presented in Section B-10.7. 

10.2 Derivation of Expressions Used for Yield Points and Ultimate Strength 

The yield point is taken to  be the nonzero intersection of the stress-strain curves given 
by Hooke's law for the elastic region 

and by the modified power law used in CSTRES and CSTRAN for the plastic region 

where the symbols in Equations (B-10.1 1) and (B-10.12) have been defined in 
Section B-10.1. Solution of these simultaneous equations gives th'e yield strain and yield 
strength described by Equations (B-10.1) and (B-10.2). 

In the present model, plastic instability under uniaxial stress is assumed to  begin at the 
point of maximum load (maximum engineering stress) which is in turn assumed to  be at a 
true strain equal to  the work hardening,exponent. When a value of n is substituted for E in 
Equation (B-10.12), Equation (B-10.3) for ultimate strength is obtained. 



10.3 Derivation of Expressions .Used for Strain at Rupture and'Biaxia1 Instability Strains 

Equation (B-10.4a) with R = 1 for .annealed tubing at temperatures below 1090 K was 
o b t a i n e d  f r o m  a l eas t  squares fit to data taken from tests in inert 
atmospheres[B-lO.l - B-10.41, since low temperature test results in steam have not ye t  
been published. Data from References B-10.1 and B-10.4 are from isothermal tests on 
annealed tubes while the other two sources describe transient tests on cold-worked and 
stress-relieved tubes at temperatures which are sufficiently high t o  anneal the cold work 
effects. 

For temperatures above 1090 K where the beta phase of zircaloy is expected t o  be 
present, Equations (B-10.4b), (B-10.4~) and (B-10.4d) are based on tests in steam 
environments [B-10.5 B-10-8]. The most conspicuous effect of the steam environment is 
the lack of the second maximum of circumfcrential clongation sccn in incrt atmosphere 
data[B-l O s 2 9  B-l Oa3 . In steam, the circumferential elongation is limited both by the 
localization of circumferential strain under axial cracks in the surface oxide layer and by the 
fact that temperatures vary substantially around the circumference [B-10.8]. Equation 
(B 1 0 . 4 ~ )  is a loaot cquarcs fit to thc data in stcam roportod in P.aference~ B-10.5 to B-10.8. 
Equation (B-10.4b) was constructed by inspection of the limited data in the region from 
1090 to  1 170 K (the f rst half of the alpha-beta transition region of zircaloy). The 
circumferential elongation to failure was set equal to  a constant in Equation (B-10.4d) 
simply because of the lack of data. Analytical expressions for the circurnfcrential clongation 
at rupture of cold-w orked o r  irradiated cladding are obtained by multiplying the elongation 
of annealed cladding by the factor R used in Equation (B-10.4a). R is defined by 

where 

P = all effects o icold  work 

Q = all effects of irradiation. 

When annealing has not occurred, the values of P.and Q are: 

. P = [  
exp (-21 x COLDW) + 0.33 

0 1 .33  1 
and 

1 + 2 exp (-FNCEI~ oZ3) 
QO = I 3 I 

where 

COLDW = cold work (fraction of cross sectional area reduction) 

2 FNCE = fast neutron fluence (neutronslm ). 
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Equations (B-10.14) and (B-10. I 5 j arc based on data of Reference B-10.9 T I ~ I I I  Lel~sile 
tests using flat plates because measurements of circumferential elongation to rupture as a 
function of irradiation and cold work in a single lot of tubing are not available. The axial 
elongation to failure in tensile tests is known to  differ from circumferential deformation to 
rupture [B-lO-lO].  However, the ratio of circumferential strains of highly irradiated and 
annealed tubing is similar to the ratio of axial strains measured during tensile tests or 
irradiated and annealed material. 

Figure B-10.1 compares the ratios obtained using the values of elongation at failure 
reported in Reference B-10.9 and the model based on these data [Equations (B-10.14) and 
(B-10.15)l. Cold work to  an area reduction of 0.1 causes a drastic change in ductility but 
further cold work has little effect. Irradiation effects have become saturated by the time the 
fast neutron fluence is neutrons/m2. Since typical end-of-life values uf fast fluence are 
4 x 1 025 nelttrnns/rn2, most of the change in strain to rupture of the cladding occurs at 
beginning-of-life. 

1 I I 
Model Doto 

Unirrodioted - - - - 8 X Neutrons / m 2  - - - 1.1 X 1 0 2 ~  Neutrons/m2 - - - X 1 . 1  X Neutrons/m2 - - 

- 

.a 
- 

rn -;--- ----- -- 
X X 

* A A ----------- 
1 I I 

Cold Work, Froction of Areo Reduction ( m/m ) WC-A-9311 

Fig. B-10.1 Ratios of elongation at failure for samples with varying amounts of cold work and fast neutron fluence to 
elongation at failure of an annealed sample. 



The effect of annealing of irradiation damage on circumferential elongation is 
modeled by modifying the fluence dependent factor in Equations (B-10.14) and (B-10.15) 
to cause reduction of the effects of irradiation when the maximum cladding temperature.has 
been in the range G20 to 700-K; Tlie exp~essiur~ COI. Q i ~ i  Eyuatioll (B-10.13) is then 

700 - CTMAX) + ( C ~ M A X  - 620) 
= '0 ( 80 8 0 

where 

CTMAX = previous maximum cladding tempcraturc 

Qn 
- - urigirlal fluerice dependenl faclor of Equation (B-10.15). 

The model for the annealing of the effects of irradiation is based on recent burst 
tests[D-lO-lO] of commercial fuel rods which show an increase in circumferential 
elongation .beginning between the temperatues of 589 and 644 K and continuing to 
temperatures of 700 I<. It should .be noted that these tests have also shown a sigi~ificant 
strain rate.effect at 644:K which has not yet been modeled. 

The effect of annealing of cold work on circumferential elongation is modeled by 
rilocli[yirig tlie cold-work deperiderit factor in Equation (B-10.'13) over the terrlyerature 
range "755 to 850 K so the factor is changed .from bits original value .to 1 .as temperature 
increases from 775 t o  850 K. The expression used is 

850 - CTMAX) + (CTMAX7; 7 7 5 ) .  
= Po ( 75 

where 

P - - the cold work dependent factor in Equation 
(R-10.13) 

CTMAX = previous maximum cladding temperature (.K) 

Po 
- - the original cold work dependent factor of 

Equation (B-10.1.4). 

The model had to be based on the annealing behavior of the strength coefficient as discussed 
in CSTRES since no detailed observations characterizing the effect of annealing of cold 
work on circumferential elongation have been reported. 

The correlation for the biaxial stress state instability strain [Equation (8-1 0 .5 ) ]  is 
based on data reported in Figures 111-20 and 111-22 of Reference B-10.11. The data and the 
MATPRO correlation are reproduced in Figure B-10.2. Since the two figures of Reference 
B-10.11 refer to different heating rates and different applied constraints, no  effort was made 
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Fig. B-10.2 Measured values of instability strain from W. R .  Smalley compared to the MATPRO correlation for total 
circumferential elongation: 

' I 1 I I .  I . Unconstrained115K/s 
/ Axially constrained 5 K/s 

- / 0 , , Total circumferential - 

to produce a careful correlation at this time. The data conform roughly to one-fourth the 
circumferential elongation at rupture predicted by Equations (B-10.4a) through (B-10.4~) 
and this va1ue.i~ used as a correlation for the biaxial instability strain. 

10.4 Uncertainty of the Prediction for Strain at Rupture 

\ - 
elongation correlation 

Equations (B-10.6a) through (B-10.6d) are based on standard errors of the model as 
evaluated by its own data base. These results are listed in Table B-10-1. 
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Equations (B-10.6a) and &(B-10.6&) state results listed in Table B-10.1. Equation 
(B-10.6b) was obtained by noting that the scatter of measured values of strain at rupture 
increases as the beginning of the alpha-beta transition is approached. The average value for 
the region from 800 - 1090 K, 0.26, is assumed t o  apply to the middle of the temperature 
range 800 - 1090 K, and the uncertainty is assumed.to increase linearly up to  1090 K. In 
the region f ron~  1090 t o  1170 I< Equation (B-10.6~) was derived by assuming the 
uncertainty decreases from its value at 1090 K t o  the value found for .data taken above 
1170 K. 

. 10.5 ~er iva t ion  of Expressions Used for Local Strain 

Photographs of cross sections taken perpendicular to  the axis of several zircaloy tubes 
burst at Argonne Natlonal ~ a b o r a t o r ~ [ ~ " l ~ . I ~  - were used to  determine strain 
c o n ~ p o n e ~ ~ t s  at cladding rupture. Expansion of the tubes was assumed to  consist of two 
parts. The first part, uniform expansion, is assumed t o  be symmetric in the plane of the 
tubing cross sectionIa] and the second part, ballooning, is assumed t o  consist of equal axial 
and ci~cumfc~cntial  strains localizcd on thc sidc of thc tubc which burnt. Ncithcr of thcsc 
assumptions has been verified, but neither is necessary to  determine radial strains. The 
assumptions will affect only the relative values of circumferential and axial strains. 

- .In order to  find local uniform strains, the center of curvature of the side of the tube 
away from the burst was located by drawing chords on the side of the cross section opposite 
.the burst and constructing perpendiculars to  the chords, as illustrated in Figure B-10.3. The 
uniform circumfere,ntial strain was calculated by comparing the circumference of the circle 
-constructed at the cen-ter of curvature t o  the circumference of the original tubingfB-lo.' 21. 
Local strain was assumed to  be equal to the average circumferential strain. Local radial 
strain during uniform deforination was computed from measurements of claddin . wall 
thickness in the circular 'part of the cladding cross section and published values [B-10.921 of 
the initial wall thickness. Local axial uniform strain was calculated using the 

Ibl incompressibility relation . , 

exp ( R , )  exp ( F  ) P X P  ( ) =: 1 z r 

- €0 , Ez, Er  - the circumferential, axial, and radial compo- 
nents of local true strain. 

[a]  The assumption of symmetric deformation during the first part of these tests may be 
reasonable because circumferential variation in temperature should be minimized by 
the use of self-resistance heating. 

[ bl In terms of engineering strains, the relation is (1 + ee) (1 + eZ) (1 + ef) = '1 where ee ,  
e z ,  and er are the circumferential, axial, and radial components of local engineering 
strain. 



- 
Fig. B-10.3 Cross section, perpendicular to the axis, of a zircaloy tube &owkg location of the center afcurusture of the 
side opposite the burst regwn. 

Strains during the balIooning part of the deformation were calculated by measufhg 
the wall thickness adjacent to the burst[a1. The radial strain during the ballooning part is 
given by 

- = I n  'burst 
* r 'uniform 

[a] Most burst edges displayed a fracture-like line approximately 45 degrees from the 
radial direction. The wall thickness was measured adjacent to this line or, if the line 
could not be distinguished, 0.25mm from the burst tear. 



where 

~ r '  
- - true local radial strain during the 

ballooning deformation 

- 
Wbulst - wall thi~hess adjaem t to tfi e: burst 

- 
%dm - wall thichem &er uaifom defoqnal;im. 

Siaue circumferential and axial di%i~~s ma aswmed to beequal during tfie Wooningpart of 
the burst, the incompmssibility relation can be wed-in conjunotion with; Equation (B.10.193 
to-#find the axial and cireum&tentiJJ s t a s  during b8tfgodg. The ineompmssibility 
equrti~n wit31 eq11d ,axEal aud S-Y i s  

e = the true looal mdid strain dmkg b&mb: 

Tme.stmins itre addilive so the net local~oo$31p0n%e~~~of &rain at nzptuse are *e.mrn 
of the* uniform and bdlomhg parts of each: warpamat.. These wm, the. burst 
tmpmtlrres, and the heatfng,f~bs for .sawn bws& am sham hn -Tibh. Wl M I .  AL&cmgb 
there is-conMerable scatter in. Ule uniform s a n d  bd-0'0- pw@ of the s h ,  ihere isan 
a p p m $ c  cornlation of both the net i tmferen$id ttnd net nidid stxsbts at  mphre with- 
tempmbre. 

Rgure 8- 10.4 itlustrates the correlation of- the compon-ents of tme local &rain at 
rupture burst temperature. The axial sacEtin ~ ~ p o ~  are inichde#l,'hrTthe figtuxt for 
refe*rice despite .the fact that this cofnpanent hw not been indd4.h CUX:lW. The local 
circumfkrenfial strain& at ruplum! hcrase,  linearly with tmpemture, an$ the local radial 
strains dec~isse ('becoma more negative) wi& tmpmMre. The pse&cfims af E$qyatimae 
(B10.9) and (B-10.1 O), which are wed in C L m  to repwent true local &cumferential 
and radial strains, am also illustrated. These .e~uff011~ are linear lea~t~sqames fits to the 
seven values of the circumferential and axial strains wdich are illustrated. The one test which 
was done at a heating rate of 5 KJs does not deviate from the trend OC the other tests which 
represent heating rates of approximately 1 15 Kls. 

e 

10.6 Examples of CMLIMT and GSRUPT Output 

The effects of temperature, cold work, and fast neutron fluence on the value of 
engineering ultimate strength, %, predicted for a strain rate of 1om5/s are illqstrated in 

- 



TABLE B-10.11 , 

COMPONENTS OF LOCAL TRUE STRAIN FOR SEVEN BURSTS 

True S t r a i n s  
B u r s t  Temperature H e a t i n g  Ka te  

( K )  (K/s)  C i r c u m f e r e n t i a l  Rad ia l  A x i a l  

5 U n i f o r m  0. 71 -0.49 -0.23 
B a l l  oon 
T o t a l  . 

1129 115 Uni form U. 45 -0.19 -0.26 
Ba l  l o o n  
'1'0 t a  1 

115 U n i f o r m  0.67 -0.46 -0.21 
B a l l  oon 0.64 - -1.28 - 0.64 
To ta  l 1-31 -1 .74 0.43 

1164 115 Uni form 0.30 -0.09 -0.21 
Ba l  l o o n  
To t a  1 

130 Uni f o r m  0.67 -0.33 -0 .34 
Ba l loon 
T o t a l  

Uni form 0.72 -0.43 -0.29 
Ral l o o n  
T o t a l  

U n i f o r m  0.85 -0.45 -0.40 
B a l l  oon 
T o t a l  

Figure B-10.5. At low temperatures, cold work and irradiation cause significant changes in 
Su. However; the effect of irradiation is less significant when cold-worked tubing is 
irradiated. The sharp reduction of Su in the temperature range from 1090 to 1125 K 
(alpha-beta phase transition) is due to the low strain rate selected for the illustration and a 
relatively high value of the strain rate sensitivity constant, m, in this temperature range. 

Figure B-10.6 presents a comparison of the CMLIMT predictions with values of 
ultimate strength measured at 630 K using cladding samples from fuel rods irradiated to  
high levels of fast neutron fluence in the Saxton r e a ~ t o r [ ~ - l ~ . ' ~ ,  B-lO.l 51 . The strain rate 
of the Saxton tests was 8.3 x 1 0 - ~ / s  and the cold work was "equivalent" to a 10% reduction 
of '  area [B-10.141. Although the measured values exhibit much scatter about the predicted 
values, the mean is predicted by CMLIMT. 
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Fig. B-10.4 Graphic correlation of  the components of true local strain at rupture with temperature. 
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5 Fig. R-10,s Engineering ultirnatc strength predicted by CMLIMT a t  a strain rate of  10' /s as  a funetion.of temperature for 
several levels of  cold work and typical fluenccs. 

The predicted circumferential elongation at rupture for annealed zircaloy tubing and 
the data base used to derive the model are shown in Figure B-10.7. Dashed lines denote 
limits defined by the standard error of the prediction as estimated from its data base. 
Fractional elongation at failure increases with increasing temperatures until the alpha-beta 
transition begins and then decreases with temperature to  a minimum of about 0.3 at 
1200 K. At temperatures above 1200 K, the temperature gradients and steam environment 
cause strain t o  become localized and limit the elongation ratio to  less than 0.75. 

The standard error of the prediction for annealed tubes remains constant to about 
800 K,  increases rapidly to a maximum of + 0.44 at 1090 K,  and decreases to  + 0.1 1 for 
temperatures above 1170 K. It is expected that the correlation and the standard error 
determined' with this data base will apply to LWR abnormal or accident situations 
since (a) all of the data above 1090 K were taken in a steam environment, (b) most of the 
tubing tested contained internal mandrels to  restrict axial deformation, and (c) the data 
from in-reactor tests are similar to the rest of the data base. . 

Irradiation and cold work strongly influence the circumferential elongation at rupture 
at temperatures less than 850 K. Figure B-10.8 compares the model predictions for annealed 
cladding with prediction for cladding cold worked to 0.1 area reduction and then irradiated 
to  a fast fluence of neutrons/m2 or more. Test results obtained with irradiated 



5 Fie. R-10.6 MA~~SIITP.~ VRIIIPS nf 1 1 1 t i r n a t ~  strpnph at 630 K and a strain rate of 8 x 10- /E with Snxton cladding ac a funotion 
of fast neutron fluence compared to  CMLIMT predictions for engineering ultimate strength. 

cladding and the standard error predicted by the model are included in the figure. The large 
increases in elongation at 620 to  700 K and 775 to  850 K reflect annealing of irradiation 
damage and cold work, respectively. 

10.7 Cladding Mechanical Limit .CMLIMT, Cladding Strain .at Rupture CSRUPT, and 
Cladding Local Strains at Rupture CLOCRP Subcode Listings 

f. 

A listing of the FORTRAN subcode CMLIMY used for calculating strain at yield, 
instability strain, yield strength, ultimate strength, and strain t o  rupture is given in 
Table B-10.111. The listing of the subcode CSRUPT (which returns strain to  rupture and the 
standard error expected with the correlation) is presented in Table B-1O.IV and Table 
B-10.V is a listing of the CLOCRP subcode. 
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TABLE B-10.111 

L ISTING OF THE CMLIMT SUBCODE 

S I I R R f l l l T r  N F '  C t l l  I M T I C F L U f r  T I g E I ~ T & M P p C T M A X , R S T R A N ~ C O L D O ~ f  T R N Y T .  
# S T R N Y C , S T R N U T , S T R N U E , S  R R P  r R P T , C Y L D S l s C Y L U S f  rC'b1.L 1  S T r l : t ~ l  T 5 E 1  

C M L I M T  C A L C U L A T E S  S T R E S S  A N D  S T R A I N  A T  T H E  T R A N S I T I O N  B E T W E E N  
E L A S T I C  A N D  P L A S T I C  R E G I O N S r  A N D  A T  M A X I M U M  L O A D  A S  A  F U N C T I O N  O F  
C O L D  UORK, F A S T  N E b T R O N  F L U E N C E u  T E M P E R A T U P E ,  A N D  P Q E V I ' I U S  
M A X I M U M  T E M P E R A T U R E .  S T R A I N  A T  R U P T U R E  I S  A L S O  R E T U R N E D  

S T R N Y T  
S T R N Y E  
S T R N U T  
S T R N U E  
S T R R P E  
S T K P P T  
C Y L D S T  
C Y L O S E  
CII I T S  T  
C U L T S E  

= O U T P U T  
= O U T P U T  

O U T P U T  
O U T P U T  

= O U T P U T  
= O U T P L J T  
= O U T P U T  

O U T P U T  - a u T w  
O U T P U l  

T R U E  STRAIN A T  YIELD r n / n )  
ENGINEERING STRAIN A T  YIELD t n /  
T R U E  INSTABILITY STRAIN t n / n l  
ENGINEERING INSTABILITY ST'RAIN 
E N G I N E E R I N G  S T R A I N  A T  R U P T U R E  1 
T R U E  STRAIN A R U P T U R E  cnlnr 
T R U E  Y I E L D  STXENGTI-I ( P A )  - 
E N G I N E E R I N G  Y I E L D  S T R E N G T H  ( P A )  

E R N ~ E N Y ~ I I ~ !  A T E  S T R E N G T H  ( P A 1  
G U L T i n A l t  S I K ~ N C I H  I 

C F L U X  = I N P U T  F A S T  N E U T R O N  ' F L U X  ( N E U T R O N S / (  ( M * * 2 )  ( S l 1 )  
T I V E  = I N P U T  T I M E  A T  F L U X  ( 5 )  
C T E M P  I N P U T  C L A D D I h G  M E S H P O I h T  T E M P E R A T U R E  ( K )  
C T R A X  = I N P U T  H A X I M U M  C L A O D I N G  M E S H P O I N T  T E M P E R A T U R E  ( K )  
R S  T R A N r  T N P l l  
C O L D 0  I N p u f  Ei!t ' 5 i R t 1 ? ~ E ! f E ~ l $ * ~ l ~ i h ' u ~  AKt i* ,  1 

T H E  E Q U A T I O N S  U S E D  I N  T H I S  S U B R O U T I N E  A R E  B A S E D  O N  D A T A  F R O M  
(1) C.C. B U S B Y  I N  U A P O - T M - 5 8 5 ,  P R O P E R T I E S  O F  Z I R C A L O Y  - 4  T U B I N G ,  
C.C. WOODS r E D .  A P P E N D I X  C  A N D  P A G E S  6 5  F F  ( 1 9 6 6 )  
( 2  I U L T I M A T E  S T R E N G T H  D A T A  O F  H.C. B R A S S F I E L O I E T  A L .  U S A E C  R E P O R T  
G E P P - 4 8 2 ( 1 9 6 8 )  
( 3 ) A . L .  B E M E N T ,  J R . r  E F F E C T S  O F  C C L D  U O R K  A N D  N F U T R O N  
I R R A D I A T I O N  C N  T H E  T E N S I L E  P R C P E R T I E S  O F  Z I R C A L O Y - 2 ,  US A E C  ~ ~ p n n ~  U L , - ~ L O C C  

( 4 )  A. C (  
3 0  2 7 1 - 2 (  
( 5 )  L . R .  

-urn# n w - v - r ~ ~ ,  
J U A N  A N 0  U .J .  L A N G F O R D  J - N U C L E A R  M A T E R .  
3 1  ( 1 9 6 9 )  

n o b E  s ~ o  u.~. r H o n A s s  1, N U C L E A R  ~ A T E R .  
1- (1960 )  2 4 8  
( 6 ) C . C .  B U S B Y  A N D  K.B. M A R S H ,  H I G H  T E M P E R A T U R E  D E F O R M A T I O N  
B U R S T  C H A R A C T E R I S T I C S  O F  R E C R Y S T A L L I Z E D  Z I R C A L O Y - 4  T U R I N G  
W A P D - T R - 9 0 0  1 1 5 7 0  I 
( 7 )  D.G. H A R D Y ,  H I G H  T E M P E R A T U R E  E X P A N S I O N  A N D  R U P T U R E  
B E H A V I O R  O F  Z I R C A L O Y  T U B I N G  I N  T O P I C A L  M E E T I N G  O N  
W A T E R  R E A C T O R  S A F E T Y  C O N F - 7 3 0 3  ( 1 9 7 3 1  
( 6 ) D . O .  H O B S O N  A N D  P.L. R I T T E N H O U S E ,  D E F O R H A T I O N  A N D  R U P T U R E  
B E H A V I O R  O F  L I G H T  U A T E R  R E A C T O R  F U E L  C L A O D I N G  1 R N L - 4 7 2 7  ( 1 9 7 1 )  
( 9 )  R.L. M E H A N  A N D  F.Y. W I E S I N G E R ,  M E C H A N I C A L  P R O P E R T T E S  
O F  Z I R C A L O Y - 2 ,  K A P L - 2 1 1 0  
( 1 0 1 0 .  L E E  A N 0  U.A. B A C K O F E N  T M S - A I M E  2 3 9  1 0 3 4 - 1 0 4 0  ( 1 9 6 7 1  
( 1 1 1 0 .  0. H O B S C N ,  M. F .  O S B O R N E I  A N D  G .  U. P A R K E R ,  C O M P A R I S O N  
O F  R U P T U R E  D A T A  F R O M  I R R A D I A T E D  F U E L  R O D S  A N D  U N I R R A D I A T E D  

L A O D I N G ,  N U C L .  T E C H .  1 7  ( A U G U S T  1 9 7 1 1  P  4 7 9  
1 1 2 ) ~ .  A. L O R E N Z r  D. 6. H O B S O N  A N D  G. V .  P A R K E R ,  F U E L  R O D  
t A I L U R E  U N D E R  L O S S  C F  C O O  A N T  C O N D I T I O N S  I N  T R E A T *  N U C L .  
T E C H .  17  ( A U G U S T  1 9 7 1 1  P  k 0 2  
( 1 3 1 R .  H e  C H A P M A N ,  M U L T I R O D  B U R S T  T E S T  P R O G R A M  O U A R T E R L Y  
R E P O R T  F O R  J U L Y  - S E P T E M B E R ,  1 9 7 5 ,  O R N L - T M - 5 1 5 4  I D E C E Y B E R  1 ' 9 7 5 )  
( 1 4 ) R .  H e  C H A P R A N ,  M U L T I R O D  B U R S T  T E S T  P R O G R A M  O U A R T E R L Y  
R E P O R T  F O R  O C T O B E R  - D E C E M B E R ,  1 9 7 5 ,  O R N L I N U R E G l T 4 - I 0  ( M b Y  1 9 7 6 )  
( 1 5 ) A .  A.  B A U E R ,  L .  M. L O U R Y ,  A N D  J. 5 .  P E R R I N ,  E V A L U A T I N G  
S T R E N G T H  A N D  D U C T I L I T Y  O F  1 R R A D I A T E D  Z I R C A L O Y .  Q U A R T E R L Y  
P R C G R E S S  R E P C R T  F O R  J A N U A R Y  T H R O U G H  M A R C H ,  1976, B R I - N U R E G - 1 9 4 8  
( M A R C H  1 9 7 6 )  

C O D E D  B Y  D.  L .  H A G R M A N  J A N U A R Y  f 9 7 6  
M O D I F I E D  B Y  D. L .  H A G R M A N  A U G U S  1976 

F N C E  C F L U X * T I M E  
C C L D U  = C O L D 0  
I F  ( C T E M P - C T P A X I  2  

1 C T E A X  C T E M P  
2  T  C T E M P  

I F  ( R S T R A N - 1 . O E - 5 1  
3 R S T R A N  1 . O E - 5  
4  I F  ( R S T R A N - 1 . O E - 1 )  
5  R S T R A N  r 1 . O E - 1  
6  I F ( T - 7 3 0 . )  7,7,73 
7 A M  2 . 0 D E - 2  

G O  T O  9 
' 3  I F  ( 1 - 7 5 G .  I 7 4 r  b r  8 
' 4  A M  - 2 . 9 1 9 1 6 2 5 k O  

G O  T O  9 
8 A M  = - 6 . 4 7 E - 2 * T * 2  

C M L T O O l O  
C M L T O O 2 0  
C M L T  03 
c n L ~ 8 0 4 8  
C ~ L T O O ~ O  
C M L T 0 0 6 0  
C M L  T O 0 7 0  
C M L T O O B O  
C M L T 0 0 9 0  
C M L T O l O O  
C H L T O 1 1 0  
C M L T 0 1 2 0  
C R L T 0 1 3 0  

pi::"::: 
M L T O l 6 O  

C R L T 0 1 7 0  
C M L T O l 8 O  
C M L T O  C M L T O b O O  90  

C . R L T O 2 1 0  
C M L T 0 2 2 0  
C H L T O 2 3 O  
C M L T 0 2 4 0  
C M L T O 2 5 0  
C H L T O Z b O  
C M L T O Z 7 0  
C M L T O 2 8 O  
C  R L  T O 2 9 0  
C M L T O 3 0 0  
C M L T 0 3 1 0  
C M L T 0 3 2 0  
C M L T 0 3 3 0  
C M L T 0 3 4 0  
C M L T 0 3 5 0  
C M L T 0 3 6 0  
C M L T O ~ ~ O  
C M L T O 3 8 0  
C M L T O 3 9 0  
C R L T 0 4 0 0  
C M L T 0 4 1 0  
C H L T 0 4 2 0  
C M L T 0 4 3 0  
C M L l ' 0 4 4 0  
C M L T 0 4 5 0  
C M L T 0 4 6 0  
C R L T 0 4 7 0  
C H L T 0 4 . 8 0  
C M L T D 4 9 0  
C M L T D S O O  
C M L T O 5 l O  
C M L T O 5 2 0  
C M L T O 5 3 0  
C M L T D 5 4 0  
C r . L T 0 5 5 0  
C M L T 0 5 6 0  
C  R L  T O 5 7 0  
C t l L T O S B O  
C M L T 0 5 9 0  
C R L T O O O O  
C M L T C 6 1 0  
C M L T 0 6 2 0  
C M L T 0 6 3 0  
C M L T 0 6 4 0  ;;;i%I;i 
C P L T O 6 8 0  
C M L T O 6 9 0  
C M L T D 7 0 0  
C R L T 0 7 1 0  
C M L T O 7 2 0  
C M L T O 7 3 0  
C R L T 0 7 4 0  
C M L T 0 7 5 0  
C M L T O 7 6 0  
C M L T 0 7 7 0  
C  M L  T O 7 8 0  
C M L T 0 7 9 0  
C M L T O B O O  
C M L T O R l D  
C H L T O R Z O  
C M L T O B 3 0  
c n L T o e 4 o  



TABLE B-10. I11 (continued) 

~ F ( C I M A X - U N .  ) 1 2 * 1 1 ~ 1 1  
COLOW = 0.0 
FNCE 0 0.0 
GO TO 1 6  
I F  (CTMAX-775.1 5 4 9 1 3 ~ 1 3  
COLDU = C O L D k * ( 8 5 0 .  - C T M A X l / 7 5 . 0  
I F  (CTMAX-7CO. 1  1 4 r 5 5 r 5 5  
FNCE = 0.0 
L U  I U  l b  

1 4  I F  (CTMAX-620. I 1 6 ~ 1 5 9 1 5  
1 5  FNCE = FNCE* ( 7 0 C .  - T l / 8 O .  
1 6  Ah = ( - 1 .86E-02  t T * ( 7 e l l E - 0 4  - T * 7 . 7 2 1 E - 0 7 ) )  

X ( 8 . 47E-01  * €XP( -3 .02E+O l *COLDU l  + 1 .53E-01 + 
Y COLDld ( -9 .16E-02 + COLOU*2.29E-0111 
L 5~P(-((FNCEI**0.33)/(3.73€+07 + 2 .OE+OB*COLOUI~ 

I f - I T -  94 .98141  1 7 r 1 7 ~ 1 8  
1 7  AK (1 .0750EG9-  4.99CEO5*T1 (1.0 + 5 .46E- l *CnLDW) 

GO TO 1 0 0  
1 8  AK ( E X P ( 3 . 4 1 7 E l t  T * ( - 2 .6630E-2+  T* (1 .1569E-5-  T * l .  

# 
G O  ~ o ( i 6 8 .  

+  5 r46€ -O l *CCLDW)  

1 9  AN 0 0 . 0 2 7 9 0 @  
AK E X P ( 3 : 4 1 7 E l t  T * I - 2 . 6 6 3 0 E - 2 *  T * (1 .1569E-5 -  T*1.  
I f  ( R S T K A N - 6 .  3 ' t P - 4 )  2 0 r 1 6 o b  1 0 0  

2 0  I F  (1 -1C90. )  l C 0 9 1 0 0 r 2 1  
2 1  I F  (T -1255 .1  2 2 r 1 0 0 r 1 0 0  
2 2  I F ( T - 1 1 7 2 ~ 3 1  2 3 ~ 2 3 ~ 2 4  
2 3 , e n  = t 6 . 7 E ~ - ~ * A ~ G ( 6 . 3 4 E - 3 / R S T R A N l * ( ~ T - 1 0 9 0 . ) / 8 2 e  

n r n  l o o  
2 4  An 0 AM t h . 7 E F - Z * A L O G ( 6 . 3 4 € - 3 / R S T R A N ) * ( ( l Z 5 5 . - T ) / P 7 .  

L 
C ~ A L C U L A ~ S  S T P L I N  AT 'IIELD 

STRNYT ~ ( ( A G / E L M O D l * * ( 1 ~ 0 / 1 ~ O - A N ) ~  
- .  

STRNYE = EXP(STRNYT1 - 1.0 
L .  
C '  CALCULATE STRAIN  AT EUPTURE 

P = 1 .0  
a = 1.0 
FkCE CFLUX*TIME 
I F  (T.GT. lC9C. l  GL TO 2 0 1  
STRRPE = 1 ~ 9 b t - 1 + T * ( 4 ~ 1 6 E - 0 4 + T * 2 ~ 0 6 E ~ 0 7 1  
I F  ~ C l n ~ x . G l . n S O . 1  GE T O  2 0 1  
P = ( E X P ( - 2 . l t O l * C O L D U l  t 3 .3E -011 /  1.33 
CI  0 11.00 t 2.00 E X P ( - F N C E / 1 ~ 0 0 E 2 3 1 1 / 3 ~ 0 0  
I F  (CTMAX.LT.620.1 6 6  TO 1 4 1  
I F  ( c T M ~ x . G T . 7 0 t . l  GO TC 1 2 1  
Q = a * c t 7 o o .  - C T M A X I / ~ . O O E O ~ I  t C T M A X / B . O O E O ~  - 7.75 
GO TO 1 4 1  
Q - 1 .00  
I F  (CTPAX.LT.775.) GO TO 1 4 1  
P = P  * ( ~ 8 . 5 O E 0 2 - C T M A X 1 / 7 ~ S E O l ~  + (CTMAX - 7.73EO2117.5EOl  
S T R R P E  a JTRRPE 6 P * a 
f P  IY .$B!II~C.) GU I U  3 ~ 1  
STRRPE = 9 . 0 6 2 3 1 0 5 5 E C C - T * 7 . 4 9 1 8 5 5 E - 0 3  
GO TO 5 0 1  
I F  ( l . b i . 1 6 U U . )  b U  I C  4 U l  
STRRPE = - 1 . 4 3 C E G O t T * ( 2 . 0 4 5 E - 0 3 - T * 4 . 8 2 E - O 7 )  
GO TO 5 0 1  

L 
4 C l  STRRPE 6 . 0 2 0 t E - 1  
5 0 1  STRRPT = ALOC ( 1 .00+  STKRPE) 

C CALCULATE Y I E L D  STRENGTH 
CYLDST ( A G / ~ E L f l O D * * A N l l * * ( 1 ~ O / ( 1 ~ 0 - A N ~ ~  
CYLDSE = CYLDST/ EXP(STPNYT1 

C 
C CALCULATE ULT I I IATE  STRENGTH 

CULTST = A G * ( A h * * A N l  
CULTSE = CULTST/  EXP(AN1  .. 

L 
c C A L C U L A T E  INSTABILITY S T R A I N  

S T R N U E  = S T P R P E  / ( ~ . o * P * ~ I  
STRNUT ALOG (1 .0  t STRNUE 1  
UE lUKN 
END 



TABLE B- 10. I V  

LISTING OF THE CSRUPT SUBCODE 

S U B R O U T I N E  C S R U P T ( C T E M P , C T M A X , S T R R P E , C O L D U , F N C E , U S T R P E , S T R R P T ,  
1 U S T R T P l  U S T R T N )  - 

C 
C  C S R U P T  C A L C U L A T E S  T H E  F R A C T I O N A L  I N C R E A S E  I N  C L A D . D I N G  
C  C I R C U M F E R E N C E  A T  F A I L U R E  I N  A  S T E A M  E N V I R O N M E N T .  E X P E C T E D  
C  S T A N D A R D  E R R C R  U S I N G  A S  Y E T  U N A V A I L A B L E  I N - R E A C T O R  R U P T U R E  
C  D A T A  I S  R E T U R N E D  A N D  B O T H  V A L U E S  A R E  C O N V E R T E D  T O  E O U I V A L E N T  
F E X P R E S S I O N S  I N  T E R M S  O F  T C U E  S T R E S S  

S T R R P E  = 
U S T R P E  = 

S T R R P T  = 
U S T R T P  - 
U S T R T N  = 

UPTURE rnIn,  
1 I N  S T R R P E  F O R  

t M / M ,  
O F  S T R R P T  U H T C H  

O F  S T R R P T  W H I C H  

t C T E M P  = I N P U T  C L A D D I N G  M E S H P O I N T  T E M P E R A T U R E  ( K I  
C  - C T V A X  = I N P U T  P A X I H U H  C L A D D I N G  H E S H P O I N T  T E M P E R A T U R E  (lo . 
C .  C O L D Y  = I N P U T  C O L D  WORK ( D I M E N S I O N L E S S  R A T I O  O F  A R E A S )  
C  F N C E  - I N P U T  F A S T  N E U T R O N  F L U E N C E  ( N E U T R O N S / M * * 2 )  
E 
t A  S K E W E D  O I S T R I B U T I O N  O F  T R U E  S T R E S S  A B O U T  T H E  5 E S T  E f T I M h T E  
C  V A L U E  I S  O B T A I N E D  B E C A U S E  T H E  T R A N S F O R M A T I O N  F R O M  E N G I N E E R I N G  
E T O  T R U E  S T R E S S  I S  N O N - L I N E A R  

T H E  E Q U A T I O N S  U S E D  I N  T H I S  S U B R O U T I N E  A R E  B A S E D  O N  D A T A  F R O M  
( 1 I C . C .  B U S B Y  A N D  K.B. M A R S H ,  H I G H  T E M P E R A T U R E  D E F O R M A T I O N  
B U P S T  C H A R A C T E R I S T I C S  O F  R E C R Y S T A L L I Z E D  Z I R C A L O Y - 4  T U B I N G  
W A P D - T M - 9 0 0  ( 1 9 7 0 )  
( 2 )  D.G. H A R D Y ,  H I G h  T L M P E R A T U R E  E X P A N S I O N  A N D  R U P T U R E  
B E H A V I O R  O F  Z I R C A L O Y  T U B I N G  I N  T O P I C A L  M E E T I N G  O N  
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CCRPR 

1 1. CLADDING CREEP. RATE (CCRPR) i I .\' . 

\ 

A correlation is presented in' this section to describe the creepdown behavior of 
zircaloy cladding used in :LWR reactors. The correlation is primarily based on data taken 
under actual PWR operating conditions. 

1 1.1 Introduction 
( i  I '  ' 

A significant barrier for heat transfer from a fuel pellet to  the coolant is the 
fuel-lo-cladding diametral gap. Any change in the width of this gap causes a change in fiicl 
temperatures and stored energy. One way for the gap to  change is by cladding creegdown, a 
proccss durlng wlliil~ I l ~ e  cladding 'gradually moves in toward' the fuel pellets. In extrcmc 
cases this results in ridging or "bambooing" of the cladding due to plastic deformation after 
contact with the hot fuel pellets, which may themselves have swelled, also nhrrowing the 
gap. This kind oi  deiormation may result in the formation of cladding cracks leading to loss 
of claddine intr.gritjr The correlatiorl ~luvulopod horc will be used in Foe1 pd~l 'u~l~lal~Ce 
computer models which determine fuel temperatures, fuel and cladding deformations, 
pcllct-cladding nl tcha~~iia l  i~lleraclion, and other irradiation induced behavior mechanisms 
which may occur during normal (steady state) operation. 

1 1.1.1 Factors Which Influence Creep Rate. Four fact,ors are used in the correlation 
,describing creep rate. They are: temperature, fast neutron flux (> 1 MeV), time at 
temperature, and circumferential stress. The model has been developed for- the in-pile 
diametral creep of zircaloy-2 or zircaloy4 cladding under a biaxial stress. The model is not 
appropriate for and does not predict the results of out-of-pile tests, uniaxial tests, or tests . 

conducteti under irradiation conditions significantly differcnt from LWR conditions. 
: .  . 

I t  was assumed that the cladding temperature was constant for the entire time from 
  tart-up until thc cnd-of-lifc of the rod. 'l'llis luay bt: areslriction. Ir Can be overcdme to some 
extent' by taking constant temperature time steps, but this process also has its limitations, as 
rlist:~~ssed in Section I 1.3. p c 

1 1.1.2 Creep Kate Correlation. The correlation used to describe the creep rate is:' 

where 

1 ; . = diametral creep strain rate.(s- ) 

T = temperature (K) 
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= fast neutron flux (> 1 MeV) (neutrolis/m2 .s) 

o = slress (Pa) 

R = universal gas constant (8.3.14/mol-K) 

t = time (s). 

The data chosen as a basis for the correlation are discussed in Section B-11.2. Equation 
(B-1 1 . I  ) is derived and discussed in Section B-11.3, a comparison of its predictions with data 
is made in Section B-1 1.4,its limitations discussed in Section B-11 .S,and an estimate of its 
uncertainty made in Section 8-1 1.6. The FOK'I'KAN subcode CCRPRislistedin Section B-1 1.7 .. 

1 1.2 Data Survev 

While there is an impressive amount of creep data available, only a very few are chosen 
for consideration here. Many of the  dara conflict, and it is likely Llldl lliis is the result of 
differing experimental conditions, material geometries, or actual materials. To  obtain a 
correlation which predicts creep under typical LWR conditions, the criteria outlined in 
Sections B-1 1.2.1 to  -1 1.2.3 were applied for the selection of data. 

1 1.2.1 Typical LWR Experimental Conditions. Only typical LWR operating condi- 
tions were consiaereci. Tnis exciujos illr; data of Eress:er ct a! TB-1 1.1 1 becznre the 
temperature was too low, the SGHWR["] data reported by D. S. because an 
entirely different reactor system and fast flux spectru'm was used, that of Yagee and 
~ u r o h i t [ ~ - ]  .31 and Gartner and ~ t e h l e [ ~ - l  '1 again due to a different type of reactor 
(gas-cooled and heavy water moderated, respectively) as wcll as many other results from gas 
and liquid metal cooled reactors. 

Another condition for usage of experimental data was that the measurements were 
performed in-pile. Thus, o.ther data sources such as Ibrahim and Coleman [B-1 1.41 , 
Fidleris [B-l 1.5],  Stehle e t  a1 [B-l and Busby and ~ h i t e [ ~ - l  ' . lo]  were excluded. 

Such potential data  sources as Azzarto et a1 [B-l .61, Ross-Ross and Fidleris [B-11.71 

and Fidleris [ B-l -8 were rejected because only .uniaxial creep was considered in their 
experiments, whereas in normal reactor operation cladding experiences biaxial creep. 

11.2.2 T u b u l a r  Some creep experiments were conducted with 
plate specimens or  segments cut  from the cladding, rather than with actual tubular samples. 
Since the stress interactions inherent to tubular specimens are necessarily absent in such 
tesfs, data obtained from them are not considered in this report. Among such tests are those 
of  idleri is[^-' Azzarto et  a1 [B-l , Kreyns and Burkart [ B- , and Fidleris and 
Williams [B-11.131 

[a]  Steam generating heavy water reactor. 
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1 1.2.3 LWR Cladding Materials. The,creep.rate of zirconium based alloys depends on 
both the alloy's composition and -the texture of various samples having the same 
composition. Since the correlation presented in this report is meant t o  describe zircaloy-4 or 
zircaloy-2 fuel pin cladding, other alloys have been largely excluded. 

There is much creep data available for a zirconium alloy containing a small percentage 
of niobium; used extensively in the pressure tubes of Canadian CANDU reactors. The creep 
behavior of this alloy differs appreciably from that of zircaloy cladding. Therefore, data 
describing this material, including that of ~ b r a h i r n [ ~ ' l  41 , Ells and ~ i d l e r i s [ ~ - l  , 
~ i l b e r t [ ~ - l  and Langford and ~ o o d e r [ ~ - l  ' . l71,  and many others have not been 
included. There is also much data available on the creep of zircaloy-2 pressure tubes. 
Although this material is identical t o  zircaloy fuel rod cladding in chemical composition, it 
differs in texture, as illustrated by the typical pole figures shown in Figure B-1 1.1 [a] .  From 
these figures it is evident that the c-axes in the fuel cladding are oriented predominantly in 
the radial direction, while in pressure tubes their orientation tends t o  be intermediate 
between the radial and tangential directions with a slight preference for the tangential. The 
c-axes are perpendicular to  the (0001) basal planes in the unit cells of the zirconium 
hexagonal close-pack structure. In at least one instance, Kohn LB-l it has been 
reported that this texture difference can cause the biaxial creep rates of the two materials t o  
diffc.r by a factor of ten. Kohn's data however, were obtained from zircaloy-2.5 wt % Nb, 
and other data on zircaloy-2 cladding and zircaloy-2 pressure tubes do not indicate such an 
extreme dissimilarity. For example, Ibrahim fB- l  '.l91 shows that the creep rates of these 
two materials differ by only 20%, with the fuel cladding having the greater rate in every 
case. 

11.2.4 Data Used for Development of the Correlation. Only a few data were found 
to  meet these'extensivk criteria. The -best of these were from the Saxton Plutonium 

.20 - .22] where many profilometry data were reported for different rods 
at varying axial locations and bumups. The rods were separated into groups of 
approximately the same bumup, and thc cladding outside diamctcrs wcrc mcasurcd at 
various axial locations after 9750 hours of operating time. The data pertaining t o  these rods 
are presented in Table U-1;l .l. Because there are only five data in this set, it was possible,to 
fit them very well with a single correlation. However, a paper by Ibrahim [ B-11.231 contains 
data which satisfy all the criteria except the last (Section B-1 1.2.3), having been taken from 
material with a texture similar t o  that of pressure tubes. These data are presented on Table 
B-11 .I1. In spite of this, these Ibrahim data were tried in the correlation developed for 
cladding, largely because they cover somewhat different temperature and stress ranges. It 
was found that for operating times comparable to those of the Saxton data the correlation 
predicted these pressure tube creep rates with reasonable accuracy if .  multiplied by a 
constant factor of 0.8. 

[a]  The word "typical" is quite important. These figures illustrate only general differences 
between the two materials. It would be accurate to say there is a distinctive pole 
figure for every piece of zircaloy. 
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Axial U~rec t iM  

11 Direction Tonge 
Fuel Cladding 

Axial Direction 

Radial Direction Tangential Direction 
Pressure Tube EGG-A- 207  

Fig. B-11 .l Typical pole figures showing texture differences between zircaloy pressure tubes and fuel rod cladding. 
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TABLE. B-1 1. I 

SAXTON RODS CREEPDOWN DATA AT 9750 H O U R S ~ ~ ]  

I n i t i a l  Average Average. 
Rod Average Backf i 11 Cl adding Cladding Measured 

Power Pressure S t ress  Tempera t ~ l r e  Creep Rate 
( kW/m) (Pa) (MPa ) (K). ( S  ) - 1 

[.aq] A l l  rods were i n  a f a s t  f l u x  ( >  1 MeV) o f  2.168 x 10' 17 
2 neutrons/m * s .  

TABLE B-11.11 

IBRAHIM rB-11.241 PRESSURE TUBE CREEP DATA AT 10 000 HOURS[~ '  

Average C ladd ing  S t ress  Measured Creep Rate 

( M V ~ )  ( 5 - I  

[a]  C ladding temperature was 536 K and Fas t  neut ron  f l u x  was 2.9. x 10 17 

ncut rons/mZ-s i n  a1 1 cases. 
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Model Derivation 

The time .dependence of the correlation presented here is of the same for111 as that 
proposed by Ibrahim [B-l Each of the four important parameters: time, stress, 
temperature, and fast flux are discussed. Often, authors whose data were rejected are cited 
in these sections because of the lack of data which meet the crileria and their arguments and 
correlations are qualitatively, if not quantitatively applicable. 

1 1.3.1 Time Dependence. Ibrahim concludes that the total creep ( E )  is adequately 
represented by: 

where 

= constant if all other experimental parameters are held 
constant and only time allowed to  vary 

t = time 

m = , a constant. 

Creep with this strain-time relationship has been reported ofterl in the literalure Cur Illally. 
different types of alloys LB-l .241 . It is usually described as the result of work hardening 
dominating over recovery. lbrahimiB-I discusse's this at some length in his paper. In a 

-.' fast flux environment, Ibrahim finds that the best value for m is 0.468. Kreyns and 
Burkart LB-l ' . I2]  find values for m ranging from 0.43 to 0.60 for their nontubular 
specimens of 50% cold-worked zircaloy-4. Ross-Ross and Fidleris IB-l find an exponent 
ranging from 0.8 to 1 from their uniaxial data, while Fidleris LB-l l e 5 ]  estimates values from 
0 to  0.33. When Equation (B-1 1.2) is differentiated with respect to time to obtain ;, the 
time exponent is (m-1) which, in all the cases quoted above, will be either negative or zero. 
A negative value for m indicates a creep rate continuously diminishing with time and an 
adequate equation was developed using m = 0.5, which means that a 1 1 6  

. 1 1.3.2 Stress Dependence. It is clear .that a hgh  stress will give a high creep rate, but 
because of the anisotropy of zircaloy and the complex internal stress interactions within a 
stressed tubular specimen, this dependence is not necessarily linear, although several 

investigators have reported stress dependence as linearLB-' 7 7  
2 7  B-l 1.257 B-l 

A variety of analytical expressions have been tried to model the stress dependence. Several 
authors use hyperbolic functions: (a) cosh (1.67 x 1 0 - ~ o )  by ~ o o d [ ~ - l  (b) sinh (Ao) 
where A increases with temperature from 2.2 x at 1075 K to  9.8 x at 1367 K by 
Busby and White LB-l , (c) sinh (Ao) where A is a detailed function of such things as 

'[B-11.131, and (d) sinh dislocation spacing and mobility by Fidleris and Williams 
(7.5 x 10-50) by pankaskielB-I A quite popular form is ; a on with n + 0. This is 
used by (a) Coleman LB-l where 90 2 n 2 10, (b) ~ o h n [ ~ ' l  ' .I8] where 5.3 2 n 2; 



(c) ' Azzarto. et. a1 [B-'l wheren 4; (d.)  idleri is [B-11:8]. where % 3; (e) Wood and 
AtkinslB-I .291 'where 10 > . n >-SO, . andCmany. others. Miny of the data indicate that the 

strain rate is linear for relatively low stress, and then exhibits a stronger dependence as the 
stress increases. For example, Bernstein UB-l found that the stress dependence of 
zircaloy-2 was proportional to 'on, where n = 1 at low stresses and increases to 4.5 to 5.5 at 
higher stresses. ~ i c h o l s [ ~ - l  .3 1 provided more insight along these lines, hypothesizing the 
in-pile creep mechanisms and specifying their stress dependence. Some of the mechanisms 
identified by Nichols, in order of increasing stress are: 

(1 j Preferential alignment of vacancy and interstitial loops (i uj 

(2) Glide of dislocations (; a o O) 

(3) Radiation-enhanced glide of 'edge dislocations over radiation 
produced obstacles (; a a at  low n to  ; a n4 at high n) 

(4) Destruction of radiation obstacles ( i  a ol"). 

This dramatic increase in the stress dependence suggests an exponential function, which is of 
course also describedf by the hyperbolic forms cited earlier. Thc data fit bcst t o  an 
expression of the. form (o + AeQo), where 0 is small enough so that the linear stress 
dependence at 1ow.stresses (o 7 200 MPa) is not disturbed, but the general increase in i with 
o a.t high stresses is properly reflected. 

1.1.3.3 Fast Flux Dependence. Although most investigators agree that a fast flux 
environment enhances the zircaloy creep rate and that the enhancement is of the form 4a, 

where t is the fast flux, there is disagreement about the magnitude of the exponent a. 
Fidleris B-l gives a value for a of 1.0 and states that it might even be more. Duffin and 
~ i c h o l s [ ~ - l  .231, piercyLB-I .341 , Ross-Ross and Hunt [B-11.261, and Ross-Ross and 
~ i d l e r i s f ~ ~ l  also suggest that ; is directly proportional to  the fast flux. 
Wood[B21 1.2, B-1 1.291 uses i a $0.85, Kohn[B-11.181 uses $0.65, and Gilbert[B-l 1.351 

uses 4 ~ ~ s ~ .  IIowever, several authors llavc notcd that irradiation-induced crccp is over- 
shadowed- by thermally activated, creep at high temperatures. Among these are 
Nichols [B-1 1 .2S1 B-1 1.31 1 , Pankaskie[B-l 1.271 , Fidleris and wil1iams[B-1 1-13] and 
~ o h n [ ~ ' l  8 ] .  Fidleris and Williams give the transition temperature as 523 K and Nichols 
as about 623 K. Some authors, such as Pankaskie give two correlations, one for high 
temperature and one for low temperature, with the transition being between 600 and 
625 K. The most logical approach seems to be that of Kohn fB- l  8] who models the flux 
dependence in the form K T~ $0-65 where K is a fairly large constant to moderate the 
small numbers resulting from the T-' term. This functional form has the virtue of cutting 
off the flux term at high temperatures as well as automatically accounting for the fact that 
the higher the flux level is, the higher the temperature must be to  negate the effect of flux. 
The expression used in the correlation is (1 + lo8 T - ~  4°.65). The exponent 0.65 was 
chosen because it gave the best fit to  the data. The 1 is added to  the temperature dependent 
term to provide calculational continuity at zero flux and to  allow proper modeling of 
thermal creep at high temperatures. 
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11.3.4 Temperature Dependence. In addition to the temperature dependence in the 
flux term, there is a creep activation energy to be overcome by thermal energies. This is 
modeled using an Arrhenius function. Because several creep'mechanisms exist, authors have 
r e p o r t e d  d i f f e r e n t  values  for th i s  activation e n e r y  ran ing  from over 
l o 5  J / ~ ~ ~ I B - I  1.18, B-1 1.1 1, B-11.301 to less than 104 JImol B . Often, authors 

reported different activativr~ energies in diffcrcnt temperature ranges [B-1 1.18, B-11.321 
but in the interest of calculational simplicity only a single activation energy has been used 
here. The value giving the best fit was 4.2 x lo4 J/mol. 

11.3.5 Possible Factors Not Included. There are several other irariables which may 
affect the creep rate but have not been included in the correlation. A few of these are 
discussed below. 

Material Fabrication: The correlation was developed using Sax ton claddillg data. This 
cladding was highly cold worked then stress relieved at 825 K for two hours t o  give an 
"equivalent" cold work of 10% rB-' The fabrication history of a sample can influence 
the subse uent creep rate by as 1nucl1 as a factor of two or more, Ibrahim 7 lB-l .231 , Frenkel 
and Weisz B-l .3 71 , and Kreyns and l3urkartIB-' I 21 all agree that annealing increases 
the resistance of zircaloy to  creep. However, Frenkel and Weisz found that the resistance 
increased with annealing temperature, while Kallstrom et a1 LB-l found that .  the 
resistance was maximum after annealing at about 790 K and was less when annealed at 
higher or lower temperatures. 

Previous Irradiation: There is general agreement [B-1 l.,l 1, B-11.27, 0-1 1.32J that 
. prior irradiation increases the resistance to  creep, especially at high creep rates, but the 

- information about this is not yet quantitative enough to include in a model. 

Hydrogen Content: Gartner and Stehle lB-' reported that hydrogen contents of 
as much as 100 ppm at 673 K do not affect the creep rate. Very high concentrations of 
hydrogen could have an effect but relevent data are not available. 

11.3.6 Creep Rate Correlation. As summarized in the introduction, the correlation 
used to model the creep rate is given by Equation (B-1 1.1): 

where 

€ = diamteral creep strain rate (s- 1 ) 

T = temperature (K) 

2 = fast neutron flux ( > 1 MeV) (neutronslm .s) 
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6 = stress (Pa) 

R = universal gas constant (8.3 14 J1mol.K) 

Ille'predictions of this equation for a typical PWR case are shown in Figure B-11.2 where 
7 total creep is plotted as a function of time up to 3.5 x 10 s (1.1 years) and for two 

dirfercn l fluncs. 

11.4 'Comparison of Model Predictions with Experimental Data 
- 

Within its range of validity as specified by the criteria of Secti0n.B-1 1.2, Equation 
(B-1 1 . l )  does quite well. With a multiplicative prefactor of 0:8; it is also able to predict 
some pressure tube data to within experimental uncertainty. However, it does.not do well at 
a11 withsrlata that dn not fit mnrt of the criteria listed. 

1 1.4.1 Comparison with the. .Saxton -. . .*. ... Data. . -.-, The rnost 'important data set, since it was 
the only out: whucli met all of the criteria,' is that gleaned from' the Saxton' 
r e q ~ r t s [ ~ ' l  .*O - . A Comparisofi with. th.ese data is shown in: Figure; B-11.3, 
where the 627 and.629 K curves are approximated by a single line'calculated for628 K. The. 
1 K dii'ference between each of these two data and the curve does not: cause any'serious 
error foi  the purpose of comparison: The agreement between the calculated curves and  the 
data is excellent for the three lowest temp'eratures, but-'at the' two higher temperatures the 
correlation substantially overpredicts the creep Tate. The discrepancy for -these two data is 
not considered serious however, because many of the rods from which these data were taken 
s~lowkt~ pellel-cladding mechanical interaction (PCI). Since the creep rate was obtained by 
simply' &king the total creep and dividing by the time in-pile, the cladding may not have , 

been creeping for an appreciable fraction of the time due t o  the. PCI, thus giving 
unrealis'tically. low creep rates. More of the 633 K rods showed PC1 than the 629.K rods, 
which in tuLfn showed more than twice that of the 627 K rods. The 6 14. and the 62 1 K rods 
show~.d *nd PCI. The predictions of the correlation are entirely in agcomcnt with thcsc 
considerations. 

Finrially, it is worth reiterating that although only five points are'used here, each of 
these actually represents the average from many rods, so the correlation is based on more 
than five measurements. 

1 1.4.2 Comparison with Ibrahim Data. Ibrahim's zircaloy-2 data [B-11.231 ,, 
another set which essentially meets the criteria. It is of typical PWR dimensions, biaxially 
stressed, and was taken in-pile. However, it is different from the Saxton data in that the rods 
were internally, rather than externally pressurized and the texture was typical of pressure 
tube material rather than of cladding material. The comparison of these data with the 
correlation is shown in Figure B-1 1.4. The solid line is the prediction of Equation (B-1 1.1) 
and somewhat overpredicts the creep rate. This is consistent with the observation of 



CCRPR 

Fig. B-11.2 Total creep predicted by the cladding creep rate equation for typical PWR operating conditions and for two 
different flux levcls, as a function o f  time. 



Stress, a (MPa) INEL-A-6073 

Fig. B-11.3 comparison o f  the predictions o f  the cladding creep rate equation with the Saxton data. 
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Stress, u (MPa) . . I N E L -  A -  6093 

Fig. B-11.4 Comparison of Ibrahirn's pressure tube data with the cladding creep rate equation. 
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~ o h n l ~ - '  81 that pressure tubes do not creep as fast as cladding. The dashed line was 
calculated by multiplying Equation (B-1 1 . l )  by 0.8 and it fit the data quite well. In 
addition, Figure B-1 1.4 is useful in that it illustrates how the correlation predicts creep rate 
ovcr a widcr strcss range. Specifically, it sl~wws lluw Llie exponcntial part of the stress 
dependence causes a severe departure from a linear relationship between strain rate and 
stress beginning at a stress ol' abvul 200 MPa, where the exponential term is 7.4% of the 
linear term. At 250 MPa, the exponential term is 71% of the linear term. 

1.1.4.3 Comparison with Other Data. The correlation was tried with data from several 
o t h e r  s o u r c e s :  ~ id lc r i s [R- I  B-l Ibsahinl and colemanlB-l and 
Woods iR- '  ' 191. ~ u r - ~ ~ ~ u s l  ul' Ulese dara rhe correlation was tound to  be completely 
useless, predicting values which showed no  systematic relationship t o  the data. - 
1 1.5 Model Limitations 

Clearly, the model's validity is restricted to those mzterials which satisfy the criteria in 
Section B-1 1.2, since only data satisfying those criteria were used in its formulation. In 
addition there are othcr limitntions. 

11.5.1 Samples with V a ~ y i r ~ g  Degrees of Cold Work and Annealing. As outlined in 
Section B-11.3.5, the data on which the stress dependenceof this ~or re1a~t ion . i~  based were 
taken from material with a texture typical of pressure tube material. The specimens used by 
Ibrahim had significant cold work (20%) and were not heat treated at as high a temperature 
as thc Saxton tubing (673 versus 825 K f o ~  lht: Saxton tubes). While it is probable that the 
texture difference accounts for the necessity of adjusting Equation (B-1 1.1) t o  fit Ibrahim's 
data, the possibility that these differences in matcrial trcatment may also play a role cannot 
be eliminated until Illore complete data are available. Therefore, results obtained from the 
use of Lllis correlation with materials of more than 20% cold work or  having more complete 
annealing must be regarded as suspect. 

1 1.5.2 Samples with Varying Irradiation Histories. The correlatinn was rtevnloped for 
snmplcs which experienced a co~ls lar~l  h s l  flux level throughout their operating lifetimes. 
Changing irradiation levels can be handled by taking time steps and calculating the creep 
during the step as the product of creep rate given by Equation (B-1 1.1) and the duration of 
the time steps. However, there is evidence that prior irradiation can cause an increase in 
resistance to  creep, so there is some doubt that the correlation will accurately predict creep 
rate if the fast flux is changed significantly during creepdown. Since the fast flux 
dependence is not particularly strong, this is probably not too serious. 

11.5.3 Samples with Varying Temperature Histories. Some caution must be exercised 
because prior creep history is important. The creep rate after a change t o  a new temperature 
T, at time t, in operating life, might: no1 be the same as it would be at t had the sample been 
at temperature T for its entire previous life. No data are available to  assess the magnitude of 
this effect. 
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1 1.6 Uncertainties 

The lack of a more extensive data base makes the assignment of uncertainty limits 
. very tentative. The error bars shown in Figure B-11.4 are Ibrahim's, presumably based nn 

th> uncertainty of his measurement. Error bars are absent from Figure B-1 1.3 because no 
similar data were available fur (11;il us;. Tlic reasonable agrccrncnt bctwccn the correlation 
and these two data sets is encouraging, but a quite narrow range of the important variables is 
represented, especially with regard to  time. I t  is possible that the predicted creep rates r m y  
be in error by a factor of five for considerably different conditions. However, typical PWR 
operating conditions which the cladding might encounter will not differ radically from those 
of its data base, so an error of this magnitude is not probable. Other in-pile data, notably 
that of k'idlcrisrB-I for uniaxial creep, rarely cliffel. by Inore than 100% from the 
correlations's predictions for temperatures around 600 K and for a wide range of fluxes and 
stresses (including zero flux). Therefore, it is probable that uncerta~nt~es of +100% and 
-90%, are reasonable. 

,Y c 1 1.7 Cladding Creep Rate Subcode (CCRPR) Listing 

A listing of the FORTRAN subcode CCRPR is given in Table B-1 1 .III. 

TABLE B-11.111 

LISTING OF THE CCRPR SUBCUUE 

C C R P R  C A L C U L A T E S  T H E  T R A N S V E R S E  C L A D D I N G  S T R A I N  R A T E  
A S  A  F U N C T I C K  O F  C L A D D I N G  T E M P E R A T U R E  f C T E M P ) *  F A S T  ('1 M  
N E U T R O N  F L L X  ( C F L U X ) ,  E X T E R N A L  T R A N S V E R S E  C L A D D I N G  S T R E S S  
( C S T R S S ) ,  A N D  T I M E  A T  T E M P E R A T U R E  ( T I M E I .  

C T E M P  = I N P U T  C L A D D I N G  M E S H P O I N T  T E M P E R A T U R E  ( K 1  
C S T R S S  = I N P U T  C L A D D I N G  S T R E S S  ( P A )  
C F L U X  8 I N P U T  F A S T  K E U T R O N  F L U X  (NEUTRONS/?l**Z-S) 
T I M E  = I N P U T  T I M E  A T  T E M P E R A T U R E  ( S )  

T H E  C R E E P  k A l f  E O U A T I O N  U S E D  I N  T H I S  S U B R O U T I N E  I S  B A S I C A  
T H A T  O F  E.F. 1 B R A H I t l r  " I N  R E A C T O R  T U B U L A R  C R E E P  O F  Z I R C A L  
A T  2 6 0  T C  3 0 C C " r  J C U R N A L  O F  N U C L E A R  M A T E R I A L S *  V O L .  46 (1 
P P  1 6 9 - 1 8 2 .  . 
T H E  F L U X  D E P t N O E N C E  I S  B A S E D  O N  E. K O H N  " I N - R E A C T O R  C R E E P  
Z R - 2 . 5 d N B  F U E L  C L A D D I N G " ,  S Y M P O S I U H  O N  Z I R C O N I U M  I N  T H E  Y 
I N D U S T R Y ,  Q U E B E C  C I T Y *  AUG.  1 0 - 1 2 ,  1 9 7 6 .  

C C R P R  WAS C C C E D  B Y  C.E. D I X O N  J U N k  1 9 7 5  
L A S T  M O D I F I E D  B Y  G.A. R E Y M A N N  N O V  1976 

C C R P R  = 5 . 7 6 6 - 1 2  * (1.0 t ~ . o E ~ ~ * ( c T E M P * * ( - ~ ) ) * ~ c F L u x * * ~ .  
# ( C S T R S S  + 7 1 0 . * E X P ( C . 9 7 E - O B * C S T R S S ~ )  
# EXPf-4.2E04/(8.314*CTEBP~~/SQRTfTIHE) 

R E T U R N  
E N D  

L L Y  
O Y - 2  
9 7 3  ) 

0 F 
U C L E A R  
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12. CLADDING POISSON'S RATISPOIR; !  --...-....-. 

Poisson's ratio is defined as the ratio of diametral to axial strain and is dimensionless. 
'l'he theoretical value of Poisson's ratio for isotropic or ideal materials has been reported as 
0.5 by Van vlackLB-l 2.1 1 , 0.25 by ~ i e t e r [ ~ - l  2.2] , and 0.33 by Shanley [B-12.31 . Dieter 
notes that most metals have a Poisson's ratio of about 0.33. 

~ c o t t [ ~ - ~ ~ . ~ ] ,  Shober et al[B112-51, and ~ o h n s o n [ ~ - l * . ~ I  have reported exyeri- 
mental data for the Poisson's ratio of zircaloy. Scott reported data and a correlation for the 

' 

Poisson's ratio of zircaloy-4 from about 2 1 to 400°c using annealed, unirradiated material. 
These data show a decrease in Poisson's ratio with increasing temperature. Shober reported 
values for Poisson's ratio of 0.368 to 0.380 at 2 7 O ~  and 0:425 to  0.460 at 1 50°C using 
annealed, unirradiated zircalov-2: that is, an increase in Poisson's ratio was reported for 
increasing temperature. Johnson reported values of Poisson's ratio of 0.325 k 0.015 at room 
temperature for annealed, unirradiated zircaloy-2. Since Johnson's data were derived from 
shear modulus test data, they may be less applicable than the data of Scott and Shober et al. . 

The data of Scot,t, Shober et al, and Johnson and the correlation of Scott are shown in 
Figure B-12.1. The cause of the differences'between the reported data is not apparent, and a 
value judgment would be difficult to make or justify until more data or correlations become 
aiailable. 

Because Scott's data are more extensive, his correlation was used in the CPOIR 
subcode to  estimate Poisson's ratio as a function of temperature; that is: 

P o i s s o n ' s  r a t i o  = 0.333 - 1 . 2 6  x T . (B-12.1) 

where 

Due to the relatively large data scatter and to the lack of data at higher temperatures, 
Poisson's ratio at  temperature.^ above 670 K is assumed to be 0.248, the value given by 
Equation (B-12.1) at T = 670 K. 
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Fig. B-12.1 Temperature depcndcncc of  Poisson's ratio for zircaloy as uscd in thc CPOIR subcodc. 
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12.1 Cladding Poisson's Ratio Subcode CPOIR Listing 

, 
The FORTRAN subcode CPOIR is listed in Table B-12.1. 
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LISTING OF THE CPOIR SUBCODE 

F l l N C T l n N  t P f l I P ( C T E f l P )  

C P C I R  C A L C U L A T E S  C L A D D I N G  P O I S S O N ' S  R A T I O  A S  A  F U N C T I O N  O F  
T E P P E R A T U R F .  

C P O I R  = O U T P U T  k A L U E  C F  POISSON'S R A T I O  ( U N I T L E S S  N E G A T I V E  R A T I O  
O F  L A T E R A L  S T R A I N  T O  A C T U A L  S T R A I N )  

C T E P P  I N P U T  C L A O D J N G  f l E S H P O I N 1  T E M P E R A T U R E  ( K l  

T H I S  C O R R E L A T I G N  F C R  P O I S S O N ' S  R A T I O  I S  R E P O R T E D  8 Y  0 . 8 .  S C O T T  
I N  P H Y S I C A L  A N D  M E C H A N I C A L  P R O P E R T I E S  O F  Z I R C A L O Y - 2  AND 6 ,  
U S A E C  R E P O R T  b i C A P - 3 2 6 9 - 4 1  ( f l A Y  1 9 6 5 )  

C P O T R  WAS C O D E 0  B Y  R . L . H I L L E R  I N  P A R C H  1 9 7 4 .  
U P . G A T E 0  B Y ' R e L .  H I L L E R  MAY 1 9 7 C  

A C E H D L  / H A X I D X ,  E M F L A G  ~!K'!~ION EH:L~C(I I .  - 
D A T A  O N  / 2 H O N  I r  

1 O F F  / 3 H O F F  I r  
'2 L O C I L X  1 6 I 

13. CLADDING CYCLIC FATIGUE (CFATIG) 

The subcode CFATIG provides preliminary estimates of material constant in a format 
which is compatible with the use of fracture mechanics to  model the effect of cyclic fatigue. 

13.1 Summary 

Wgh cycle (nominally elastic strain) fatigue uses material constants in an equation of 
the following form. 

For AK 2 9.5 x l o 6  ~ / m ' . ~  

for AK < 9.5 x lo6  ~ / m l . ~  
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where 

d9 - - - the change in crack length per cycle (m/cycle) 
dN 

AK = the stress intensity range. MN (rn-I . 5 )  

B, m = material parameters returned by the CFATIG code. 

The exponent m is 

24 m = 15 - 12 exp ( -@/I0  ) 

where 

CP = the fast neutron fluence (neutrons/m2). 

'l'he parameter l3 in bquation (k-13.1 a) is computed from the t'ulluwing expressiulls. 

2 For fast neturon fluences less than 1 02' neutronslm 

2 for fast neutron fluences of 1 o~~ neutronslrn or more , 

1,nw cycle (plastic strain) fatigue uses material constants intended in the equation 
proposed by ~ o m k i n s [ ~ - ~ ~ . ~ ] .  . 

where 

Ae = plastic strain amplitude (unitless) 

II = crack lengll~ (111) 

a,K = material parameters. 

(B- 1.3.4) 

The value returned by CFATIG for the dimensionless material parameter K is 1.0.7 
and the value for a is 0.6. 
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13.2 Basis for High Cycle Fatigue Material Constants 

/ Constants for the description o f  high cycle crack propagation are based on data taken 
by V. S. ~ a o [ B - 1 3 . 2 ]  and preliminary measurements by Walker and ~ a s s [ ~ - l ~ . ~ ] .  S-N 
(stress versus number of cyclcs t o  failure) data reported by O'Donnell and 
have not been incorporated into the model because the effect of varying initial crack sizes is 
not known. 

Rao's measurements of crack growth rates as a function of stress intensity (from 
Figure 4 of Reference B-13.2) are reproduced in Table B-13.1. The parameter m in Equation 

dR (B-13.1 a) is equal to the slope of a plot of log (-) against log AK. The value of m obtained 
dN 

from a least squclr6c fit to a plot of the data of Table B-13.1 is 3.3.  

TABLE B-13.1 

CRACK GROWTH RATE VERSUS STRESS INTENSITY 

RANGE FROM RAO rB-13.21 

Stress I n t e n s i t y  Range Crack Growth Rate 
1 5. 

( M N / ~  ' ) 
t -, I U  ,-.- 8~ i~ i c r c i e i  
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The preliminary data of Walker and Kass (Figure 9 of Reference B-13.2) were 
analyzed with the same approach used to  analyze the data of Rao. The straight line used by 
Walker and Kass to  summarize data from nonirradiated samples is equivalent to.a value of 
m=2 .8 inEqua t ion(B-13 . l a ) .  

Walker and Kass also reported crack growth rate measurements from. eleven samples 
2 which received fast neutron fluences from 5 tq 19 x neutrons/m. . A linear least 

squares fit to  a [log (stress intensity) versus log (crack growth rate)] plot of these 
measurements suggests that a value of m = 15.7 in Equation (B-13.1 a) w.o.uld:yield the best 
description of irradiated zircaloy. 

The exponential form of Equation (B-13.2) is an estimate relating the values of m = 3 
for unirradiatcd zircaloy and m - 15 for zircaloy irradiated t o  a fast neutron fluence of 

25 10 neutrons/m2. A decreasing exponential is typical of the change of material constants 
with fluence. 

Valucs of the parameter R for unirradiated zircdoy were determined by substituting 
mcasurcmcnts of crack growth rate and stress intensity range into Equation (B-13.la) with 
m = 3. Values of B determined from the two sets of data shown in Table B-13.1 were 
averaged to  obtain values of 12.7 and 6 x Two additional estimates for the value of 
B wcrc obtaincd by ropcating the "solution" of Equation (B-13.3) for R with Rao's 
measurements of crack growth rates at constant stress intensity (Figure 9 of Reference 
B-13.2). Analysis of data from these two samples yielded values of B = 19.3 x 2nd 
B = 16 x 1 o - ~ O .  A fifth estimate for B in unirradiated zircaloy was obtained using the 
Walker and Kass summary of their data with unirradiated material: Their straight line fit 
corresponds t o  a value of B = 48 x 1 o -~O.  

The only data used t o  find B for irradiated zircaloy were the eleven measurements of 
crack growth rate and stress intensity factor range by Walker and I<ass which were discussed 
earlier in Lhiu ~ e c l i o r ~ .  Thc tlvelngc valuc of B from theso data and Equation (B-13.1) ~ilith 
rn= 1 5  wasB 

The expression used to  model B [Equation (B-13.3)] is a fit t o  the average of the five 
estimates for B at zero fast neutron fluence and the one value of B at fluences on the order 
of lo2' neutrons/m2. The functional dependence of B on fast neutron fluence is an 

'estimate based on the data at zero and neutrons/m2. The value, of B for fluences 
between and lo2' Leutrons/m2 has been determined to  cause the predicted value of 
crack growth rate to  remain constant at stress intensity factors of 15.53.1432 ~ / m l . . ~ .  

The value AKmin = 9.5 M N / ~ ' . ~  in Equation (B-13.1) ir based on a test by Rao at 
this stress intensity range. No change in crack length was observed in this test. 
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13.3 Basis for Low Cycle Fatigue Material Constants 

The values returned for the material parameters irl Equation (B-13.4)'are bascd on the 
data and analysis of K. ~ e t t e r s s o n [ ~ - l ~ . ~ ! .  Pettersson has shown that Equation (B-13.4) 
can be integrated and expressed in the form of the Coffin-Manson relationship 

where 

AE = plastic strain range 

Np = number of cycles to failure 

C,a = material parameters. 

The constant a is the same matenai paramerer as rhe cvns la~ l l  u ill Eyualiu~l  (D-13.4). 
Pettersson shows that the constant C is related to  the material constant K of Equation 
(B-13.4) by the following expressions: 

for uniaxial straining 

For bend tests 

where 

Po = the initial-crack length (m) 

Pf = the final crack length (m) 

t = the specimen thickness (m). 

The values of the constants a and log C which Pettersson reports from fits to  his data 
are listed in Table B-13.11 along with the value of the constant K obtained from Equation 
(B- 13.7). 

13.4 Cladding Cyclic Fatigue Subcode CFATIG Listing 

A listing of the FORTRAN subcode CFATIG is provided in Table B-13.111. 
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TABLE 6-13.11 

VALUES OF LOW CYCLE FATIGUE MATERIAL PARAMETERS 

F a s t  F l  uence 

(neutronslrn 2 )  
log C K 

(uni? less)  ( u n i t l e s s )  (uni t l e s s  ) 

Q 0.60 

1 . 3  loz4 0.64 

2.4 2.6 x 10; 0.56 

Average Val ues 0.6 

TABLE B-13.111 

LISTING OF THE CFATIG SUBCOQE 

SUBROUTINECFAT.I ,G (CTFHP rFFNCE rH ICOEf :  r H I E X P  rTHRS.Hr 
I ALDCOF r PLOEXP 1 

C F A T I G  CALCbLATES COEFF IC IENTS AN0 EXPONENTS FOR H I G H  
A ~ C  L O W  C Y C L E  FPTIGUE FAILURE E X P R E S S I O N S  OF THE FOLLOWING 
FORMS 

FOP H I G H  CYCLE F A I L U R E  I N  ZIRCALOY 
D L I D N  = HICGEF*  (STRESS I N T E K S I T Y  CHANGE ) * * H I E X P  

FOP LOU CYCLE FA ILURE I N  Z IRCALOY 
D L I D N  ALOCOF*L* (PLASTIC STRAIN  RANGE)**ALOEXP 

WHERt OL lON I S  THE CHANGE I N ' C R A C K  LENGTH P E R  CYCLE ( Y I C Y C L E )  
AND L  I S  THE CRACK LENGTH ( H I  

HICOEF = OUTPUT H I G H  CYCLE EXPRESSlON C O i F F I C I E N T f f M I C Y C L E ) /  
I l a C E C 6  NEUTRLNS/NETER**le5)**HIEXP') 

H I  t X P  = OUTPUT H I G H  CYCLE EXPRESSION EXPONENT ( U N I T L E S S )  
T H R S H  = O U T P U T  h I t + I E u n  S T R E S S  INTENS T Y  F O R  C R A C K  t l . 0 ~ 6  NIM**Z) 
ALGCOF = OUTFUT LCu  C Y C L E  EXPRESSIGN ~OEFFICIENT ( ( Y I c Y c L E ) / ~ )  
ALCEXP 5 OUTPUT LOW CYCLE EXPRESSION EXPONENT ( ,UNITLESS)  

CTEtlP 6 INPUT  C L ~ D O I N C  MCSIIPOINT TEHPERATURE I K )  
k F N C E  = l N p U T  FAST NEbTRQh F l U E N t E  (NElJTRONSlH++ZI  

t H E  E o U ~ f i b k S  
( 1 1  V .  5. R A L r  
ALLUYS, A E - 4 8 b  
( 2 )  1. J .  WALK 
TOLGHNESS I N  1 
( 3 )  K. P E T 1  
CLADDING, " J '  
INPUT cTEnP  i s  

c f t b  1b4 T ~ X S  S U B R O U T ~ N E  A R E  B A S E D  ON D A T A  F 
HIGH CYCLE FATIGUE CRACK GROkTH OF TUO Z I R  

I n n n c I i  1 9 7 4 1  
E R  AND J.  N. KASSr VARIAT ION OF ZIRGALOY FR 
RRADIATION, ASTH-STP-551, ( 1 9 7 . 0 )  PP 3 2 8 - 3 5 6  
ERSSON, "LOW. CYCLE FATIGUE CRACK GRF.WTH 
hUCLEAR RATERIALS 5 6  ( 1 9 7 5 )  PP 9 1 - 1 0 2  

NOT USED I N  T H I S  VERSION OF CFAT IG  

R U M  
CONIUH 

AC TURE 

COOED BY 0. L. HAGKMAN FE6RUARY 1 9 7 7  
UPDATED RY 0.L. HAGRHAN SEPT 1 9 7 7  

CALCULATE H I G H  CYCLE CONSTANTS 

HICOEF = 1 . 0 1 t 5 7 8 6 E - 2 5  
I F t F F N C E  .GT. l . U E 2 5 ) c G 0  TO 5 
HICCEF 2.OE-11*(15.,31432**(12.C*( E X P ( " F F N C E I l . O E 2 4 ) - 1 ) ) )  

5 - H I E X P  = 15.0 - 12.0*  EXP( -FFNCE l l .OEZ4 )  
THRSH 9.5 

CALCULATE LOk CYCLE COkSTANTS 

ALCCOF 10.7 
ALCEXP 1 .67  
RE TURN 
-END 
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14. CLADDING MEYER HARDNESS (CMHARD) 

One of the parameters required for calculating fuel-t.o-cladding contact conductance 
is hardness. As the contact pressure between the two surfaces increases, the points of 
contact enlarge due to localized plastic deformation, and the solid-to-solid thermal 
conduct'ance is improved. The Meyer hardness is used by Ross and Stoute [ B-14.1 1 in their 
heat transfer correlation as an indication of the hardness or resistance to  deformation of the 

' 

softer (zircaloy) material. 

The Meyer hardness number is a measure of indentation hardness and is defined in 
conjunction with Meyer's law, L = adn where L is the load, d is the diameter of impression 
at the surface of a specimen in a static ball test, n is the Meyer work hardening coefficient, 
and a is a material constant. The Meyer hardness number (MH) is defined as ( 4 ~ 1 i r d ~ ) .  Other 
hardness numbers are available (Brinell, Rockwell, etc.), and conversion from one to  another 
is possible. However, the routine CMHARD was created to  provide information required by 
the Ross and Stoute gap conductance model. . 

The hardness of zircaloy was assumed to  be proportional to  the yield strength of 
zircaloy: . 
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whcrc 

MH = Meyer hardness number at temperature of interest 
(Pa) 

MHRT = Meyer hardness number at room temperature (Pa) 
... 

YSRT = zircaloy yield strength at room lernpesature (Pa:) 

YST = zircalny yield strength at temperature of interest- 
(Pa). 

Meyer hardness numhers for temperatures from 298 to 1000 K were determined by using 
1 

the room temperature Meyer hardness value presentcd by Ross and Stoute and the yield 
strength data (YSRT and YST) of ~ i r n a [ ~ - l ~ . ~ ] .  A regression analysis of the Meyer 
hardness values versus temperature was performed to  obtain the analytical expression used 
in CMHARD for the temperature range-of 298 to  1000 K. The Meyer hardness number is 
assumed t o  take on constant valuks outside this temperature range. 'l'llt: ~ u ~ ~ e l d t i o ~ ~  used in 
CMHARD is given by Equations (B-14.2) through (B-14.4). 

For T < 298 K :  

9 MH = 1.96 x 10 Pa. 

For 298 < T < 1000 K: 

where 

T = t,cmpcrnturc (.#). 

Fur T>. 1000 K': 

3 .  

8 MH = 1 . 0  x 10 Pa.  

Figure B-14.1 illustrates these relations. 

14.1 Cladding Meyer Hardness Subcode CMHARD Listing 

A listing of the FORTRAN suhcode CMHARD is presented in Table B-14.1. 
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Temperature l K )  INEL-A-6191 

Fig. B-14.1 The CMHARD correlation for the  Meyer hardness of zircaloy. 

14.2 References 

B-14.1. A. M. Ross and R. L. stout;, Heat Transfer Coefficient Between U02 and 
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B-14.2. G. E. Zima, A Review o f  the Properties o f  Zircaloy-2, HW-60908 (October 1959) p 
61. 
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T A B L E  B-14 .1  

L I S T L N G  OF THE CMHARD SUBCODE 

F U N C T I O N  C M H A R D ( C T E M P )  

T H E  R O U T I M E  C M H A R O  C A L C U L A T E S  H E Y E R  H A R D N E S S  A S  A  F U N C T I O N  O f  
C L  b D D I N G  T E M P E R A T U R E .  

C H H A R D '  - O U T P U T  M E Y E R  H A R D N E S S  O F  Z I R C A L O Y  C L A D D T N G  ( P A I '  
C T E M P  = I N P L T  C L A O n T N G  T E M P E R A T U R E  ( R )  - 
T H E  C O R R E L A  I M F Y F R  h A R O N E S S  A S  A  F U N C T I O N  O F  T E M P E R A T U R E  
U S t l l  I N  I H I i  i f i ( l? !NE I S  B A S E D  O N  T H E  A P P R O X I M A T I O N  T H A T  H A R D N E S S  
I S  P R C P O R T I O h A L  T C  Y I E L D  S T R E N G T H  S U G G E S T E D  B Y  R O S S C S T O U T E  A E C L -  
1 5 5 7 .  

'- T H E - Y I E L D  S T R E N G T I I  O A T A  W A S  T A K E N  F R O M  L I M A  ( H Y - h t l 9 O R ) .  

T H E  Y I E L U  S T R E N G T k  D A T A  O F  Z I M A  O N L Y  C O V E R S  T H E  T E M P E R A T U R E  R A H C  

:LviTN98 1 n . 7 7 3 K a  C O N S E O U E M T L Y .  E X T R A P O L A T I O N  O F  THC C O R R E L a T i o N  
H I S  R A N G E  I S  N O T  R E C O M M E N D E D .  F U R ' T H E R M O R F ,  ' M E Y E R  

H A R D N E S S  I S  S E T  E Q U A L  T O  l * O E * O B  F O R  A L L  T E H P E R A T U Q E S  A B O V E  1000 

R E F E R E N C E S :  
(1) A.M. R O S S  A N D  R.L. S T O U T E ,  H E A T  T R A N S F E R  C O E F F I C I E N T  

B E T W E E N  U G 2  A N D  Z I R C A L O Y - 2  A E C L - 1 5 5 2 ,  ( 1 9 6 2 ) .  
( 2 )  G.E. Z l M A ,  A  R E V I E U  OF T.HE P R O P E R T I E S  O F  Z T R C A L O Y - 2  

H W - 6 G 4 t B r  ( 1 9 5 9 )  

C M H A R D  W A S  C C O E D  B Y  V . F . B A S T O N  I N  M A Y  1 9 7 4 .  

T H E  E V A L U A T I O h  P l O O E L  A N D  THE B E S T  E S T I M A T E  M O D E L  A R E  T H E  S A M E  

C M H A R D - 1 . 9 6 1 3 E F  
G O ' T O  30 

' C M k A R O - 1  . O E B  
R E T U R N  
E N C  ' 

15. CLADDING AXIAL GROWTH (CAGROW) 

I\ modcl for calculati~lg Ule fractional change in le~qgtl~ of zircaloy tubes due to  
irradiation-induced growth is presented in this section. Effects .of fast neutron fluence, 
tubing tcxture, claclcli~~g lemperature, and cold work are included in the model, which 
applies equally well to zircaloy-2 and zircaloy-4. The change in length of commercial fuel 
rods due to  irradiation growth is small, however, it can represent a significant fraction of the 
clearance between the rod and the top and bottom'assembly nozzles. Contact with the 
nozzles can callse. rods to bow and possibly fail a t  points where rods contact each other. 

15.1 Summary 

The following equation has been developed to model the irradiation growth of 
zircaloy tubes at temperaturcs. between 40. and 360°c (applying t o  the normal'range 
for cladding tempera t11re.s in LWRs): 



where 

- AL = fractional change in length due t o  growth 
L 

T = cladding temperature (K)  

4 = fast neutron flux (n/m2.s) (E > 1.0 MeV) 

t = time (s) 

fz = texture factorfa] for the tubing axis 

CW = cold work (fraction of cross-sectional area reduction). 

Axial growth for temperatures below 40°c is approximated by using T = 40°c in Equation 
.- -n.- (B-i 5.i j and growth above 3 6 ~ " ~  is approxima"sed by iisiirg T : 3 6 ~ ~ 2 .  . 

A comparison of values calculated by the CAGROW subroutine for fully annealed 
material with experimental results is presented in Figure B-15.1. Comparison with the data 
shown from cold-worked tubes was not possible because the exacl a ~ r ~ u u ~ i t  uf cold work was 
not reported. - 

1 5.2 Background and Approach 

The irradiation growth of zircaloy cladding appears to  be quite sensitive t o  texture. 
Therefore, the effects of texture were considered first and the data was normalized to  a 
standard texture (f, = 0.05) before considering other effects on axial growth. The model 
was developed further by modeling the effects of fluence and irradiation temperature on the 
growth of annealed specimens. Finally the effects of texture, fluence, and temperature were 
removed from the cold-worked specimen data using the model based on annealed specimens 
(the data were normalized t o  a texture of 0.05, a fluence of 2 x 1 0 ~ ~ n / m ~ ,  and a 
tempeiature of 300 '~)  and the effect of cold work modeled. It should be noted, however, 
that the effect of cold work may not be treated completely since the limited data base did 
not allow treatment of cold work and fluence, temperature, or  texture interaction effects. 

[a]  f, is the effective fraction of cells aligned with their <0001> axis parallel to the tubing 
axis as determined by x-ray diffraction analysis. A Value of f,= 0.05 is 
typical [B-15.1 I . 
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1 
Te e/ ture Zlrcaloy I 

Texture c Condition , . 
A -196 Annedled 0.13 
X 4 0  Annealed 0.13 
+ 80 Annealed 0.13 
0 3 0 0 '  Annealed Not' Repated . 

- 3 0 0  Cold Worked Not Reported 
W 394 Annsolbd 0 0 5  

I 
Reference 

llarbottlr ( 1370) 
Horbottle (1970)  " 

Harbottle ( 1970) "' 
Kreynr (1965) .  
Kreyns (1965)' 
Danlsl (197'2) 

--- Added to Show E f fec t  o f  Texture. Model Prediction Only - Colculoted Curve Bosed on the Dolo 

Fluence II /m2 ) ' 1 ~ ~ 1 , - ~ - 6 1 7 f i  

Fig. B-15.1 Model predictions and measured values of zucaloy 'tube axial growth i s  a function of fast.neutron fluence, 
irradiation temperature, cold work, and texture'coefficicnt fi. 
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In this model it is assumed that fast neutron flux and temperature bolh affecl Lhe 
growth rate by varying the concentration of interstitials which are free to migrate and cause 
growth. Since theoretical considerations imply a complex relation between the temperature, 
fast neutron flux, time, and the rate of growth, an empirical approach was used to  
approximate these effects. It should be noted that this model employs only the product of 
flux and time (fluence), although the flux used to  achieve a given fluence does have 
theoretical significance (see below). 

An empirical approach was also used to  model the effect of cold work on zircaloy 
tube growth. The limited data was fit using an independent factor of the form 
(1 + constant x cold. work) - the least complex form consistent with the preliminary data 
reported to date. The main conclusion from the available data is that cold work increases 
the rate of growth at low fluence. At higher fluences, the growth rate of annealed tubing 
may decrease rapidly. Cold workcd tubing continucs to  grow at highcr fluences at nearly the 
rate established during early irradiation. 

15.3 Review of Experiment Data 

Samples of zirconium, zircaloy-2; and zircaloy-4 irradiated in a fast neutron flux 
(E>1 MeV) to  fluences of n/m2 show typical axial growth on the order of 0.1% of 
length or less. Since the effects of fuel-cladding mechanical interactions and pressure 
differentials across the cladding compete with the smaller effects of irradiation growth, the 
relatively plentiful datafB-I 5.2, B-l 5.3, 5.41 are not directly useful in determining the - change in cladding length due to  irradiation growth. Data on thimble tubes or other 
structural elements relatively free of confounding effects would be useful, but none have 
been published. Table B-15.1 summarizes the data which have been used for development of 
the model. 

Early data on the irradiation induced axial growth of zircaloy-4 tubing at 300°C were 
obtained by Kreyns [B-15.51. His experiments indicated Chat growth of cold worked tubing 
is proportional to the squzre root of the fast neutron fluence u p  t o  its maximum fluence 
( 1 0 ~ ~  n/m2). Growth of annealed tubing appeared to  saturate at a fluence of 
4 x n/m2 and a fractional length change of 4 x However, subsequent data taken 
by other investigators have indicated that saturation is not determined by fluence or net 
growth. 

~ a r b o t t l e [ ~ - ' ~ . ~ !  has reported the difference in growth strains of transverse and 
longitudinal strips cut from zircaloy-2 pressure tubes. The strips were annealed and then 
irradiated at -196, 40, and 80°c. The basal pole texture was found to  be 13% in the 
direction of the tube axis and 36% in the circumferential direction, both before and after 
the cutting and annealing process. Harbottle's differential growth strains were converted to 
absolute values of axial growth strains by using the equation 

1 - 3 f z  
- - growth s t r a i n  i n  a x i a l  d i r e c t i o n  

1 - 3  f growth s t r a i n  i n  c i r c u m f e r e n t i a l  d i r e c t i o n  (B-15.2) 
@ 
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TABLE B-1 '5 .  I 

MEASUREMENTS OF GROWTH I N  Z IRCALOY T U B I N G  

Fast 
nL/L D i f f e r e n t i a l  Ial F l  uence Fast Flux I r r a d i a t i o n  

Temperature 
r - . . .  I I ( m 4 )  I I 1 )  (1n2'n/m2) Mnt.p\-in1 ( ln17n/m2.?) (Y)  

Kvey115 , 2 
re ference 
(8-15.51 2.7 

Dan ie l ,  2.7 
re ference 
[B-15.1, 7.5 

15.71 
Harbo t t l e ,  
re ference 
[R-15.61 

1000 

100 Cold-worked z i r c a l o y  4 ( ? I  

200 

300 

- 400 

600 

800 . 

31 0  Annealed z i r c a l o y - 4  

1700 

1.2 + 0.2 4.9 Annealed z i r ca loy -2  

1.5 + 0.3 . 9.7 

Annealed z i r c a l o y - 2  

Annealed z i r c a l  oy-2 

[a ]  Only ' the d i f fe rence between l o n g i t u d i n a l  and t ransverse changes i n  l e n g t h  was repor ted.  
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where 

fz and fe = the texture factors in the axial and circum- 
ferential directions. 

This equation is discussed in Section B-15.4. 

A somewhat different approach was taken by ~ a n i e l [ ~ ' l ' .  B-l 5.71 in a series of 
experiments which measured both diameter and length changes of fuel rods. The effects of 
fuel-cladding interactions and pressure differentials across the cladding on rrieasured clla~iges 
'in fod length could be separated from the effect of cladding growth since no fuel-cladding 
mechanical interaction was present in one experiment series. The separation was achieved by 
noting that the expected ratio of length to diamet.er changes i s  very different for 
fuel-cladding interactions, creep due to  pressure differentials across the rod, and 
irradiation-induced growth. In particular, the fractional change in diameter due to growth 
was predicted to be very small'for typical cladding diameters and textures. Therefore, a plot 
of the measured change in iength as a function of the measured change in diameter at a 
single fluence could be used to determine the change in length due t o  growth by simply 
extrapolating to  zero change in diameter with data which did not contain fuel-cladding 
mechanical interactions. 

Daniel determined the fractional change in length a t  two values of fluence. His 
results[n1 are particularly sign~ticant because they provide a measure of growth of annealed 
cladding at high fluence and they do not show the saturation which Kreyns [B-15.51 
observed. 

15.4 The Effect of Texture on Axial and Circumferential Growth 

Single crystal texture effects are related to polycrystalline growth. Growth is pictured 
simply as a reduction of the .c-axis dimensibn of individual grains and an increase of the 
basal plane dimensions of the grains. The analysis is carried out with the help of an abstract 
picture of grains made up of schematic immobile unit cells which decrease their c-axis length 

' . by a fraction n and increase their a l ,  a2, and a3 axis lengths by a fraction m. Although the 
picture of changing unit cell size does not represent atomic behavior within the grain, the 
growth of the grain is reproduced by the abstract picture. 

Figure B-15.2 illustrates the change in the axis lengths of the schematic unit cells. 
Growth of the three axes in the basal plane is assumed to  be equal because of the symmetry 
of the lattice. The relation between the decrease of the c-axis dimension and the increase of 
the a-axes dimensions is dependent on the details of the atomic model used to  describe 
growth. For models which imply that the volume of the grain (and schematic unit cell) 

2 [a]  A growth component of strain equal to  7.5 x at a fluence of 17 x n/m and 
a growth strain of 2.7 x at a fluence 3.1 x n/m2 were indicated by 
~ ~ ~ i ~ l [ B - 1 5 . 1 ,  B-15.71 
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ANC-A-  7651 

Fig. B-15.2 The growth of schematic unit cells in a grain'. 

remains constant. (1 + m) = (1 - n)-lI2. This value for 1 + m will be assumed at the last stage 
of the derivation of the effect of texture. It should be noted that the assumption is not 
made on the basis of a detailed atomic model. The constant-volume assumption is made on 
the basis of experimental evidencelR-' 5.8, 5.91 and tliis evidence has been somewhat 
.contradictory. 

15.4.1 Use of the X-Ray Diffraction orientations Parameter t o  Relate Single-Crystal 
Models to  Polycrystalline Results. The effective fraction of grains aligned with their c-axis 
parallel to a reference. direction (axial, circumferential, or radial direction of the tube) is 
usually taken to be an orientation parameter [B-l 5.101 which isS'determined from x-ray 
diffraction studies. This parameter is formally defined as the average of the squared cosine 
of thc azimuthal angle bctwccl? thc c-axis of individual grains and thc rcfcrcncc direction, 
weighted by the volume fraction Vi occupied by cells at a given azimuthal angle Bi. That is: 

It is shown in Reference B-15.10 that polycrystalline bulk properties in a reference 
direction can be expressed as 

if the property has the following characteristics (a) 

2 2 P = . P  cos q + P1s in .n  
rl I I  
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where 

Pn = the single crystal property in a direction at an angle 11 to 
the axis 

PII = the single crystal property along I.he c-axis 

PI = the single crystal property perpendicular to the c-axis 

and (b) the property in a reference direction of the .polycrystalline sample is the volume- 
weighted summation of this property in its individual crystals. 

A p,roperty of the schematic unit cells which satisfies condition (a) is the square of the 
-x =y -z 

distance between two points imbedded in the schematic unit cell. That is; if - 2 ' 2 ' 2  - - and 

y , z a r e  coordinates of two points in the cell relative to an orign at the middle of the cell, 
2 ' 2  2 .  
the squared distance between the points is 

2 a2 = a: ( 1  - n)'  cos 8 + a: ( 1  + rn12 s i n 2 e  (B-15.5b) 

where 

Qo 
- the distance between the points 

nand  m = zero 

8 - - the angle between the c-axis and the line 

between the points. 

It is assumed here that conditon (b) of the previous paragraph is also satisfied. 

Equations (B-1 5.4) and (B-15.5) can be used to  express the fractional change in the 
distance between two points of polycrystalline sample. PII and PI of Equation (B-15.4) are 

2 identified as Po (1 - m12 and Q2 (1 + m)2 in Equation B-15.5 so that Q2 (the square of the 
distance between points of polycrystalline sample) is 

(B- 1 5.6) 

The fractional change in length along the reference direction of a polycrystalline 
sample will then be 
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The parameters n and m represent the average fractional growth along the c- and a-axis of 
single crystals. Since growth in zirconium alloys is typically less than 1%, n and m are small 
numbers and 3 Taylor series expansion of the radical about n = m.= 0 is possible. The 
expansion yields 

A R . 2  2 
- : 1 + m - ( n  + m) f + terms o f  o rder  n , m , and nm. (B-15.8) 
l o .  

If (1  + m) is taken equal to ( 1  - n)-'1' in order to  impose the restriction of a constant 
volume on the grain, the Taylor series expansion yields 

- 2 
( 1  - 3f )  + terms o f  o rder  n  . - 2 (B45.9) 

0 

The assumption of constant volume is made here in lieu of a successful atomic level model 
for kinetics of growth. 

1 S.4.2 Application of the Result of Scction B-15.4.1 t o  Me.asurements of Growth in 
Different Directions. Equations (B- 1 5.8) and (B- 1 5.9) have been derived without reference 

A A 

to any particular direction. Thus for the axial component of growth, g i s  measured along 
Q 

the tubing- axis and f is the axial orientation parameter, fz. If a change in tubing 
circumference (or diameter of the tube since the diameter is r -1  times the circun~ference) is 

being considered, aP is the fractional change in the tubing diameter or circumference, 
Q 

and  f is fO, the t.angential orientation parameter. 

15.5 Analysis of  Irradiation-Induced Growth Factors Other than Texture 

The effects on irradiation growth by fast neutron fluence, irradiation temperature, 
and cold work,.are analyzed in the following paragraphs. The tast neutron tlux (in addltion 
to fluence) and the residual stress in the tubing may affect growth (References B-15.6 and 
B-15.1 1) but no attempt has been made t o  include these effects due to  lack of data. Also, 
no significant difference in the growth rates of zirconium, zircaloy-2, and zircaloy-4 has 
been reported, so no  distinction between their growth rates has been incorporated into the 
model. As mentioned in Section B-15.2, the first step in developing the model was t o  
account for differences in growth due to differences in texture. The factor (1 + 3 9  of 
Equation (B-15.9) was used t o  adjust growth measured with arbitrary textures to  values 
expected for f = 0.05. The results are illustrated in Figure B-15.3. 

15.5.1 The Effect of Fast ~ e u t r o i l  Fluegce on Irradiation Growth.- Many investi- 
gators have treated the effect of fast fluence by fitting in the empirical expression 

growth s t r a i n  a ( f l u e n ~ e ) ~  (B- 1 5.1'0) 
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Annoaled 
Annealed 
Annealed 
Annealed 
cold woned 
Annealed 

Harbottle ( 1970 )  
Horbott le ( 1970) 
Harbottle ( 1970 )  
Kreyne (1965)  
Krsynr (1965)  
Daniel (1972) 

Fluence ( n/m2) INEL-A-6177 

Fig. B-15.3 Model predictions and measured values of growth of zircaloy tubes adjusted t o  a common texture coefficient 
of fZ = 0.05. 
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to the data[B-15.6, B-15.8] with resultant values 0f.q in the range 0.3 - 0.8. Although good 
agreement can be obtained by allowing the value of q to vary for each set of data, the results 
of such empirical fits are somewhat misleading. Hesketh [B-l 5. 21 has derived a dependence 
on the square root of fluence [ q  = 0.5 in Equation (B-15.10)l and data from individual 
irradiations have not demonstrated a clear departure (other than saturation effects) from 
this rule. This point is illustrated in Figure B-15.4 by showing a plot of axial growth as a 
function of the square root of the fluence. 

Departures from an exponent of q = 0.5 would be indicated by curvature of the  data 
in Figure B-15.4. Except for apparent saturation effects on annealed tubes at 300°c, these 
departures are much less pronounced than differences due to different temperatures, 
fluences, and cold work. Moreover, there is a physical basis for expecting temperature and 
flux to  modify the effect of a given fluence. Therefore, the exponent in Equation (B-15.10) 
is fixed in the mndel at 0.5 due primarily to the evidenco of Figurc B-15.4. 

15.5.2 The Effect of Temperature on Irradiation-Induced Growth. It has been 
suggested by Harhottlr, thnt grnwth is proportional to the i l l~la~l la~leuus c;unccr~iruLion of 
interstitials. This implies that growth should be directly proportional to  the rate of 
intcrsitial p~uducliuri (wl~ich is proportional to neutron flux @) and inversely proportional 
Lo the rate of intcrstitial removal [which is proporlional to exp (-interstitial migration 
energy/F.T)] . In other words, thc following cxprcssion fol yuwtll sl~ould apply. 

- A L  a 4 e x p  (E,,,,/RT) 
L 

(B-15.11) . 

where 

EM = irl lersli l.ial migration energy. 

When Equation (B-15.1 1)  is compared to data, it is found that EM varies with 
temperature (as expected) but that any simple variation of EM with temperature is not 
consistent withaall experiments. A. constant value for  EM has been used in the model due to 
lllese. i l l~urisislend~s and because it has been suggested that the dependcncc of EM on 
temperature will be too complex lB-l 5.131 to evaluate with existing data. EM will actually 
change in poorly defined steps as the modes of interstitial migration change with,increasing 
temperature. However, Figures B-15.1, B-15.3, and B-15.4 indicate that there is a,relatively 
small temperature dependence in the normal operating temperature range, f6r'light water 
reactors. Use of a small and constant value for EM is therefore justified. A comparison of 
Equation (B-15.11) with the data shown in Figure B-15.4, then, results. in the following 
correlation : 

a e x p  (240 .8 /T)  L (B-15.12) 

where 

T = temperature (K). 
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Fig. B-15.4 Zircaloy growth versus square root of fast neutron fluence for data adjusted to a common tube texture 
coefficient o f  fZ = 0.05 with linear least-squares fits.superimposed. 

14 I 1 1 1 
Temperature Z l r c o l o ~  Reference 

("C) Condition 

A -196 Annealed Horbottle ( 1970)  
X 4 0  Anneoled Horbottle ( 1970) 
+ 8 0  Annealed Horbottle ( 1970) 

12- o 3 0 0  Annealed Kreyns (1965) 
300 Cold Worked Kreyns ( 1965) 

0 3 5 4  Anneoled Don~e l  ( 1972) 

10 - 

0 - 
0 
ts 8- 
C 
0 
s 
U 

0 
C 
Q) 
-I - 

- 
0 
C 
0 .- 
+ ( f ~ r s t  4 points) 

Spuore  ROO^ of Fluence J n 3  INEL-A-6173 
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The fast flux factor of Equation (B-15.11) has been incorporated in the constant A of the 
full.expression for growth, Equation (B-15.1). 

The detailed data comparisons made while deriving Equation (B-15.12) provide 
justification for the functional dependence shown. When Harbottle's [ B  15.61 data tor 
growth under fast fluxes differing by a factor of two (at 40  and 80°c - See Table B-15.1) are 
compared, they are consistent with a value of Em = 0.3 eV. This value of Em is reasonable. 
for atomic migration in that temperature range. When other data are examined, values of 

Em 0.075 c V  ~ e s u l l  a l  :19~"C ~ I I J  ul' Em - 0.5 17 eV a l  359°C. 'l'llis rdxige ul'values is alsu 
reasonableiB-I 5.141 and so confidence may be assumed in the functional dependence given 
by Equations (B- 1 5.1 1 ) and (B- 1 5.1 2). 

15.5.3 Thc Effcct of Cold Work on Irradiation Growth. Thc obscrvcd cffccts of cold 
work have not been successfully explained in detail in the literature. For the present model, 
general conclusions have been drawn from the available measurements and an empirical 
expression has been formed. The data taken by Kreyns on cold-worked zircaloy-4 tubes at 
300°C agree very well with a square root of fluence dependency as shown in Figure B- 1 5.5. 
In order to compare these results with those for annealed tubes, the annealed data shown in 
Figure 8-1 5.4 were normalized t o  300UC by use of Equation (B-15.12). Figure B-15.5 then 
indicates that the net effect of cold work is to  increase the growth rate in the unsaturated 
range of fluende. Neither the dependence on the square root of the fluence nor the intercept 
at zero fluence are changed by cold working the tubing. 

The only available data on the effect of varying the amount of cold work are reported 
in Figure 19 of Reference B-15.8 which indicates the following approximate irradiation 
growth fractions in the longitudinal direction of zircaloy-4 plate specimens at 300°C (Table 
B-15.11). 'The data are reasonably consistent with a linear relationship between growth and 
cold work and have been incorporated into the model by assuming a factor of the form 
(1 + D x cold work). Values of D determined from the data at the three different fluences 
n.re listed in Tn.hle R-15.111 where 

D = 
Crowth w i t h  c o l d  work 

Growth w i t h o u t  c o l d  work -1 1.  (B-1 5.12) 

The value D = 2.0, given by the data at the lower fluences, is used in .the model since 
the measured values of growth with 0% cold work (Table B-15.11) show gross saturation 
effects similar to  the effects apparent in the high fluence data of Kreyns. The model thus 
sacrifices a description of these gross saturation effects in order t o  fit the cold-work data 
and the majority of the annealed tubing data. 

1'5.6 Evaluation of the Model and Its Uncertainty 

The normalization of all the annealed data t o  identical conditions (texture coefficient 
f, = 0.05, temperature at 3 0 0 ' ~ )  as shown in Figure B-15.5, provides a test of the model. 
The model predicts irradiation growth reasonably well except for data taken a t  fluences less 
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S ~ I J O ~  Root of Fluence ( 1 0 ' ~  Jn/m2 ) INEL-A-6174 

Fig. B-15.5 Zircaloy growth versus square root of fast neutron fluence for data adjusted to a common tube texture 
coefficient o f  fZ = 0.05 and to a common temperature of 3000C, with linear least squares fits superimposed. 
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TABLE B-15. I 1  

ZIRCALOY GROWTH DATA AS A FUNCTION OF COLD WORK AND FLUENCE 

F a s t  C o l d  Work F1uenr.e , 

( 1 0% 20% 78% 

TABLE 6-15. I 1 1  

DETERMINATON OF COLD WORK COEFFICIENT 

Fast. 
F l  uence 

2 than neutronslm and except for greater than normal .saturation effects seen in some 
annealed samples. Figure £3-1 5.1 leads to the same conclusion and also indicates the relative 
effects of thc tcmpcraturc, tcxturc, and fluence variables as predicted by the model. [The 
factor A used in Equation (B-15.1) for these curves was derived from a linear least squares 
fit to the data of Figure B-15.51. 

Further refinement of the model to explain the relatively high growth measured at 
low fluence and to explain the gross saturation effects observed on some samples, has not  
been attempted. In the low fluence case there are competing processes that may explain the 
high values sometimes found, and there is no way to  distinguish between them with 
additional data. These effects are: 

(1) Stress relief causing additional length changes (Reference 
. B-15.11) 
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(2) Variationin fast flux causing differenl gruwtl~ sates (Reference 
B-15.6) 

(3)  Variation in interstitial migration energy with temperature 
causing error in the temperature model (as discussed in Section 
B-15.5.2). 

Similar problems exist with attempts to  model the gross saturation effects observed in 
some experiments by Kreyns using tubing and by Fidleris UB-l 5.8] using plate samples. 
There are sufficient data to indicate clearly that these saturation effects in growth are not 
simply a function of the fluence or the growth strain. However, few data are available to  
appraise 'correlations between saturation and other parameters. 

An estimate of the uncerlai~~ly call bt: ubtai~ied by eo~nparing prcdictions of thc 
model with data which were not used in formulating the model. For example, the plate 
specimen data listed in Table B-15.11 for 0% cold work (and 300 '~)  were not used to 
formulate the predicted growth of annealed tubes. When these data are compared with the 
model predictions for annealed growth at 300°c, a discrepancy of approximately 10% is 
found. This 10% discrepancy is consistent with the scatter of the data at fluences above 

n/m2 in Figure B-15.5 and thus represents a reasonable estimate of the model's 
uncertainty in the temperature range from 4 0  to 360 '~ .  

The uncertainty for temperatures outside of this range and for fluences less than 
n/m2 may be substantially greater than 10%. In the low fluence range, inspection of 

Figure B-15.5 suggests uncertainties on the order of 100%. Such large discrepancies may be 
due to  stress-relief effectsUB-I 5-1 ' 1 .  For temperatures much outside the range 40  to 360°C 

. increased error will be caused by the presence of different modes of atomlc interstitial or 
vacancy migration causing different rates of zircaloy growth. 

15.7 Cladding Axial Growth Subcode CAGROW Listing 

A listing of the FORTRAN subcode CAGROW is presented in Table B-15.IV. 
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16. CLADDING OXIDATION (CORROS AND CHITOX) 

The oxidation of zircaloy cladding is an important subject because zircaloy containing 
oxygen is more brittle than oxygen-free zircaloy and, therefore, has less ability to deform 
plastically under stress. Moreover, the oxidation reaction is exothermic and at high 
temperatures, such as might occur during. a loss-of-coolant accident, the reaction may 
proceed rapidly enough so its heat can significantly influence the cladding temperature. . 

The correlations developed are used in safety analysis to  determine the extent of the , 

oxidation, t o  assess the strength of the cladding, and to  predict the cladding temperature. 

16.1 Summary 

Low temperature oxidation is summarized in Section B-16.1.1 and high temperature 
oxidation is summarized in Section B-16.2. 

16.1.1 Low Temperature Oxidation (CORROS). The subroutine CORROS returns'an 
expression for the thickness o f  the oxide layer on zircaloy cladding during typical reactor 
operation at temperatures of 250 to 400 '~ .  Required input values are temperature at the 
outer surface of the oxide, initial oxide film weight, length of time at the given temperature, 
type of reactor (BWR or PWR), heat flux across the oxide layer, and zircaloy oxide thermal 
conductivity. 



Cladding oxidation during normal LWR operation occurs in two stages depending on 
the oxide thickness and to  some extent on the temperature of the oxide. For thin oxides the 
rate of oxidation is controlled by the entire oxide layer. When the oxide layer becomcs 
thicker, a change of the outer portion occurs and further oxidation is controlled by the 
intact inner layer. The l r a ~ ~ s i l i v ~ ~  belwecll sldges is dcscribcd in tcrms of thiclmot;~ of 111e 
oxide layer at transition which is given by 

'TRAN = 7.749 x 1 o - ~  exp (T) 
where 

XTRAN = . thickness' of the oxide layer at transition point 
(rn) (typically 1.9 x 1 o - ~  m thick) 

T .  - - temperature of the oxide-metal interface (K). 

Values of the thickness of the oxide layer on the outside of the. cladding are given by 
Equations (B-1.6.2a), (H-l  h.Zb), and (h-16.2~:) for prerransiliorl alld p u s l l ~ a ~ ~ s i l i u ~ ~  uxide 
films. 

For pretransition oxide filnis: 

-15 660)  
= [4.976 x lo-' A [ t ]  exp ( 

3 1 /3  
'PRE + xo 1 (B-16.2a) 

for posttransition oxide films when Xo, the intial oxide thickness, is less than XTRAN: 

'POST = 82.88 A [t-tTRAN] exp (-14T080) + 'TRAN (B-16.2b) 

and when Xo is greater. 1lla11 the transition thichcss:  

-14 000) + 

'POST = 82.88 A [t] exp ( 0 

where 

XTRAN = thickness .of the oxide layer at the transition 
point (Equation B-16.1). 

- 
X~~~ - thickness of the oxide layer when a pretransition 

oxide film exists (m). 

- 
X~~~~ - thickness of the oxide layer when the oxide film 

is in the posttransition state (m). 



x o  
- - initial thickness of the cladding oxide layer 

'expressed in meters. This term can be approxi- 
mated as Xo = 0 for etched cladding but i t  
becomes important if extensive psefilming has 
occurred or  if oxidation is carried out in several 
steps which take place at different te.mperal.ures 
or in different coolant chemistries. 

t - - time at temperature (days). 

A - - a parameter describing enhancement of the 

cladding oxidation rate in .a reactor environ- 
ment. Typical reactor chemistries and flux levels 
result in a value of A = 1.5 for a PWR and 9 for 
a BWR. However, the factor is apparently- a 
function of temperature, as discussed in Section 
B-16.2.3. A value for A is d e l e r ~ ~ l i ~ i c d  in the 
subcode by.user specification of BWR or PWR 
chemistry with an input parameter ICOR. 

T - - Lerrlperature of thc oxide-metal interface calcu- 
lated by the code from the input value of the 
temperarure at the ouicr cixidz sci-fzce, thc, hcat 
flux across the oxide and the thermal con- 
ductivity of the oxide layer (K). 

. 

- 
t~~~~ - time of transition belween states (pre- and 

posttransition). This time is calculated in the 
code from the inverse of Equation B-16.2a. 

The approach and general physical picture used to model low temperature oxidation 
are summarized in Section B-16.2.1. Section B-16.2.2 develops the basic out-of-pile model, 
and Section B-16.2.3 generalizes the hasic model to in-pile environments. The model is 
compared with in-pile data in Section B-16.2.4.' The subcode CORROS is presented in 
Section B-16.4. 

1 6.1.2 H~gh  Temperature Oxidation (CHITOX). For the high temperature range 
(1000 to  15000C) neither the flux level nor the coolant chemistry has an important 
influence on the extent of oxidation. At"  these temperatures the "coolant" has become 
steam, and oxidation proceeds much more rapidly than at operating temperatures. The only 
parameters used in the model are the time at the high temperature and the temperature. 
The correlations are used to calculate the Zr02 and tUal layer thicknesses formed 

[a]  The Zr02 and oxygen-stabilized alpha layers together are called the layer. 



during a time step, the radial tllickriesses of the unoxidized part of thecladding at.the end 
of the step, and the heat released per meter p.er second due t o  the transformation of 
zirconium to zirconium dioxide. 

The general features of high-temperature zircaloy oxidation are discussed in Section 
B-16-3.1. The selection of a data base for comparison with the correlations is discussed in 
Section U-16.3.2 and an evaluation of existing models with this data base is given in Section 
B-16.3.3. The corrclations chose11 for the ~rlodel based on this evaluation are those of 
~ a l l l c a r i [ ~ - l ~ - ~  1 . The thickness of Er02 layer is discussed in SectiondB41 6.3.4 and is given 
by Equalivn (B-16.3): 

X2 = [xI2 + 2.25 x exp (-18 063/T)Dtj, 1/2 . (B-16.3) 

where 

X 1  = the oxide thickrless a1 the beginning of the time .step (m) 

X i  = the oxide thickness at the end of thc timc step (m) 

-1- = tcmpcrature (I<) 

Ut = duration of the time step (s). 

Because an incrcase in volume occurs wller~ zirconium changes to  Zr02, the radius of 
the remaining unoxidized zircaloy. is 'not simply the original radius minus the thickness. of 
the oxide layer. Rather this radius, designated by R2, is given by: 

where the new variables are: 

Ro = outside diameter of the fuel rod before any oxidation 

R2 = outside diameter of the unoxidized part of the fuel rod at 
the end of the time step (m). 

Equation (B-16:4) is derived in Section B-16.3.5. 

The rate of heat generation per meter in a rod of original radius Ro due to  the 
oxidation reaction is given by: 

4 = (pZ,) (HRZ) 4.34 Ro (.Xp - X I  )/Dt (B-16.5) 



where 

Q = rale of heat generation by the oxidation (W/m) 

3 3 p z r  = density of zirconium (6.5 x 10 kg/m ) 

HRZ = heat of reaction per kg of zirconium (6.45 x lo6 Jlkg). 

The derivation of ~ ~ u a t i o n  (B-16.5) is given in Section B-16.3.6. 

The t layer thickness correlation given by Equation (B-16.6) is developed in Section 
B-16.3.7. 

X; = [ x i 2  + 6.824 x exp (-21 O O O / T ) D ~ ] ' / ~  (B-16.6) 

whore 

X; = the thickness a t  the beginning of a time step (m) 

I 

X2 = the t thickness at the end of a time step (m). 

In Section B-16.3.8 an approach to the oxidation kinetics during ballooning of the rod is 
discussed. Ballooning is especially important because as the rod surface area increases, the 
brittle oxide cracks and exposes ~lnoxidized zircaloy, which according to  the parabolic rate . 

. law will oxidize much more quickly than. the neighboring oxidized areas and 'thus cause 
further thinning of the remaining ductile material which rapidly ch.anges to  oxide. The 
uncertainties in the correlations are discussed in Section B-16.3.9, and the computer subcode 
CHITOX is presented in Section B-16.4. 

16.2 Low Temperature Oxidation Model (CORROS) 

In this section a model is developed which describes the oxidation of zircaloy cladding 
at normal reactor operating temperatures (250 to  400 '~) .  

16.2.1 Physical Picture Used in the .Model. Investigators generally agree [B-16.2, 
B-16'31. that oxidation of zirconium alloys by water in the temperature range from 250 to  
4 0 0 ~ ~  proceeds by the migration of oxygen vacancies from the oxide-metal interface 
through the oxide layer to the oxide-coolant surface (and the accompanying migration of 
oxygen in the opposite direction). The vacancies at the metal-oxide surface are generated by 
the large chemical affinity of zirconium for oxygen. Although the rate of oxidation is 
controlled in part by vacancy migration, the process of oxygen transfer from coolant to  
metal is not complete until the vacancy is annihilated by an oxygen ion at the oxide-coolant 
surface. Thus, the suggestion that in-pile oxidation rates are affected by the supply of 
oxygen ions or atoms a t  the surface is consistent with oxygen rate control by vacancy 



diffusion. 111 other words, the net flux of oxygen atoms into the metal is equal to the 
product of the vacancy flux times the probability that a vacancy will be annihilated by an . 

oxygen atom, and that probability is affected by the supply of oxygen ions at the outer 
surface of the oxide whenever a competing mode for vacancy annihilation exists. 

Detailed mechanisms for the posttransition time dependence of oxide growth have not 
been established in the l i t e r a t~ re [S - l6 .~ ,  6-5 1 . Proposed mechanisms are discussed in 
conjunction with the models developcd in Scctions B-16.2.2 and B-16.2.3. 

16.2.2 Oul-uf-Pile Basis forxthe Oxidation Model. An out-of-pile model is considered 
in this section because well characterized data[B-16.2] on oxidation as a function of time 
and temperature have been published only for out-of-pile corrosion. Principal features of the 
oxidation models are: 

( I )  The pretransition oxidation rate is time dependent and inversely 
proportional lo .the square of the (unifornl) oxide thickness. 

(2) The posttransition oxidation rate of a macroscopic surface is 
c o ~ ~ s t n ~ i l  und proportional to thc avcragc of thc local rates 
determined by an intact inner oxide layer. Figure B-16.1 
;resents a schematic pictiire of the posttransition model of the 
nxide film. 

Oxidation of materials which form a protective oxide layer is frequently found to 
conform to  the assumption that the rate determining process is the diffusion of oxygen 
atoms across the oxide. In these metals, the flux of atoms arriving at the metal and thus the 
rate of oxidation are determincd by thc conccntration gradient across the oxide and are 
inversely proportional to  the oxide thickness [B-16.61 

y = oxide th~ckness 

t' = time 

Integration of this equation from y = 0 at t' =' 0 to y = X at t' =' t yields a "parabolic" time 
dependence, X = (2K t) l I2  which is frequently observed experimentally. . 

A slight generalization in the derivation of "parabolic" oxidation produces a result 
consistent with tlie rrleasuted Lirne dependence of zircaloy corrosion. As discussed, vacancy 



migration is one factor in the rate controlling mechanism. If the vacancies have a limited 
lifetime, the flux of vacancies arriving at the oxide-coolant surface will be proportional to 
the inverse of the time, tdiffusion, required for a vacancy to  diffuse to  the oxide-coolant 
surface. Since this time is proportional to  the square of the average diffusion distance 

2 (tdiffusion a y ) the net vacancy flux arriving at the oxide-coolant surface and thus the 
rate of oxidation should be proportional t o  the inverse of the square of the oxide thickness 
which the vacancies must cross. 

-. 
t .-a - 

Coolant 

Oxide Layer which does 
not Affect the Rate of Oxidation 

. - 

From the physical arguments of the last paragraph, the vacancy lifetime-limited rate 

0 : 

of oxidc growth should be * = where c is not ,a  function of time or oxide thickness. 
dt' ' y 2  

Integration of the rate equation from y =  Xo at t' = 0 to  y = X at t ' =  t,  gives 
3 113 X = ( 3 c t + X o )  . 

. . . . Zlrcaioy . 

The t1/%ependencc of the oxide layer was obtained directly from the assumption 
that the oxide growth is proportional to the inverse squared oxide thickness without specific 

EGG-A-960 

Fig. B-16.1 Schematic o f  posttra;lsition oxide showing an intact rate-determining layer of varying thickness, with another 
oxide layer which does not affect the oxidation rate. 



reference to the vacancy nligralion picture. If the concept of a temperature dependent 
vacancy concentration at the metal-oxide surface is introduced, the constant c can be 
replaced with a temperature dependent f0.m c =  R exp (-TOIT) where R and To are 
constants and T is the temperature of the oxide-metal interface. The rate of oxidation in the 
pretransit~on stage is then 

where 

y = the oxide layer thickness a t  .time t'. 

Integration of Equation (B-16.8a) from y = Xo at t' = 0 to y = X at t' = t gives 

' 3 1 / 3  . 
X = [3Rt  exp ( -TOIT )  + X, ] . 

Posttransition oxidation is viewed in this section as a series of pretransition modes. An 
inner oxide layer with thickness that varies as a function of surface position is presumed t o  
control the rate of oxidation until this inner layer grows to the transition thickness. At this 
time the inncr layer changes to  an outer layer which does not affect the oxidation rate, and 
growth of a new inner layer begins. The representation is adopted because i t  successfully 
relates prctransition and posttransition oxidation rates (out-of-pile). 

If the representation with an inner oxide film of varying thickness is correct, the rate 
controlling irlrler par1 of the oxide layer should join the outer layer at a thickness 
apprvximately equal to the transition thickness but at a time determined by local 
conditions. After several cycles the growth rates of the inner oxide layer at different 
locations on the surface u l  a l ~ ~ a c r v s c o ~ i c  oxide film will be out of phase and the rate of 
growth of the entire surface film at any time ('which i s  what i s  nhserverl in most 
cxpcrimcnts) will be the time avelage rale oC growth at any one place on the surface. 

&L . X~~~~ - 
3  R  e x p ( - T O I T )  

- - - .  

d t  average  . 'TRAN, X~~~~ 2 o v e r  
s u r f a c e  

where 

(B- 16.9) 

the thickness of the oxide layer a t  transition 

the time necessary for an oxide film t o  grow 
from almost zero thickness t o  the transition 
thickness, according to  Equation (B-16.8B) 



T - - temperature 

To 
- - constant 

R - - constant. 

Empirical relations based on out-of-pile data are published in Reference B-16.3. These 
relations are as follows: 

5220 p r e t r a n s i  t i o n  o x i d a t i o n  = (27.1 - + 0 . 8 )  l o 3  t1I3 exp (+) 

8 -14 400 p o s t t r a n s i t i o n  o x i d a t i o n  = (23 .0  + 0 .7  1 0  t exp ( ) 

7 90' w e i g h t  g a i n  a t  t r a n s i t i o n  = (123 + 4)  exp(*) (B-16-12) 

where 

oxidation = weight gain in mg/dmZ 

- 'r' - temperature (K) 

t - - .. . time in days. . 
, 

Since the posttransition oxidation is viewed as being a series of pretransition modes which 
are separated by local loss of the inside oxide film, one would expect to  obtain the pre- and 
postt'ransition oxidation rates with a single set of constants. In fact, the empirical constants 
determined by Van der ~ i n d e [ ~ - l  6.3 for the pre- and posttransition oxidation rates 
[Equations (B-16.10) and (B-16.11) 1 can be reproduced with a single set of parameters, 

T o =  14080K,  R =  1 . 6 5 9 ~  10- m-', and XTRAN = 7.749 x 10- 6 m exp (-790/T). Oxidat- 
day 

ion rates obtained using these constants and Equations (B-16.8) and (B-16.9) are within the 
+4% error reported by. Van der Linde for oxidation rates obtained using Equations 
(B-16.10) and (B-16.11). 

16.2.3 Generalization to  an In-Pile Model. Prediction of in-pile corrosion is 
complicated because the important variables of local temperature and reactor chemistry are 
not always reported; thermal gradients exist across the oxide film (causing the oxide outer 

_ surface temperature to differ. from the oxide-metal interface temperature), and data on the 
time dependence of corrosion are limited. If in-pile corrosion enhancement is due to 
irradiation damage of the oxide layer as has been suggested [B-16.7, B-16.81, a 

mechanism must be added to the present model. However, if the observed enhancements 



result from an increased supply of oxygen atoms or oxygen ions as suggested by other 
workers [B-16.91, a simple change of the rate constant in the out-of-pile equation will 
describe the increased oxidation observed in reactors. Changes in oxidation due to  in-pile 
chemical effects are, incorporated into the present model with an enchancement factor A 
which describes a multiplicative in-pile enhancement of the out-of-pile oxidation rate due to  
an increased supply of oxygen ions. 

Rate equations for in-pile oxidation are thus: 

for pretransition regime 

AR exp ( - T O I T )  

x 

for posttransition regime 

3 AR exp ( - T O I T )  
= 

2 
'TRAN 

Tllc i~~l.cg~al.t..cl T(.,I.~IIS c;T I.11r.s~ r.cluabivris are: 

3 1 1 3  

P R,E = [ 3  AR t exp ( -T,/T) + xo ] 

and 

- - 3 
(t-tTRAN) CXP ( T,/T) 

'POST 2 + 'TWN (B-16.15a) 
TRAN 

if' Xo is less than XTKAN, or  if Xo is greater than XTRAN: 

3 AR t exp (-T;/T) - 
'POST 

- 
2 + Xo. (B-16-15h) 

'TRAN 

An interesting result (and a good test of the theory if time dependent in-reactor data 
become available) is the fact that the rate enhancement factor A does not result in a linear 
change in the oxide thickness for pretransition films. That is, although the oxidation rate is 
enhanced by factor A, the pretransition oxide film thickness at a given time is merely 
as thick as i t  would have been without the in-pile enhancement. Since the posttransition 
oxidation is linear in time, both the rate and change in oxide thickness at a particular tim.e 
are enhanced by factor A. 



'I'he metal-oxide temyeralu~e is computcd frorr~ the tkmpc.rature at the uu1t.r uxide 
surface, the heat flux across the oxide surface, and the thermal conductivity of the oxide 
layer by Equation (B-16.16): 

where 

T = temperature of the oxide-metal interface (K) 

Tc = ' temperature of the outer surface of the oxide (K) 

Q = . heat. flux across the oxide layer (w/m2) 

X = . oxide layer thickness (m) 

KO2 = thermal conductivity of the oxide layer (W1m.K). 

Since the term Q * X/K02 normally is a small correction to  the temperature of the 
outer oxide surface, the correction to. the Lslllyelature is approximated with an iteration. . 
For the first, step X is approximated as the initial oxide thickness. The oxide thickness is 
then computed with Equation (B-16.14) or Equation (B-16.15) and the resultant value is 
inserted for X in Equation (B-16.16). 

An adequate data base for a careful prediction of oxidation enhancements in reactor 
environments is not available in spite of several past studies which have concentrated on the 
effects of dissolved oxygen [B-16-10, B-16.1!], fast neutron flux [B-16.1 '1, fast neutron 
fluenceL B-l 21 , and y-irradiation iB-l 6.91 As an interim measure, this model correlates 
the oxidation enhancement with only two of the more important variables: temperature and 
reactor environment. 

(1 ) BWR Environments. Several authors [B-16.8,-B-16.9, B-16.131 report. that 

oxidation enhancement increases rapidly with decreasing temperatures in BWR environ- 
ments. Values of the enhancemerl t factor A, proposed in References B-16.8 and B-16.13 are 
plotted in Figure B-16.2 along with an average value of A = 9 found necessary to  obtain a 
reasonable fit of the model developed here to the oxidation data presented in Reference 
B-16.14 and B-16.15 (pH 7 water with 3 0 p p m  oxygen content in the steam). It is 
recommended that the straight line sketched between these points be used to  estimate the 
enhancement in a typical BWR environment, and an analytical expression corresponding to  
this straight line has been programmed i n t o  CORROS using the expression 

5 2 A = 4.840 x 10 exp (-1.945 x 10- T c )  (B-16.17) 

for 500 < T < 673 K 



where 

A = the enhancement factor 

Tc' = the temperature at the outer'oxide.surface (K). 

100. . 1 ' * 1  ' I I I ~ I I I  l 1 " "  

BWR environments 
m From Asher, 1966 

From Videm, 1970 
A From Megerth, 1971 

PWR environments 
- 

A From Smalley, 1974 
From Hillner, 1974 

- 

o From Videm, 1970 - 

- - 

- - 

BWR environments - - 

- 

- 

PWR env~ronments 

1 
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Cladding surface temperature (OC) I NEL-A-6088 

Fig. B-16.2 Estimates of enhancements over out-of-pile oxidation rates when cladding is irradiated in typical BWR and 
PWR environments. I .  
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(2) PWR Environments. "Enhancement factors" have been reported to  be 
about 2.4[B-16.16] for zircaloy-2 rods in the Shippingport PWR. A' fit of Equation 
(B-16.2b) to values of oxide thickness rcported in Reference B-16.16 agreed with this value 
and a similar fit of the equaliori to values reported from Saxton ., PWR 
rods [B-16.17, B-16:18], resulted in a value of A =  1.5. These values are also plotted in 
Figure B-16.2. The relatively small value of A in PWR e.nvironmenls (whiclr do nut  coatain 
dissolved oxygen in the bulk coolant) is consistent with the picture of enhanced oxygen 
atom and ion supply rates due to ionization of dissolved oxygen. As in the case of BWR 
environments, the straight line sketched between these points is used by CORROS to  
estimate the enhancement in a typical PWR environment. 

The equation for 500 < T < 673 K is 

3 A = 1.203 x 10 exp (-7.118 x 10.' T ~ )  

where 

A = the enhancement factor 

Tc = the temperature at the oxide-coolant surface (K). 

16.2.4 Comparison with In-Pile Data. The average value predictions of the model 
. . 

developed in this section art: c;ui~~pic~.t;d ~ i t h  tlic va!i;es reportc?, for i n < i v i d ~ d  .!z??p!es ir! 
Figures B-16.3 through B-16.5. There is considerable scatter in the data from individual 
rods, with maximum measured values of oxide thickness as large as twice the &erage values. 
In some cases, such as the Shippingport data of Figure B-16.3, variations are generally 
consistent with the idea thal Lernpesature variations are responsiblc. In other cases, such as 
the Saxton data of Figure B-16.4, variations are not explained solely by temperature 
variation and the cause is probably related to  local variations in ,coolant quality or chemistry 
caused by nucleate boiling or to  contaminants. Similarly, variations in coolant quality along 
the BWR rods could contribute to the large scatter in the BWR data of Figure B-16.5. Note 
that the duration of the pretransition period varies considerably in Figures B-16.3, B-16.4,. 
and B-16.5. Figures R-16.3 a n d  R-16.4 refer to  PWRs with relatively low oxidation rate 
enhancements. However,,, the temperature is higher in the case of Figure B-16.4, producing a 
shorter pretransition period due to  more rapid oxidation. Figure B-16.5 refers to  a BWR, 
having low temperatures but large oxidation enhancement factors (9 in this case). This 
enhancement overwhelms the temperature effect and results in an even shorter pretransition 
period so that the relatively rapid posttransition oxidation is predicted to start early in the 
BWR. 

16.3 High Temperature Oxidation Model (CHITOX) 

The model developed in this section is somewhat simpler than thal used Tor low 
temperature oxidation. This is partly because the calculations deal with layer thickness and 
heat generation rates, quantities which can be described with reasonable accuracy by 
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Fig. B-16.3 Comparison of the predicted oxide layer thickness with the base data from average values of six Shippingport 
zircdoy-2 rods in:a PWR e~~virual l le~~l  a1 2770C. 

relatively simple correlations. The model has been developed for the temperature range 
1000 to 1 500°C. For temperatures between 400 and 1 0 0 0 0 ~  the oxide thickness is assumed 
to be that reached at  4000C using. the subroutine CORROS. This is an approximation, but 
should be a good one since the contribution. to oxide .layer thickness during the time a 
reactor's fuel rods are in this temperature range is small. 

16.3.1 General Features of High Temperature Zircaloy Oxidation. When zircaloy 
tubing is exposed to steam at temperatures above the alpha-beta transition temperature 
(1244 K), three different materials are present. On the outside, exposed to  the steam, is a 
layer of zrU2. Beneath this is a layer of "oxygen-stabilized alpha". This is zircaloy at  a high 
enough temperature so that it should be in the beta phase, but which has the characteristic 
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Fig. B-16.4 Comparison of  the predicted oxide layer,thickness with the base data from Saxton zircaloy4 rods in a PWR at 
340OC. - 

alpha-phase hexagonal structure due to the presence of oxygenla]. Beneath this is a layer of 
beta zircaloy, which may have some oxygen dissolved in it, but has not yet transformed to  
the alpha phase. In addition, at high oxygen concentrations, needle-like regions of alpha 
zircaloy may extend from the oxygen-stabilized alpha layer into the beta layer. These are 
called "alpha incursions" and are believed to form during cooling as a way of relieving 
excess oxygen concentration [B-16.16,B-16.171. The key parameters for describing the 
qxidation reaction are the temperature and the time at temperature. 

16.3.2 Selection of the Data Base. A data base consisting of 430 points for the Zr02 
layer and 377 points for the t layer from 7 sources was assembled. The primary criteria for 
inclusion in this data base were: 

' 

[a] The ZrOZ and oxygen-stabilized alpha layers together are'called the layer. 
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Fig. B-16.5 Comparison of the predicted oxide layer thickness with the base data from zircaloy-2 rods irradiated in the 
Vallecitos and Dresden BWRs at 2860C. 

(1 ) Good temperature characterization 

(2) Tubular experimental samples of typical LWR dimensions 

(3) Temperatures in the range 900 to  1 500°C. 

Most of the data not used were excluded because they failed t o  satisfy the latter two 
criteria. For example, Baker and Just [B-16.18] studied molten zirconium spheres, while 
~ i l l n e r [ ~ - ~ ~ . ~ ~ ]  examined. rods which had been in operation in a PWR at temperatures 
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bdow the range of interest (300°C). Urquhart and ~ e r m i l ~ e a [ ~ - ~ ~ . ~ ~ ]  also used samples 
oxidized at a low temperature (600°c), as did Bradhurst and Heuer [B-l6.2]1 (500 to 
700°c). A great many satisfactory data are available and have been included. Perhaps the 
best of these are those from Cathcart [B-16.1, B-16.22 - B-16.241 who has carried out an 

extensive program with particular care. In addition, Biederman [B-16.17, B-16.251 and 

Hobson and  itt ten house[^-^^-^^] also have some relevant resulls. The data base gathcred 
from these authors is broad enough for model evaluations. 

16.3.3 Evaluation of Existing Models. Many high temperature oxidation models 
already have been published. 'I'he most common analytical Cur~n eniploys "parabolic 
kinetics" where the time rate of change of the layer thickness is inversely proportional to  
the thickness itself and the constant of proportionality is an Arrhenius funclivr~ of 
tell~pcraturc. 

Thus, in this scheme: 

- -  1 d X '  - - A e x p  ( - B I / T )  
d t  X '  

where 

X' = layer thickness (either Zr02 or [ layer) (pm) 

T = temperature (K) 

A' = constant characteristic of the particular model under 
consideration 

B' = constant characteristic of the particular model under 
.. consideration. 

If Equation (B-16.49) is integrated with respect to time assuming isothermal 
conditions and zero initial oxidation, as was the case for the data used, then the layer 
thickness is given by ~ ~ u a t i o n  (B-16:20): 

X '  = A e x p  ( - B I T )  a. (B- 16.20) 

The A in Equation (B-16.20) is the square root of 2A' from Equation (B-16.19) and B 
is B1/2. 

Two sqts of correlations of this type are considered: one for the Zr02 layer and one 
fur the [ laykr. The laycr thicknesses are the only outputs from-these correlations. There are 
other quantities which may ultimately be of interest, such as oxygen concentrations in the 



various layers. Computation of quantities such as these will involve a more complicated 
routine, perhaps something resembling S I M T R A N [ ~ - ' ~ . ~ ~ ]  which has been developed at 
Oak Ridge National Laboratory and is currently being verified there. 

The rnod~ls  compared are those of 1-frbanic [B-16.281 ~ i ~ d ~ ~ ~ ~ ~ [ B - 1 6 . 1 7 ,  B-16.251 
Baker and ~ u s t [ ~ - l  6.1 81, and ~ a t h c a r t [ ~ - l ~ . '  for ZrO ; and Lemmon [B-16.301, Hobson 
and Rittenhouse [B-l 6.261, Biederman, C a t h c a r t [ ~ - l ~ . l  f, and ~ e i s t i k o w [ ~ ]  for the 5 layer. 
In addition comparisons were made with the SIMTRAN code. This will be discussed at the 
end of this subsection, 

. The prediction of each correlation for each data point was found and the standard 
error for the correlation with the appropriate data set c0mpute.d. The consta;~ts A and B of 
Equation (B- 16.20) for each correlation and its standard error are presented in Table B- 16.1, 
The standard error is defined by Equation (B-16.2 1 ): 

( .Standard Error) = .  
c ('meas - ' t a lc  dN N-, (R-16.2 1) 

where ' 

- 
Xmeas 

- measured thickness 

- 
Xca,c - calculated thickness 

N - - number of points in the data set. 

It is clear from the standard errors listed. in Table B-16.1 that for both the Zr02 and 
the laycr Cathcart's. corre~atidns give the best fit t o  the data. These are therefere the ones 
used in the model. 

In addition to all these models, the computer code S I M T R A N [ ~ - ' ~ . ~ ~ ]  was run on 
the Idaho National Engineering Laboratory computer for a range of cladding temperatures. 
SIMTRAN is a FORTRAN PV comgutcr program which solves ~ 1 . ~ 1 a l t a n e o u s l ~  the 
TRANsport equations for both heat and mass flow in a finite-geometry, moving-boundary 
systcm. No simple correlation can be given, but a descriptioil and listing may be found in 
Reference B-16.27. It is the most complicated of the models, being the only one to consider 
such factors as heat generated by the zirconium-water reaction, convective and radiative 
heat losses, and coolant temperature. The output includes layer thicknesses, dissolved 
oxygen contents, and temperature profiles. No attempt was made to run SIMTRAN for all 
the points. in the data base. The primary reason for not doing this was that complete input 
information was not available from the data base t o  make the runs meaningful. Some runs 
were made with assumed values for the required input parameters, such as coolant 

La] S. Leistikow, GfK, Karlsruhe, Paper presented at the Third Water Reactor Safety 
Meeting, Gaithersburg, Maryland.(September 29 - October 2, 1975). ' 



TABLE B-16. I 

SUMMARY OF Zr02 AND 6 CORRELATIONS AND THEIR STANDARD 

ERRORS FROM THE DATA BASES 

I n v e s t i g a t o r  

Urbani c 
Zr02 . Biederman [a 1 

Baker and J u s t  
Ca t h c a r t  

Lemmon 
Hobson and R i  t tenhouse [ b l  

5 B i  ederman 
Ca thca r t  . . 

L e i s  ti kow 

Standard E r r o r  

[a ]  The Biederman c o r r e l a t i o n s  used here  were developed f rom a l e a s t  
squares f i t  t o  a p a r a b o l i c  k i n e t i c s  equa t ion  o f  da ta  taken f rom t h e  
papers quoted. These papers descr ibe  a moving-boundary computer 
code appa ren t l y  s i m i l a r  t o  SIMTRAN, b u t  no l i s t i n g  o f  t h e  code was 
a v a i l a b l e  f o r  use i n  t h i s  ana l ys i s .  

[b ]  The c o r r e l a t i o n  used i n  t h i s  model was developed by Pawel us i ng  
da ta  o f  Hobson and R i  t tenhouse. 

temperature, heat transfer coefficients, surface emissivity, and the temperature of the 
surface to  which the zircaloy is radiating. These runs showed that the layer thicknesses 
predicted by SIMTRAN are close t o  those predicted by Biederman for the Zr02  layer and 
to those predicted by Hobson and Rittenhouse for the layer. However recent changes in 
the code, primarily in the diffusion constants for oxygen in the various zircaloy 

6.301 r&portedly[a] makes the predictions of SIMTRAN in complete agreement 
with the models 'of Cathcart. This being the case, Cathcart's analytically simple parabolic 
kinetics models, which show the best agreement with the data base, are just as good and will 
be used until the more complete information supplied by SIMTRAN is required for more 
sophisticated analyses. 

All of the data used in the data base were taken out-of-pile. There have been very few 
in-pile zircaloy-water reaction experiments conducted to  date. One of these few cases is 
PCM-20 test series LB-16.31 where temperature ranges were estimated by examination of 
the postirradiation microstructure. The results of these are shown in Figure B-16.6. The 

[a]  S. Malang, Gesellschaft fur Kernforschung (GfK), Karlsruhe, Germany, Private 
Communication (August 1976). 
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Fig. B-16.6 Calculated temperatures versus measured 5 layer thickness with temperature estimates made from the 
microstructure. 

curves were calculated using the various correlations. .While no firm conclusion may be 
drawn from these data, it is at least apparent - that the 'correlations make reasonable 
predictions of in-pile results even though based on data taken out-of-pile. 

16.3.4 qxijl_e_ !ayer Model. The lnodel is based on Cathcart's isothermal rate 
equation 

where 

X = thickness of oxide layer (m) 

t . = time (s) 

T = temperature (K). 



To obtain a correlation for nonisothermal cases Equation (B- 16.23), is integrated 
directly to  find the change in oxide thickness during a time step starting at time t l  and 
ending a t  time t2. 

where 
I .  

X1 = thickness of oxide layer at beginning of the time step 

. . 

X2 = thickness of oxide layer at end of the time step. 

If the temperature is constant during the time step, or if it is approximated as a constant 
equal t o  the average of the temperatures at the beginning and end of the step, then Equation 
(B- 16.24) is easiiy iriregrared ru becu~nt:. 

2 - 6 X: - X1 = 2.25 x 1 0  exp ( - 1 8  0 6 3 l T )  D t  

where 

Dt = t2  - t 1, the clulation of the time stcp (s). 

Finally the total oxide thickness at the end of the time step is given by Equation 
(R-16.26): 

Xp = [ x:, = 2.25 x exp ( - 1 8  0 6 3 1 ~ )  ~t ] 'I2. (8-16.26) 

A comparison of the oxide thickness predictions of Equation (B-16.26) with the data 
base for several different temperatures is shown in Figure B-16.7. 

16.3.5 Outer Radius of the Unoxidized Part of the Cladding. When zirconium changes 
to  Zr02 there is an increase in volume. For this reason the outer radius of the unoxidized 
part of the fuel rod is greater than simply the original radius of the rod before there was any 
oxidation minus the thickness of the oxide. Zr02 iscomposed of 74% zirconium by weight. 
To find the.thickness of remaining zircaloy, refer to  the simple drawing below: 



. Fig. 'B-16.7 ~ o r n ~ & o n  of  calculated and measuredl ZrO2 thicknesses for six temperatures. 



where 

R2 = radius of remaining unoxidized zircaloy. 

The mass of zirconium in the Zr02 layer must equal the mass of zirconium used up in 
the oxidation. Making the assumption that all 111e exparlsion occurs in the radial direction: 

2  2  
0 .74  ( P ~ ~ ~ ~ )  L [ ( R ~  + x ) ~  - R ~ ' ]  = .rr(p Zr ) L ( R o  - R 2 )  

(B-16.27) 

where 

- 
PZrO;! - density of Zr02 (6.1 x 1 o3 kg/m3) 

3 3 
P z ~  = density of zirconium (6.5 x 10 kg/m ) 

X - - thickness of Zr02 laycr 

- 
R, 

- original radius of unoxidized tube (not shown)' 

- L - ' the  length of the rod (m). 

r. cquaii011 (B-16.27) iiiiiji tlieii be exi;aiidcd and rcarrangcd, 

If at this point the approximation (Ro + .R2) % (2R2 + X) is made, then (Ro - R2), the 
change in zircaloy thickness due to  the formation of an oxide layer of thickness X, is given 

by 

' z ~ o ,  
(X) = 0.69 (X) Ro - R 2  = 0 .74  - 

'zr 

Equation (B-16.30) is actually the correct one to  use for the oxidation of zircaloy plate 
expanding only in the direction perpendicular to  its surface. This derivation also neglects 
expansion of the unoxidized zirconium lattice due to  dissolved oxygen. 

16.3.6 Rate of Heat Generation in the Cladding Due to  Oxidation. The volume of 
r i r c o ~ ~ i u ~ r i  converted t o  Zr02 during a time step for a cylindrical rod may be found with the 
help of ~ ~ u a t i o n  (B-16.30). The volume is - 



where all the variables have been previously defined. Expanding and collecting similar terms 
gives 

In Equation (B-16.3'2) KO is much greater than the term 0.345 (X2 + X1) because 
Ro > >XI *X2 In addition, neglecting the smaller term leads to  a more conservative result, 
that is the calculation yields a greater volume of converted zircaloy. Therefore, 
apyroxi~rialing in Equation (B-16.32) by neglecting this smaller term: 

A V = 4.34 L (R,) (X2 - XI) .  (B-16.33) 

'I'o obtain the heat generation rate per unit length per kilogram due to  the conversion 
of zirconium to ZiOZ, Equaliur~ (B-16.33) is multipllcd hy thc  dc,nsity sf Zr and by the 
c~ullle1111a1 Ileal ul' r~acllori per kg fiom rhe coriileision, then divided by both the length of' 
the rod and the duration of the time step. 'l'he result is given in Equation (B-16.34): 

where 

Q = rate of heat generation per meter for a rod of initial radius 
Ro (Wlm) 

HRZ = hcat of reaction per kg of zirconium (6.45 x 1 o6 J/kg) 

pz r  = density of zirconium (6.50 x 1 o3 kg/m3). 

A plot of Q versus temperature for a fuel rod where initial radius Ro equals 6.25 x loJ m is 
shown in Figure B-16.8 for various initial oxide thicknesses where X2 was calculated from 
Equation (B-16.263 with a time step of one s. 

16.3.7 Xi Layer Model. The t layer which is defined as the combined oxide and 
oxygen stabilized zifcaloy layers. Like ZrU2, the oxygen-stabilized layer is less ductile than 
oxygen-free zircaloy, so the en tire t layer is of interest for safety analysis. 

The model is based on Cathcart's t layer rate equation: 
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Fig. B-16.8 Heating rate per meter for a.rod of  initial diameter 1.25 x 10-2m as a function of  temperature for various initial 
oxide thicknesses. 

where 

X" = thickness of the layer (m) 

t = time (s) 

T = temperature (K). 

Following the procedure used for the oxide layer in Section B-16.2.3, Equation 
(B-16.35) is integrated to obtain an expression for the increase of the layer during a time 
step. 



X ~ X  = 3.412 x exp ( -21  000/T) d t  (8-16.36) 

where ' ,. 

t l  !.= time at start of time siep (5) 

X1 = .. thickness of 4. layer at time t l ,  (m) 

, t:! = -time at end of time step (s) 
' I 

X2 = thickness o f t  layer~at time t2  (m). 
u 

If the temperature is constant, or approximated as constant during the time step, then 
Equation (B-1 6.36) be~omes  

X; = [xi2 + 6.824 x 10 exp (-21 000/T) ~t ] " j2 (B-16.37.). 

whe.re 

Dt = t2  - t l  , the duration of the time step (s). 

A comparison .of the predictions of Equation (B-16.37) with the 4. layer data base for 
several different temperatures is shown in Eigure 8-16.9. It should be pointed out that the 
data base contains only isot~ermal data. . . .. ., 

l6.3.8 An ~ ~ ~ r g a c h  to  Oxidation ~ i n e t i c s  During Ball6bning. 0n&f the impgrtant 
problems which &st be dealt with in the compute? simulation of .rehitor b6havior.i~ the 
performance of the reactor when there is plastic deformation of the  cladding. A large, 
localized defomlation is called a "balloon" and isimportant in the consideration of coolant 

\ 
flow blockage. Plastic deformation of the cladding is significant in okidation kinetics. This is 
because the Zr02 is very brittle, while the underlying unoxidized zircaloy is stillductile, so 
that when the zircaloy expands, the oxide cracks asd exposes unoxidized zirconium which 
will then oxidize rapidly according to the parabolic rate law, Equation (B-16.23). In the 
course of this rapid oxidation of the freshly exposed zirqaloy, its thickness is reduce.d with a 
consequent loss of strength. The rapid oxidation also heats the metal locally. 

To treat this problem analytically in the code, it is necessary to  account for changes in 
surface area. The net change in area dyring a time step may .be found from the subcode 
BALOON 'which is part of the FRAP-T3 codeLa] . In brder td  ap&oximate the Cffect of 

. . 
, . .  , .. : 
[ a ]  .. FRAP-T3 ,is a.version.of the FRAP-T fuel behavior code, however, i t i s  unpublished 

for public review, therefore, FRAP-T2 [B-l 6.321 is referenced. 



Fig. B-16.9 Comparison of  calculated and m e a w e d  5 layer thicknesses for six temperatures. 



increasing area, it is recommended that the new surface be treated in the next time step as 
unoxidized. The new surface oxidizes more rapidly than those areas which.carried the 
previously formed oxide with them. As the ballooning proceeds, new unoxidized area will 
open up, and there will be several distinct areas, one for each time step during the 
ballooning process, with different oxide thicknesses and therefore oxidizing at different 
rates. For any area exposed by oxide cracking, the oxide thickness is given by Equation 
(B-16.26) with the initial oxide thickness set equal to  zero at the time of the crack. 

The change in thickness of the remaining unoxidized zircaloy during a time step may 
be found using a modification of Equation (B-16.30). This thickness, designated XZr, is 
approximated by 

where 

- 
Xz r 

- thickness of unoxidized zircaloy at the end of the time 
step (rn) 

(Xzr)i " initial thickness of unoxidized zircaloy at the begin- 
11i1ig of tlle til'llc step (m) 

and Xoxide is taken from Equation (B-16.26) using the length of the time step Dt for the 
time and X1 = 0. 

16.3.9 Unc.e.rtaintie.s in the Correlations in CHITOX. The standard errors given in 
Table B-16.1 for the Cathc.art correlat.ions are for the entire data sets. These are relevant 
quantities for the comparison of correlations, but they can be misleading as uncertainty 
estimates for individual calculations both because the correlations may be better in some 
temperature regions t,han in others, and because a 4 pm error represents a larger fractional 
crror at  1 0 0 0 ~ ~  than at 1 500°c, for comparable timcs. As noted by Cathcast [B-16.11, the 
scatter in the data decreased as the temperature increased. He postulated that this was 
associated with the fact that at the highe.r temperatilres the interfaces are better defined. 
For these reasons a percentage error is more useful and different percentages are appropriate 
for. different temperature ranges. Table B-16.11 shows the average uncertainty in the Zr02  
and .$ layer thickness as calculated with Equations (B-16.26) and (B-16.37), respectively. 

The approximation made in deriving Equation (B-16.30) for Ro, the radius of the 
unoxidized part of the cladding, results in negligible error. Most of the uncertainty in this 
equation results from the thickness term and is therefore the same as those in Table B-16.11. 
The app~oximation used in deriving Equation (B-16.34) for the heat generation rate is also 
negligible. 



T A B L E  B- 16. I I 

UNCERTAINTIES IN CHITOX CORRELATIONS 

Temperature 
Layer P e r c e n t  U n c e r t a i n t y  Range ( O C )  

16.4 Cladding Oxidation Subcodes CORROS and CHITOX Listings 

Thc FORTRAN subcodes CORROS and CHITOX are presented in Tables B-16.111 and 
B-16.IV respectively. 
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T A B L E  B-16. I I I 

L I S T I N G  OF THE CORROS SUBCODE 

S U B R O U T I N E  C O R R C S  ( T C f i I  r Q C I  r Z R 0 2 A I  ~ ' ~ R O Z R T  r Z O X K l  
8 t I C O R  J D E L H I  ) 

C O R R O S  C A L C U L A T E S  T H E  T H I C K N E S S  GF T H E  O X I D E  L A Y E R  ON. 
T H E  O U T S I D E  E F  Z I R C A L O Y  C L A D D I N G  

ZRC2BI = O U T P U T  N E U  C X I U E  I H I C K N t b S  { M J  

T C O I  = I N P U I  Z U U Z - C C U L A N I  I N i t K t - A C E  T E n P E K n T U R F  ( K )  
Q C I  = I N P U T  A X I A L  I N C R E M E N T  H E A T  F L U X  ( Y l M * * 2 1  
ZROLAI= INPUT GXIDE THICKNESS A T  END OF PREVIOUS TIVE S T E P  t n )  
Z O X K I  = I N P U  Z R A L O Y  O X I D E  T H E R R A L  C O N D U C T I V I T Y  f W l M - K )  
I C C R  I ~ P U ~  R  k A  T O R  C H E M I S T R Y  I N D E X  

e G E . 2  F O R  PWR 
2  F R B U R  

O E L H I  = I N P U T  T I H E m D l i P  (!) 

T H E  E Q U A T I O N S  U S E D  I N  T H I S  S U B P O U T I N  
(1) A. V A N  D E R  L I N D E r  C A L C U L A T I O N  O F  
06  Z I R C O N I U M  A L L O Y  C A h N I N G  I N  T H E  F U  

E' A R E  
T H E .  S  

E L  E L E  

B A S E D  O N  D A T A  F R O M  
A F E  L I F E T I M E  F X P E C T  
H E N T S  O F  T H E  N E P O  

i r l E  X I 1  F U E L  

R F O R M A N C F  UP Z I R C A L  
P I N G P O R T -  P U 9 r  
I O N S #  A S T M  S T P  5 5 1  

A N C Y  

T H I S  M O D E L  S H O U L D  N O T  B E  U S E D  O U T S I D E  T H E  T E R P E R A T U P E  R h N G E  
5 2 3 . 1 5  - 6 7 3 . 1 5 K  ( 2 5 8 - 4 0 0  C )  

C O h V E R S l O N  F R C r  ( P . G / D M * * 2 )  O X I D E  W E I G H T  G A I N  TO: 
( 1 ) O X I D E  T H I C K N E S S  I N  DM I S  6 . 3 E - 7  D M / t M G / D M * * 2 1  
( 2  ) O X I D E  T H I C K N E S S  I N  M I L S  I S  2 . 5 E - 3  M I L S  / ( M G / D M * * 2 1  
( 3 ) O X I D E  T H I C K N E S S  I N  P l I C R O M E T E R S  I S  e G 6 3  M I C R O M E T E 4 t ( M C / D M * * 2 )  

C O R R O S  U A S  C O D E D  BY C.L. H A G R M A N  I N  J A N U A R Y  1 9 7 7 .  

O X I D E 1  0.0 
O X I D E 2  0.0 

I F ( T C O 1  .LE.  3 6 6 . 5 )  GO T O  4 0  
I F ( Z R O 2 A I  .LE .  0.0) Z P 0 2 A I  1.0 E - 1 0  
T C P I C  - T C O I  + Q C I  * Z R O 2 A I / Z O X K I  
W T R A N  . 7 . 7 4 9 0 E - O t *  E X P ( - 7 . 9 0 E 0 2 / T C O I C )  
I F  ( T C O I  .GT. 6 7 3 . 1  GO T O  1 3  
I F ( I C O R . G E . 2 )  GO T O  10 

B U R  E N V I R O N M E N T  
5 A = 4 . 8 4 0 E O T *  E X P ( - 1 . 9 4 5 E r 0 2 *  T C O I )  

!F ( T C O I . L E . 5 0 0 r )  P 1 2 8 . 9 2 8 8 7  
bU T O  1 9  

P U R  E N V I R O k P l E N T  
10  A  1 . 2 0 3 E 0 2 *  E X P ( - 7 . 1 1 8 E - 0 3 *  T C O I )  

I F ( T C O I . L E . 5 C O . )  A  = 3 . 4 2 4 6 1 4  
GO T O  1 5  



TABLE U- l b. 11 I ( c ~ l n t i n l ~ e d )  

4 0  L R E Z I I  = Z R O Z A I  
GO T O  5 5  

4 5  Z R C Z B I  = O X I C E 1  
GO T O  5 5  

5 0  Z R C Z B I  O , X l O E 2  
5 5  C n N T l N U E  

R E T U R N  . 
E N D  

TABLE B-16.IV 

LISTING OF THF CHTTOX SUBCODE 

.C C H 0 x 0 0 1 0  
S U B R O U T I N E  C H I T O X  ( T l r  T Z s X Z s X l r  D T r X l Z I X l l ~ D R O D 2 r D R O D ~  01 C H O X O O Z O  

C  C H O X  0 3 0  
c CHITOX C o n P u T E s  T H E  Z I R C A L O Y  OXIOE AND X'I L A Y E R  THICKMESSES c H o x 8 0 C 0  
C  A T  T H E  E N D  O F  A  T I M E  S T E P ,  T H E  P O U E R  G E N E R A T E D  I N  T H E  C L A D D I N G  C H O X 0 0 5 0  
C  D U R I N G  T H E  T I M E  S T E P  D U E  T O  T H E  M E T A L - U A T E P  C H E M I C A L  R E A C T I O h .  C H O X 0 0 6 0  
C  AND T H E  D I A R E T E R  O F  T H E  R E M A I N I N G  U N O X I D I Z E D  P O R T I O N  O F  T H E  
C  ROD. 
C  

E!8:80018 
C H O X 0 0 9 0  

c x 2  OIJTPLT Z R O Z  THICKNESS A T  THE END' O F  A TIME S T E P  t n r  C H O X O ~ O O  
C  X 1 2  O U T P U T  X I  T H I C K N E S S  A T  T H E  E N 0  O F  A  T I M E  S T E P  ( M )  C H O X O l 1 0  
C  C R O O Z  = O U T P b T  C U T E R  D I A M E T E R  O f  U N O X I D I Z E O  P A R T  O F  C L A D D I N G  C H O X O  2  
c A T  T H E  E N o  O F  T H E  T I M E  s T E P ( n )  c H o x o l 3 8 .  
C  . ( E X P A N S I O N  O F  T H E  L A T T I C E  D U E  T O  D I S S O L V E D  O X Y G E N  I S  C H O X 0 1 4 0  
C  N E G L E C T E D )  
c c - O U T P U T  R A T E  0 1  H E A T  G E N E R A T I O N  P E R  M E T E R  C O P  A  R O O  OF E#1:812! 
C  I N I T I A L  D I A M E T E R  D R O D  ( U A T T S I M )  C H  X 0 1 7 0  
C  C H O X O  8 0  
c 7 1  = I N P U T  C L A o o l N G  T t m P t R A T u R E  A T  S T A R T  or A  T I H E  s T E s  (I) c n o x o t o o  
C  1 2  I N P U T  C L A D D I N G  T E M P E R A T U R E  A T  E N D  O F  A  T I V E  S T E P  (Kl C H O X O Z O O  
C  X  1 = INPUT ~ ~ 0 2  THICKNESS A T  S T A R T  OF A TIME S T E P  { M I  C H O X 0 2 1 0  
C C T  = I N P U T  T I M E  S T E P  D U R A T I O N  ( 5 )  C H O X O Z 2 O  
C  ~l l INPUT XI THICKNESS A T  S T A R T  OF A TIME S T E P  C H O X 0 2 3 0  
C  OROD = I N P U T  U N O X I D I Z E O  R O D  O U T E R  O I A H E T E R  ( M I  C H O X 0 2 4 0  
C  C H O X 0 2 5 0  
C  T H E  C O R R E L A T I O N S  M E R E  D E R I V E D  F R O M  T H E  P A R A B O L I C  R A T E  E Q U A T I O N S  C H O X O Z b O  
C  O F  J.V. C A T H C A R T s  O R N L I N U R E G I T M - 4 1  ( A U G U S T  1976)  C H O X 0 2 7 0  
C C H O X O Z A O  
C  C H I T O X  WAS C C D E C  B Y  G.A. R E Y M A h N  S E P T E M B E R  1976 C H O X 0 2 9 0  
C  U P D A T E D  B Y  G.A. R E Y M A N N  D E C  1976 C H O X 0 3 0 0  
C  C H O X 0 3 1 0  
C  C H O X 0 3 2 0  

D A T A  R H O Z s  H R Z  I 6 . 5 E 0 3  s  6 . 4 E 0 6 I  C H O X 0 3 3 0  
T A V E  (11 + T 2 ) I Z .  C H O X 0 3 4 0  

. I F  ( T A V E  . L T .  1 . O E 0 3 )  GO T O  2 0 0  C H O X 0 3 5 0  
C  C H O X 0 3 6 0  

X  2  = S Q R T f ( X A ) * * 2  i 2 . 2 5 E - O b *  E x P ( - 1 8 0 6 3 . / T A V E ) * D T )  C H O X 0 3 7 0  
X 1 2  S C R T ( t X l l ) * * Z  i 6 . 8 2 4 E - 5 *  E X P ( - 2 . l E 4 I T A V E ) * D T )  C H O X 0 3 8 0  

C  C H O X 0 3 9 0  
100 D R O 0 2  D R O D  - 1 . 3 8 * X 2  C H O X 0 4 0 0  

C  ( R H O Z + H R Z * 2 . 1 7 * D R O D W  - X l ) ) / D T  C H O X O 4 l O  
GO T O  3 0 0  C H O X 0 4 2 0  

C  , C H O X 0 4 3 D  
2 0 0 .  X 2  = X 1  C H O X 0 4 4 O  

X l Z  = X 1 1  C H O X 0 4 5 0  
GO T O  1 0 0  C H O X 0 4 6 0  

C  C H O X 0 4 7 0  
3 0 0  R E T U R N  C H O X 0 4 8 0  

E N D  C H O X 0 4 9 0  
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1 7. CLADDING HYDROGEN UPTAKE, (CHUPTK) 

. , 

This function. returns the average weight f r a c t i ~ n  of hydrogen in zircaloy cladding 
during typical reactor operation at temperatures of 250 t o  400 '~ .  Required input values are 
tcmpcraturc at thc oxidc-metal interface, initial oxide fdm weight, time at flux and 
temperature, tyde of reactor (BWR.or PWR), cladding inside and outside diamiters, initial 
hydrogen in cladding, fuel water content, fuel pellet diameter, and cladding material. 

17.1 Summary 

,The average weight fraction of hydrogen in zircaloy cladding during steady state 
conditions is 

where 

H = net weight fraction of  liydrugen in1 the claddiug (PVIII).  

11, = initial concentration of hydrogcn in thc cladding duc to  
i~iipuritits i~ltroductd during ma~~ufactur i l~g n i~d  auto- 
c l a v i n g  ( p p m ) .  T y p i c a l  v a l u e s  a r e  8 - 3 0  

PPm [B-17.1, B-17.21 
1 

H1 = concentration of hydrogen in the cladding due t o  internal 
outgassing of water absorbed by the fuel (ppm). 

Hc = concentration of hydrogen in the cladding due to  absorp- . 
I i u 1 1  1)f 11y111oge11 r~ OIII 1 1 1 ~  C O O ~ ~ I I  t (pp111). 

Ho is an input parameter. H I  is calculated by the routine using the input values .fbr parts per 
million watcr vapor in the, fucl, thc input clndding dimensions, and the input fucl pollct 
diamcter. CHUPTK assumes that all the hydrogen from the water vapor in the fuel is picked 
up  by the cladding. 

The primary consideration in determining H i s  the determination of a value for Hc. 
Analytical expressions for Hc are divided into two parts, Equation (B-17.2a) for oxide films 
thinner than the transition thickneSs[a] and Equation (B-17.2b) for oxide films which have 

[a] Oxide film growth is discussed in conjunction with the description of the cladding - 
oxidation subcode, CORROS. The terms pre- and posttransition refer t o  two different 
stages in the growth of the oxide film. A transition between the two stages occurs 
.when the oxide film has added approximately 30  mg of oxide per dm2 of oxide 
surface. 
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grown beyond the transition thickness. In these equations, the variable H has been 
converted from mg/dm2 of hydrogen across the cladding surface to  units of average parts 
per million by weight in the cladding. 

H =..H 0 0 1 5 4  2 27B 
+ . 1 [8i ['POST - 'TRAN 1 = H~~~~~ c TRAN . 

where 

Hc 
- - weight fraction of hydrogen added to  the 

cladding from the coolant (ppm by weight). 

H~~~~ = . value of HC at the transition weight of the oxide 
film (ppm by weight). 

T 
- - cladding initial thickness (m). 

B - - fraction ol' hydrogen iiberaieci by ii~t: ~.t:actiu~i 

with the coolant during pretransition corrosion 
(discussed in Section B-17.4). In this model, 
B includes any additional hydrogen input due to  
sources other than the expected out-of-pile 
reaction rate with water. A value for B is 
determined in the subcode according to  the 
value of the input parameters ICOR (BWR or 
PWR chemistry) and ICM (zircaloy-2 or 
zircaloy-4). Values of B returned for zircaloy-2 
are 0.48 in a PWR environment and 0.29 in a 
BWR environment. For zircaloy-4, B = 0.12 in a 
PWR environment. Although data are not avail- 
able for zircaloy-4 in a BWR environment, the 
value B = 0.12 is returned for this unlikely case. 

A - - a parameter describing the enhancement of the 
oxidation rate of the cladding in the reactor 
environment. The parameter is discussed in 
conjunction with the description of the cladding 
oxidation subcode, CORROS. The value for A is 
determined in the subcode by user specification 
of BWR and PWR chemistry with the input 
parameter ICOR. 
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- - initial weight of the cladding oxide layer 

expressed in mg/dm2 of oxygen which has 
crossed the oxide surface. This term can be 
approximated as Xn = 0 for etched cladding, but 
it becomes important if extensive prefilming is 
carried out or if oxidation is carried out in 
several steps which occur at different tempera- 
tures or in different coolant chemistries. 

.- - 
X~~~ - total weight of oxygen which has been absorbed 

through the zircaloy surface when a pretran- 
2 sition oxide film exists (mgldn~ ). 

X ~ ~ h ~  = total weight of oxygen absorbed at transition 
point (mg/dm2) (typically 30 mg/dm2 or 0.08 
111il L1,~i~k). 

'POST = total weight of oxygen which has been absorbed 
through the zirconium surface when the oxide 

2 fdm is in the posttransition state (mg/dm ). 

Expressions for XpRE, XTRAN, and XpOgT are calculated by the CHUPTK subcode 
using the expressions developed for CORROS (section 8-16 of this report) and the input 
information. Xo is part of the required input information, but may usually be taken to  be 

2 zero since typical prefilming values are '1 mg/dm and typical end-of-life values are hundreds 
of mg/dm2. 

The approach and general physical picture used to  model hydrogen uptake are 
summarized in Section B-17.2. Section B-17.3 develops the basic out-of-pile model, and 
Section B-17.4 generalizes the basic model so that it represents in~pile hydrogen uptake 
behavior. 

17.2 Background and Approach 

It is generally agreedf B-I 7.3, B-l 7-41 that oxidation of zirconium alloys by water in 
the temperature range from 250 to 4 0 0 ' ~  proceeds by the migration of oxygen vacancies in 
the oxide layer. Charge and physical size considerations imply that the mechanism of 
introduction of hydrogen into the zirconium metal through an oxide film is by entry of 
neutral hydrogen atoms into oxygen vacancies in the lattice (H2 is too large and H+ is too 
positive). The constant ratio of hydrogen to oxygen (the "pick up fraction") which is added 

/ 
to the metal .is explained as having been determined by the competition between possible 
subsequent reactions of the atomic hydrogen created by corrosion (the atomic hydrogen can 
combine to form a gas or enter into a surface vacancy in the oxide lattice). 
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In this approach, the close relationship between the hydrogen weight gain and the 
oxygen weight gain from the coolant is viewed as a consequence of the fact that the oxygen 
and hydrogen usually come from a common source (the water molecule) and are 
lranspurted to the metal by a common carrier (oxygen vacancies). The hydrogen pickup 
fraction is determined by the composition of the coolant-oxide surface. In particular, i t  is 
suspected that nickel oxidt: fruri~ tlie nickel in zircnloy-2 absorbs atomic hydrogen at the 
surface o f  the oxide of this alloy and thereby enhances the fractional hydrogen uptake for 
zircaloy-2. 

17.3 Out-of-Pile Basis for the Model 
. 

The in-pile mode,l is based primarily on out-of-pilc data because well charac.te.rized 
data on hydrogen uptake as a function of time and temperature have been published only 
for out-of-pile corrosion. At least two plausible suggestions for a hydrogen uptake model 
can be presented from the approach discussed in Section B-17.2. According to  both of these 
suggestions, the dependent variable is the I-atio of the corrosion-liberated hydrogen to 
oxygen which is absorbed by the metal, although the independent variables differ. A brief 
summary of the two models, and a third less probable rr~odel follows. 

17.3.1 Simple Probabilistic Hydrogen Pickup Model. In this model, the fraction of' 
released hydrogen which is absorbed by the oxide surface is assumed'to be proportional to  
the rate of appearance of oxide vacancies at  the oxide-coolant interface. In the discussion of 
thc cladding oxidation model, CORRQS, it i s  shown that the vacancies appear at  a rate 
proportional to the inverse of the square of the oxygen weight gain during the prelsansition 
phase of oxidation. During the posttransition phase of oxidation, the'surface averaged rate 
of appearance of oxide vacancies is constant and proportional to  three times the inverse of 
the square of the weight of the oxide layer at transition. This model would ignore any 
details of the surface chemistry involved in the absorption of atomic hydrogen by the oxide 
vacancies. 

17.3.2 Surface-Controlled Hydrogen Pickup Model. In this model, the fraction of 
released hydrogen which is absorbed by the oxide surface is a constant determined by the 
metallurgy of the oxide surface. The picture assumes that the effect of absorption of atomic 
hydrogen is dominant in the capture of hydrogen by the oxide film's outer surface. 

17.3.3 Diffusion-Controlled Hydrogen Piclcup Model. It is also conceivable that the 
time rate of hydrogen input into the metal is controlled by some as yet unconsidered 
independent diffusion process. In the case of diffusion-controlled hydrogenuptake, the net 
time rate of hydrogen pickup is proportional to  the inverse thickness of the oxide layer. 

The rate equations implied by the three alternate pictures are summarized in Table 
B-17.1. Pretransition expressions were formulated simply by writing down the mathematical 
equivalent of the descriptions above. Posttransition expressions for the hydrogen pickup 
fi-action wcre derived by replacing powe.rs of X (proportional to the oxide thickness) in the 
pretransition expressions with powers of X averaged over a rate-determining oxide thickness 
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TABLE B-1 J .  I 

RATE EQUATIONS FOR HYDROGEN UPTAKE 

Pre t rans  i ti on Rates Pos t t r a n s  i t i  on 

( 1 )  Simple P r o b a b i l i s t i c  P ickup F r a c t i o n  Determinat. ion 

( 2 )  Sur face-Contro l  1  ed Pickup Fract . ion-  Determi n a t i o n  

( 3 )  D i f f u s i o n - C o n t r o l  l e d  Time Rate 

H: = hydrngen we igh t  ga in  (mg/rlmL) 

X = oxygen we igh t  ga in  (mg/dm2, corresponds t o  o x i d e  t h i c k n e s s )  

t = t ime  a t  temperature 

2 
'TRAN 

= the t r a n s i  L i o r ~  we igh t  of t h e  oxaide ' layer (~ny/drn ) 

- 
x * = t h e  average o f  X' w i t h  va lues of X d i s t r i b u t e d  a t  random 

between 0 and t h e  t r a n s i t i o n  th ickness ,  XTRAN (mg/dm2). 

X = t h e  space average o f  X ' w i t h  values o f  X ,  d i s t n i  bu tcd  a t  random 
3 between 0 and t h e  t r a n s l t l o n  thickness (mg/dm ) 

G, P, Q = cons tan ts  

that randomly varies from zero to the transition thickness of the oxide film. A discussion of 
the posttransition oxide film and this approach to-describing posttransition rates is included 
in the description. of the cladding oxidation subcode CORROS in Section B-16. 

When the three very different expressions for hydrogen uptake obtained with these 
models were integrated and compared with the pretransition data of Tables 7 and 9 of 



Kef'erence B-1'7.3, the pretransition data for zircaloy-2 and zircaloy-4 were fourid Lo 

conform best to the assumption that the rate is surface-controlled. The surface-controlled 
model is therefore used. 

Comparison of experimental pretransition and posttransition hydrogen pickup 
f r a ~ t i d n s [ ~ - '  7.31 for zircaloy-2 show that the. pnsttrilnsitinn rate is about twice the 
pretransition rate. Although the simple surface-controlled hydrogen pickup model of Table 
B-17.1 predicts equal pre- and posttransition pickup fractions, the model can be improved to  
account for the increased posttransition pickup. The hydrogen pickup rate is surface 
limited, thus, the increase in surface area represented by the nonuniform surface of the 
ratedetermining oxide layer of the posttransition stage will increase the net absorption 
probability when the smooth surface of the pretransition regime i s  replaced by the rough 
posttransition surface. If this approach is correct, pre- and posttransition values of the 
constant hydrogen pickup rate will havc ncarly thc same ratio in all alloys as the values 0.75 
and 0.33 reported in Reference B-17.4 for zircaloy-2. 

The resultant expressions for the fractional pickup of hydrogen are: 

dH B f o r  p r e t r a n s i t i o n  - = - dX a 

dH 2.278 f o r  pos t t r ans i  t i o n  a = - 8 

where B is determined by the oxide surface metallurgy of the particular alloy (the presence - 

or absence of nickel which absorbs atomic hydrogen, for example) and 8 accounts for the 
dH 1 .,: different weights of hydrogen and oxygen in water so that - =- for-complete "pickup." 

. d x  8 

17.4 Generalization t o  an. In-Pile Model 

Prediction of in-pile corrosion .is complicated because important variables (local 
temperature and reactor chemistry) are not always reported and because data on the time 
dependence of corrosion are limited. Even relatively simple experiments such as inserting 
several unfueled zircaloy tubes (preferably with thermocouples at various positions along 
their axes) into blank thimble tubes in operating reactors would provide needed information 
for modeling in-pile hydrogen uptake. Enhancement of hydrogen uptake fractions by the 
reactor environment is treated by determining the value of the pickup fraction B for each 
reactor environment. Changes in the rate of hydrogen picked up which are caused by 
changes in the oxidation rate are described with the parameter A which is discussed in 
conjunction with the oxidation model, CORROS. Thus two parameters are specified to  
describe the two separate processes involved in determining the total rate of hydrogen 
uptake. 

The basic e q ~ ~ a t i o n s  for the fraction of hydrogen pickup with respect to  the amount 
of oxygen pickup (dH/dX) are discussed at the end of Section B-17.3 [Equation (B-17.3a) 
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and (B-17.3b)l. Those equations reference out-of-pile oxidation. For in-pile pickup, the 
enhancement factor A must again be used. It is presumed that the effect which enhances the 
oxidation rate in the reactor does not enhance the rate of hydrogen uptake. Thus the 
eillllil~oe~~~ent of the oxidation rntc by n factor A will decrease the fractional hydrogen 

1 
uptake by a factor - 

A '  

The rate equations for in-pile oxidation and for fractional pickup of hydrogen are 
summarized in Equations (B-17.4a) and (B-1'7.4b) for both pre- and posttransilion regirlies. 

For the pretransition inpile regime: 

f ~ s  t h e  posttransitinn inpiln regime: 
I 

The integratetl'l'om of these equations is given in Equations (B-17.53) (B-17.5b). . 

Fol I l~e  p1e11 a~~sit i@fi in-pilc region: 

for the posttransition in-pile regirr~e: 

H = H  2.27B 
TRAN +. 8~ ( X ~ o s ~  - X ~ ~ ~ ~ )  - 

Th? sl~bscripts re'fer to the point of evaluation: X, is oxygen weight at time zero; the 
subscript PRE i~lfplies evalualiu~l Juilllg a pretra~lsition oxidc tlux; TRAN refer~ to  the 
transition point; POST refers to the posttransition regime. 

An out-of-pile value of the parameter B has been determined in Reference B-17.4 
(from unpublished data) to be B = 0.33 for zircaloy-2. For zircaloy-4, a value of B = 0.12 
was obtained from Figure 12 of Reference B-17.3. The result is consistent with a value of 
10% recommended by Reference B-17.4. 

When values of B were fit to  the average hydrogen pickup values for the zircaloy-4 
rods in the Saxton LB-l 7.5, B-l 7-61 reactor, an average value of B = 0.104.k 0.04 was 
obtained. Thus the out-of-pile determined value of B = 0.12 is apparently adequate for 
zircaloy-4 rods in PWRs. Since no data on zircaloy-4 cladding in a BWR are available, the 
PWR value, B = 0.12, is retumed for the unlikely case of zircaloy-4 in a BWR. Values 
of B obtained by fitting the zircaloy-2 PWR hydrogen pickup reported in Reference B-17.2 
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were B = 0.48 rtr 0.07 while a fit to  the BWR hydrogen pickup data on the zircaloy-2 rods of 
Reference B-17.7 produced values of B = 0.29 + 0.06. Since the PWR environment has an 
overpressure of hydrogen and it is known that hydrogen overpressures enhance the 
out-of-pile pickup f r a ~ t i o n [ ~ - l ~ . ~ l ,  it is suggested that difference in PWR and BWR values 
for B with zircaloy-2 is an effect of the different environments. 

17.5 Cladding Hydrogen Uptake Subcode CHUPTK Listing 

A listing of the FORTRAN subcode CHUPTK is presented in Table B-17.11. 
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TABLE B-17. I1  

L I S T I N G  OF THE CHUPTK SUBCODE 

C  
C 

F U k C T I O N  C H U P T K ( C H 0 R G  r P P H H 2 0  r D P  9 I C n  r O C f l  
Y 9 D C I  9 I C O R  r Z P O 2 B I  P T C O I  P O C I  * Z l l X K I  I 
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APPENDIX C 

GAS AND FUEL ROD PROPERTIES 

Two properties of the in len~al  gas uf light water reactors have been includcd in 
MATPRO - Version 10. The thermal conductivity of seven gases (and their mixture in any 
combination) is modeled, as is gas viscosity. Gas viscosity and thermal conductivity have 
been modeled as functions of both temperature and gas composition. 

In addition a physical property subroutine (PHYPRO) is included in this appendix. 
This subroutine provides the melting temperalures and heats of fusion for light water 
reactor fuels and cladding, and also includes phase transformation temperatures for zircaloy 
cladding. A number of MATPRO models call upon this 'subroutine for needed data, some of 
which are given in PHYPRO as a function of burnup and plutonia content. 

1. GAS THERMAL CONDUCTIVITY (GTHCON) 

The cladding-fuel gap conductance is, in part, dependent on the thermal conductivity 
of the gap gas mixture. Thermal conductivity relations for seven gases have been taken from 
the.literature as has a scheme for calculating the conductivity of mixtures of those gases. 
The thermal conductivities of the light gases, hydrogen and helium, have been adjusted to 
allow for imperfect energy transfer between solids and gas in the Knudsen flow regime. 

1 . I  Conductivity of' Gases and Gas Mixtures 

The relationship for calculatin the thermal conductivity of a monatomic gas mixture 
is based on the work of Brokaw [c-1.71 : 

where 

- (Mi - M J ) ( M i  - 0.142 M . )  

P i j  - mij 1 + 2=41 
' 2 I (C-1.2) 

(Mi + M . )  . J  



CTHCON 

and 

and 

n = number of components in mixture 

Mi = n~olecular weight nf thc chcmicnl species i 

xi = mole fraction of the chemical species i 

ki = thermal conductivity of the chemical species i. 

The thermal c.r?nrli~r.tivity equations of the individual rare gases are based on the 
correlative work of Gandhi and ~ a x e n a [ ~ l  .2] . The. resulting expresslnns are [C-1.31 

- 3.366 x T 
0 :668 

khel i urn 

where 

I< .= thermal conductivity. (W/m.K) 

T = gas temperature (K). 

In addition,, the following conductivity equations for nitrogen, hydrogen, and 
steam [C-1.3,C-1.41 ,,, 

(C-l.8) 

(C- 1.9) 



GTHCON 

k s  team = ( 2 . 8 5 1 6  x + 9.424 x ~ O - ' ~ T  

(C-I . I  0 )  

where 

P = gas pressure ( ~ l m " ) .  

The thermal conductivity of monatomic gases has been measured by a large number of 
workers. Gandhi and Saxena, through the facilities of the Thermophysical Properties 
Research Center of Purdue University, developed a consistent, correlated set of thermal 
conductivity data for each rare gas through careful evaluation of experimental techniques, 
review of ,viscosity data and kinetic theory, and intercomparison of various data. The data 
on which the Gandhi and Saxena analysis were based are: helium (References C-1.5 
through C-1.22), argon (References C-1.5, C-1.9 through C-1.12, C-1.17 through C-1.2 1, 
C-1.23 through C-1.34), krypton (References C-1.9, C-1.14, C-1.17 through C-1.19, C-1.25 
through C-1.28, C-1.30, and C-1.35), and xenon (References C-1.9, C-1.10, C-1.13, C-1.14, 
C-1 .17 through C-1.19, C-1.27, C-1.35, and C-1.36). 

The equations based on the correlative work of Gandhi and Saxena have also been 
compared with the results of the review of experimental and theoretical rare gas 
conductivities published by Andrew and Calvert lC-l -371 . Little difference was noted. 

Figure C-1 . I  compares the conductivities of the xenon-helium mixture at 520°C (as a 
function of mole fraction) calculated by GTHCON with those measured and calculated by 
other investigators (References ,C-1 . l ,  C-I .38 through C-1.42 as summarized in 
Reference C-1.37). The GTHCON values compare well with other published theoretical and 
experimental values. 

1.2 Conductivities in the Knudsen Domain 

The thermal conductivity of the gas mixture plays an important role in determining 
so-called "contact" gap conductance as well as "open" gap conduclanct: in a fuel rod. When 
the mean free path of the gas molecules is greater than 0.01 times the characteristic 
dimension (gap), normal heat flow formulas become inaccurate. Heat transfer from a solid to 
a gas in this Knudsen domain is then dependent on an accommodation coefficient which is 
defined as the ratio of the actual energy interchange t o  the maximum possible energy 
interchange between a surface and a gas. Generally, the accommodation coefficient of a 
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Mole Fraction Xenon I NEL-A-6092 

\ 
Fig. C-1 . l  Thcrmal conductivity o f  xenon-helium mixtures at 5200C. 



heavy gas such as argon o r  xenon is near unity and this effect can be neglected. But the 
effect cannot be neglected when the gap is filled with a light gas such as helium. 
~ e a n [ ~ - l  .431 has presented the following factor by which 1 1 . ~  bulk thermal condvctivity of 
the. l ight  gases, helium and hydrogen, should be divided .when tkmperature drops are 
calculated in the Knudsen domain: 

where 

"1 = accornm~dat ion  coefficient of  the f u ~ l  ( J / J )  

a2 = accommodation coefficient of the cladding (J/J) 

C P 
= constant pressure heat capacity (J/kg8Kj 

C~ = constant volume heat capacity (J1kg.K) 

2 I-( = gas viscosity (N.sec/m ) 

h = mean path (m) 

( = characteristic dimension (gap) (m). 

The mean path (A) can be written as 

where 

2 p = gas viscosity (Nasec/m ) 

T = gas temperature (K) 

M = mass of  the molecule (kg) . . 

K = Boltzman constant (1.38 x J/K) 

P = density of gas (kgim3). 



GTHCON 

If X is substituted in Equation (C-1 .I 1) and cp and cv are assumed t o  be temperature 
independent, then Equation (C-1 . l  1) can be rewritten using the ideal gas law and the fact 
that p = nM/V as 

where 

k = thermal conductivity (W1m.K) 

T = temperature (K) 

P = pressure (N/m2) 

t = characteristic dimension (m) 

C = empirical constant. 

'I'he characteristic dimension, 5 ,  is essentially equal to  the gap dimehsion and during 
pellet-to-cladding contact should be equal t o  the root mean square of the surface roughness, 
approximately 4.389 x m in most commercial fuel rods. A value for C of 
approxhrlately 0.2 103 N - K ' / ~ / w  was determined in conjunction with the development of 
the cracked pelle.t gap conductance model discussed in Section C-3. C was determined by 
cornpal-irlg fuel  enterl line temperature predictions with thermocouple measurements of 
centerline temperatures in helium-filled test rods with strong pellet-cladding mechanical 
interaction and high contract prcssurc. These comparisons are presented in Section C-3.2. 

Values for the thermal accommodation coefficients of the uranium oxide fuel and 
zircaloy cladding, a, and a7, of approximately 0.3 and 0.07, respectively, are obtained by 
aquahr~g Equaliul~s (C-1 . l  1 ) and (C-1.13). Eckert and ~ r a k e l ~ - ' . " ]  have published 
thermal accommodation coefficients for glass (a ceramic) and helium of approximately 0.3, 
as well as ~uefl'i~ierrLs ~.alrgilrg CIUIII 0.01 1 to approxirriately 0.2 for tungsten or nickel and 
helium. Thus the accommodation coefficient values determined by comparison of measured 
and predicted in-pile temperatures compare favorably with the limited thermal accommo- 
dation coefficient data published for similar materials. 

The effect of heat transfer in the Knudsen domain on fuel temperatures is indicated in 
Figure C- 1.2. Campbell and DesHaies lCzl .451 performed an experiment in which the fuel 
rod internal gas pressure was reduced from about 15.2 MPa during irradiation thereby 
allowing the cladding Lu collapse onto the fuel. Fuel temperatures near the pellet surface 
and cladding circumferential strain were continuously monitored. As the internal pressure 
was decreased, the gap width became smaller (as indicated in Figure C-1.2), the gap 
conductance increased, and the fuel surface temperature decreased. Further pressure 
reduction from about 1 MPa results in increasingly imperfect energy exchange between the 
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Fig. C-1.2 Effect of measured internal gas pressure on fuel temperatures near the pellet surface. 

fill gas and the fuel and cladding, however. This effect more than compensates for the 
decreased gap width and the fuel'temperature, and then the fuel radius is seen to  increase. 
Continued reduction in fill gas pressure increased fuel temperatures until heat transfer 
through mating asperity points became dominant. At pressures below approximately 
1000 Pa, the heat transfer was primarily through contact conductance, and the temperatures 
stabilized. 

1.3 Gas Thermal Conductivity Subcode GTHCON Listing 

A listing of the FORTRAN subcode GTHCON is presented in Table C-1 .I. 
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TABLE C-1.1  

L I S T I N G  OF THE GTHCON SUBCODE 

C  
F U N C T I O N  G T H C O h (  G P I X r  G T t H P r  G P R E S *  G P T H K  ) 

C  
C  G T H C O N  C A L C U L A T E S  G A S  T H E R M A L  C O N D U C T I V I T Y  A S  A  F U N C T I O N  O F  
C  T E F P E R A T U P E  A h 0  G A S  F R A C T I O N  F O R  S E V E N  G A S E S 1  
C  
F G T I - C O N = O U T P U T  G A S  T H E R M A L  C O N O U C T I V I T Y  ( W / M - K ) .  

. X ( I )  = I N P U T  
L t V t t I  I r L  t P L  
C O N S T I T U E N T  
1 H E L I U N  
2 A R G O N  
3 K R Y P T O I v  
4  X E N O N  
5  H Y D R O G E h  
6 N I T R O G E N  
7  W A T E R  V A P  

n o L E  F R A C T I  
N I L  U k  L R l A  

G A S  N U M B E R  

O N S  O F  T H E  G A S  M I X T U R E  
R U > I  3 U R  I U  1.U 
K E Y  

; G T E M P = I N P U T  G A S  T E P P E R A T U R E  ( K )  
C  G P P E S = I N P U T  G A S  P R E S S U R E  (PA. )  
C *  U S E D  F O R  K N U D S E N  D O M A I N  C O R R E C T I O N  A N 0  FOR S T E A M  
C  N O T  U S E D  I F  0. 
C  G P T H K = I N P U T  E F F E C T I V E  G A P  T H I C K N E S S  F O B  K N U 0 S . E N  O O n A T N  ( M I .  
C ( M A X i K U R  u F  G A P  D I H E N S I O N  O R  S U R F A C E  R O U G H N E S S )  
E N O T  U S E 0  I F  0. 

I S  F R O M  R . S  
S A R E  G A S E S  I S  
& ENG. D A T A ,  

POWER C O e *  D  
I S  F R O M  R.4 

Ijn ME,YER E T  
6  O F  S T E A ~ " ~  
S  ( 1967 )  

S A  T R  R -  
O H 1  A N D  
1 
J A N  1 9 7 3  
9 6 2  1 

I C  A N 0  
T Y  O F  

L 
C  G T F C O N  C O D E D  B Y  R.C.YGUNG M A R C H  1 9 7 5  
C A O A P T ~ D  FPun P L u T I N E  S n i ~  b r  ~ . E . ~ A C O U N A L D  
C  

C  C H H O N  / L A C E M D L  / M A X I D X I  E H F L A G  
,-, D I M E W S I O N  E H F L A G ( 1 )  
C. 

D I P E N S I O N  G H I X ( 7 ) r  A ( 7 ) r  C ( 7 1 r  R ( 7 ) r  A A ( b ) r  B B ( 6 )  
O A T A  A  I 4 e C G 3 E O r  3 9 . 9 4 4 E O r  8 3 . 8 0 t O r  1 3 1 . 3 0 E O r  2 . 0 1 6 E O 1  2 8 . 8 E 0 ,  

U 1 F . C l t E G O I  
r P = ~ O R T P A ~  

C 
D A T A  A A I 1 . 3 1 4 E - 3 r  1 . 3 1 E - 4 ,  1 . 5 8 8 E - 5 ,  1 . 3 9 5 E - 5 r  5 . 8 3 4 E - 4 1  7 . 3 5 E - 5 /  
D A T A  B B  / e 6 6 e E O r  . 7 0 1 E O *  - 9 2 3 3 1 E O r  e 8 7 2 E O r  . 8 2 1 3 E O *  . 8 4 6 E 0 /  
D A T A  E P S  I l . E - 9  I 

D A T A  CN / 2 H O N  / r  
1 O S  F / 3 H O F F  I t  
e LOCIDX I 16  i ,. 

k C O h V E R T  T E M P  T C  K A N K I N E  
T R  = G T E M P  * 1 . E E C  
I +  t I Y ~ C I . l L C U b ~ I  bLi I U  YU 
I F  (TR.GT.C. )  GO T O  5  

90 W R I T E  ( 6 9 9 5 )  G T E H P r  G M I X  
9 5  F O R M A T ( 2 5 H l G T H C O N  I N P b T  B A D .  G T E M P = r l P E 1 2 . 4 r Z H  K I I  

X l O H O F P A C T I O N S ,  ( 1 0 E 1 2 . 4 )  ) 
S T C P  

5 L . 0  
C  C A L C U L A T E  S H A L L  G A P  C U t t K E C  I I U N  

F A C C  = G P R E S  * t iP .THK 
I F  ( F b C C . G T . E P S I  F A C C  S Q R T ( T R )  1 . 7 8 6 3 E 0  / F A C C  
D O  10 I = 1 9 6  
I F  I G M I X ( 1 )  . L E .  E P S )  GO T O  10 
L  = 
C ( I I 1 =  A A ( 1 )  * T R * * 8 B ( I )  
I F  ( F A C C  . L E .  '2.1 GO T O  10 
I F  ( I . E Q . 1  .ER.  1 . E Q . 5 )  

# C ( I )  C ( I )  I (1.6 + C ( I )  * F A C C )  
10 C O N T I N U E  

- 
C  S T E A M  . 

TC = G T E M P  - 2 7 3 . 1 5 E C  
C ( 7 )  1 7 . 6 E - 3  + T C * (  5 . b 7 E - 5  + T C * (  1 e O 4 E - 7  - 4 . 5 1 E - l l * T C ) )  
I F  ( G P P E S . L E . l e E 5 )  GG T O  0  

G T O N O O l O .  
G T O N O O Z O  
G T O N 0 0 3 0  
G T O N O O 4 O  
G T O h 0 0 5 0  
G T O N 0 0 6 0  
G T O N 0 0 7 0  

E700:8888 
& S U R U l U U  
G T O N O l l O  
6 T O N Q 1 2 0  
G T O N 0 1 3 0  . 
G T O h 0 1 4 0  
G T O N O 1 5 0  
G T O N 0 1 6 0  
G T O N O 1 7 O  
G T O N O l 8 0  
G T O N 0 1 9 0  
G T O N O 2 O O  
G T O N O 2 l O  
G T O N 0 2 2 0  
G T O N 0 2 3 0  
G T O N 0 2 4 0  
G T O N 0 2 5 0  

liiEli%i 
G T O N 0 2 9 0  
G T O N 0 3 0 0  
G T O N 0 3 1 0  
G T O N 0 3 2 0  
G T O N 0 3 3 0  
6 T O H 0 3 4 0  
G T O N 0 3 5 0  
G T 1 3 ~ 0 3 6 0  
G T O N 0 3 7 0  
GTUH03hO 
G T O N 0 3 9 0  
G T O N 0 4 0 0  
G T O N 0 4 , l O  
G T O N 0 4 2 0  
G T O N 0 4 3 0  
G . T O N O 4 4 0  
G T O N 0 4 5 0  
G T O N 0 4 . 6 0  
G T O N O 4 7 O  
G T U N 0 4 8 0  . 
G T O N 0 4 9 0  
G T O N 0 5 0 6  
G T . G N 0 5 1 0  
G T O N 0 5 2 0  
G T O N 0 5 3 0  
G T O Y O l i 4 0  
Q T 0 1 4 0 5 5 8  
G T O N 0 5 6 0  
G T O N 0 5 7 0  
G T B h O S 8 0  
G T O N 0 , 5 9 0  
G T O N O ' 6 0 0  
G T O N 0 6 1 0  
G T O N O 6 t O  
f l U N U b 3 U  
G T O N 0 6 4 O  
G T O N 0 6 5 0  
G T O N 0 6 6 0  
G T O N 0 6 7 0  
G T O N 0 6 9 0  
G T O N 0 6 9 0  . 
G T O N 0 7 0 0  
G T O N 0 7 1 0  
G T O N 0 7 2 0  
G T O N 0 7 3 0  
G T O N 0 7 4 0  
G T O N O  5 
G T O N O ~ ~ ~  
G T O N 0 7 7 0  
G T O N 0 7 8 0  
G T O N 0 7 9 0  
G T O N O R O O  
G T O N 0 8 1 0  
G T O N O 8 2 0  
G T O N 0 8 3 0  
G T O N O e 4 0  
G T O N 0 8 5 0  
G T O N O @ 6 0  
G T O N 0 8 7 0  



TABLE C - 1  . I (cont inued) 

C  U S E  I D E A L  G A S  L A M  F O R  D E N S I T Y  - OK F O R  C O R R E C T I O N  A T  H I  T E R P .  G T O N O P B O  
D E N  2 . 1 6 6 8 E - 6  * G P P E S  / G T E M P  G T O N 0 8 9 0  
C ( 7 )  = C t 7 1  t C E N * (  1 0 3 . 5 1 E - 3  + T C * ( O . 4 1 9 8 E - 3  - 2 . 7 7 1 E - 8 * T C )  G T O N 0 9 0 0  
I + 2 . 1 4 8 2 E 1 1  * D E N  I T C * * 4 . 2 0 E O  G T O N 0 9 1 0  

8 C ( 7 )  = C ( 7 1  1 1 . 7 3 n 7 1 4 h 7 E O  G T O N 0 9 2 0  
1 5  I F  ( L . L E . 0 )  GO T O  90 G O N  930 

C  
G T H C O N  = 0. 

~f 0 ~ 8 9 4 0  
G T O N 0 9 5 0  

D O  3 0  1 1,L G T O N  9 
IF ( G n I x ( x )  .LE. E P S )  G O  T O  3 0  
sun = 0. 

~ ~ 0 ~ 8 9 9 8  
G T O N 0 9 8 0  

D O  2 5  J = l , L  G T O N 0 9 9 0  
1 f EQ. I) GC T C  2 5  G T O N l O O O  
I F  t i n i x t J )  . L t .  E P s )  G o  T o  25 G ~ o N l o l o  
R C  = C ( I I  / C ( J )  G T O N l O 2 O  
R A  = A t 1 1  / b ( J )  G T G N 1 0 3 0  
F I J  + 2.41EO*(RA-l.~*(AA-.142EO) / I l . + R A ) * * 2  G T O N 1 0 4 0  
CIJ - t i .  + SQRT(RC*R(I)IRIJ)) 1 * * 2  I S Q R T ( B . * ~ ~ . + R A ) )  G T o N l o 5 0  
S u f i  = SUM + F I J  * G I J  * G M I X ( J 1  G T O N 1 0 6 0  

2 5  C O h T I N U E  G T O N 1 0 7 0  
G T P C O N  G T H C O h  + S I T 1  * G M I X f I )  / ( G M I X ( I )  + SUM) G T O N l O 8 0  

3 0  C O N T I N U E  G T O N l O 9 0  
C  C O h V E R T  F R O M  B l U / H R . f T . F  T O  W/H.K G T O N 1 1 0 0  

G T H C O N  G T H C O h  * 1 . 7 3 0 7 3 4 6 7 E O  G T O N l l l O  
4 0  C O N T I N U E  G T O N l l 2 O  

R E  T U R N  G T O N 1 1 3 O  
E N D  G T O N 1 1 4 0  
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2. GAS VISCOSITY (GVISCO) 

Viscosity is an important parameter in describing the dynamic behavior of fluids. 
According to kinetic theory for a gas having a net mass motion, molecules tend to  lose 
forward momentum due to  proximity of stationary surfaces. 'l'his loss is described in terms 
of a viscosity, and it is pertinent to  the flow of gas in a fuel-cladding gap as well as through a 
cladding rupture. In particular, the rate at which gas flows into the ballooning section of a 
fuel rod is inversely proportional to the fill gas viscosity for narrow gaps, becoming less 
dependent on the gas viscosity as the gap widens and flow becomes turbulent. 

~ r e t s z n a j d e r [ ~ - ~ . ' ] ,  Bird et al[C-2.2], and Ilirschfelder et  al[c-2.3] have discussed in 
detail the functional relationships for viscosity, which in summary showed dependence on 
temperature, pressure, and gas composition. The formulation used in the routine GVISCO 
was taken from Bird et  a1 and is 

where 

pmix = viscosity of gas mixture (kg1m.s) 

n = number of chemical species in the mixture 

X .  X. = the mole fractions of  species i and j 
1' J 

p i  = the viscosities of species i and j (kg1m.s) 

and Qij is a di-mensionless parameter defined as 

where 

Mi, M. = 
1 

the molecular weights of species i and j (kglmol). 
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The viscosity of a pure monatomic spccics may be expressed as 

where 

pi = viscosity of species i (kg/mes) 

M = molecular weight of species (kg/mol) 

o = the collision diameter (m) 

T = absolute temperature (K) , 

E = the maximum energy of attraction between a pair of 

k = Boltzmann's canstant = 1.38 x (J/molecule.K). 

Bird et  a1 states that Equations (C-2.1) through (C-2.3) are useful for colilyuting 
viscosities of nonpolar gases arid gas nlixtures at low density from their tabulated values of 
the inlerrriolei;ulii~- Tt.,rcr, p a l a l ~ l ~ t c ~ s  o a ~ ~ d  t .  Figailit C-2.1 ~ h o w s  thc viscosities for thrcc 
different. cases calculated from Equation (C-2.1): (a) helium only, (b) an equal molar 
mixture of helium and xenon, and (c) an equal molar mixture of helium, argon, krypton, 
and xenon. The routine GVISCO currently allows seven gases to be considered: helium, 
argon, krypton, xenon, hydrogen, air, and steam. Additional nonpolar gases may be readily 
added t o  GVISCO if desired. 

The viscosity of steam, ps, is taken from Meyer et al[C-2.4] : 

where 

ps = viscosity of steam (kg1m.s) 

T = tcmpcrnturc (K). 

A density correction could be applied, but examination of tabular data indicates the 
correction is small at typical fuel rod temperatures. 

2.1 Gas Viscositv Subcode GVISCO LisLiri~ 

The listing of the FORTRAN subcode GVISCO used for calculating gas viscosity is 
presented in Table C-2.1. 
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Fig. C-2.1 Gas viscosity as a function of  temperature for  pure helium, for a binary mixture of helium and xenon, and for a n  
equal molar mixture o f  helium, argon, krypton,  and xenon. 
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TABLE .C-2. I 

L I S T I N G  OF THE G V I S C O  SUBCODE 

F U ~ C T I O N  G V I S C C (  G n I x n  G T E H P  1 

GVISCO CALCULATES THE GAS V I S C O S I T Y  AS A  FUNCTION OF 
TEPPERATURE AND GAS HOLE FRACTIONS. 

GVISCOmOUTPUT GAS V ISCOSITY  (KGIM-S) 

INPUT ARRAY OF GAS MOLAR FRACTIONS 
N FLFMENT? OF @ M I 1  MUST SUM TO 1 . 0  

HEL IUM 
A R G O N  
KRYfTCN 
XENON 
H Y O R O G F N  ijiiiiotz.i 
STEAM - FROM 1 9 6 7  ASME A T  1 BAR PRESSURE 

PUT GAS TEHPERATURE ( K l .  

THE GAS V ISCOSITY  RELAT IONSHIPS  USED I N  :THIS FUNCTION ROUTINE 
ARE THOSE STAT.ED BY BIRDnSTEWARTrAND IGHTFOOT? 
--TRANSPUNT PHERUFltNA"rl'.Zb A N "  Y . Z > B  \ I Y > 4 I .  
BIRD, HIRSCHFELDERn. CURTISSr  TRANS. ASHE 7 6 ( 1 9 5 4 ) 1 0 1 1 - 1 0 3 8 r  

OR HANDBOOK OF PHYSICS, SECTION 5.5 (MCGRAW-HILL 1 1 9 5 4 .  

S T E A R  PUAT ICN S  FROM MAY R, E1oAL.n mTHERHODYNAHIC AND 
TRANSFORT P R C ~ ~ R T I E S  O F   STEAM^, THE AMERICAN SOCIETY OF 
M,ECHANICAL ENG-INEERS ( 1 9 6 7 1  

CODED BY R.C+YOUNG HARCH 1 9 7 5  

DIMENSION S I G R A Z ( t ) n  E O K ( 6 ) n  I H ( 6 3  
D IHENSION A ( 7 ) r  R ( 7 1 r  V I -S (7 )n  G M I X ( 7 1  
D I K E N S I O N  T A B L E ( 1 6 4 )  
D.A.TA EPSn NT, I H  I 1.E-8s 82, 6 * 1  I 

DATA SIGMA I 2 . 5 7 6 ~  3 . 4 1 8 ~  3.498, 4.0559 2 . 9 1 5 ~  3 . 6 1 7 1  
DATA S I C H A 2  I 6 .63577Ln  1-1a602724.  1 2 r P 3 6 0 0 + r  1 6 . 4 4 9 0 t 5 ,  

# 8 . 4 ' 4 7 2 2 3 ~  1 3 . 0 8 2 6 8 9 I  
DATA EOK I 1 0 . 2 ~  124.n 225. r  229.n 3 6 - 0 1  9 7 . 0 1  
DATA A  I 4 . 0 0 3 ~ 3 9 . 9 4 4 1  8 3 . 8 0 r  131.39 2 .0161 28 .979 1 8 * 0 1 6 /  

DATA TABLE / 2 .785r .3  

~ K C E - =  GTEHP I E O K ( 1 )  
I F  (TKOE.GT.400.) TKOE=400. 
OH,EGA 0 POLATE(TABLE, TKOEn NTn I M l I )  1  
V I S ( 1 )  2 .6693E-6  S Q R T ( A ( I ) * G T E M P )  / ( S I G H A Z ( I ) * O M E G A )  

1 0  CONTINUE 
I F  ( G M I X 1 7 )  .LE. EPS)  GO TO 1 5  
L  = 7  
V I S ( 7 )  * 1.E-7 * ( 0 .407* (GTEMP-273.15)  + 80.4 ) 
V I S ( 7 )  O.4C7E-7 * GTEMP - 30.77 E-7 

1 5  I F ( L . L E .  0  1 k R I T E ( 6 n 2 5 )  GHIXI GTEMP 
2 5  FORMAT(28H ERRCR I h  GVISCO WITH GMIX. r 7 ( E l O . * r 3 X ) r I r  

# 1 2 H  AND GTEHP= nE10.4  1 
I F (L .LE .  0  1 STOP 
GVISCO 0.0 

DO 3 0  I = 1 n L  
- 

I F  ( G M I X ( I 1  .LE. EPS)  GO TO 3 0  
SUP = 0.  
0 0  2 0  J = 1 n L  
I F  ( J  .EQ. I )  GC TO 2 0  
I F  ( G M I X ( J )  .LE. EP 1 GO TO 2 0  
R v  = v I s t I I  I v I s ( J S  
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TABLE C-2. I ( con t i nued )  

P H I  * (1. + S Q R T ( R V * R ( J ) / R ( I ) ) I * * 2  / S O R T ( 8 . * ( 1 . * A ( I l I A ( J ) 1 )  G V I S O R R O  
S U H  = S U f l  + G R I X ( J 1  P H I  G V I S O 8 9 0  

2 0  C O N T I N U E  G V i S 0 9 0 0  
G V I S C O  = G V I S C C  + G H I X ( I )  V I S L I )  ~ G R I X ~ I I  + S U M )  G V I S O 9 1 0  

3 0  C l l N l  l NllF G V I S  9 2 0  
R E T U R N  ~ ~ 1 ~ 8 9 3 0  
EN0 G V I S ~ O 9 4 0  
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Wiley & Sons, Inc. 1954. 
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New York: John Wiley & Sons, Inc:, 1954. 

C-2.4 C. A. Meyer, R. B. McClintock, G. J .  Silvestri, R. C. Spencer, Jr., Thermodynamic 
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Engineers, 1967. 

3. PHYSICAL PROPERTIES (PHYPRO) 

The routine PHYPRO returns melting temperatures and heats of fusion for U02,  
(U, Pu)02, and zircaloy and returns a to  /3 transformation temperatures for zirconium and 
zircaloy. The fuel melting temperatures are modeled as a function of burnup and plutonium 
content. 

3.1 U02  and (U, Pu)02 Melting Point 

" The melting point of unirradiated UO has been measured by several investigators ? with varying results. Brassfield et al[C-3 1 and Lyons et al[C-3.2] have published 
compilations and discussions of several recent experimental results and have listed "best" 
value U 0 2  melting points of 3 1 13 and 3 133 k 15 K, respectively, for burnups less than 
10 000 MWdlMtU. 'I'he routine PHYPRO uses Brassfield's et a1 recomniendativrl of 3 113 K 
for the melting temperature of unirradiated U02. 

Lyon and  ail^^^-^-^ determined the phase diagram for stoichiometric (U, Pu)02 
mixed oxides. The temperature data for the solidus and for the liquidus boundarks were fit 
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by least squares techniques to  a parabolic equation and these results are given for the solidus 
and liquidus boundaries by Equations (C-3.1) and (C-3.2), respectively : 

T ( s o l i d u s )  = 3113 = 5 .414  C I 7.460 x 10 
-3 c2 

T ( l i q u i d u s )  = 3113 - 3.219 C . -  1 .449 x 10 -2 .c2 (C-3.2) 

where 

C = the mole percent of Pu02 

T = temperature (K). 

The solidus curve is used for the melting point of mixed oxides and the difference 
between the liquidus and solidus boundaries defines the temperature range in which solid 
and liquid coexist. Figure C-3.1 shows the solidus and liquidus boundaries. 

~hr i s t ensen[ ' -~ .~ ,  C-3.51 established that the melting polnt ot hls UO? samples 
decreased with fuel bumup. The largest decrease measured by Christensen was about 32  K 
per 10 000 MWdlMtM. Krankota and ~ r a i ~ [ ~ ' ~ . ~ ]  have also reported a 50 to  100 K 
decrease in the melting point of irradiated mixed oxide test samples for burnups between 
55 000 and 85 000 MWd/MtM. However, these results are not in accord with those of Reavis 
and  ree en[^-^^] who reported no significant reduction in the melting point of U02  due to  
irradiation. Since a fission event results in the accumulation of cationic fission products 
together with some liberation of oxygen, a lowering of the melting point of UO-, A during 
irradiation is expected. Therefore following Christensen, the melting point of U 0 2  and 
mixed oxides is decreased 32 K per 10 000 MWd/MtM in PHYPRO. 

3.2 U 0 7  A and (U, Fu)OZ Heat of Fusion 

The two calorimetrically determined value8 for the heat of f u ~ i o n  of unirradiated U 0 2  
are in good agreement. Specifically, Hein and Flagella [C-3-81 measured a U 0 2  heat of 
fusion of '16 + 2 kJ/mol and Leibowitz et a1 L C  3 . 3 3  reported a value of. 74 kJ/mol. 'l'hese 
results suggest that the heat of fusion of unirradiated U02  is adequately known from 
present analyses. The routine PHYPRO uses Leibowitz's et a1 calorimetrj value of 
2.74 x 1 o5 J/kg for the heat of fusion of UOZ. 

Leibowitz e t  a1 [C-3.101 determined a heat of fusion for mixed oxides of 67 kJ/rnol 
from three tests. This 10% agreement between U02  and mixed oxide values for the heat of 
fusion is quite reasonable because of the similarity in crystal structure and atomic bonding. 
Therefore, unless conflicting data become available, the U02  value will be used for the heat 
of fusion of mixed oxides. 
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Fig. C-3.1 Phasc diagram for stoichiometric mixed uranium-plutonium oxides. 

3.3 Zircaloy Melting Point and Transformation Temperatures 

The reported melting point of zircaloy is below that reported for unalloyed 
zirconium. The addition of tin lowers the zirconium melting point[C-3.11], and small 
amounts of  iron, nicke1;'or chromium decrease the solidus Lernperatures of a binary mixture 
about 70 K for each 0.1% addition of solute[CJ.121. These results are for the binary 
mixtures of  zirconium and one solute: tin, iron, chromium, or nickel. In the five 
component zircaloy system, the effect of each solute may not be additive, and therefore a 
separate determination is required. The zircaloy-2 melting point has been measured to  be 
about 2098 K,  and this value is returned by PHYPRO. 
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Pure zirconium isothermally transforms from the a phase t o  the phase at 
1 135 ~ [ ~ - ~ . ~ ~ 1 .  The routine PHYPRO returns 1 135.1 5 K for the zirconium transformation 
temperature when the variable CTRANZ is called. Zircaloy, however, undergoes the same 
transformation over a range of temperatures. PHYPRO returns the variable CTRANB for the 
beginning of the a$ transformation (1083.15 K) and. the variable CTRANE for the end of 
the a-0 transformation (1 243.15 ~ ) f ~ " ~ - ~ ~ 1 .  

7.4 Zircnloy Hrat of Fi~sion 

,The heat of fusion of zircaloy will depend to  some extent on its composition and the 
exlenl of oxidizalion. Brassfield et al has suggested that the heat of fusion of zircaloy-4 
differs little from that of zirconium and lists the heat of fusion of zirconiumas 20.5 kJ/mol. 
However, ~ u i l l [ ~ ' ~ . ~ ~ ]  lists the heat of fusion of zirconium as 23 kJ/mol with uncertainty. 
The routine PHYPRO returns Brassfield's et a1 1isted.heat .o f  fusion for zirconium of 
2.25 x lo5 J/kg when called. 

3.5 Physical Properties Subcode PHYPRO ,Listing. 

3.6 References 
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APPENDIX D 
, 

SUPPORTING MATERIAL FOR MATPRO 

This Appendix contains a list of input and output arguments for each of the MATPKO 
subcodes, the base and derived SI units used in MATPRO, and the linear interpolation 
routine (POLATE). 

1. INPUT-OUTPUT ARGUMENTS OF MATPRO SUBCODES 

Input and output arguments for each of the MATPRO subcodes are given in Table 
D-1 .I. This description provides a summary of the FORTRAN subcodes that are described in 
detail in Appendixes A+ B, and C. 



TABLE D-1 . I 
. . 

INPUT-OUTPUT ARGUMEN,TS OF PlATPI?O . . SUBCODES 

Subcode 

Fuel Subcodes 

Fuel. S p e c i f i c  Heat 
Capac i ty  (FCP) 

Fuel Thermal 
~ o n d u c t i  v i  t y  ( FTHCON ) 

Agruments I/.o!-~J Descr i  p t i o n  

FTEF P I Fuel temperature . . ( K )  

FADLOT 5 Fuel f r a c t i o n  t h a t  i s  mol ten:  FACMOT = 1 f o r  a l l  .. : 

mol t e r  fue l  , FACMOT = 0  f o r  a1 1' s o l  i d  f u e l  
slJLt1 I bur nu^ o f  u r a n i  urn [(MWs)/ kg] 

COMF I P l  u t o r i  urn' ox i de  con ten t  (w t%)  

FC P 0 S p e c i f i c  heat  c a p a c i t y  [J/(kg-K)] 

FTENP I Fuel temperature ( K )  

CONINP I Conduct i ,v i  t y  i n t e g r a l  ( k j m )  

FRADEN I F r a c t i o n a l  f u e l  d e n s i t y  -- r a t i o  o f  ac tua l  densi,ty . . 
t o  t h e o r e t i c a l  d e n s i t y  

COMF' I P-utor 'um ox ide  con ten t  i n  t he  f u e l  (w tx )  

e ~ C t a l  I Bwrnup o f  u ra r ium [(MWs,)/kg] . 
CON 0 ~ u e i  thermal c o n d u c t i v i t y  (W/m-K): 

[a ]  1/0 d i s t i n g u i s h e s  between i n p u t  znd ou tpu t  arguments. 

[b ]  Used t o  ca1,l t h e  f u e l  me1 t i n g  tmp.erature f rom PHYPqO. 



TABLE D-1. I (con t inued)  

Subcode Arauments 

Fuel  Subcodes ( c o n t i n u e d )  
Fuel  Thermal C0nduct iv. i  t y '  
(FTHCON) ( c o n t i n u e d )  

Fuel  Emi s s i  v i  t y  
(FEMISS) 

Fuel  Thermal 
Expansion (FTHEXP) 

Fuel  E l a s t i c  
Modul us (FELMOD) 

CON I NT 

CON I NV 

FTEMP 

FEMISS 

FTEMP. 

FACMOT 

B U ' ~ ]  

COMP 

FRADEN 

D e s c r i p t i o n  

I n t e g r a l  o f  thermal con,duct i  v i  t y  w i  t'i r e s p e c t  t o  
temperature  (Wlm) 
Temperature as a  f u n c t i o n  o f  t h e  i n t e g r a l  o f  t h e  
thermal  c o n d u c t i v i t y  ( K )  
Fuel temperature  ( K )  

Fuel e m i s s i v i  t y  ( u n i  t l e s s )  

Fuel temperature  ( k )  

F r a c t i o n  o f  f u e l  mo l ten :  FACMOT = 1  f o r  a l l  f u e l  
mol ten,  FACMOT = 0  f o r  a1 1  f u e l  s o l  i c  
Burnup o f  uranium [(MWslkgj] 

P lu ton ium o x i d e  c o n t e n t  i n  t h e  f u e l  (w t%)  

Fuel thermal  expansion ( u n i  tl ess 11 

Fuel temperature  (1:) 

F r a c t i o n a l  f u e l  d e n s i t y  - -  r a t i o  o f  a c t u a l  d e n s i t y  
t o  t h e o r e t i c a l  dens i  t y  

[a ]  110 d i s t i n g u i s h e s  between i n p u t  and o u t p u t  arguments. 

[b ]  Used t o  c a l l  t h e  f u e l  me1 t i n g  temperature  f rom PHYPRO. 



TABLE D.-1,. I '(con t i n'ued ) 

Su bcode Arguments 17b[a l  D e s c r i p t i  on 

Fuel subcodes (con t inued)  
Fuel E l a s t i c  Modulus 
(FELMOD) (con t inued)  

Fuel Po isson 's  
R a t i o  (FPOIR) 

Fuel Creep (FCREEP) 
\O 
h) 

Pluton ium ox ide  con ten t  (wt%:l 

FELMOD 0 Fuel e l a s t i c  modulus (Pa) 

FTEMP I Fuel temperature (K) 

COMP I Pluton ium ox ide  conte.nt. ( w t % ]  

FPOIR 

FTEMP 

FSTRES 

FDENS 

FGRN 

FIS  

COMP 

FCREEP 

0 Fuel ' P O ~ S S O ~ '  5 r a t l o  ( u n i  t l e s s )  

I Fuel ten'p'erature (K) 

I Fu21 s t r e s s  (Pa) 

I 3 Fusl dens i t y  (kg/m ) 

I ~ u e i  g r a i n  s i z e  ( p n )  

I Fi.ssidn r a t e  ( f i s s i o n ~ s / m 3 s )  

I Pluton ium ox ide  con ten t  ( w t % :  

0 Fuel creep s t r a i n  r a t e  (5- ' )  

[a ]  110 d i s t i n g u i s h e s  between i n p u t  and ou tpu t  argunients. 



TABLE D-1. I (con t i nued )  

Su bcode Arguments l / oEa l  D e s c r i p t i o n  

Fuel Subcodes ( con t i nued )  
Fuel F rac tu re  S t reng th  
(FFRACS) 

Fuel Swel l  i ng 
' (FSWELL) 

FTEMF Fuel temperature (K) 

FRADEN I F r a c t i o n a l  f u e l  ' d e n s i t y  -- r a t i o  o f  a c t u a l  d e n s i t y  
t o  t h e o r e t i c a l  dens i t y -  

FFRACS 0  U02 f r a c t u r e  s t r e n g t h  (Pa) 

FTEMP I Fuel cen te r1  i ne temperature (K) 

B  U  I 3 Burnup o f  uranium ( l o z 6  f i s s i o n s / m  ) 

W 
FSWELL o Volume inc r2ase  o f  f u e l  ( % )  

\O 
W 

I n t e g r a t i o n  o f  Fuel FTEMP I Fuel temperature (K.) 
S w e l l i n g  and D e n s i f i c a t i o n  
( CONECT) FTEMPC I Fuel cen te r1  i n e  temperature (K) 

BU I Burnup o f  f u e l  [ ( ~ w ' s ) / k g ]  

FDENS I 3 Fuel d e n s i t y  (kg/m ) 

RSNTR I Maximum p o s s i b l e  d e n s i t y  change (kg/m?) 

TS I NT I Fuel s i  n t e r i n g  temperature ( K )  

COMP I P l u t o n i  um ox ide  con ten t  (w t%)  

[a ]  I / O  d i s t i n g u i s h e s  between i n p u t  and ou tpu t  arguments. , 



TRBLE D-1.1 (con t inued)  

Su bcode 

Fuel Subcodes (con t inued)  
I n t e g r a t i o n  o f  Fuel 
S w e l l i n g  and D e n s i f i c a t i o n  
( COiiECT) (con t inued)  

Fuel R e s t r u c t u r i n g  
( FRESTR) 

Fuel ~ e n s i  f i c a t i  on 
( FUDENS), 

Arguments 

TTIME 

D'ELRO 

REMVOL 

DAX 

FT EMP 

TTIME 

DC 

FEACS 

DE I ZE 

Descr i  p t io ,n  

Time ( s )  

Change i-n f u e l  aensi  ty ( f r a c t i o n  j 
- 

FgeJ volume n o t  f i l l e d  (rn2/kg) 

Fqel l e n g t h  charge (7;) 

Fue? tempera tu re  ( K )  

Time ( s )  

I i i t i a l  g r a i n  s i z e  iVm) 

Iii t i a l  f u e l  ' d e r s i t y  ( f r a c t i o n )  

Gra- n  s i z e  a t  t ime -TIYE' ( $ n )  

F-CRIT 0 T i r e s h o l d  temperature f o r  columnar g r a i n  f lormat ion 

FCENS 
( 0  

0 
L ' 

Dsnsi t y  o f  columnar g r a i n  zone ( f r a c t i o n  

V-EMP I  FA^- temperature (K] 

6 L; I B ~ r n u p  o f  f u e l  [(MWs/kg)] 

[a ]  1/0 d i s t i n g u i s h e s  between i n p u t  ant.  ou tpu t  arguments. 



TABLE D-1. I (con t inued)  

Subcode Arguments I / o [ ~ '  D e s c r i p t i o n  

Fuel Subcodes ( con t i nued )  
Fuel  ' Densi f i c a t i o n  
( FUDENS) ( con t i nued )  

FDENS I Fuel densi  t y  ( kg/mJ) - . -  

,. 
RSNTR I Maximun p o s s i b l e  dehs i  t y  change ' ( kg/m2') 

TS I NT I Fuel s i  n t e r i n g  temperature ( K )  

COMP 

TTIME 

\o 
Cn 

F i s s i o n  Gas Release 
( FGASRL) 

Cesium and I o d i n e  
Release (CESIOD) 

P l  u t o n i  um ox ide  con ten t  (w tb )  

Time ( s )  

FUDENS 0 Fuel d imensional  chsnge (%)  

FTEMP I Fuel temperature (K: 

FRADEN I F r a c t i o n a l  f u e l  d e n s i t y  -- r a t i o  of ac. tual  d e n s i t y  
t o  t h e o r e t i c a l  densi  t y  

TT.1 ME I Time ( s )  

FGASRL 0 F r a c t i o n  o f  f i s s i o n  gas generated which i s  re leased  

FTEMP I Fuel temperature ( K )  

FTMAX I Maximum prev ious  temperature (K) 

BU 1 .  Burnup a t  s t ep  end (MWs/kg-metal) 

[a]  110 d i s t i n g u i s h e s  between i n p u t  and ou tpu t  arguments. 



TABLE D-1.1 ( con f i nued )  

Subcode Ar8;;urnents I/o[~,I D e s c r i p t i o n  

Fuel  Subcodes ( c o n t i  nued) 
Cesium and I o d i n e  :~ELBU I Burnup d u r i n g  s t e p  (MWs/kg*metal ) 
Release (CESIOD) (con t inued)  

COMP I Pluton ium ox ide  c o n t e n t  (w t%)  

FEADEN I Fpac t i ona l  f u e l  d e n s i t y  -- r a t i o  of a c t u a l  d e n s i t y  
t o  t h e o r e t i c a l  d e n s i t y  

I TIME Time a t  temperature a t  s t e p  end i s )  

DTIME . I Dura t i on  o f  s t e p  (s; 

FTMAX 0  Maximum temperature a t  end o f  s t ep  ( s )  

iO ID(1)  0  Net s p e c i f i c  r e l ease  o' i o d i n e  ( kg  i o d i n e / ~ k g  f u e l  ) 

?OID(2) 0 .  Net s p e c i f i c  r e l ease  o= I o d i n e ~ l 2 7  ( k g  127 [ /kg  f u e l )  

I 

,30ID(3), 0  Net s p e c i f i c  r e l ease  o= iodine-129 ( k g  '"[/kg f u e l )  

?OID(4) 0 Net s p e c i f i c  r e l ease  o' Iod ine-131 ( k g  131 [ / kg  f u e l )  

iO ID(5)  0  Net s p e c i f i c  r e l ease  o' Iod ine-132 ( k g  132[ /kg f u e l  ) 

Z(DID(6) 0  Net  s p e c i f i c  r e l ease  o' Iod ine-133 ( k g  133[/kg f u e l )  

?OID(7) 0  Net s p e c i f i c  r e l ease  o  I o d i n e - 1 4  ( k g  134 t /kg  f u e l )  

[a]  I / O  d i s t i n g u i s h e s  between i n p j t  and ou tpu t  arguments. 



TABLE D-1. I ( c o n t i n u e d )  

Subcode Arguments 

Fuel  Subcodes ( c o n t i n u e d )  
Cesium and I o d i n e  ROID(8) 
Release (CESIOD) ( c o n t i n u e d )  

CS(1) 

W 
\D 
4 

C l a d d i n g  Subcodes 

D e s c r i  p t  i on 

Net  s p e c i f i c  r e l e a s e  o f  Iod ine -135  ' ( k g  1 3 5 ~ / k g  f u e l  ) 

Net  s p e c i f i c  r e l e a s e  o f  Cesium ( k g  ces iumlkg  f u e l )  

N e t  s p e c i f i c  r e l e a s e  o f  cesium-1 33 ( k g  3 3 ~ s / k g  
f u e l  ) 
Net  s p e c i f i c  r e l e a s e  o f  Cesium-135 ( k g  1 3 5 ~ s / k g  
f u e l  ) '  
Net  s p e c i f i c  r e l e a s e  o f  Cesium-137 ( k g  1 3 7 ~ s / k g  
f u e l  ) 
Net s p e c i f i c  r e l e a s e  o f  Cesium-138 ( k g  1 3 8 ~ s / k g  
f u e l  ) 

C l a d d i n g  S p e c i f i c  Heat CTEMP I Cladd ing  tempera tu re  (K) , 

E f f e c t  o f  H y d r i d e  
Sol  u t  i o n  on C ladd ing  
S e p c i f i c  Heat (CHSCP) 

CC P  0  C ladd ing  s p e c i f i c  h e a t  c a p a c i t y  [ J / ( k g - K ) ]  

CTEMP .I Cladd ing  t e m ~ e r a t u r e  ( K )  

PPMHY D I C o n c e n t r a t i o n  o f  hydrogen i n  t h e  c l a d d i n g  (ppm) 

CHSCP 0  A d d i t i o n  t o  s p e c i f i c  h e a t  because o f  h y d r i d e s  

. , 
[J/ (kg+)  1 

--- - 

[a]  110 d i s t i n g u i s h e s  between i n p u t  and o u t p u t  arguments. 



TABLE D-1. I ( c o n t i n ~ e d )  

Subcode Arguments l/oial D e s c r i p t i o n  

C l  adding Subcodes (cont inued) ,  
Cladding Thermal CTEMP I Cladding temperature ( K )  
C o n d u c t i v i t y  (CTHCON) 

TIME Time ( s )  - n o t  pres,ent ly  ope ra t i ona l  b u t  must be 
- . s u p p l i e d  as a dummy v a ~ i a b l e  i n  t he  argument 

1 inkage 

FLUX 

Z i rcon ium Oxide 
E m i  s s i v i  t y  (ZOEMIS) 

CTHCON 

EMISSV 

FUEMIS 

UJEMIS 

2 Fast  neu t ron  f l u x  [neutrons/(m - s ) ]  - n o t  p r e s e n t l y  
ope ra t i ona l  b u t  must be supp l i ed  as a dummy 
v a r i a b l e  i n  t he  argument 1  inkage 

Cold work (un i  t l e s s )  - n o t  p r e s e n t l y  ope ra t i ona l  
taut r u s t  be supp l i ed  as a.dumny .dar iab le  i n  t h e  
crguren t 1 i n  kage 

Cladding thermal c o n d u c t i v i t y  (h/m-K) 

Maxirrum c l a d d i n g  temperature (K) l  

Oxide l a y e r  th ickness  [m) 

Claddingi su r face  em iss i v i  t y  ( u n i  t l e s s )  

P o s i t i v e  s tandard e r r o r  i n  EMlSSV 

Fegat i ve  s tandard e r r o r  i n  EMISSV 

[a ]  110 d i s t i n g u i s h e s  between in?u!t  and ou tpu t  arguments. 



TABLE D-1. I. (con t inued)  

Cladding Subcodes ( con t i nued )  
Z i rcon ium Oxide 
Thermal C o n d u c t i v i t y  
( ZOTCON) 

C l  add ing Axi  a1 Thermal 
Expansion (CATHEX) 

C l  add ing Di  ametra l  
Thermal Expansion (CDTHEX) 

\o 
\O 

C ladd ing  E l a s t i c  
Modulus (CELMOD) 

Arguments 

CTEMP 

ZOTCON 

CTEMP 

CATHEX 

CT EM P  

CDTHEX 

CT EM P  

T I  ME 

FLUX 

COLDW 

l / O I a l  D e s c r i p t i o n  

I Zirconium ox ide  temperature (K) 

0  Z i  rccjni  urn ox ide  thermal conduc t i  v i  t y  (W/m-K) 

I Cladding temperature ( K )  

0 Z i  r c a l  oy a x i  a1 thermal expansion (n/m:l 

1  Cladding tem?erature (K) 

0  Z i  r c a l  oy d i ame t ra l  t i e r m a l  expansion (m/m) 

I C l  add i  ng temperature ( K) 

Time ( s )  - n o t  p r e s e n t l y  ope ra t i ona l  b ~ t  must be 
supp l i ed  as dummy v a r i a b l e  i n  t h e  argument 
1  i nkage - 
Fast  neu t ron  f l u x  (neut rons/m2-s)  - n o t  p r e s e n t l y  
o p e r a t i o n a l  b u t  must be supp l i ed  as dummy v a r i a b l e  
i n  t he  argument l i n k a g e  

Cold work ( u n i  t l e s s )  - n o t  p r e s e n t l y  o p e r a t i o n a l  
b u t  must be supp l i ed  as dummy v a r i a b l e  i n  t h e  
argument l i n k a g e  

Z i r c a l o y  e l a s t i c  modulus' (Pa) 

[a ]  110 d i s t i n g u i s h e s  between i n p u t  and ou tpu t  arguments. 



TABL8E D-1. I  (con' t inued) 

Subcode Arguments I / oLa  Descr i  p t i c n  

C l  add i  ng Subcodes ( c o n t i  nued) 
Cladding S t ress  Versus CTEMP I  Cladding temperature ( K )  . 
S t r a i n  (CSTRES) 

CTMAX I  Maximum prev ious  c l add ing  temper3ture [K )  

TIME I  Time o f  i r r a d i a t i o n  ( s :  

SJRANT I  . True s t r a i n  ( u n i t l e s s )  

RSTRAN I True s t r a i n  r a t e  ( s - I )  

ClILDW I  2 ,  2 Clal jd ing c o l d  work (m ,m ) 

c-LUX I  2 Fast  neu t ran  f l ' u x  [neutrons/(m - s ) ]  

SBREST 0  ClalA.ding tru,e s t r e s s  (Pa) 

. SBRESE 0 Cladding eng ineer ing  s t r e s s  (Fa) 

CBMAX 0  Maximum 1:laddi ng temperature (K )  

C l  add ing S t ress  Versus C S I G M A  01 . Power law t r u e  s t r e s s  (Pa) 
S t r a i n  (CSIGMA)~~] 

. [a ]  1/0  d i s t i n g u i s h e s  between i n p u t  and o ~ t p u t  arguments. 

[b]  The i n p u t  arguments f o r  CSIGMA a r e  i d z n t i c a l  t o  t he  CSTIES i n s ~ t  arguments. 



TABLE D-1. I (con t i nued )  

Su bcode Arguments 1 / 0 [ ~ j  D e s c r i p t i o n  ' 

C ladd ing  Subcodes ( con t i nued )  
C ladd ing  S t r a i n  Versus CTEMP I . Cladding temperature (K) ' 

S t r ess  (CSTRAN) 
CTMAX I Maximum prev ious  c l add ing  temperature ( K )  

TIME I Time o f  i r r a d i a t i o n  ( s )  

STREST I True s t r e s s  (Pa) 

RSTRES I True s t r e s s  r a t e  (Pa l s )  

COLDW I 2 2 Cladding co ld '  work (rn /m ) 

CFLUX I Fast  neu t ron  f l u x  [n?u t rons / (m2*s ) ]  

K I  NDOR I 1 ' =  cons tan t  s t r e s s  r a t e  
2  = cons tan t  s t r a i n  r a t e  f rom i n p u t  s t r e s s  r a t e  
3 = average s t r a i n  r 3 t e  as i n p u t  w i t h  RSTRAN 

0 STRANT True s t r a i n  (mlm) 

STRANE 0 .  Engineer ing s t r a i n  (n/m) 

RSTRAN 0 True s t r a i n  r a t e . ( s - ' )  
* 

CTMAX 0 Maximum c l a d d i n g  temperature (K) 

[a ]  1 /0  d i s t i n g u i s h e s  between i n p u t  and ou tpu t  arguments. 



TABLE D-1. I (cont inued)  

Su bcode Arguments 

Cladding Subcodes (con t inued)  
Cladding Mechanical ICTEMP 
Lirni t s  (CMLIMT) 

STMAX 

STRNY E 

STRNUT 

STRNUE 

STRRPE 

C l  addi ng temperature ( K )  

Paximum prev ious  c l add ing  temperature (K)  

2, 2 Cladding c o l d  work (m ,m ) 
3 

Fast  neutron! f l u x  [neuf rons/ (mL.s)] 

Time o f .  i r r a d i a t i o n  ,(s3 

True s t r a i n  r a t e  ( s - I  ) 

True s t f a i n  .at  y i e l d  (m/m) 

Engineer ing s t r a i n  a t  y i e l d  ( m / n - )  

True i n s t a b i  1 i ty  s t r a i n  (rn/rn) 

Engineer ing instabi1,it:y s t r a i n  (:m/rn) 

Engineer ing s t r a i n  a t  r u p t u r e  (n-!m) 

STRRPT . C True s t r a i n  a t  r u p t u r e  ( d m )  
. . 

CY LDST ' . True y i e l d  s t r e n g t h  (Fa) 

[a ]  110 d i  s t i  ngui  shes between i n?ut  and ou tpu t  arguments. 



TABLE D-1. I (con t inued)  

I 

I / o [ ~ ]  Subcode Arguments D e s c r i p t i o n  . 
E 

; 
Cladding Mechanical C Y  LDSE 0 Engineer ing y i e l d  z t r e n g t h  (Pa) 
L i m i t s  (CMLIMIT) ( con t i nued )  

. CULTST 0 True u l t i m a t e  s t r e n g t h  (Pa) 

CULTSE 0 Engineer ing u l  t i rnate  s t r e n g t h  (Pa) . 
Cladd ing  S t r a i n  a t  
Rupture (CSRUPT) 

CTEMP 

CTMAX 

COLDW 

I C l  add i  ng temperature (K) 

I Maximum prev ious  c l  adding temperature (K) 

I 2 . 2  Cladding c o l d  work (m /m ) 

FNCE I 2 Fast  neu t ron  f l uence  (neu t rons lm ) 

STRPPE 0 Engineer ing s t r a i n  a t  r u p t u r e  (mlrn) 

USTRPE 0 Expected s tandard e r r o r  i n  STRPPE (m,'m) 

STRRPT 0  True s t r a i n  a t  r u p ~ u r e  (mlm) 

USTRPT 0 P o s i t i v e  s tandard e r r o r  o f  STRRPT (m/m) 

USTRTN 0 Negat ive s tandard e r r o r  a t  STRRPT (m/m) 

C ladd ing  *Local  S t r a i n s  CTEMP I Cladding temperature ( K )  
a t  Rupture (CLOCRP) 
- -- 

[a ]  I 1 0  d i s t i n g u i s h e s  between i n p u t  and ou tpu t  arguments. 



TABLE D-1. I ( c o r t i n u e d )  

Su bcode A rgume~ ts  I /oLa I Descr i  ptL on 

C l  add i  ng Subcodes ( c o n t i  nued) 
Cladding Local  S t r a i n s  CRTSTN True rad , ia l  s t -a in :  (m/m) 
a t  Rupture (CLOCRP) 

CCTSTN 0 True c i r c u m f e r e n t i a l  s t r a i n  im/m) 

Cladding Creep Rate 
(CCRPR) 

CRESTN 

CCESTN 

CTEW 

CTSES 

.CFLV'X 

'TIME 

CCR?R 

Cladding Po isson 's  CTEMP 
Ra t i on  (CPOIR) 

CPOIlR 

C ladding Cycl i c  Fa t igue  CTE?lP 
(CFATIG) 

FFN:E 

Engineer ing r a d i a l  s t r a i n  (mjm) 

Engineer ing c i c c u m f e r e n t i a l  s t r a i n  (m/m) 

C ladding temperature (K) 

Cladding t r a n s ~ e r s e  s t r e s s  ( P a )  

F a ~ t  neu t ron  f l,ux [neutyons/(mi-s ) ]  

Time ( s )  

Cladding creep s t r a i n  r a t e  ( 5 - I )  

Cladding '  temperature (K) 

Cladding Po iss3n 's  r a t i o  ( u n i t l ~ s s )  

Claddi.ng temperature ( K )  

2 Fast  neu t ron  f l  uence (neu t rons ln  ) 
- .  

[a]  110 d i s t i n g u i s h e s  betwe,en i n r u t  m d  ou tpu t  arguments. 



TABLE D-1. I ( c o n t i n u e d )  

Subcode Arguments l / o L a J  Descr i  pt . ion 

C l  add ing Subcodes ( c o n t i  nued) 
C ladd ing  C y c l i c  F a t i g u e  HIEXP 0 High c y c l e  exponent ( u n i  t l e s s )  

H I  COEF 0 6 High c y c l e  c o e f f i c i e n t  [ ( m / c y c l e ) / l O  , ieut rons/m 1 . E )  

HIEXP] 

C ladd ing  Meyer 
O, Hardness (CMHARD) 

. THRSH 0 Minimum s t r e s s  i n t e i s i t y  range f o r  c r a c k  
[ M N / ( ~ ~  . 5 ) l  

ALOCOF 0 Low c y c 1 e . c o e f f i c i e i t  [<m/cycle)/rn] 

/C ALOEXP 0 Low c y c l e  exponent ( u n i t l e s s )  

C ladd ing  Ax i  a1 Growth 
( CAGROW ) 

CTEMP I Cladding t e m p e r a t u r l  ( K )  

CMHARD 0 C ladd ing  t4eyer hardness (Pa) 

CTEMP I Cladding t e m p e r a t u r l .  ( K )  

CFLUX I Fast  neu t ron  f l u x  (neu t rons /m2*s )  

T I  ME I Time o f  i r r a d i a t i o n  ( s )  

CATEXF I Cladd ing  t e x t u r e  f a c t o r  ( u n i  t l e s s )  

COLDW I 2 2 
Cladd ing c o l d  work (m /m ) 

CAGROW 0 Cladd ing a x i a l  growth s t r a i n  (m/rr) 

[a ]  I / O  d i s t i n g u i s h e s  between i n p u t  and o u t p u t  arguments. 



TABLE D-1 . I (con t i aued :~  

Subcode Ar-guments 

Cladding Subcodes (con t inued)  
Low Tem~era  t u r e  C l  addi  nq HCO I 
o x i d a t i o n  (CORROS) 

., 

JELH I 

High Temperature Cladding T I  
O x i d a t i o n  (CHITOX) 

T 2  

D e s c r i p t i o n  

Cool an t -ox i  de i n t e r f a z e  temperature (K) 

T ine  s l o p  ( s )  

Reactor chemis t ry  index:  
.G!.2 = PWR environment 
.LT.2 = BWR environment 

2' A x i a l  'ncrement heat  f l u x  (Wjm - s )  

Zr12 t h e l n a l  c o n d u c t i v i t y  (Wjm*~k) 

Z r I 2  t h i ckness  a t  s t a r t  o f  t ime s t e p  (m) 

Zr32 t h i ckness  a t  end o f  t ime  s t e p  (rr.) 

Cl3dding temperature a t  s t e r t  o' t ime  s t e p  (K) 

Cl3ddin3 temperature a t  enc. o f  t i m e  st,ep ( K )  

X1 I Zr3 '. t h i ckness  a t  s t a r t  o f  t ime s t e p  (m) 2 

Y11 I 6- laye r  th ickness  . a t  s t a r t  o f  t ime .. s t e p  ~ m )  . ,.. 

)ROD I Oultside d iameter  o f  unox id ized  c l a d d i n g  ~,m) 

[a ]  110 d i s t i n g u i s h e s  between, i n p ~ t  and ou tpu t  arguments. 



TABLE D-1. I ( c o n t i n u e d )  

Subcode Arguments 

C l  add ing Subcodes ( c o n t i n u e d )  
H igh  Temperature C ladd ing  DT 
O x i d a t i o n  (CHITOX) 
( c o n t i n u e d )  X2 

P Cladd ing  Hydrogen Uptake 
4 O (CHUPTK) 

TCOI 

ZR02BI 

CHORG 

PPMH20 

DCO 

DC I 

QC 1  

ZOXKI 

. .  - 

D u r a t i o n  o f  ' t ime s t e p  ( s )  

Zr02 t h i c k n e s s  a t  end o f  t i m e  s t e p  (m)  

< - l a y e r  t h i c k n e s s  a t  end o f  t i m e  s t e p  (m) 

Outs ide d iamete r  : o f  t h e  u n o x i d i z e d  p a r t  o f  t h e  
c l a d d i n g  a t  end o f  t i m e  s t e p  (m) 
Heat g e n e r a t i o n  r a t e  pe r  meter  due t c  c l a d d i n g  
o x i d a t i o n  .(W/m) 

Cool a n t - o x i  de i nte i - face temperature  (K )  

I n i t i a l  o x i d e  th ickmess (m) 

I n i t i a l  hydrogen i r  c l a d d i n g  (ppm) 

Fuel wa te r  c o n t e n t  (ppm) 

Fuel P e l l e t  Diameter (m) 

C ladd ing  o ~ t s i d e  d iamete r  (m) 

Cladd ing i n s i d e  d iemete r  (m) 

A x i a l  increment  h e c t  f l u x  (w/mL) 

Zr02 t h e r n a l  c o n d u c t i v i t y  (W/m* k )  

[a ]  110 d i s t i n g u i s h e s  between i n p u t  and o u t p u t  arguments. 



TABLE D-1. I (con t inued)  

Subcode Arguments l / o L a J  D e s c r i p t i o n  

C l  add i  ng Subcodes ( c o n t i  nued) 
C ladd ing  Hydrogen Uptake :I COF: 
(CHUPTK) (con t inued)  

Reactor chemist ry  index :  
1 = PWR environmenf 
2 = BWR environmenf 

[ CM I Claddihg M a t e r i a l  Index 
2 = Z i r ca loy -2  c l add ing  
4 - Z i r c a l o y - 4  c l add ing  

CHUF'TK 0 average concen t ra t i on  of hydrogzn i n  c i  add4 ng (ppm) 

Gas and Fuel Rod Proper ty  
Subcodes 

.a 

~ M ' I  1 I Gas Thermal C o n d u c t i v i t y  Yole f r a c t i o n  o f  t he  f o l l o w i n g  gases : he1 ium, 
(GTHCON) argon, k ryp ton ,  xenon,, hydrogen, a i  r, and 'wa,ter 

vapoi; 

GTEMP. I Gas temperatur.e { K l  

GPRES I . Gas p ressure  ( P a )  

GPTHK I Effec t i - ~ e  gas gap th ickness  f o r  Xinudsen domain 
co - rec t i on  f a c t o r  c a l c u l a t i o n  (.I) 

GTHCON 0  Gas the ,~mal  conduc t i v ' i t y  [W/(m.K)] 

Gas V i s c o s i t y  (GVISCO) G M I I  - I Hole f r a c t i o n  o f  t he  f o l l o w i n g  gases : he1 ium, 
argon, k ryp ton ,  xenon, hydpogen , a i  r , and steam 

[a]  I/O d i s t i n g u i s h e s  between i n p i t  end, o u t p u t  arguments. 



,TABLE D-1.1 ( c o n t i n u e d )  

Subcode Arguments l /oEa l  D e s c r i p t i o n  

Gas and Fuel  Rod P r o p e r t y  
Subcodes ( c o n t i n u e d )  
Gas V i  s c o s i  t y  (GVISCO) 
( c o n t i n u e d )  

P h y s i c a l  P r o p e r t i e s  
(PHY PRO) 

GTEMP I .Gas tempera tu re  (K) 

GVISCO 0 Gas v i s c o s i t y  [kg/(m- s ) ]  

BU I Burnup o f  u r a n i  um [(MWs)/kg] 

COMP I Plu ton ium o x i d e  c o n t e n t  i n  t h e  f u e l  ( w t % )  

FTMELT 0  U02 o r  mixed o x i d e  f u e l  me1 t i n g  p o i n t s  (K)  

FHEFUS 0 U02 o r  mixed o x i d e  f u e l  h e a t  of  f u s i o n  
(27.4  x  104 J / k g )  

CTMELT 0  Z i r c a l o y  c l a d d i n g  me1 t i , ng  p o i n t  (2,098 K) 

CHEFUS 0 4  Z i r c a l o y  c l a d d i n g  h e a t  o f  f u s i o n  (22.5 x . 1 0  J / k g )  

CTRANB 0  ~ e m p e r a t u r e  o f  t h e  b e g i n n i n g  o f  ' the  z i  r c a l o y - 4  
a - B t ransus  (1,083 K) 

CTRANE 0  Temperature o f  t h e  end o f  t h e  z i r c a l o y - 4  a-B 
t r a n s u s  (1,243.15 K) 

CTRANZ 0 Z i r c o n i  um i s o t h e r m a l  a-E t r a n s u s  tempe?ature 
(1,135.15 K) 

FDELTA 0  L i q u i  d - s o l  i d  c o e x i s t e n c e  tempera tu re  range (K)  

[ a ]  110 d i s t i n g u i s h e s  between i n p u t  and + o u t p u t  arguments. 



2. BASE AND DERIVED SI UNITS~&JSED IN MATPRO 

The intent of materials properties work for MATPRO has been to code correlations in 
the Standard International System (SI) of Units. However, in some cases relationships are 
other units as taken directly from the literature. Table D-2.1 indicates the SI units employed 
in MATPRO subcodes; Table D-2.11 indicates some conversion factors that may be useful in 
interpreting other units. 

TABLE D-2.1 

S I  UNITS FOR USE I N  MATPRO 

Q u a n t l  t y .  Ur1.i t S I  S y i ~ ~ b u l  Fur.111u1 a 

Base U n i t s  

1  eng th  meter 

t l m e  second 

mass k i  logram 

thermodynaml c  terr lperature k e l  v l  r l  

amount o f  substance mole 

De r i  ved Uni t s  

area square meter  

dens i t y  k i - log ram p e r  c u b i c  meter '  

- energy 

f o r c e  

power 

j o u l e  

newton . . 

w a t t  

p ressure  pascal  Pa 

s p e c i f i c  hea t  j o u l e  pe r  k i l o g r a m  ke . l v in  

s t r e s s  newton pe r  meter  Pa :: 

thermal conduc t i  v i  t y  w a t t  pe r  meter  k e l v i n  

, v e l o c i t y  , meter  p e r  second m/ s 

v i s c o s i  t y  (dynamic) pascal  second 

vo 1 ume cub i c  meter  



PQLATE 

TABLE U-2. I 1  

CONVERSION FACTORS 

To Convert  From To M u l t i p l y  By 

2 2 f o o t  meter2 (m2) ' , 9.29030E-02 

. pound-mass/foot 3 k i  1 ogram/meter3 (kg lm 3 ) 1 .60185E+01 

p o u ~ d - f o r c e - f o o t  j o u l e  ( J )  1.35582E+00 

pound-force 

pound - fo r ce - f oo t i s  

pound - fo rde l f oo t  2 

2 pound - fo r ce l i nch  ( p s i  ) 

B r i t i s h  thermal u n i t /  
pound mass-"Fahrenheit 

ca lo r i e l g ram- "Ce l s i us  
(thermochemi c a l  ) 

B r i t i s h  . thermal u n i t -  
i n c h l h o u r - f o o t 2 -  
"Fahrenhe i t  

newton ( N )  

w a t t  (W) 

pascal  (Pa) 4.78803E+01 

pascal  (Pa) 6.89476E+03 

j o u l e l k i  lograrn-kel v i n  , 4.15400E+03 
(J1kg.K) 

j o u l e l k i  logram k e l v i n  4.18400Et03 
( J l k g - K )  

wa t t lme te r  k e l v i n  1.44131E-01 
(WIm-K) 

3. LINEAR INTERPOLA'I'LON ROUTINE (POLATE'J 

A number of the MATPROsubcodes contain tables of data for a property rather than 
analytical expressions. Examples are cladding axial and radial thermal expansion in the 
region of 800 to 1 0 0 0 ~ ~  and cladding specific heat capacity. In these cases discontinuities 
exist in the temperature range of the a and phase transformation. POLATE is used when 
analytical expressions based on theory are not available and interpolation of reported data is 
simplkr than use of an empirical equation. 

A listing of the subcode POLATE is given in Table D-3.1. 



POL ATE 

TABILE D-3.  I 

L I S T I N G  OF POLATE SUBCODE 

L : X Y  I T  6 l P ? ~ t  r;t Y ( l ) j  k ( l ) r  Y ( 2 ) r  X ( 2 1 r  ... Y ( N N ) j  t ( N N )  
Y Z  I S  T n F  E i b F h  b b L l F  FCR b 

C h N  1: T H t  F l . H a ~ h  C k  P A I R S  C F  E N l P i t 5  I N  X Y  
r KI( 1 5  n i T 1 1  111;' I'f l.C.11 I T t ;  G l . 1 "  ANT, T l l r  r l l 4 b l  V A l  l : T  

L 
C I S  C t W S T A h 7  c A k 1 E C  

If ( P - 1 )  5 r 6 ~ 1 C  
5 P O L b T E  = Z E t i C ,  

"I:TbhP, 
t P O L A T F  = Y Y ( 1 )  

R E T L R k  

L 
C L C C P  T C  I b C R E A S E  I N D E X  

2C I F ( x - > Y ~ Z * K * ; ) - C ~ 1 C l l C C r l c c . 2 l  
2 1  Y 9 '  F. * 1 

IF ( K - r , )  ? c , + c , ~ c  ,- 

t T E S T  F C i f  t t T k A P C L b T 1 O N  
3C I F  ( h )  ? l r 5 t l t C  
3 1 K - 1  

G C  TC ICC 
4C I F  ( h )  4 1 9 5 r 1 9 C  
4 1  K ' =  P -  l 

r 

t E k E P Y T b I N C  O K r  GET b N S 4 E R  
1 C G  KK = K  

P O L A T E  = Y Y ( 2 * U - 1 )  4 ( k - X Y ( Z * K ) )  * ( X Y ( 2 * K t l ) - Y Y ( 2 * K - l ) )  
1 / o l Y ( 2 * K + 2 ) - X t ( 2 * K )  1  

1 C 2  R E T L P N  
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