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THE CYGRO -4 FUE L ROD ANALYSIS COMPUTER 

PROGRAM ( LWBRJAWBA DEVELOPMENT PROGRAM ) 

J .  F .  Giovengo 

L. P .  Comden 

Abs t r acL  . 
The CYGRO-4 cmpliter prngram i s  an aclvanacd vcroion of Ole CYGRO 

program f o r  the a n a l y s i s  o f  axisymme tric deforrnatiqns of the cross'-ssc t ion  

o f  a n  oxide fue led  rod-  type fue 1 element.  CYGRO-4, which rep laces  the  CYGRO-3 

program, i nco rpo ra t e s  improved numerical methods, improved t i m e  s t e p  c o n t r o l ,  

a new fue 1-c lad and rod-suppor t i n t e r a c t i o n  mode 1, a new , thermal  conduct iv i ty  

mode 1 f o r  the f ue 1-c lad  gap ,  aild a new fue 1 cracking ,  c r ack  de forma t i on  and 

c r a c k  hea l ing  model. 
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PROGRAM ( IWBR/AWBA DEVE UPMENT PROGRAM ) 

---- 
. . ;-i .r[sp2 ,i :;- ,r :  'I J'; ) , B t . r . ~ e h & ~  ' - :,:'I:? '' -. ; ''2 ."' 'j-; '.. .p,;'--; '.' b. r.1.' 

, , "- .J J .  F,. Giovengo , .. . ."  . . - .  . ,  - i : I .  ii . ' , J . -  b . , .  . A  . . .c, L.. . , .- - .- ..',:'Pi. i . 7 :  ;..:. : 
L. P. Comden 

. . ,. .' ,+ - -., -5 , .. I , - .  ' .  - .:-. ..;c - -. * . ,.. .. .. . . . . - , . *  , * .  ' . ,  
I .  ~ n t r o d u c t  ion L - 

, ? - .  P : - - -  ' r 7 %  py!>-s, , !  . . 
, -, .( :I:'.,' . . , ., ., 

- .  
This'memdra'ndum.doc~en'& d&elop-ment of  ~ ~ ~ - ' c Y G R o - ~  f i n i t e  element 

- ,  - . .  .. . : c>., * t , < . - *  , . 
' - L , .  . .. . ' - . * 8  :. .:..'f- r -  ;.:% ,, :*. -. . - I 

computer p r ~ & i m  f b r '  the a n a l y s i s  of axisymmetric deformations o f  thb cross-  
. .. & . * . ' I  -. ‘ ?  5 )  . ., ; . !-<>> +: '.; '.;c.<;. ' ?  , .' J ' J . , ' . L F L , .  . . 

s e c  t ion  o.f ik  bkide ' fueled rod-type fue 1 element . CYGRO-4 i s  a produ=kio i .  
: .  ,1 .: I . . I . -r; .:- - , - & , , + .  I # . f  .:f> . , . !"<. rc,: -.-' . .c- 

prograin 'deiielope'a..from the  CYGRO-1, CYGRO-2'; and CYGRO -3 s e r i e s  of  * ke'l rod 
, ,#.<*. " .  . ;&: . - r ,  >.>  . , , . -  L,- ,, k 7  , .: , - 7 .  * . . . . . i f - .  - 

a n a l y s i s  'prbgtams. .- 1t"was der  ivea.  fib.&- CYGGR'O- '~  by th& i n c  liis'ion o f - impruved. 

numerica 1 me thods , improved programming procedures and r ev i sed  physica 1 . .  :.:: ', '  

models aimed a t  improving accuracy and r e l i a b i l i t y  fo r  the a n a l y s i s  o f  

Light Water, Breeder Reac t o r  -( WBR),. Pro jectvand.  Advanced.,Water: Breeder :. '+ 

Appl ica t ion  -(AWBA) P r o j e c t  fue,l:e;lement~s-. ,. S ign i f  i c a n t  deveJopmen ts i n c  lude : 

time s t ep .  con t r o  1 based -on: accuracy- cons idera t ions  , . a  new; fue 1-c lad and + rod= .  

suppor t  i n t e r ac t i oLn .wde l , .  a.new-~thenna1,conductivity model fo ry - the  -he;-  , * 

c l a d  gap, and,a  new fue.1 c rack ing ,  c rack  def orma,tion. and c.rack,,healingr :. .+, - 

mode 1. - .  > ;  . : ., .. .. ..LI,. .. f ?  ; 
,. + .. . , A > .  2-5. .-' ?-La> '- - ,. * -. .. 

: . .>',.T, - ? .  , ". , 1 .;: 

Input-. to CYGRO-4 is ,  d iv ided*  i n t o  ,,two,-parts;: rod d a t a  ;and - -  - ,i . 
\ 

ope ra t i ng  h i s  t o n . ,  TheA rud data..comprise , a l l  . q ~ a n . t i t i e s , ~ n e e d e d  to  ., . ,, . , 

.. . -.,'-f-r. , - - 1 : , - 1- -. * ,-*- .:. ' L  , : I 2 -.I ! ,.. * r 

* References (11, ( 2 ,  , and (4): 

, -. . . - : . . : ' <  . : :  , .,. . , - , : : : : j .  ., . . . " i i- 

s;: .,I>:? b.5f2 t,:+-.*.4pd*d i: n" - .  ,:< '..- r ,  - #- .-I- -,.- *?2 :..-,,: t . .  A -. Y,., -. ; *  > -:- 



characterize the geometry and physical p o p e r t i e s  of the rod, including 

such information as clad diameter aid thiclazes's, 'fuel diameter, and fuel 

and clad thermal conductivities, thermal expansion properties, creep 
. . 

behavior and response ,to the reactor environment. The operating @story . . . ._ . . 

consists of the measured, .or predicted, values of coolant pressure, 
. . .  . . 

coolant temperature, reactor power level ,  and +,he r e l ~ v a + t  r e l a t ion~h ipo  
I / 

,. . 

between power le.ve:, . f ' i s s i ~ n  . r a t e  and ,nai~f;rnn fl .!~.~. Ths p o g r a m  ,oompu+zo 
. , 

the . . corresponding . .  history.of  . rod temperature, dimensional ch&nges,.and 
. ~, ... s . . .  

s t resses .  . . . .. . . .  ' . . ., -. , . . . 

Temperature computations assume thermal equilibrium. The t ~ m  

perature dis t r ibut ion i s  thus a function of c1.rrren-t reactor power levcl,  

gamma heating and nuclear s e l f  shielding, .and the thermal conductivities 

of fue l ,  clad, fuel-clad gap and rod-coolant interface.  Riel conductivity 

i s  ca lcu la ted  Worn the input data as la f'unction of the ciu'rent, ldcal  - '- . ' 

temperature, porosity and cracking. Gap conductivity depends on gap 

size, thermal radiation, conduction a t  points of fuel-clad cantact, 

arid the conductivity of the f l u i d  in the gap. Th i s  conductivity de- 

pends on composition, on temperature, and - where appropriate - on pressure. 

Deformation of the fue l  and clad, t,h.e stresses.  in them, and thc 
. . .  . .  

forces of interact ion between fue l  and clad and rod and support are 

computed from a .Large Deflection Fini te  Element model incorporating 

representations for  thermo-elasticity, creep resul t ing from thermally 

activated mechanisms or mechanisms associated w i t h  bombardment by high 

energy par t ic les ,  fue l  swelling and densification, clad growth 
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resul t ing - from neutron- bombardment, and fue l  cracking and crack healing. 

In keeping w i t h  the Fini te  Element representation,. the program acc.ounts 

fo r  the effects. of spa t ia l  - as well as temporal - .  variztion of tem- 

pera-h~re, s t sess ,  s t ra in ,  cracking, and densification. This i s  an 

important. feature of CYGRO-4. 

Another important feature of CYGRO-4 i s  the comprehensive model . . 

f o r  fuel-clad and rod-support interaction. h addition t o  interact ing 

by r ad ia l  s t resses ,  the fue l  and clad can in t e rac t  through axial  forces. 

%el and clad axial  s t r a i n  ra tes  may be the same or different  depend- 

ing on fuel-clad gap s ize,  the direction and magnitude of the ax ia l  

interaction force, and the effects of pe l le t .  whourglassing," eccentric 

pe l le t s ,  lodged chips,' and clad collapse, where the effects  are relevant. 

SbKlarly,  the rod axial  s t r a i n  r a t e  may be the same as, or different  

from, the r a t e  of support extension. Relative motion between rod aslcl 

support depends on the magnitude of the axial  interaction force and the 

f oroe needed for  ,slippa.ge, The 'supgort extension .includes the effects  

of f l e x i b i l i t y  and thermal expansion, .as well as user input exLalsion. 

as might ar ise ,  perhaps, *om the representation of support extension 

associated with neutron f lux  induced growth. The comprehensive form of 

the f'uel-clad and rod-support a t e r a c t i o n  model i s  par t icular ly impor- 

t a n t  i n  the correct representation. of rod behavior i n  response to reactor 

power changes such as those encountered in "peak load fo 1 lowing " ope rat ion. - 
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Throughout the work on CYGRO-4 the fundamental objective has 

been the development of a re l iable ,  accurate production program. For 

t h i s  reason the changes have been of an evolutionary.character, and 

comparativelv l i t t l e  e f fo r t  has been expended i n  developing new 

mathematical models. In fac t ,  changes in mathematical modeling were 

undertaken only when the resul ts  of analyses demonstrated that  the changes 

were needed. The cumulative ef fec t  o f  the changes discussed in th i s  

memorandum has been t o  increase the r e l i ab i l i t y  of the program .and 

t o  decrease i t s  sensi t iki ty t o  small changes in input data while provid- : 

ing a subs'tantially improved reppesentakion bf ' physical processes. 

11. Temperature Calculations 

The major phenomena of fuel  and cl-adding mechanical behavior me 

strong functions of temperature. For th i s  reason rel iable fuel  element 

modeling depends on an accurate knowledge of the temperature distribu- 

t i m  throughout the element. In CYGRO-1, CYGRO-2 and CYGRO-3 (References 1, 

3, and 4)  the thermal conductivity of the fuel  and of the fuel-clad 

gap were e ~ r e s s e d  in a simple, piecewise-linear form, and the coef- 

f icients  in these expressions- were adjusted . to  achieve temperatures tha t  

approximated those computed by the FIGRO computer. progr'am (References 5, 
\ 

6 and 7) .  Unfortunately, close approximation t o  FTC~RO was d i f f i c ~ a t  

t o  achieve for  any given time in: l i f e ,  and the heat conduction and heat 

transfer models i n  the ear l i er  versions o f  CYGRO were too res tr ic t ive  . . 

to allow sat i s fy ing  agreement with FIGRO a t  more than a few widely 

spaced times. Moreover, the procedure of  using CYGRO and FIGRO 

i n  p a r a l l e l  proved to be time consuming and cumbersome. 



For these reasons, it seemed profitable t o  modify CYGRO-3 to  i n -  

corporate the thermal conductivity model from FIGRO so t h a t  CYGRO-4 wou ld* 

embody the best available models. This would allow accurate analyses 

t o  be performed with CYGRO-4 wi thout  having t o  r e l y  on FIGRO to provide 

the temperature modelwg. In the course of this change .other changes 

were made as well. These have resulted in the accurate and adaptable 

procedure which i s  the subject of t h i s  section. The material i n  this 

section progresses from an analysis of . the  temperature di3tributian 

i n  an annulus through a discussion o f , t h e  thermal conductivities of 

fue l  and cladding t o  a dj.scussion o f  the thermal conductance of the fuel- 

clad gap and the e f fec t  of oxidation on the conductivity of the clad- 

d ing  

Consider anannulus occupyingtheregionr  r r Writing 
1 n' 

Qv for  the volume averaged heat generation ra te  ,: the t o t a l  r a t e  of .heat 

2 
generation i s  q = ng(r2 - r ) pee unit length. When there i s  heat 

n 1 

generation q per u n i t  length in the cylindrical reg io~i  0 S r 5 r 
0 1' 

the t o t a l  heat generation per u n i t  lerigth in the region O 5 r S r :is 
n 

Calculation of the temperature dis t r ibut ion requires knowledge 

of the power distribution. When it i s  known t h a t  the re la t ive  power 

dis.l;t'ibution, p( r  ) , sat i3f ie3 the relat ions 



and 

Limit (+> . . p( r )  = Pi . .. . I  . . . . 
r+ri; r > r 

i 
. . 

.. - 

the volumetric heating r a t e  in t h e  annulus rk 5 r S L - ~ + ~  can  be .a.pproxi.= 

ma-l;ed by . -. . . 

where R i s  a fac tor  of propor t ional i ty  t o  be obtained from (11.7) - 

of this analysis .  

'lhe hea t  generated in the  annulus rk S r r 
k+l i  

k = 1,. . . , (n-1) 

j s hy . . . . . 

where A& and B are  given by c 
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with the understanding t h a t  5 = Bn = 0 .  In  this notation; the to t a l  

heat generated i n  the annulus rl 5 r r i s  
n 

per u n i t  length. .. This . expression determines the value of R i n  terms 
2 .  

of the rk , p b )  and pL-) . For the specified volumetric average heat 
' IC' ";*. .. . . . '.-- 

generation r a t e ,  Qtr, i s  attained when . . 

The temperature sa t i s f i e s  the d i f fe rent ia l  equation 

. . 

where C(T) i s  the temperature dependent. thermal conductivity and y(r) 

i s  the heat energy per unit length flowing through the surface r = constant. 

When ~ ( r )  i s  approximated as a piecewise l inear  function of r by 
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Equation (11.8) can be reduced t o  the approximate form 

i n  which the pa r t i a l  derivative of T a t  r = $(r + r . ) .  i s  appoximated k k+l  

by the derivative of (11.9) and the value of T i s  mproximated by 

1 n(T, + T ~ + ~ I ) *  

The most' e f f ic ient  computational procedire results '  vhen (11.10.) .- 

I s  rearranged'to the form " ' .  . . . .  

i n  which 

In th i s  form, T is  determined from T and the known data once T k k+ 1 k+l 

has been determined from T or the bound&ry condi%ions. Consequently, 
k+2 

the nonlinear differential  equation (11.8) i s  solved as a sequence 

of nonlinear equat=ons (TI :11) '.ihvolving: a single. unlanown quantity. . . . . . 

In ovoluhting t h e  r ight  hmd  nide of (11.11) , q(&[rk :I. rkl]). . , 

can be expressed as 
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Subst i tut ion  in to  th i s  from Equation ( 1 1 . 1 )  g ive s  

. . 
Returning t o  (11.  l l ) ,  d e f i n i t i o n  o f  

1 - - 2 F~ - 12 (7rk + 2rHl)  (rMl - r k )  I ( rHl  + r k )  (11 .14)  
,.. . - 

and . 

-. 
and use of (11..13 ) produces the expression I 

( 1 1 . 1 6 )  - . ,. .i - \.. 
: . . . . p  -..< ,, C ' .  
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.. . .. . . . - :  .. . .  . 
I .  

where P:) = ~pL+)and P(-)  = ~ 6 ; ) .  I" t h i s  computationally eff icient  
k - . . 

. . . , ,  

form, At, B4, I&, :'Fk aitd G are knoOh?; f&m the i n i t i a l  values of the r k k ' -- 
. * 

the PP) itid Pi--) are Knownfrom the power distribution, and thevalues 
- .  .. .. .. A .. .. . . 

of % axid qo are ' de ter rhed by the reactor operating state .  Thus, We 

A*, B*, Dk, Fk and Gk can be computed from the input data and stored 
. : r . 

I. .. - .  . . .  . .  . . c  . 

for  use a t ' a l l  times. 

4 ' .I , . .  , .  . 
The pkl) and pig-) are"specifiedfor certain timi t = t 1, ' t 2 , * - * 9  t 

'Em. . 'l'hus, t h e  input consists of a s e t  of quantities . 

- (+I  -(-I  . 7 . :  ;.. . . .. . 
P k ~  P ~ L  : k = 1 ,..., n.;  i = I,.. ., m 

... . . . . 
.. (a' . , 

~ h e i e  are normalized by use of the relat ion "P( a) = .R 5 . t o  obtain a 
kb 4 ke 

s e t  of' quantities . r , . . .  , ., .- 

. . . . 
' 

and 

w i t h  

i n  correspondence w i t h  (11.7). Temperature calculations then proceed 
\ 

using (11.16) where Pka) i s  understood t o  be the value 

-(a> P k ~  (L(+l - t ) + P  -(a) (t - t*) 
P p )  = 

k(.QAl) 

(tbl - t&) 
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and (a)  i s  (+) or (-) as appropriate. In practice 

a l l  k except a t  a possible single a scon t inu i ty  a t  the interface be- 

tween fue l  regions. 

The fue l  thermal conductivity cf(T) defined by the re la t ion  (11.8) 
, ,  . .  

i s  the same as tha t  used i n  FIGRO (~e fe rence  6): 

In this expression, p i s  the porosity, T i s  the absolute temperature, 

F i s  the ne t  depletion i n  f iss ions per cubic centimeter and'the quantit ies 

B, A, B, C,  and D are input quantit ies chosen t o  represent the experimentally 

determined conductivity. 

The c lad  thermal conductivity Cc(T) defined by (11.8) i s  expressed 

as the piecewise l inear  function 

lh t h i s  e w e s s i o n  the C(T.) are the experimentally determined conductivities 
1 

a t  the tabulation temperatures Ti. . . . - 

A s  i n  FIGRO (Reference 6,) the temperature drop across the. fuel- 

clad gap or interface i s  given by 



In this expression, Tf i s  the.tehperature a t  the outer surface of the 

fue l ,  Tc i s  the temperature a t  the inner.surface of the clad, rf i s  

the outer radius of the fue l ,  rc i s  the inner radius of the clad, and q 

i s  the heat  generation r a t e .  The gap heat t ransfer  coefficient i s  given 

The conduction through points of contact between the solids i s  given 

Here Cf ' i s  the fue l  thermal conductivity, C c  i s  We clad thermal 

conductivity, PC i s  the contact pressure, a i s  an empirical constant 
0 

which determines the mean radius of contact spots., Rf and Rc a r e  the 

arithmetic mean roughness heights of the fue l  and clad surfaces, and H 

i s  the Meyer hardness of the sof te r  solid.  

In (11.23) heat transfer by radiation i s  represented by 

In this expression, 9 i s  given by 
1 , 2  
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while g i s  the Stefan-Boltzman constant, sf and e; are the fue l  and 

clad emissivit ies,  and F i s  a geometric factor whose value i s  1.0 
1 ,2  

fo r  in f in i t e  para l le l  plates. 

In (11.23) the conduction coefficient f a?  the gas layer,  
hf'  

acco~mks for  the effects  of i n i t i a l  f i l l  gases, f i ss ion  gases 2nd vola t i le  

gases tha t  accumul.ate i n  the fuel-clad gap. This coefficient i s  given 

K 
mix h - 

f - Q L R ~  + R , J  + g + r c - rf 

where &bl + R2] i s  the effective gap thicloless caused by surface rough- 

ness, g i s  the "temperature jump distanceu for  the gas in the inter-  

face, K i s  the thermal conductivity of the gas mixture in the gap mix 

a t  the average interface temperature, and (re - rf ) i s  the nominal gap 

size.  The dimensionless coefficient Q i s  assigned the value Q = 1.0 

-4 when the r ad ia l  gap i s  greater than 0.0005 inch and Q = 2.75 - 1.758 x 10 
PC 

for  gaps smaller than 0.0005 inch. 

In (11.27) the thermal conductivikies of' the component gases are 

taken t o  be of the form 

with a .  and n.  chosen t o  represent the relevant experimental data. 
1 1 

The conductivity of a mixture of gases i s  then given in t e r m s  of the k 
i' 
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. . . . .  . 

the r e l a t ive  mole fract ions,  x' and the molecular weights, M i ,  by i ' 

Upon distinguishing between the i n i t i a l  f i l l  gas and the gases 

resu l t ing  from released vola t i les  and f iss ion,  this emress inn can he 

a + c  
wri t ten in the form Kmix = - 

b + d  
. This leads t o  a reduction of the 

jump distance expression f o r  (11.27) from the form 

t o  the more. t r ac t ib l e  form 

f i ss ion  gaseo 
while gi and gfg are the "jump distances" for  i n i t i a l  f i l l  gas and 

f i s s ion  gases, respectively. m e  reference tapera-hare i s  Tr and +#he 

reference pressure i s  P : The pres-sure is  given by the ideal gas law r 

i n  which n .is the t o t a l  number of moles of gas, R i s  the universal gas 

constant, and V i s  the voluine composed.of t h e  plenum volume plus the 

volume of the' fuel-clad gap. The t o t a l  number of moles of gas represents 
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t h e  sum of t h e  number of moles of f i l l  gas ,  t h e  number of moles of helium 

r e s u l t i n g  from t e r n a r y  f i s s i o n s ,  t h e  number of moles of o the r  f i s s i o n  

gases ,  and t h e  number of moles of v o l a t i l e  compounds r e l e a s e d  from t h e  

f u e l .  The helium r e s u l t i n g  from t e r n a r y  f i s s i o n s  i s  determined a s  t h e  

product  of t h e  n e t  dep le t ion  ( t h e  number of f i s s i o n s ) ,  t h e  number of 

atoms of helium per  f i s s i o n  event ,  and t h e  f r a c t i o n  of - the  helium re -  

l e a s e d  from t h e  f u e l  matr ix .  The popula t ion  of o t h e r  f i s s i o n  gases  

depends on t h e  n e t  dep le t ion ,  t h e  f r a c t i o n  of f i s s i o n  gas r e l e a s e d ,  and 

t h e  observed composition of f i s s i o n  gases .  The v o l a t i l e  gas  r e l e a s e d  

*om t h e  f u e l  i s  determined by outgass ing  t e s t s .  

The v o l ~ m e  of th.e plenum p lus  t h e  volume of t h e  fue l - c l ad  gap 

i s  ca l cu la t ed  a s  

v =  v p l e n  + n&(rf + r c )  kc - rf + 1 . 2 ( ~ ~  + R ~ ) ]  . (11.32) 

This is  used in (11.31) t o  r e l a t e  t h e  temperature and pressure  of  t h e  

gas.  

When t h e r c  i~ a pe r fo ra t ion  i n .  the cladd.ing of  the  f u e l  element,  

t he  f i l l  gas  and any f i s s i o n  gas w f i l  vent  i n t o  the  coolant  and water  

w i l l  e n t e r  t he  rod. A s  a r e s u l t ,  the  fue l -c lad  gap w i l l  be f i l l e d  by 

water when the r e a c t o r  is a t  very low power and t h e  rod is a t  low tem- 

pe ra tu re  and by steam when the  r e a c t o r  i s  opera t ing  a t  any but  t he  lowest  

power l e v e l .  For t h i s  reason ,  adequate a n a l y s i s  of de fec t ed  rods  r e q u i r e s  

a represent,at,ion f o r  the conduct iv i ty  of steam t o  r e p l a c e  the  g a s  con- 

d u c t i v i t y  representa t ion  (11.29) and t h e  ".jump d is tance"  r ep re sen ta t ion  

3 .  Since the f l u i d  in s ide  a  defected rod w i l l  be a t  e s s e n t i a l l y  

the pressure of  the reactor c'oolant,  the rod w i  11 be f i l l e d  wi th  
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toRefeence (8) ,  t h i s  representation i s  a c c e a t e  within2 6 percent 

over the range of f romboil ing t o  7008C and pressures from ahospheric 

to  2500 psi' (175 bar).  No accuracy indic'ations are given for  temperatures 

above 700°C. However, since steam approaches an ideal gas a t  these 

temperatures, sat isfactory resu l t s  are t o  be expected. Unfortunately; 

there i s  very l i t t l e  data for  temperatures above 70O0C t o  serve as a 

standard for  comparison. . - 

3 , .  . . .  
The density of steam, P*, expressed i n  lbm/ft , i s  given in 

I . , .  

. . . . .  . . 
terms of terriperature, T ,  i n  Kelvin' and pressure; P,  i n  atmospher&. by '. 

. . 
the expression (Refereme 9 )  

. . .  ~. . . . . . .- . 
* .  

where B i s  given by- 

. . . . . . . . .  ...... . . .  . . . . . . . .  . . 
In this, the Bi 'me given by 

. . . . 
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and 

ACCor&ng to the &iscussion 5.n Reference ( 9 )  this representation is 

accurate within 0.05. . . percent or less at all temperatures above 315OC 

Consideration of the accGacy. .. l k t s  .". given . .  . in References (8) 

and ( 9 )  indicates that the representation of c.onduct+vity by (71.33) 

using the density given by (II.34), (11.35) and (11.36) is sufficiently 

accurate for practical fuel rod analyses. The principal limit on acclivacy 

is at lower temperatures and high pressures. For-bnately, this is not 

crucial to the accuracy of analyses, for inaccuracies'at 

rela.l;i-vel.y low temperatures correspond to inaccuracies at zero power or 
. . 

at very low power levels. Good accuracy in computing the conductivity 

is important only at substantial power levels.. . . .  . - 

.As  a.result of its computational structure, CYGBO-4 must have a 
. . .. 

representation for the conductivity even when there is no power genera- 

tion. Fortunately, the only requirement in this case is that the con- 

ductivity be nonzero. This makes it possible to assign the conductivity 

at temperatures in the range from 2820~ (5400~) to 315OC (60o0F) as 
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When Tc i s  below 2820.~ (540°F'), the conductivity of the steam i s  taken , 

t o  be inf in i te .  I f  the program input indicates tha t  the reactor i s  

generating appreciable power when t h i s  condi t ion  prevails, the program 

wi3.3. stop alcl indicate.-an error condition. 

. . 
.. . . . 

In keepilig w i t h t h e  assumptions i n  FIGRO (~e fe rence  6),  when the 

cladding i s  defected .the temperathre jump distance, .g, appearing in 

(11.27) i s  computed by use of 

P 
T . r  

~ = % T P  r system 

Here g, i s  an experimentally determined constant and P s y s t k  i s  the. 

system coolant presswe. 

In (11.23) the thermal resistance of the oxide layer a t  the 

inner surface of the clad, poxide, i s  determined by the thickness of the 

layer and the experimentally dekermined conductivity of the oxide. 

A similar layer i s  assumed t o  a f fec t  heat t ransfer  a t  . the rod-to-coolant 

interface.  This corresponds t o  the representation i n  FIGRO (Reference 7).  

111. Fuel Cracking 

Examination of i r radiated fue l  pellets* makes it clear tha t  they 

have cracked, and that,, in many cases, the cracks have "healed. 

Since cracked fue l  w i l l  obviously respond t o  loads and conduct heat . 

* See, fo r  example, Reference (10). 
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di f ferent ly  than uncracked fuel ,  adequate representation of fue l  

behavior must include models .for cracking, crack healing, and the e f fec t  

of cracks .on heat con'& ction. 

A fue l  cracking model was incorporated i n  CYGRO-3 (~e fe rence  .4). 

However, this model gives i t s  bes t  resu l t s  using a cracking s t ress  more 

than one hundred times smaller than the expected value. Furthermore, 

analyses u s i n g t h i s  model~occasionally displayunacceptablylarge dis- . 

crepancies between the s t r a ins  calculated from changes i n  geometry and 

the  s t r a ins  calculated from the his tory of s t ress ,  temperawe and 

f i s s i o n  r a t e .  Finally,  r e su l t s  obtained using this model often in- 

clude t ens i l e  s t resses  across cracks tha t  are substantially larger than 

the  s t r e s s  a t  which cracking..was said t o  occur. These fac ts  suggested 

the need fo r  a new cracking and crack healing model tha t  would give 

r e s u l t s  i n  keeping w i t h  basic expectations of crack behavior. 

Up t o  the' present, the CYGRO model has neglected the e f fec t  of 

fue l  cracks -.on'', heat conduction; - Thus, the model. presented here provides 

an op5.ortunitjr-'for more compiete representation of fie1 behavior. -- 

The CYGRO f i n i t e  element formulation* i s  based on a f l ex ib i l i t y  

model i n  which the s t r a ins  Ad,  thus, the deformations of each r i n g .  

element are expressed as functions of the 'stresses in tha t  element. ' 

' S .  . - . . 

See Reference ( 3 ) .  



21 WAPD -TM - 13 00 

The basic incremental s t ress-s t rain expression for  an element takes . 
. , 

the form 

Here*, the c o o r d i n a t e s . ~ ~ ;  . . i ,= 1, 2 or 3, are cylindrical polar 

coordinates xl. = r,  x2 = 0, 5 = 
z i n  a coordinate system whose z-axis 

coincides w i t h  the axis of the rod. The,increment of s t r a i n  i s  given 

by Aci; i = 1, 2 or 3.  The change in s t ress ,  Aoi, i s  sa id  t o  occur as 

a "jumpff 60. plus a r a t e  bi, and the processes of growth, swelling, 
1 

and thermal expansion contribute t o  both '9jumps" 6c. and r a t e s  of change 
1 

k The formulation of a model for  any deformation process consists i ' . . 

of establishing We ef fec t  t h a t  process has on bri/be bei, and k . ,  . 
j ' 1 

Recal~se nf the axial  symmetry of the CYGRO model and because the 

CYGRO cross-section analysis neglects axial  variations of s t resses  and 

displacements, the s t resses  tyi are principal s t resses  and the s t ra ins  

ci are principal s t rains .  Thus, adopting a maximum tens i le  s t r e s s  

cr i ter ion for  cracking, we reason tha t  cracks w i l l  coincide with the 

* In the notation of Reference ( 3 ) ,  (111.1) i s  written as 

D = A  s s t  + Ass I?, where i s  the s t r k n  r a t e ,  Ass i s  the matrix 
S 

bci/boj, l? i s  the s t ress  bate, and,Ast corresponds t o  6.. + & : ~ t .  
3 1 1 

(See Equation KL of Reference 3) .  
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x coordinate surfaces. That i s ,  cracks occur only on surfaces of con- i 

s t a n t  xl = r,  surfaces of constant x2 = 0, o r  'surfaces 

of constant = z. I n  Beeping with the assumption 
3 

of ax ia l  symmetry,' a crack coinciding with a surface of constant x .  = r 

extends over .every point on t h a t  surface. Moreover, since the CYGRO , . 

model assumes the ' s t ress  s ta te  and s t r a i n  s t a t e  are uniform throughout 
t 

1 
each f i n i t e  e'lement, a l l  cracks mugt be assumed t o  b e ~ d i s b i b u t e d  uni- . : 

- I  -. 
formly and continuously throughout the r ing  element i n  which they 

exis t .  Of course, a .continuous, uniform dis tr ibut ion of cracks is"not 
T 

physically r e a l i s t i c .  However, this concept  provide^ the bsois f o r  s 

phenomenological f i n i t e '  element representation of fue l  cracking tha t  

gives :anal&ical r e s u l t s  in close agreemevt with experimental data. 

. . 

wing %hi in te rva l  hl - t = A t k ,  cracks on surfaces of don- 
k 

s t a n t  xi can affect  the  s t r a i n  increment A € .  i n  one of four ways: 
3. 

the element can crack on surfaces of constant xi, the element cin remain 

cracked on these surfaces, the cracks on surfaces of constant x i can 

close, or -. i n  the t r i v i a l  case - the element 'can remain uncracked ' 

throughout the interval .  Clearly a e r a k i n g  modei needs t o  be cbncerned 

only with We f i r s t  three of these, except for  contributi6ns t o  Aei 

from cracks on surfaces perpendicular t o  the surface of'constant x i' 

To provide the ~ b a s j s  for  a methematical model, consider . the . 

phenomena encountered in the deformation and cracking of a b r i t t l e  

e l a s t i c  t ens i l e  specimen w i t h  f ree  l a t e r a l  boundaries subjected t o  a .  , 
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uniform s t r a i n  s -. e . f o r  which :the. . s . t ress~: is  3 = Ee i s  equal t o  3 -  0 0' 

the cracking s t r e s s  @: 
0 . ' .  .. ., . . . ,  
. . 

1. . .Ee*t %he s-train incre,ase. t o  s 3..=. eo + el = E @ + el during 

: ::the . i n t e rva l  A t l  - .  t, - ti. This causes the  specimen t o  
2. 

crack. The s t r e s s  u f a l l s  t o  zero. The s t r a i n  associated 
3 

C 
w i t h  the  crack i s  s @/E + el, while the  transverse s b a i n s ,  3 = 

"1 and s , change from -v@/E t o  zero. 2 

+ 
2. L e t  We s t r a i n  increase t o  c3 = y + el + e2 cturing t he  

i n t e rva l  A t ,  = t3 - t2. This, causes the crack t o  open. 
c 

c &+ 
f'ur.ther : 

"3 = E- + e  + e 2 .  The  stress.^ and the transverse 
1 3 . . 

s t r a i n s ,  cl and s2 ,  remain zero. 

3. During t he  i n t e rva l  A t 3  = t4 - t3, l e t  the  l a t e r a l  boundaries 

of the  specimen be subjected t o  normal s t r e s s  g1 = , u 2 - =  C < 0 .  
4 4  

1 For IzL 1 5 - [@+ + E( e + e ) ] the crack remains open and 2v 2 

u remains zero. The ex--ack s t r a i n  i s  changed t o  
3 
c @ 2v 

s3 = r. + el + e + - C and the  transverse s t r a i n s  be- 2 E .  4,'. 

come el = c2 = X ( 1  - v)/e.  
L 

. . 

4. During the  i n t e rva l  A t 4  = t - t4, l e t  the  s t r a i n  s be 
5 3 

reduced t o  zero. Since , the  l a t e r a l  s t r e s s e s ,  al = u, = C 
8 

(Xt < 0 )  , a r e  compressive, the  crack closes,  and the  transverse 
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( 1  - . .2v)(l + v) 
s t r a ins  are E C -while the s t r e s s :  :.- , . .. 

1 = % =  E L .  
' .  . .  . . 9 becomes o 2v Z*. 

3 = 

In the CYGRO 5n.alysis the s t ress  f l ex ib i l i t y  matrix [ b e . / b a . ]  
1 J  

appearing in (111.1) i s  defined for the whole of the current interval.  

Consequently, the f l e x i b i l i t y  matrixewill  assume one of two character- 

i s t i c  forms. ' One'is the form for  an uricracked r ing element (or  an element 

where the cracks are held closed). The other i s  the form for  an-element 

with cracks on surfaces of constant x. 1' X2 or q, or on combinations of 
J 

these surfachs. ' The s&ess .fle*bility mats'ix for  an element i n  which 

there are no cracks (or the cracks 'me held closed) i s  the f l e x i b i l i t y  

matrix calculated f r  bm the elas  t i c i t y ,  creep .and" sFelling models. 

. .. . . .. . .  . . , 

The s t r e s s  f l e x i b i l i t y  matrix for  an element with cracks can be 

infer red  from the phenomena of the tens i le  t e s t :  

- . .  . . .. ., . . 

1 .' During the  in t e rva i  &t2 the increase in s t r a in ,  did not affect  

the s t r e s s  o . This implies' t ha t  the crack i s  i n f in i t e ly  
3' 

f lexible .  ' Unfortunately, t h i s  woad reqiilre &n.'infifite 
- ,  , . i  

t e r m  i n ' t h e  %tress  f1exibi-E-t~ makrix. Thus, pract ical  

calculations require assignmelit of a ' l k g e ,  but f ' t i - b e ,  

f l e x i b i l i t y  ' t o  a crack. For a material with e l a s t i c  modulus 

E,  .''the crack i s  assigned a compliance S/E, where S I s  a 

.. number. iarger  thah 1 t h a t  w i l l  be' ,assigned' the value providing 

. . 
- the  maximum correspondence between analysis and expefiment. 
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2..- .During. the in te rva l  , A t  the l a t e r a l  s t resses ,  e and u 3 1 2' . . 
did no t . a f f ec t  the s t r a i n  6 or the s t r e s s  This implies 

3 . . 3' 
t h a t  the off-diagonal en t r ies  i n  the i-th row of the  f lex ib i l . i ty  

matrix are zero when there .are open cracks on surfaces of . 

constant x However, t h i s  leads t o  d i f f i c u l t i e s  in for- i' 

m l a t i n g  a model t h a t  i s  consistent with the principle of 

conservation of energy. For this reason, the off-diagonal 

terms of the matrix are assumed t o  be unaffected by cracking. 

For suf f ic ien t ly  large values of S the off-diagonal terms 

are negligibly small compared t o  the diagonal term. 

According t o  t h i s  reasoning, an,  e l a s t i c  element with .  cracks on 

surfaces of constant x = r has the s t r e s s  f l e e b i l i t y  matrix 
1 :.. . ' , 

Similarly an element with cracks on surfaces of constant x r and 
1 = 

3 = 8 has the s t r e s s  f l e x i b i l i t y  matrix 



The s t r e s s  f l e x i b i l i t y  matrix for  an element with cracks on a l l  three 

s e t s  of coordinate surfaces has three diagonal entr ies  (S+l)/E and off- 

-v  diagonal en t r ies  -- 
E ' 

Matrices corresponding t o  other configurations of 

cracks c k  be obtained froni.(111.2) -and (111.3) by suitable exchange 

of variables.  - 

Slnce the h e s s  f l e x i b i l i t y  matrix i s  used t o  cal'culate an im- 

proved estimatt' for  the s t resses  . a t  the 'end of '  the time interval ,  it, 

must represent the s t a t e  a t  the end of t h a t  intervaL:-Thus, wkieth,es an 

element cracks during an in terva l  or 'remains cracked. throughout tha t  

in te rva l ,  the appropriate f l e x i b i h t y  matrix w i l l  be determined by 

the  configuration of cracks a t  the end of the interval .  Likewise, when 

the element has no open cracks a t  the' end of an interval ,  'the f l e j d b i l i t y  

matrix w i l l  be the matrix for  an uncracked element, regardless of whether 
. ,  , . . . .  * 

the element was uncracked throughout the int,erva.l., n s  ,the element was 

cracked a t  the beginning of the interval  and the cracks closed during 

the  interval .  

As a consequence of t h i s  reasoning, both cracking and crack 

closing r e s u l t  in a change of s t r e s s  f l e x i b i l i t y  matrix. In keeping 
, . 

with the CYGRO model bo%h processes are sadd t o  occur a t  constant s t ress .  

This r e su l t s  i n  "jump s t ra ins"  hei.. To calculate the 6ei, consider 

the sum of the e l a s t i c  and crack s t ra ins  a t  s t ress  s t a t e  - a0 = [@I 
1 

when the f l e x i b i l i t y  matrix i s  - F0 = [bci/boj]: . . 



1 
For a different  f l e x i b i l i t y  matrix F cor.responding t o  a different  

N 

crack configuration, the .sum of e l a s t i c  and crack s,trains i s  

The t ransi t ion from a crack s t a t e  having f l e x i b i l i t y  matrix FB t o  a 
'. - 

s t a t e  w i t h  f l ex ib i l i t y  matrix can thus be seen t o  induce a jump in] 
N 

s t r a i n  -. 
. . 

Since cracking on surfaces x = constant resu l t s  in addition of the crack 
i 

f l e x i b i l i t y  S/E t o  the component bsi/boi of the f l e x i b i l i t y  matrix for  

the uncracked element, the jump i n  s t r a i n  a t  cracking is .  6 e ,  = S 0 . D  
1 1 ' 

and the jump i n  s t r a i n  a t  crack closing i s  6 ~ .  = - s ~ / E .  
1 

It i s  instructive t o  apply t h i s  model t o  the analysis of the 

uniaxial tens i le  specimen: 

1. During interval  A t  the specimen cracks a t  s t r e s s  o @. 
1 3 = 

The process leads t o  6s, = s&D. Straining t o  e j  = 
J 

@ + e  1 

S+ Ecl then resu l t s  in A s  - - + - so the s t r e s s  a t  t = t2 3 s-!-1 S l l  ' 
3. s @ - -  1 + - - S+1 S+1 and the transverse s t ra ins  . a t  t = t 2 

1 -v @ 
are el = c2 = (F c el). 



2. During -the in te rva l  A t  i n  c leads t o  the 
3 

s t r e s s  a I fi - -  
3 - S+1 + S+1 

. The transverse s t ra ins  are 

tct2-v o++ 
then el = c2 = (T + el + e2).  

3. During the in te rva l  A t  imposition of the l a t e r a l  s t resses  
3 

0 e = X < U  causes the m a 1  s t ress  to decrease t o  1 =  2 * E(L. +C ) 
- -  o3 1 - 3+1 ( + + +  3+1 + 3+1 C 4, and the l a t e r a l  s t ra ins  

kt 3 -v @+ =, 2v 
2 

become E = - ( ~ + e , + e ) + - ( 1 - v - - 1 .  . 
l = 2 C+1 2 E E+l 

4. The crack closes during the interval  A t 4  However, as a 

r e s u l t  of i t s  computational structure,  the CYGRO program 

perforins i t s  computations for  the interval  based of the 

assumption t h a t  the crack remains open, and then, a t  the 

beginning of the next in te rva l ,  performs the computations 

needed t o  correct the resul t ing minor discrepancies. The 

computations made using the assumption t h a t  the crack remains 
2vC. 

open lead t o  the r e s u l t . t h a t  the s t r e s s  i s  a I G - -  

kt,. 
- S+1 ' 

S=nc& C i s  negat=ve, g. i s  negative - a r e s a t  t 8 a t  i n d c a t e s  t. . -  3 .- 

the crack has t~overclosed. 'I This necessitates a computation 

t o  adjust  the r e su l t s  to the s t a t e  where the crack s t r a i n  i s  

zero. The t rans i t ion  from the f l e x i b i l i t y  matrix fo r  a n  

element with cracks on planes of c:onstante 3 = z t o t h e  

matrix for  an element without cracks causes s t r a i n  ,jump 

-2vS 
h 3 = X i ~  . Using E 0 and A E  0 then gives 

3 = 3 = 

' 2vS Z Thus, the resul t ing s t r e s s  i s  A 0  - - 3 - S+l 8,. 
= 2v C,, 
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(l+v) (1-2v)ZQ 
and the transverse s t ra ins  are  s 

2 = € 3 =  E 

. . . . . . 

The resu l t s  of t h i s  analysis indicate the fpndamental correctness 

of the cracking model described here. For the r e su l t s  of the analysis 

approach the exact resu l t s  rapidly as S becomes large., Values of S 

in the r q e  of 100 t o  1000 provide resu l t s  of suitable accuracy fo r  most 

purposes. . . 

Generalization of th i s  model to  problems involving creep, thermal 

s t ra ins ,  and growth and swelling i s  immediate - the f l e x i b i l i t y  of the 

crac#s and the s t r a i n  jumps associated with opening and closing of cracks 

ac t  t o  augment the f l ex ib i l i t y  the s t ra ins  of the uncracked material. 

Thus, i f  the s t r e s s  f l e f i b i l i t y  matrix fo r  the uncracked material i s  

F0 = [bei/boj] as a r e su l t  of i t s  e l a s t i c  and creep properties, cracking - = 

on surfaces of constant 5 = r resu l t s  in addition of S/E t o  the entry 

on the f i r s t  row and the f i r s t  column o f 'Fo .  Likewise, i f  the uncracked 
N 

material displays a s t r a i n  jump 6s0 cracking a t  o1 = , a3C augments the 
1' 

s t r a i n  jump t o  Bcl = 6s; + Soi*/E. 

In  the or iginal  CYGRO cracking model the .cracking s t r e s s  was 

independent of temperature, and complete strength recovery occurred when 

the crack closes.. Available experimental evidence suggests tha t  neither ,, 
. . 

of these representations i s  correct. The cracking strength of uranium 

oxide varies by more than f i f t y  percent over temperatures ranging from 

6000c t o  1200°C ( 1 1 1 2 0 ~  t o  2l9Z0F) (~e fe rence  11). Moreover, the r a t e  . ... . . 
. _. 
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i 

of healing fo r  'small bricks in uranium oxide increases by a factor of 

e ight  or more over the temperature range from 1600e~  t o  2000°C (2912°F t o  

36320~)"  (Reference 12) .  A t  temperatures near the upper end of. t h i s  range, 

s t rength reedvery f$om microcracking t o  the 'original strength requires, 

about four hours of annealing. The substantial  temperature dependence 

and 'the s ignif icant  time required. for  strength recovery 'sug&es t tha t  ' . 

healing may be very slow, or even nonexistent, a t  the tempera-tures en- 

countered in the outer region of the fue l  especially in low power- L-egiuns 

of the rod. 

A sui table  representation of the temperature dependence of the 

cracking s-tress, c$(T), c& be obtained by use. of the piecewise l inear  

expression* . . 

In  this expression T i s  the temperature and A and B are parameters 
k k 

applicable for T < T 5 Tk. 
k-l 

Experimental observations on uraribm oxide reported by Reynolds, 

Burton and Speight [~eference 131 suggest t ha t  the growth of pores a t  

the intersect ion of grain boundaries controls the fracture process a t  

-6 
high strain ra t e s  (-- 2 x 10-~/second). A t  lower s t r a i n  ra tes  (-- 10 /second) 

f rac ture  appears to r e s u l t  from the growth of numerous cavities on the . 

* See the data presented in Reference (11). 
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In both cases, f a i r l y  regular arrays of pores are formed a t  

intervals  comparable t o  the l inear  dimensions of a grain. Thus, writing 

the nominal grain s ize as 4, and assuming cylindrical pores of uniform 

diameter, a, regularly arrayed a t  a center-to-center spacing of BL, 
. . . . 

the resu l t s  of Pasis and Sih (~e fe rence  14) provide an estimated cracking 

s t r e s s  

Here, % C ( ~ )  i s  the c r i t i c a l  s t r e s s  intensi ty  factor far  the material 
. . 

under consideration. Z t  i s  appropriate for  the CYG'RO analysis t o  ass&e 
, . 

t h a t  there are no s t r e s s  concentrations. Thus, writing %c i n  the forin 

suggested by (111.5 ) and (111.6 ):t 

'% + BkT'nominal @(T) = ? (111.7) 

[284 t a n  ( a ) ?I2 
2B.e 

the i n i t i a l  strength data can be represented i n  terms of p, a/B$ = a /Be 
0 

and the magnitude of the coefficients % and Bk in (111.5). Unfortunately, 

there i s  no prescribed way t o  assign these quantit ies.  The most appeal- 

ing approach i s  t o  choose ao/i3& such tha t  the porosity of the material 

Z i s  accurately represented. That is ,  ( a  / ~ i )  equals t h e  i n i t i a l  porosity. 
0 

Then the strength data can be used t o  define B and the magnitude of the 

coefficients %, Bk and Knominal in terms of the average grain size.  

High s t r a in  r a t e  fracture would correspand t o  values of B near 1.0, 

while low s t r a in  r a t e  fracture would require fl B 0.3. The low s t r a i n  

r a t e  values would be more appropriate to normal reactor operating 

conditions . 
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According t o  the model discussed ea r l i e r  in this section, the 
. . . . . . 

material  w i l l  f racture when the tens i le  s t r e s s  reaches +(T) given by 

(111.7). When the resu l t ing  crack closes' due t o  mechanical acti'on, ' 

strength recovery begins. The analysis of Dutton (~e fe rence  15) proposes 

. : 
t h a t  crack-like pores heal a t  a r a t e  

Here, a i s  the major radius of the crack, a* i s  an experimentally deter- 
. . . . .  

mined diffusion r a t e  constant, Qa and Qb are activation energies,  and R i s  
. - . . 

Boltznlamt s constant. 

. . 
A t  crack closing a = @&, and pore closure ban be assumd t o  cease 

when a = a,. . Over each time in terva l  the value of a w i l l  be taken as 

the value a t  the beginning of the interval.  The valu; of a a t  the end 

of the in te rva l  wi l l  be computed b y  u9e of (TII.~). Tlle cracking 3t rcoo  
. . . . 

fo r  the' in te rva l  w i l l  be the value of d* given by (111.7) ' for ' the  ap- ' '  

. . .  . , ,  

propriate values of a and T. Emitat ion of & a r a o ensuris tha t  

. . +,he m a t e r i a l  does not  become i t r ' i q e r  kl& i t s  i n i t i a l  value. 

. . 
This model neglects a l l  h s p c t s  of creep rupbwi .  No account i o  

. . . , 

taken of the growth of pores a t  @?kin boundaries a8 discussed' by Reynolds, 

Burton and Speight (Reference 13) .  Likewise, stxength recovery i s  taken 
. , 

t o  be independent of the s t r e s s  s ta te '  and the f i ss ion  rate; One m i g h t '  ' 

expect t h a t  these parameters and others w i l l  pave .to be important t o .  

. . . . . . 
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cracking and strength recovery following crack closing. r . . '  . .However, there. . .  .. 

i s  relat ively l i t t l e  fundamenta1:data on these matters, ,and the . 

program.could easi ly  suffer . from . the inclusion of ;qn overly . . . .  sophisticated . , 

model. Thus the present . model . provides improved .. model&ng .. ~ a p ~ a b i l i t y  . . .  . 

without ~ve r~each ine :  t h e  n.vnj.lnble data. 

In the CYGRO-4 heat, conduction, calculations . discussed, .. . i n  Section h .  ,. . . . .  . 

I1 the temperature difference between the inside and the outside of a .. : 

r ing  element i s  proportional t o  the product of the heat f lux  and the 

rad ia l  .Wckness of the element and inversely,proportional t o  the thermal 

conductivity and the average radius of the element. Thus, the effective 

thermal resistance i s  the ratio:pf the- r a d i a l  thickness. di@de!d by the :. 

conductivity. When there are cracks on surfaces of constant r.the.therma1 . . 

resistance i s  increas.ed above, m a t  of .  ~ c r : a c k e d  fuel,  The .cracks create .. 

small gaps within the: fue l  t ha t  behave in much the same way as the gap . 

between the fue l  and the clad.: Thus heat flows across. the cracks by . - . .. . 

radiative t ransfer .  and by convection in the mixture of f i ss ion  .gas ,. , .. 

i n i t i a l  , f i l l  gas exis.ting throughout .the j,nterior of the .rod. 

> .  . . . . . .  . . 
8 .  

. - -  . .  . 

To. represent.. %his ef fec t  the thermal resistance of. a fue l  ring: . 

element can be taken as the sum of the resistance of .the uncyacked fue l  

and the resistance across -the cra.r,ks. Since %he exact dis t r ibut ion of 

the cracks cannot be known arid the . gap conductivity. model i s  not. amenable 

t o  a continuum representation, it i s  convenient t o  calculate the thermaL..- 

resistance of the cracks as i f  there existed a single crack a t  the mid- 

radius .of the r ing element with a gap given by the product of the i n i t i a l  

r ad ia l  dimension of the element and the crack s t r a i n  in the r ad ia l  
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direction. The gas i n  the crack gap i s  a t  the same pressure as the gas 

i n  the fuel-clad gap and has the same composition as the gas in the gap - 

whether f i l l  gas plus fue l  vola t i les  and'fission gases or steam. Its 

temperature i s  the temperature a t  the mid-radius bf the fue l  ring. 

Application of the gap conductivity model of' Section I1 i s  

immediate. The conduction through the gas resu l t s  i n  conductivity hf. 

Ule nu L & ' L ~ u ~  ui' (11.27) 

IL 

. .  . .  mix -% = 
2CRs + g + t ,  

where K i x  i s  the ' thermal conductivity of: the .gas, C i s  a dimensionless 

form coeff ic ien t ,  Rs i s  'the roughness of the surfaee of the crack,  g 

can be calculated as in Section 11, And t i s  the thickness of the crack . 

gap - the r ing .  r ad ia l  dimension' tiines the rad ia l  component of crack .. 

s t ra in .  The. only .new quantity intro'duced' here i s  R which i s  t o  be 
8 

deterkned 'from the input t o  the- program. Tn the absence of relevant 

data on the roughness' of the crack surface it would seem agpropriat . .  

t o  assume the roughness a t  l e a s t  as large as the roughness of the outer 

surface of the f'uel, a quantkty already supplied for  use in the gap 

c onduc tivi t y  calculat5ons. 

Radiative. heat. . .transfer across the crack resu l t s  in an effective 

c onductivity . . . .  . 
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Here, ff i s  the Stefan-Boltman const+n%, TAv i s  the ' fuel  rkg average 
' 

temperature, and ef i s  the ,eGski+ty bf the fuel .  . This k ~ k e s s i o n  

assumes tha t  the crack gap i s  so small. compared t o  tthe radius tha t  the .  - 
b .  

-surfaces of the. crack. are effect ively i n f i n i t e  plates.  The' 

net  crack gap.conductivity;h i s  the sum of h. and-'h . Thus, ' the. . :  
C '  f 1' 

. . 
. . 

gap resistance i s  . . . . '  . . 

.. Transformation of this t o  the f orm adapted t o  .the CYGRO temljerature. .corn- 

putatlons gives . . . . .  . . . . . .  . .. 

Hence,: the, thermal resistance of a cracked f i e 1  r ing  i s  given by 

In  this expression, cr i s  qtl_l ~ ~ r g u t  constant whose value can be adjusted 

t o  give the best agreement with.experimenta1 data. Assignment of a . . 

value of zero t o  cu reduces the .resistance t o  the value for. uncracked 

f'uel. It i s  not l ike ly  t h a t  a value of CY much larger than 1.0 would 

prove usef'ul or desirable. 



IV. Fuel-Clad and Rod-Support Interaction 

Mechanical interact ion between the fue l  and the cladding and 

between the f i e 1  rod and the supporting structure has a strong ef fec t  

on the deformations of the cladding. For th i s  reason, accurate fue l  rod 

analysis requires a rel iable .  and r e a l i s t i c  model fo r  the various inter-  

a.ct,i nn processes. . . 

A fuel-clad interact ion model has e f i s ted  i n  - b e  CYGRO .programs 

since CYGRO-2 ( ~ e f e r e n c e  3.) and a rod-support interact ion model was 

incorporated i n  CYWO-3 ( ~ e f e r e n c e  4) .  However, these models occasionally 

would lead t o  anomalous s i tuat ions in which the r e su l t s  of computations 

violated the assumptions made in se t t ing  up the governing equations. 

For example, the f'uel' might have an & A 1  s e a 3  .rate larger than ' that 

of the cladding even though the governing equations were val id  only for  

situations. in which ' the fue l  s t r a i n ,  r a t e  was smaller than tha t  of the 

- cladding. T 'h i s  suggested the need for  a revised fuel-clad and rod- 

support interact ion model t h a t  would be more re l iab le  and would be more 

consistent w i t h  the revised time s tep controls discussed i n  Section V I  

of this memorandum. A t  time t = t = tk + A t k  the fue l  radius and 
k=bl 

length, rf and Jf, are given i n  terms' of t f ie  r ad ia l  fuel-clad interaction 

force,  F1, and the ax ia l  f'uel-clad interaction force, Fi ,  by the l inearized 

. . .  
equations 
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f 
Here, the ,  A: a re  the. components of the  twp-by-two, symmetric! f u e l  

~j - 
f l e x i b i l i t y  matrix..  The form of this eguation ref le-c ts  the  , f a c t  t h a t  F 

1 

ac t s  t o  decrease the  f u e l  radius  and F2 ac t s  t o  decrease the fue l ,  length;  

. . :.. - . I . .I . .. . . ~. . , ' .  . '  . r 

Similarly,  the c lad  inner  radius and length,  r and ac, ay.e 
C 

given in terms of F F2 and the rod-support ax i a l  i n t e r ac t i on  force ,  1 ' 
F by t he  linearized equations , . . . , 
3' . . 

. . 
In this expression the A?. a re  the  components of the two-by-three clad 

1 J  

f l e x i b i l i t y  matrix. The f l e x i b i l i t y  matrix has en t r i e s  AC t h a t  s a t i s f y  
i j. 

C the  equations g2 = A& = -q3 and bC c 
23 = -* 22' 

. . 

m n a l l y ,  the  l e n a h  of the  rod support s t ruc tu re  as, i s  given 

' s '  " 0 . '  

*s(k+l) = as (k)  + 6*s,k)+ *sdtO,)+ A ( 6FX@f F3($tk ) 

The fuel-clad i n t e r ac t i on  and the  rod-support i n t e r ac t i on  are 

characterized by the i n t e r ac t i on  forces ,  Fi; i = l ,2 ,3 , '  and the r e l a t i v e  
, . . . . . . .  . 
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dimensions, Vi; i = 1 . 2 , 3 ,  which correspond t o  the radia l  gap between f u e l  

and c lad,  the d i f f erence  between clad a x i a l  extension and f u e l  extension, and 

the d i f  f e k n c e  . between support extension and rod extension. . ' -  A t -  t = tk+l 

the Vi are r e l a t e d  t o  the Fi by the  matrix equations 

The terms i n  these equations can Be obtained from the rlelatio~ls 

V - r - rf, V2 = LC - Lf, and Vj  = & - 6. In particular, We terms 
1 -  c S 

I 
of the f l ex ib i l i ty  matrix [A. .I are 

1 .I 

The matrix equation (IV.4) relates  the three interaction forces 

Fib i = 1,2,3 t o  the three relat ive dimensions Vi; i = 1,2,3. Six 
. . .  

other equations are needed 4x1 obtain a unique solution for the 6Fi(k1, 
I 

6vi(k)y 'i(k) and 'i(k)* 
These equations can be obtained from the assumed 

s t a t e o f  fuel-clad and rodrsupport interaction. The values of Fi(k+l) 
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resulting from solution of the s i x  p a i r s  o f  equa t ions  must then  be and v i (ks l )  . . . . . . . .  , .. 
. . 

checked t o  show that  they are consistent with the ass&ptions made. 

I f  the resul ts  are inconsistent w i t h  the assumptions, new assumptions 

must be made and the process must be repeated un t i l  a s e t  of assumptions 

produces resul ts  that  agree with the assumptions. 

Fuel-clad radial  &teraction resul ts  when the fuel-clad gap, 

V1, i s  zero. In that  case, the contact force, F1, must be positive. 

When there i s  a gap, V1 i s  positFve, +d F1 must be zero. Negative values 
; ; 

of F1 and V1 are not valid. Thus, a fourth equation relat ing the 
.. . 

A\ .can be obtained by set t ing "i(k) + 'i(k) and 6Fi(k) + . 

. .  . 

%(k+l) 
= 0 provided Fl(k+l) 2 0 

%(k+l) = 
0 provided V 

l (k+ l )  

There are three possible states '  of f u e l 2  lad &a1 interaction: 

('2(k+1) - '2(k)) = O 9  ('2(k+l) - '2(k)) ' O' and ('2(k+l) - v2(k) ) < O .  

In the f i r s t  case, the magnitude of F" 
2(k+l) i s  limited. the second 

and t h i r d  cases, the magnitude of F 
. 2(k+l) 

i s  known, and the s i g n i s  specified 

so t ha t  the sign of the product El 
2(k+1) IV2(k+l) - V2(lr) 1 i s  negative. 

'I'hus, a f i f t h  ,equation relating the 6V 
i(lr) + and 

b 

6Fi(k) + can be obtained by set t ing 



. . 
> V '  provided V 

F2(k+.+1) = -$(k+l) 2(k+l) 2(k) 

5 . . . . . . ... , u .  provided V < V  
2(k+l) 2(k) F2(k+1) = M2(k+l) 

m a l l s ,  there are three possible s t a t e s  of m40tl-suppu~>l; bltey- 

. . 

As in the case of fuel-clad a z i a l  interaction, We f i r s t  cage &pli& 
. .  . . . 

a l i m i t  on the magnitude 6f Ulr i i t e r ac t ion  f&'co. fn h e  second and . '  , 
: ,  

t h i r d  cases, the migmitude of the interaction force is known' and the s i g n  . 

of the interact ion force' i s  such that ' .  the force acts .to- impede the . 

. .  . , . . . 
r e l a t i v e  motion of rod i d  support. Thus, the sixWl G&tion. re la t ing  . , . . 

i(k) + Vi(b)A$ and 6J?i(k) + Fi(k)A4, can be obtained by se t t ing  the 6V. 

G u 
V pr ovide d 5 F 
3(k+l)  = v3(k) -?(k+l) 3(lc+l) -. . 5?(k+l) ~. 

4. 
provided V3 > V  F3(ic+1) ' -Y(~+I) . ( . . > j(ld . .. . 

. : . .  . . .  , 

. . .  . . , . . . .. .. . . . .. 
.me analogy between (IV.7) A d  (1v.8) i s  complete. 

As a r e su l t  of the form .of ' ~ q u a t i o n i  (IV. 6) ,'(IV. 7 )  , ' and (IV. 8) 
6 . .  

determination of the s i x  variables W + V A s  and 6F=ikj : + . i (k)  i ( k )  
" A t  . 

i (k )  k 
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can be reduced to the solution of three simultaneous equations i n - t h e  
" 

three variables (SF i(k) + F i ( k ) ~ l j )  followed by determination of the 

( 6V i (k)  + V i ( k )  A$) from these. The solution m.St t h e n  sa t i s fy  the 

assumptions s tated in Equations (IV. 6 ) ,  (IV. 7) , and (IV. 8) . These 

assumptions are equivalent t o  limi*.ations 6ri .-the.-size of A\. In some 

instances the l imits  are on the &xi.mum value of A\, while in others 

the minimum value of A t  i s  limited. The interaction assumptions are . . 
k 

consistent when the maximum acceptable value of A$ i s  larger than, or 

equal to; the minimum acceptable value of -.A\;- ,.'Whenever $he asswngtions 

are not consistent, they mst be changed systematically u n t i l  a consistent 

s e t  of assumptions i s  found. I "  

A circumstance requiring consideration i s  the s i tuat ion mere the 

upper. bound on % l imits  - A t  exc~s.sively. : In t h i s  circumst'ance tlie . , . 
. .' 

. .  k .  j .  

program can be reduced t o  a sequence of t r i v i a l l y  w h ~ r t  tri,me steps. 

Tu avoid this, the l imits  expressed i n  Equations ( ~ y . 6 1 ,  (IV.'/), and 

( ~ v . 8 )  are modified so t h a t  the calculated time s tep  ~3.11 be large enough 

t o  produce an ~jovershootw of amount d o f  displacement or f o f  ln , te rac t ion  

Returning now t o  Equations (IV. 6),  (TV. 7). , : and .( IV. 8),- consider ... . , 
.. <_.._ , . . 

the limits imposed on ~t~ by the assumptions l i s t e d  there. When, 
. . ' 

I .  : 

vl(k+l) = 0 ( rn-6)  requires GFi(lc+lt,- 5.. . For .Z 9; this implies 
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. . 
When Fi(k+l) = 0, Vl(k+l) 2:-d. 

. . 

.. . . . 

For Vi(k)  $ 0  th i s  implies- 

+ V1(k) + 6V1(k)1 
~. 

- .  . (IV. 10aj 

. . 

while f o r  Vl(i);: <O., thi~ implies 

When V2(k++1) = V 2 ( k ) 9  (IV*7) re@es - L $ ( ~ + ~ )  + f1 ' c $ ( ~ + ~ )  + f]. 
c c 

( 1 )  = %(k) + 6M2(k) + A&, the limits become 

and 

. -4, . 
For [%(B). + Y ( ~ )  ] > 0, (TV. 11~) requires .  

. ... -. .,. " ,  . .  
while f o r  [F '2(k) + $(k)] 
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S i d l a r l y ,  for  [F ' 2(k) - $(k) 1 > 0, ( N . l l b )  requires 

. 
while for  [F - ~ C O  

2(k) 4) 

6 
When *2(k+l) = -%(k+l) ' '2(k+l) '2(k) 

- d. This implies V2(k)sAtk+bV 
2(k) * - 

U < V + d. This implies 
when F2(k+l) = %(k+l)'  '2(k+l) . 2(k) . . 

Further limits on the time s tep are  imposed by the requirement tha t  . 

F2(k+1) 
remain negative when V - V 

2(k+1) . 2(b) 
> 0 '$nd positive when 

6 

v2(k+1) - v2(k) ., 
4 0 .  Thus, for  V 

2(k) ' and 

and fo r  V 2 )  > and 2(k) > O 
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'.2 (k) 

while f o r  ir 
0 

2(k) < O and 2(k) > 

and for V2(,,) < O  and F- z (K) <r) 

. The cases V 4, 
3(k+1) = V3(k) ' F3(k+1) = 5 )  and F3(k+l) = -?(kit) 

lead t o  l imi ts  which can be derived f'rom the l i m i t s  given by (IV.12) 

-1;hrough (IV. 16). The l imits  f o r  these cases are ident ical  to the form 

obtained by exchanging 3 for  2 every place 2 appears in (IV.12) through 

( 6 )  AccordinRly, they will not be given. here. 

The functions $, 4, 3 and 6 which l i m i t  the magnitude af 

interact ion forces F2 and F j  have been assigned a represent0at.in 

for  i = 2, $(g)  and %(k) depend on reactor pressure, temperature and 

the fuel-clad gap. For i = 3, 6 = 0 ,  and I$(K) i s  defined from the 

input  data. 
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while the f'unctional fonn of P$ i s  

In these expressions r 
f (o)  

i s  the i n i t i a l  f i e 1  radius and pc , pe , pI 

and .p are user specified f r i c t ion  coefficients. The other new variables .  T 
, . 

are defined by 

and . . , - 

In these, ae is a user input quantity representing the pe l l e t  "hour- 

glass'ing" coefficient, ee i s  the fue l  eccentricity or chip e f f ec t  measure, 

T i s  a user input temperature e f f ec t  parameter and Tc and T are- the 
A s : 

f u e l  centerline - and surface temperatures. The quantity Cend i s  a 

measxre of t h e  j,ntera.c.t,j.on fosce for  ,a e v e n  interfer,ence. ~. . . : . . . , .  . . 

Examination of Equations (IV.17) through (IV.22) shows t h a t  px, 

6 
Tx, hg, hU and F1 a11 vary w i t h  time. Thu3, writing 

E; 
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(IV.23) 

(IV.24) 

the explicit values of 
c 
%(k+l) and %(k+l) 

can be deduced. Specifically, 

t hcoc  valm 0 m e  

In these expressions the derivatives 6 L" 
x(k)' g(k)' 

et cetera are under- 

stood to be zero whenever the corresponding quantltji, plL(ll), h" did ' 
et cetera, is zero. When these quantities are non-zero, the derivatives 

can be determined from the expressions 

, 
e e 

.(k) = CendCae(Tc (k) - T~ (k) lrf(o) ' - '1(k) 
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and , . . . . . . * .  . * . 8 . . 

Evaluation of. h a n d h U  i s  b a s e d o n t h ~ v a l u e V  
g(k) g(k) 1(k) + y k )  r . . . 

4 i '  

w i t h  the approximation- .$at h u 
. . 

ase. zero .throughout the. .in teryal if g(k) and hg(?) 
they are zero a t  t = \, and non-zero throughout the interval  . i f  they 

are non-zero, .at,' t = .%. This. resul ts  i n  limits on the size of the time 

i n t e rva l t ha t  act  i n  addition to  the l + n i t s  +sed by fuel-clad .inter- 
. < .  . 

. . 
. .  . 

action and rod-support interaction. . . .  

The central aspect of the fuel-clad and rod-support inte,raction 

computa.tions i s  the procedure used t o  determine the states  of inter- 
. . , . . . 

action. Since ,the:-states . . are. discrete (contact or non-contact, slipping 

or non-slipping) it .&s - .  impossible, t o  use a method such as the Newton-. . .  . . . 

Raphson .method or the method. of bisection tha t  requires. coritLnuous. , 

variation. Two alternatives appear: solution of the equations for a l l  

possible interaction states ,  or use of an i te ra t ion  .procedure such as 

tha t  in Reference (16). in. which the t r i a l  s tates  for a given i te ra t ion  

are determined from the resul ts  of the previous i te ra t ion  by changing 

only those assumptions.which a r p  inconsistent .with the resul ts  of the 

computations. As indicated above the, second alternative was chosen. . 

The remainder of th is  section i s  devoted.to a description of i t s  im- 

plementation. - : . . 
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Since the inequal i t ies  s ta ted  in ( IV .~) , ( IV .~) ,  and (1V.8) 

l ead  to minimum and maximum l imi ts  on the- time step, l e t  the values of 

( i )  the  three minimum l imi ts  be indicated by Atmin; i  = 1,2,3, and l e t  the 

( i )  values of We three maximum limits be Atmax; i = 1,2,3. Thus, when it 

i s  assumed t h a t  V2(k+l) = '2(k) ' the values A t 2  and At:; are defined 

4 by (m.12)  and (1V.13). In p a r t i c a a r ,  fo r  82(k) > o and i~$ (~ )  = M ~ ( ~ )  =. 0, 

( 2) (2) corresponds t o  the right hand side of (1V.12a) while Atmtmau 
AtlllilI 

corresponds t o  the r i g h t  'hand s ide of (1V.13a). Conversely, for  'F 2 (k) . < O ,  

(. 2 j. A t '  ?' c6rresporids t o  the right; h&d side of (IV. 13) while Ait . . corresponds rmn m a  

to the r i g h t  hand s ide of (IV.12b). . . . . . . 

In this way, each of the aspects of fuel-clad and rod-support 

(5) (i) interac t ion  leads t o  lWts on A$: At- 5 At, and A t ,  5 Atmm. 

(i) (i) i s  invalid and Ubnously, any assumption t h a t  leads t o  Atmin > Atmax 

must be changed. In the example just  given, the assumption V 
2(k+1) = '2(k) 

(2) ( 2 )  i s  inval id when AtldI > AtlllM. llle most appropriate assumption for  the 

next i t e r a t i o n  i s  then t o  assume tha t  the fue l  s l i p s  i n  the cladding. 

The direct ion of sl ipping i s  determined by the s i p  of F - sl ipping ., 2(k+1) 

occurs so that' .the 'sign of [ v ~ ( ~ + ~ )  - V 2(k) IF 2(k+l) . i s  negative. 

The procedure b e a s  by ass- t h a t  the s t a t e  .of fiel-clad '. . 

and rod-support interact ion for  t = t ~5.11 be the sanie a5 for t' = t '  . - . 
k+l  k' 

This allows use. of (m.6)  , (1~17) , and' (1v.8) ici-th (IV.4).. t o  deteu'mirie. the 
8 

6vi (JC) ' 6Fi (k) 'i(k) 
and F 

i (k )  
tha t  r e s u l t  from the assumed interact ion.  . 
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s t a t e .  These q u a n t i t i e s  a r e  used i n  expressions nhtained from (IV.~) 

. - the . . . . . .  
mrobgh (TV. 16 ) t o  determine t h e  At:: '-and ,Atmin. 

(i 1 . .  l a r g e s t  :of the'.Ptmin is c o n s i s t e n t  w i t h t h e  s k l l e s t  o f  the- 'At( i?  t h e .  max' 

assumed. interaction:.  s ' ta te  is va1i.d. and- t h e  program proceeds t o  other.  com- . . .  ; 

. .  putat ibng.  Whenever one.of: t h i  At( i  ) ekce,eds the  corresponding A t .  (i). . . . . .  
m i  n  maxt 

the assumed ~int'eractLon s t a t e  'is ' changed , t o ;  ag ree  .wtth the..st'a-ke. 2ndica:ted .;, 

by the  r e s u l t s  of t h e  computations. based'.on .the, previous assumptions. : . - . . .  

Consis ten t  assumptions'-.,are r e t a i n e d ,  and,. i n c o n s i s t e n t  ~ s s s u m p t ~ ~ n s  a r e , , .  ,:. .. ,... . . 

changed. Thus, . i f  assuming no-slippirig l e a d s  to..a: contrad.i .ction, s l i p -  .. , 

. .  ping w i l l  be assumed, o r  ,if assuming a ' g a p  leads .  t o  a  contradi:ce.ion., fuel-. 

c l ad  r a d i a l  contac t  w i l l  be assumed,., -The :a s.sumed s i g n  o f  , . s l i pp ing  is ,chosen 

a s  i nd ica t ed  i n  the  .example, j u s t  .given.. . .  . . . . . .  . . .  . . . .  . . . - . .  .. *. 

This. procedure. converges. t o  a  cons is jxnt . .  s o l u t i o n  r a p i d l y  j.q the. . ....... . . .  

g r e a t  ma jo r i t y  o f .  cases .  However, in. c e r t a i n  ;unusual . c . ~ c ~ t a n c e s  .it . , 

i s  n o t  e f f e c t i v e ,  and t h e  new assumptions must be chosen a c c o r d i n g . t o  . . . 

d i f f e r e n t  c r i t e r i a .  This .is done s o l e l y  t o  a r r i v e  a t  a  s e t  of c o n s i s t e n t  

assumptions. The consequerices; -of  t h e  assumptions . s t i l l  .rqia t m e e t  t h e  

requirements imposed by (IV.~), (IV.7) j. ..and (IV.~)., and: expressed in . .  :. . 

The usual. procedure. , f o r  a r r i v i n g  . a t  imp~ove,d a s  v p t i o n s  .proves . ,., 
, . . . .  . . . . . I  ̂  

t o  be i n e f f e c t i v e  i n . a  number of . s p e c i a l  cases  t h a t  a r e  u s u a l l y  a s s o c i a t e d  

w i t h  t h e  i n i t i a t i o n  o r  . t e rmina t ion  of s l i p p i n g  . . between the  , , f u e l  and. . .  % . 
.b.. , 

. . . . .  cladding;  For example, when t h e  *el and c ladding  . . . . . .  were .in.. a t i m a q e .  . . 

carrtac.-b a t  t . =, t,k and . there  . has. been no a x i a l  . s l i ppage  : between. them, 
. . .  

a decrease in r e a c t o r .  powe a t  t = . . .  . . .  L l . : c a n  c r e a t e  a . s i t u a t i o n  . where it . , , ,  ... . . 5 

i s  i n c o r r e c t  t o  assume t e r n a t i o n  of con tac t  +nd F t i a t i o n  of s l i p p i n g  
..: . . .  . . . .  .>. 
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or t o  assume t h a t  contact continues w i t h  no slippage between f u e l  and 

cladding. Unfortunately, the f i r s t  pair  of assumptions w i l l  sometimes 

lead t o  r e su l t s  which suggest the second set , -  and vice versa. The usual 

procedure w i l l  not arr ive a t  the assumption of contact w i t h  slippihg or 

non- contact without slipping. In t h i s  circumstance, rapid cavergence 

occurs i f  the non-slip assumption i s  continued whenever the contact 

assumption proves invalid - even though the non-slip assumpkiofl was 

inva l id  during t h a t  i te ra t ion .  This allows assumption of non-contact 

w i t h  no slipping which may then lead t o  the assumption of contact and 

slipping. .One of these l a t t e r  assumptions w i l l  prove t o  be consistent. 

Obviously this special  procedure should only be used af te r  several 

i t e ra t ions  w i t h  the usual procedure becauqe the usual procedure i s  

successful in most cases, and the end of contact often coincides w i t h  

i n i t i a t i o n  of slipping. 

When the fuel-clad gap i s  closing and the fue l  and cladcting are 

coming into contact other specid?. cases a re  encountered. As the gap 

closes the values of r i s e  abruptly. 

Thus, i f  there was a gap a t  t = tk and the resu l t s  of the previous 

i t e r a t i o n  indicate t h a t  the gap i s  closed and there w i l l  be slipping 

between the t'uel and clad, it can prove flwitfW1 t o  a s m e  no slipping. 

Another phenomenon associated w i t h  closing of the fuel-clad gap i s  the 

suppression of the clad extension t h a t  could occur i f  there was a fuel- 

clad gap. In t&s instance it i s  often profitable t o  assume tha t  there 

i s  no rod-support slippage even though the resu l t s  of the previous 

iteratiori indicate there should be such slippage. 
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When the support i s  exceedingly s t i f f  compared t o  the rod &a1 
. .... . . . .. 

s t i f fness  the value of $ 304 cBn prove t o  be the best  indicator of the 
. . ;,. . . , 

rod-support s l i p  direction. 1n other c'ase's , 'rod-support s l ipping may not 
. .. . . .  . . .  . 

be t r i e d  by the usual i terat ion procedure. '  his is host l ike ly  when" the 
. . . . . . . ., . . . -  

. . . .  . 
f'uel-clad gap i s  closed and f'uel-clad slipping i s  s tar t ing.  Thus, when 

- .  , _  '. ' . . . . 

the usual procedure does not converge in this circumstance, it i s  pro- 
. . . . .  . . . . . 

f i t ab le  t o  farce an i te ra t ion  in which rod-shpport s l ipping ' i s  assumed: 
. . . . 

. .  , . 

. . a . + 

Other special  cases involve s i tuat ions where the sign of I? 
. . .  D .  . ,. . .. ,. , . . . .  . 2(k) 

i s  the opposite of the sign ~f F 2(k) + bF2 (k) or the sign of 
. .. .. . 

3( k) 

i s  the opposite of the sign of F 
3(k) +. 6F 3(k) ' 

Ln these cases, the usual 
. :.. 

procedure (where the calculated value of Fi(k+l) i s  used t o  determine 

the &kction 'of slipping) i s  l i ke ly  t o  perform poorly. A n  alternative 
. . . . .  . . .  

procedure based on the sign of F leads t o  rapi'd convergence 
.. . . i (k )  + 6 F i ( ~ )  . , , .. . . , . . . . , . . , 

and i s  used except when k i s  exceedingly large - so large t h a t  
. . .  ,. +(k) - ,  . . 

F 
( i ) .  

i (k )  
times the maximum of the Atmax i s  larger than twice the maximum 

. . 

. , , .  s . .  : . .  

This fuel-clad and rod-support interaction model has proved t o  

be quite re l iab le  and has contributed t o  a reduction in the number of 
. . . . 

anomalous discrepancies between the r e su l t s  of closely related analyses. 
. . 

During the i n i t i a l  phases of i t s  implementation special  cases liki those 

discussed here often prevented convergence t o  a '  val id  answer. The d i f -  
-, .~ - . 2 

f i c u l t i e s  resul t ing from these cases yere c'b-cumvented by developing 

ad hoc procedures which use the features of the special  case t o  determine -- . . . . , .  . . . 
' 

assimptions tha t  are more profitable than those t h a t  would r e s u l t  &om 
.. . 

the usual procedure. 
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While the i te ra t ion  procedure discussed here provides an ef f ic ient  

means of finding the correct s t a te  of fue1-clad and rod-support inter- 

action, it i s  only a part  of the revised fuel-clad and rod-support 

interact ion model. Another v i t a l  aspect of the revised model i s  the 
.. . . . . . -  

requirement i s  that  the resul ts  of the interaction comptatians agree 
. . . .. . . 

with the assumptions upon which the  computation.^ are based. This feature 
. , . , . . 

provides increased confidence in the physical real.ity o f  the resul ts ,  

fo r  the i te ra t ion  . . procedure w i l l  converge only for an interabtion' s ta te  
. . . .. . o  ' . . . .  

tha t  gives consistent resul ts .  The fai lures t o  converge tha t  occurred 
. . 

i n  the development of the model 'resulted in program stops to  prevent 

the generation of resul ts  tha t  'might be invalid. 
. . .. . 

V. Riel Densification 
? - . . . . .  

The phenomenon of fuel  densification i s '  represented in CYGRO-4 
. . . . * , "  

by the use cfthe Ithot pressingw model of CYGRO-1 (~eference  2) .  Ln 
.. . I . .  . . 

t h i s  representation, there are one-to-five categories of pores. The 

process of densification involves the shrinking of these'pores in response 

t o  the applied external pressure and the surface tension of the fuel. 

For a category of pores with volume fraction % consisting of 

Ng pores per u n i t  sol id volume, the nominal pore radius i s  

. . 

Thus, when the surface tension i s  y and the "pressure" i s  p = de + + + ) / 3 ,  
. . ,- 1 2". 

the densification ra te  i s  
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. (v* 2) 

The remaining variables are the "local yield s t ress"  around pores, S 
Y' 

and the effective viscosity, 7). The value of S i s  an *put variable, 
Y 

while 7) i s  determined from the "teady s t a t ew creep rate .  

Returning t o  the basic definit ion.of 7)-1/T = bkIh0-q can be 

obtained from 

. . . . 

where Rsc i s  an input constant and A i s  the coefficient of f i s s ion  r a t e  

dependent creep. Thus, 11 i s  
. .. 

or using (A. I. 12) and (A.I. 13) from Appendix I 
. . 

71 = 
Rs c (v. 4) 

cRr(wd-l)+~r l/(Rr-RJ 
+ 4 

In  order t o  establ ish limits on the s ize of the time s t ep  as 

neede,d in the procedure described in Section V I ,  consider the derivative 
. 

of 6 with respect t o  eh. This i s  
h 
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I f  densification occurs a t  the r a t e  given by (v. 2), a linearized Taylor 

ser ies  expansion of (v.2) indicates tha t  the ra te  of expansion w i l l  
d k, 

change from kh t o  (L + A%) i n  time A t .  Thus, i f  the change 'in 
h 

densi f ica t ion . rak  i s  t b  be 'limited t6 the 'fraction D d 'of the densification 

ra te  e e s t i n g  a t  the beginning of the time step, . A t  muSt be limited t o  
' 

This limit i s  considered i n  determining the size bf  the time step as 

discussed in the fo l lming section. 
.. .. 

I .  
' . .. 

. . 
V I .  Time Step Liimits 

The computations in CYGRO-4 use the rates  of change a t  t = $ 
. .  ? I . ,  . 

t o  calculate increments far the W%eFVal t ( $ s Ll. TILLS meals 
k 

tha t  the time step Ak = tl, - t must be limited to  values for which 
+1 k . . 

the ra tes  of change are accurate. Table ~1.1 a List of l imits 

to the s ize of the time step tha t  have been incorporated in CYQIO-4. 
. . . -  ,. . 

This section 'discusses a number of these lFmits In sufficient he.~;ail  -Lo 

provide an understailding of the basic reasoning involved in developing 

time s tep  limits. This i l lus t ra tes  the fac t  tha t  there w e  time step 

l imits  associated w i t h  all the physical processes affecting f'uel elements 

and t ha t  mathematical models for these physical processes must include 
. . 

procedures for  calculating relevant time step l i m i t s .  



WAPD -TM- 13 00 

. .  , 
. . 

Table VL1 'Limits. t o  Time Step in CYGRO-4 . . .  . .  . . 

1. .Discontku$ty in r a t e  of change of reactor data: ,  power level ,  , . , ,  . 

coolant temperature, coolant pressure, e t  cetera. 

2. Change i n  s t a t e  .of fuel-clad r ad ia l  interaction. 

3.  Change in s t a t e  of fuel-clad axial interaction. . .  . 

4. Change in s t a t e  of rod-support interaction. 

5 .Fuel. cracking or closing of. cracks i n  fuel. . . 

6. . . . .  . Change o f , s t r a i n  r a t e  resul t ing from hardening or change of s t ress .  

7 . Change of complia nce from value estimated using assumed time step. 

8.. ,. Change of geometry .resulting fkom large increment of s t rain.  

9:  . . , .  Effect of. temperature onedeformation rates .  I .  

. .  . 

10. Cllarlges irlz conditionq such as clad collapse or i n i t i a t i o n  of,  

iffhourglassh.gw interaction'  between fue l  and clad tha t  r e w i r e  a 

. ckgmge in the equa-bicms describing the .behavior of the element. 
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The f i r s t  time s t e p  l i m i t  in Table V I . l  a r i s e s  *om the  input  

data.  Input  t o  CYMO-4 includes  d a t a  on the  reactor  conditions a t  

a s e r i e s  'of times t = .T n . ' l , .  . i r e f e r r ed  t o  as History Card Times. n ' 
For values of t i n  t he  range \ < t S -7ncl . the yeactor . conditions are  

ca lcu la ted  by i n t e rpo l a t i ng  l i n e a r l y  between the  data  a t  times t = 7 n 

and t = Thus, the, r a t e  of change of the . - reactor  data  i s  usual ly  

discontinuous a t  each of the kimce t = 7,. 'This f a c t  forms the bas t s  

f o r  t h e  fundamental time s t e p  limit. That is, f o r :  T itk < 7,; We n 1 

value  of L1 i s  limited by h1 4 T ~ .  In general this llrmt SO not  as 

r e s t r i c t i v e  as the  other  -limits' discussed.  the, remainder. o f '  this sec- 

t i on .  

The second, t h i r d ,  -and. f ourtki l i m i t s  i n  Table V I .  1 a r e  .provided 

( i >  by the  va l~ lp s  Atmax; i = 1 , 2 , 3  introduced i n  Section I V .  A s  discussed 

t he r e ,  the fuel-clad and rod-support modelbleads t o - l i m i t s ' o n  the minimum 

and the  maximum s i z e  of the time s tep .  These generally prove t o  be more 

r o ~ t r i c t i v e  than the l i m i t  imposed by the History CaM T l e ~ e .  They a re  

implemented by requiring t h a t  the program time s t e p  Atk is smaller thar~ 

(i 1, the  minimum of the A t m a x ,  i = 1 , 2 , 3  calculated according t o  the procedures 

discussed i n  Scction I V .  

The f i f t h  time s t e p  l i m i t  i s  associated with f u e l  cracking. A s  

explained i n .  Section 111, t h e  f u e l  i n  a f i n i t e  element r i n g  i s  s a id  to. 

crack whenever one of the s t r e s s e s . o  i t  .1,2,3 -bher'e reaches.-,the' 
i ' 

cracking s t r e s s  @. . : A t  t h a t  poknt, -the : compliance matrix f oi t h e .  f i n i t e  

element: must change. . This means t h a t  2f .  the  s t r e s s  0 in an liilcracked i 

f i n i t e  element has value cr iod < @ a t  t = \ while the  s t r e s s  jump 
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i s  6U.(rj +dthe l ra te  . of . .  ch;u?ge i s  b , : t h e , t i r n e s , t e p A 4 ; ~ s t  . .  5 (k) . ., . .'.. . ,:. 

be consistent with .. . .  ..,_ - . . ... . . , . .,~.:. 

As a r e su l t ,  A-Qmst assume a t r i v i a l l y  s m a l l  value :if cr=(ko ., .+. 2 @, 

while for  ui(k) t. 6 0 ~ ( ~ ) - . 4  d* m d  ir. . 2 .0 ,  . . .  . . . 
1 (k) , . . .  . >  . - .  

Cracks in a-:.finite element. of: the fue l  ,m.e-.said t o  close.when the . s t r a i n  . . .  . , - 

.associated w i t h  the cr.ack becomes zero o r  negative. This means . . t h a t  . , i f .  - , . , , . . 

the s e a i n  e in a cracked f i n i t e  element has value 9 
i i(k) > 0 a t  t = tk ' 

. . 
while the s t r a i n  jump i s  6e 

i (k) ' the s t r a w  . . r a t e  . i s  6 the str,a+n i ( k ) '  

associated w i t h  e las t ic ,  thermal, creep and growth deformation i s  

the: jump of the e l a s t i c  and thqmal s t r a i n s  i g  8 ?ib), ,;and the "(k) ' . .\.. 

r a t e  of change of e las t ic ,  thermal, creep and swelling s t ra ins  i s  

. .e 
' i(k) the time s tep  A t k  must he cons i s t ~ n t  with . - . . . . , : . .  . . . . . . .  . .,. ., 

? .  . . i .I . ' . . -  t 
As a result,,  A$ must assume a t r i v i a l l y  small value i-f f;[,4(k:) - , ej,(ka 

e - 6e ] s 0, while for  [e - t 
+ &'i(k) i ( k )  - b e e  j > o a n d  i ( k )  .'i(k) '+ "i(k) . i ( k )  

. : :  . .. , . t . . 

['I (k) - > 0 
, . . .  .:;.. . . . -. . .<!, .. . . . ' . a .  

- t e 
'i (k) 'i'(k) + 8'i(k) - 8Ei(k)  

A t k  . t (m. 2) 
' i(k) ' ' i(k) ' 
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The calcblation of crgep strains & C Y ~ O - 4  i s  based on the f'un- 

damental inelast ic  s t ra in  ra te  expression 

for i = 1,2,3 corresponding-to radial,  circumferential and axial direc- * 

tions respectively. The value of ao boi-is computed in-terms of the d 
values of the oi a t  the beginning of the time step and the value of 

6 ( 0  ) i s  computed in terms of these quahtities "arid the -strain hardening 
g g 

a t  the begifming of the time step, but a cbkection for the effect  of 

changes of s'&ess i s  included. The change of strain hardening and the 

change of stress dw%ng the'time s tep  lea,d to  limits on A t . .  
. . . .. . . . .  . ... . . 

The f'unctional f o m  of ' d' :  i& 
g 

Thus, the par t ia l  derivatives bb. /b are 
&$ i 

bo B(b2-u3) ? A(u2-q) 
A.= 
ba2 % 

and 
bo ~ ( 0 i j - a ~ )  + B ( o ~ - u ~ )  
A= 

0 be3 
9 

g 
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while the second, pa r t i a l  
. .  , . . . . 

. . . . ... . . . . . . .  
consider now the effe&"of changes A* 

i ( k )  = bB&) + biik) A t k  
i n  the gi during the in te rva l  tk < t i tK+l. mese induce corr&pond-' 

ing changes in the values of s kP and bo bei and, thus, in the value 
g' g d 

of 6;. To estimate this change, l e t  AP i ( k )  = kP i A t k  be . calculated' by 

use of a l inearized Taylor ser ies  about %he s t r e s s  s t a t e  a. 1 = 0 i ( k )  

In th i s  expression the dtk corresponds t o  a preliminary estimate of .$he 

value of A\. This ar ises  because 'of the ~okpu t i t i ona l  s-km~c.tl,~.re 
/" 

of CYGRO - the effective compliance for  a time s tep  represents the sum 

of the e l a s t i c  compliance and the ."creep c ~ m p l i a n c e . ~ ~  Thus, the creep 
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computations include an &$timated time step. The validity of th i s  

estimate i s  the subject of an analysis presented l a te r  ii.1 th is  section. 

To compute the terms in the sumation apewing  i n  ( v I . ~ ) ,  consider 

i t s  expl ic i t  form 

The f i r s t  summation on the r igh t  hand side of (m.8). can be written as 
. -  

The second summation depends on b i t s  presenta- 
. . 

t ion,  let 

(m. lo)  
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- 3 .  , . . . . .  . . .  
This notation transforms the second summation on the r i g h t  hand s ide '  of 

(~1.81 t o  the form 
" " 

.(.:. . 

Returning now t o  (VI.7), the r e d t s  of (VI.9) and ( V I  .Xi) provide the 

. . , :. 
expression 

in which the Pij take the form 

These are the terms of the "creep compliance. lf . 
. .. . . . . . 

. . 

Accuracy of computations requires tha t  the second term i n  (VI.12) 
. . . :  . . 

be small compared t o  the f i$ s t  term. ' Thus, i f  the second t e r m  i s  t o  

be smaller than a fract ion Vm of the f i r s t  term dtk, and . . thus A t k ,  
. . . . : ,  

must sa t i s fy  

The cocfficient Vm i s  provided with,  %he program input. 
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. . .  . . 

In the CYGRO-4 creep representation the creep resul t ing from 

ftthermally activatedu creep mechanisms is* 
. , a .  .. . . . 

. . 

w i t h  h determined by solution of the d i f fe rent ia l  equation 

t To estimate the e f f ec t  of s t r a i n  hardening on the .c reep-ra te  h . . ,  (VI.16) 
. . g : 

can be a p p r o ~ a t e d  by the l inearized difference equation 

This has the solution 

Application of the same procedure t o  As A t  gives 2' 

or,  upon use of ( ~ 1 . 1 7 )  

. .g . 

* This representation i s  the same as t h a t  used i n  CYGRO-3 (See 

Section 1I.L of Reference 4)  but the notation has been changed t o  a 

l e s s  cumbersome form. 
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This proviaes the basis' for :  a 'time s tep  l i m i t  based on s t r a i n  

hardening ' for '  i t ' . ~ a n '  b.&. expiess&d .in 'the .fbm ' 
. . . 

Restriction of A t k  t o  values' for  which 1 6 1 5 6* i s  'equivalent to , . , .  

r e s t r i c t ing  hti t o  . . 

The coefficient b * . i s  provided w i t h  the program input. 

The t e r m s  of the ine las t ic  compliance matrix are of the form 

Eij + F. dtk, where the E a re  the terms. of the e l a s t i c  compliance 
1 J  i j 

matrix and the F. account fo r  the effects  of creep and densification. 
1 J  

%bus, for  a different  time. increment, pdk, the ine las t ic  cnmpl.iance 

matrix i s  Ei + p P* lj dtk. I n  the course of computations the estimated 

time step, dtk, may be found t o  be too long or too short. I f  the 

acceptable t+ne step, p d s ,  i s  suf f ic ien t ly  close, t o  the estimated. time 

step, the ine las t ic  compliance matrices for  the actual - and,the estimated - 
time steps w i l l  be essent ial ly  the same. When this is  not the case, 

the size.-of the s tep  must be limited or the computations for  the s t ep  

must be repeated. To establ ish c r i t e r i a  fo r  determining when the time 



s t ep  must be limited or the computation must be repeated, canszder . . .  the 
I .  . - . . 

e f f e c t  of the s ize  of the time . . .  s t ep  on We la rges t ,  diagonal cainponent ..... 
i:... . . . .  . . . . .  . . . .  

of the i n e l a s t i c  compliance matrix. If the change in the s ize of 

the, time s t ep  r e su l t s  in a suf f ic ien t ly  smZl1 change i n . t h i s  . .  A component, 

no recomputation i s  necessary. To be precise, l e t  the acceptable chalige 

i n  the .compment be R times the value computed for  time s tep dtk, 
. . . . . . .  

where R i s  a user specified r a t io .  Thus, the time s tep p dtk, can use 
. . . . . . 

the i n e l a s t i c  f l e x i b i l i t y  matrix comj?uted for  the time s tep  d$ i f '  P 

s a t i s f i e s  the inequal i t ies  . . .  . . .  - .  . .  ..< ... . . . .  

f o r  a11 the diagonal entries.  of the ine las t ic  .compliance matrix. These 

inequal i t ies  can be  earra ranged t o  

. . . . .  . . . . . , 
. . . . 

whenever Ti dtl, > 0 .  Fui- P*. = 0 the original inequalit ies are 
1L . . 

s a t i s f i e d  lfor a l l  values of p. 

. . .  . . . . 

The inequal i t ies  ( ~ 1 . 1 9 )  mean t h a t  the change in the compliance , ..- 

matrix l i m i t s  the time s t e p  %o . . .  . . . . . . 

E.. + qf 
11 d.t = 1 + . R  A% pmax k 'qi d 
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. . .  
I .  . . . .  

while the computations f o r  the time step are of suitable accuracy for -  .- 

. . . . .  

E . .  + yi d$ 
:I1 A t k  2 pmin d\= : ' F . ' d \  (VI. 21) 

. . , .ll . . ; - .  

. . 

A t  temperatures encountered i n  nuclear power reactors,  defoma- 
. . 

t ion  rate's in crystall ine mater ia l s  are governed by the process- of "seif  

diffusion6' in which an atom of the material migrates through' the c ~ y s t a l  

l a t t i c e .  The temperature dependence. . of . se l f  diffusion i s  essent ial ly  
... . . ' ,  . . . . . . .  ....... 

e .  
. . . . . .t 

, . 
\ .  

D = < ~W(-QJRT) , (VI. 22) 
. . .  . . . . . . . . . . . . : .  

. . .  . . . .  . . 

where .T i s  the 'te&r'atii?e ('in degrees Kelvin), R' = 1.984' cal/eK mole '- 

. . . . . . 

i s  the universal gas' cbnst&t,  Q i s  the "activation energyw 'f or'the' 
. . . .  , . . . . . . .  . , . . . . : . . . . .  . . . . . . . .  i . .  . . . . :. . 

material, and Do is  the r i t e  factor.  
: .  ' 2  " , , ,  . . .  

To estimate the e f fec t  of changes of temperature, consider the 

. . .  . , 

By use of' t h i s  e@ession, one c& see tha t  a charige' b in t&pei;ature' 

. . . . .  
resu l t s  in a corr'esponding ch-6 in D appro.-atcd by 
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When this i s  expressed as a fraction of the ra te  D(%) a t  a reference 

' .  . . . .  . . 

'Thus,, t o  produce a given ra t io  p = ADD(%), the incranmt of terperatxuar 
... . . 

This expression indicates that ,  t o  a f i r s t  approximation the change in 

the a-ffusion rate i s  less than p ~ ( ~ R )  for  AT 4 A'PL(T) given by (VI. 24). 

This provides a convenient l imi t  on the size of a kmperature increment 

i n  a numerical analysis once the ra t io  p and the reference temperature 

T are ctefin~d. K 

For uranium dioxide ( ~ 0 ~ )  Q i s  given in Reference (17) as 

while for  ezirconium ( Q - Z ~ ) ,  the Pasgest - and thus most restr ict ive - 
estimate of Q e v e n  in Reference (18) i s  
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Due t o  the  form of (VI.24) the  values of Do-are iwna te r ia1 , in  the 

present  context. 

, . . . 

Assignment of a value f o r  the .  r e  ference . temperature ; TR , i's a 

mat te r  o f  judgment. A reasonable  value 'can.: . bk . based on the observa t ion  
- '  ? 

t ha t  c reep  i n  Zi rca loy  becomes r a p i d  a t  temperatures  above one h a l f  the 

a t o  $ phase t r ane , i t i on  temperature. . This . . t r a n s i t i o n  temperature ,is g iven  

i n  Reference . ( 19 ) ,as  ,863, .*. 3 OC.. : Even . t h i s  kind o f  reasoning does no t sug- , 

g e s t  a r e f e r ence  temperature for  uranium dioxide..  Accordir?g . ... l y  . , . i t  would 

appear product ive t o  use. a temperature a t ,  o r  above,  the . .. h ighes t  . temperatures  

f o r  which in -p i  l e  d a t a  e x i s t  - about  2 5 0 0 ~ ~  (4532 OF). 

For temperatures above T = TR the l i m i t  imposed by (VI.24) i s  ...: 

very restr ' i 'ctive. For this reason, a t  such temperatures it i s  more . 

:pract ica l  t o  use .'a. l i m i t  derived from (~1 ,229  and (VI. 23.). 'Ihus,. 

cms ider  the.. r a t i o  D/D(T) given,  by . 

To produce a given r a t i o .  p .  = D/D( T) the increment .of .  temperature i s  

A limit on t h e  s i z e  of the  time s t e p  can now be derived f'rom 

(VI.24) and (VI.25). When the  temperature i s  Tk and the  r a t e  of change 
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of temperature i s  Tk, the e f f ec t  of temperature change on deformation 

r a t e s  w i l l  be sui tably bounded f o r  

As discissed in this section; cdnsiderations- of accuracy and the l i m i t s  

of t&e physical involved in the.deformation of the 'fuel element 

provide limits the ' s i ze  o f ' t h e  t ime.step takenby CYGRO-4. These 

i l l u s t r a t e  the pr inciple  t h a t  there are time s tep  limits associated with 

each physical process and each 'mathematical 'model, While the assignment . 

of numerical values t o  these l imi ts  requires judgment, the derivation of 

the mathematical form of the l imi ts  i s  re la t ive ly  straightforward. 

fn suwaary, the actual CYGRO-4 tiyne s t e p  is 1 L L i  1;ed by the end of 

the History Interval ,  by the l imi ts  derived as past  of the fuel-clad 

and rod-support interact ion model, by fue l  cracking and crack closing, 

hy +.he e f fec t  of changes of s t r e s s  or of strain'hardening, by res t r ic -  

t ions on the tolerable inaccuracy i n  the creep cofilplialce, and by t h e  

ef fec ts  of temperature change..' The expl ic i t  limits are .given by defini- 

t ions  (m.9) through (1~.16), ( v I . ~ ) ,  ( v I . ~ ) ,  (VI.14), (VI.18), ( ~ 1 . 2 0 ) ,  

and (VI.27). Computations fo r  the time s tep must be repeated when the 

l i m i t  expressed in (VI.21) i s  not met. 

. .. 
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VII. Input 

The CYGRO-4 program accepts input data  i n  a form derived f i o k  the  

form used in CYGRCL3 ( ~ e f e r e n c e  4 ) .  In fac t ;  only small changes a re  

required t o  transform a CYGRO-3 input  deck to CYGRO-4 form. 

.. . . . 

' The ilt.lput' da ta  k c l u d e  data  needed t o  conts'ol the  program or  

describe the  .propert ies and ge6metry. of tkie f u e l  element', and da t a  . ' -  

. , .  . 
describing the  reac to r '  operating s h .  ' This s e c t f i n  has two 'subsections: 

the  f i r s t ' d e v o t e d  t o  the  input  bf the  control ,  property &'gebmetry 

data,  and the second devoted to the  inpu t  of the  reac to r  operating 

. . . .  , data. 

The input data  are  supplied in f f&t t is  ~ n p u t  package Formatw 
. .  , . , . 

(see ~ef.e&nbe 20) i n ' w k c h  the  "lo&bal'c&dsff 'can cdizs=st of one or. 

more 'physical cards or card images. ' The f i r s t  physical card of a 

"Logical cardff has a card number followed by a comma. The data  f i e l d s  - .  
. . t .  

on the  card '&e separated by commas, and ;'"logical cards" can be ex- 
. . 

tended onto severa l  cards by m k g  the  f i r s t  character  o n  the 

continuation cards be the  symboi '"+ll. The data  ban bk Lnteger (denoted 

here by I )  - 'in which the  allowable characters a re  f f+f f ,  f,f-:'", or  t h e ' t e n  

numerical characters '  0 through 9 - Alphanumeric (denoted here ,by A) - 
in which the  allowable characters are  any i n  the  FORTRAN character  s e t  

s o  'long as the s t r i n g  begins w i t h  a l e t t e r  o r  the  characters are  enclosed 
, . 

in parentheses - 'or Floating point  (denoted here by F) - in which the  

allowable characters are  "+" or  "-" followed by numerals ~ 5 t h - o r  without 

a decimal point then by an exponential p a r t  compriskg "+'"or 
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and the numerals of the exponent of 10. In  .Floating Point format 

the  dec5mal i s .  assumed to precede the leading s e t  ,of numerals whenever 

the  decimal i s  not e v e n  expl ici t ly .  . . 

The "logical cards" can appear in any order and two or more 

physical cards ,can have the same "logical cq.rdV number. In tha t  case 

only the l a s t  appearance of the logical  card w i l l  be processed. 

Supplying a physical card w i t h  a card number followed,by blan,ks i s  a u s  , . . . ' % . .  

equivalent t o  removing the preceding ' " l ~ g i c a l  card" of the same nupber. 
'. . 

- .  .. .. 

When it i s  desired t o  supply a single entry on a "logical card" 

this can be done by preceding the desired entry w i t h  suitable ' # f i l l e r  

datau - usually Floating Point zeroes , (0.0) or Integer zeroes (0) , 
depending on the required format on the "'logical Cma. I' Alphanumeric 

. . .- . . .. . . . 

" f i l l e r  dataff can be provided by ,entering a l e f t  and r igh t  parenthesis. 

The following subsection has a format intended t o  s i m p l i e  the 

preparation of .input. The s ignif icant  card numbers appear in nuruerical 

order in the , l e f t  hand column. The entr ies  on the card are then in- 

dicated by data type and name in the following col-s and a brief 

exgLanation of the siffnificance of the variable i s  included a t  the 

r i g h t  hand column. 

. Since. the CYGRO-4 input format represents an evolution from 

the CYGRO-3,.format a number of CYGFiO-3 input data have been suppressed 
. . .. 

or  deleted. The CYGRO-4 input routine ignores non-zero entr ies  these . _  , 
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locations so t h a t  CYGRO-4 w i l l  execute a CYGRO-3 input deck .with ,-or . . 
... 

revision. When a new CYGAO-4 deck it i s  best t o  supply zero 

values in these locations.. Thus, for  example card 904 might take the 

form 

Note t h a t  values for .  the f i r s t  three entr ies  must be given even though 

the program ignores 'their values. 
. . , . , ,  . , 

. . .  . . .  

, . A .  , ~ a t a '  for  Frogr& control, Fuel Rod Geometry and Material 

. . .  . . . . .  
Properties 

. . . .  

. . . . .  Card &tiy Type Name .Significance 

2 1 t o  8 LI IZ'SRINT(i.1; Controls for  output. 
( optional) i=1,. .. ,8 ~ d i t s  are suppressed i f  cbr- 

- .  
responding entry i s  zero and are 

. . . . . . . .  , . . - provided- i f  entry i s  3.  The 
ell-tries corli;r.ol the following 

. . .' se t s  of data. 
1. Input surmnasy 

. . .  . . 2. Creep properties of material 
3.  Reactar s t a t e  
4, Rod cross-section data 

. . .- . . . .  . . . 5 .  . Temperature and densification 
. . : .  . . . . . ... . . . . . . .  . . data 

8 . . ;  , . . 6. Stress, and s t r a i n  ,data 
7. Porosity data-li.d.wgfl. use only 
8. Short summary-to replace 

output groups 4 through 7 

Optionai except when a new 
Input Package Case af te r  the 
f i r s t  i s  t o  be the s t a r t  of a 
new analysis. 20 start new 
analysis, s e t  value t o  1. 
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Caxd &try Type Name Significance 
.*- b - 

900 1 t o  3 F F( i ) ; i=1 ,2 ,3  Three values of integrated 
f a s t  f lux (fluence) used i n  
tabulation of par-gne t e r s  on 
cards 2 6 ~ .  F(1) < F(2) (F(3) 

Three f iss ion ra tes  used in 
tabulatzon of parameters on 
cards 1 6 ~ ~ .  

: . l?DW(l) < . ~ ? D Q T ( ~ )  4 FlXT(3) 

Supplmts input value's of 

. - coolant temperature ( c u d s  . . ! . . . .  
c 19. 2+10 - _  I 1  - whoncvcr %put 
value : i s  ,,above ..72.eF. . Usehl.  
f o r  special. design evaluation. 

F SURFILM Supplants value HWATER on 9011. 
. . . . .  . a . . . ~ 

. . , I  

. . . . . . . . . . .  ., ... .:. .-..;.. .when &n-zkS1o. vslug i s  supplied, . . . .  
Provides for'- exy)edji,ent c h w e  
of' input. for. special  analyses. 

. . .  . . 
4 a F:' ,ITWATER 

' ,  
904 . . . . . . . .  . . . . .  

Heat trapsfey coe'fiicient7a$. 

. . rod-to-coolant interface.  

905 1 . F ,  DENSMTIO Corresponds to  value Dd in 
Equation V.5. Controls s ize of 
ti$e s tep  based on densifica- 

' 8  T C m - M A X  .. . . . - .  Maxbmun centerline temgera-hwe 

&llor.red: Pr.oparn stops autrunati- 
, . . . .  

. . .. : , - ' _. . . cal ly  and pr+to IWDMUM . .,. . 
. . .  . . 

TEMPERIITURE i f  center tern- 
, . peratslye exceeds TC.QT2ER-w. 

906 5 F . ,  . FPLEN - . . I n i t i a l .  force in plenum spring. . ' 
: 6 ' :: F , .  K P ~  St,riffhess of plenum spring 

. . . . multiplied by fue l  stack height. 
. . 

. F . .  ALF-.. . ." -. - t ~ ~ ~ ~ ~ ~ l ~ ~ ~ ~ ~ ~ ~  - coeffi'cfeiit'; - S e e '  '"' 

ae in Equations (IV.  21) and 
( IV. 22). 



. . .  . . . . .  ... . . . Card + .  Entr- -Name.,.,.. . ! ;.. Significance ..,........ ;'. . . .  
. . . .  

906 . 8 " .  . . . ENDMU ~ o k g l a s s i n g  coefficient of 
.(contl'd) ' f r ic t ion .  See pe i n  Equations 

. . . .  . . (.Iv. 17) ,and ( IV. 18) . 

~ o l e r a b l e  change in s t r a i n  in a 
single time step. Serves in 
l imi t  on time step. 

, , 

.7 . ,. . M U .  .- Coefficient of f r i c t i o n  between 
, .  , 

. . .  . . .  . - . . . .  
fue l  and cladding when f'uel- 
clad gap i s  zero. See p 

... 
b .  

in Equations (IV. 17) an5 ( IV. 18) . 
. . .  

8 F PCOLL Pressure a t  which olad collapses. 
- .  

see Pco 1 pg in Equation ' (IT. 19 ) . 
~ o t  neehe8 L$ cards j j gg+ i  a r e  
supplied. 

. . . . 

908 1. F . . .  F ~ C O L  friction factor p i n  Equation 
(1V.17) re la t ing  {he fuel-clad 
*a1 s l i p  force t o  the excess 
of pressure above PcollaFse 

2 - - .  . .  F .  M " M m .  .. .&nimum.. time s tep  ..- .the, size: . . . . . . .  

a '" t r ivialv time s tep - t o  
. . .  . . be  taken when conditions . . 

prevent a sizable time step. 

3 F SIGMA Fuel cracking stress-see $ 
in Section 111. 

SUPER 

. . 

ECCEN 

. .  , 

. . 
m s s  

Excess compiiance associated 
w5=bh a crack. See C in Equation 
(111.2) e t  cetera. 

Pe l le t  eccentricity or lodged 
chip dimension. See c i n  
Eyua-Lioi~ (IV. 22). e. 

Fuel emissivity-replaces EMISSF 
on card 4002 i f  EMISSF not 
supplied. See Equation (11.26) . 



WAPD -TM - 13 00 

Caxd Ehtry . . Type Nme Significance 
. . .  . . . . .  . . .  .r ... , . . . . . . . .  ,, . . . . . . .  . . . . . . . .  . . . . . . . . .  - .  

. .  909 1 . .  . . .  
F RFACTT Tensile anisotropy parameter R. . . . . . .  

. See Equation (11.1) of Reference (4) .  
. . .  

2 .. '.F ' PFACTT Tensile anisotropy parameter P.  
. . . .  . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . .  ..: . . . . . . . . . .  ,.. : 

3 F RFACTC . .  . . .  . . Compressive anisotropy parameter R. 
. . .  . . 

4 F PFACTC Co~nprassive: m?.in ,:,+,ropy pmamc t c r  P. 
. . . .  

5 F XNPRP Conbob variable-set t o  1.0 
for  alternative input of material 
prnplr\rt,qr ~\;lr~ame.l;e 1:s c ,r I c u l l s  
1645 and 2645 instead of cards 
1 6 ~ ~  and 2 6 ~ ~ .  

F KfCEPCiO-LNG Control variable for  ffdebug't use. 

7 F COMPRATIO Corresponds t o  R in Equations 
(~1.19)  and ( ~ 1 . 2 0 ) .  Limits 
change in. effective compliance 
due t o  change in estimated 
time step. 

8 F -S M i n r i n n ~ m  va1,iie of h i n  Uathermai 
creepw representaticn (A.I.5). 

9 10 1 F FT4SUP Value of slipping force between 
rod and support. See 
l.11 (IV.0). NuL 

. . 3299+I are supplied. 
. > 

F FSUP Compressive force acting on rod. 
Not needed i f  cards 595+10:Icycle 
are supplied. 

Product of support s t i f fness  
..times rod length. 

Ratio of support thermal ex- 
pansion t o  clad thermal ex- 
pansion. 
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' " ' . ' . ' *  . . . . . -  . - 

910 . .  7 
( ~ o n t  ' d )  : ,  . . 

- - 

Reference temperature in 
f,texcess temperature" 
representation of fuel-clad 
axial  interaction. Corresponds 
t o  TA in Equation (IV.20). 

, . ." . 
"i ' 

8 ' . F '  WAX Force coefficient in "excess 
temperatureft representation of 
fuel-clad axial  interaction. 
Correspcmds t o  pT in Equation 

, . .  . . . _ _ .  (IV. 18) . 

F ,GAPOVR Tolerance for  over closing gap. 
Corresponds t o  d i n  (IV. 20) .  

2 F . . *  SLIPOVR 

. . 

3 .  F . FGAPOVR 

# .  4 F :mom 

Tplerance for  reverse sl3pping. 
Corresrnnds t o  d in (IV. 14 ) .  

Tolerance for  tens i le  fuel-  
clad r ad ia l  interaction force . 

. Tolerance for  axial  interaction 
force above s l i p  1-t. Cor- 
responds t o  f i n  (IV.15). 

. . hknmmm value of f'uel-clad 
~ ~ L i a l    lip foroe. 

, . . .. . , 
. . Mumnun value of rod-support 

s l i p  force, . . 

7 F GAPOSC Value of change in gap s i ze  
corresponding t o  " jumpff term 

.. . . . . . ( bvl) above which the, change in 
gap size i s  ffsoftenedu t o  

. . . reduce anomalous temperature 
osci l la t ions . 

8 F GAPLLM Value of change point in re- 
presentation of Q in Equati n 
(I. 3). Nominally 0. 48x10-9 inch. 
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. . 

912 1 F l3IEiwMAX Maxirmvn change of temperature 
t in a time s tep .  Establishes 

limit on htk supplementing 
. . 

(VI.27) 

Coefficient  i n  Equation 
(VI.27). EstnhS.iohco to lorable  
fract ion of ncJninnl_ r ~ . t , ~ :  i n  

control l ing temperature changes. 

I 
TI F lw!-;ti~ - Reference t,em~e:ri~l;ue f o r  fuel, 
J 

See (IV.27). 

i t ~ c t i v a t i o n  energy" f o r  fue l .  
See ( ~ 1 . 2 7 ) .  

,5 F TREF-C Reference temperature f o r  
cladding. See (VI. 27) . 
lActivation energy" f o r  
cladding. (see V I .  27). 

7 F SGJUMP Used in 1 . 3 ~ t  on time s t e p  based 
on Yjwnpff in creep r a t e .  

8 F CRJUMP Used i n  l i m i t  on time s t e p  
based on "jump" i n  s t r e s s .  

913 1 F CRAKOVR .Tolerance on cracking s t r e s s  
u ~ o d  i n  cracking time s t e p  
limit. Expressed. as fra.ctri.on 
.of 8. See ( m i  ). 

F C ~ S O V B  Tolerance on crack closing used 
i n  alack closing time' s t e p  
limit. See (VI.2). 

F EDOT-ROBOT Time s t e p  l i m i t  f o r  ffdebug" use. 
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913 4 F EDOT-CYGRO - Corresponds t o  S* i n  (~1.18). 
( ~ o n t  ' d )  Used in time s tep  l i m i t  based 

on change in s t r a i n  hardening. 

F NOM-CREEP 5 ' Norriinal value of creep r a t e  
serving t o  soften time s t ep  

9 - .. .. ,.. . l.Mt ( rn . .~4)  ..:. . .,- - .. . . . .;.... , ;. 

6 F NOM-ST'S Nomiha1 value of equivalent s t r e s s  
serving t o  soften time s t ep  

> .  

l imi t  based on proportional 
change in equivalent s t r e s s .  

7 F JUMP STRN  action of SIZERATIO (&try 1 
on Card 907) which can r e s u l t  

. , . .. . . -  - ,from. creep- strain' associated .. . 

with ".jumpu in stress .  Limits 
s ize of time step. 

8 F TAU-RFT , m e  s tep  ,lW.t f o r ,  ltJdebugtr use, . 

. , .  . 

9 14 1 F RODSPAN Component of "debug" time . .' 

s tep  l i m i t .  . . 

. . 
2 F BOW ERROR Component of ""debugflJ time step 

l i m i t .  

1000 I=l for  fue l  and I=2 fo r  cladding. 
. . 0 ., -. 

1 F N q I )  Number of r a d i i  bounding f i n i t e  
elements i n  region I. Note 

. . N R ( ~ ) + N R ( ~ )  < 32 and NR(I) 2 2. 

Number of  gas pore categories 
(fuel  only). Value 0 S , N G  S 5. 
I f  NG = 0 the 120K cards are 
not  read. 
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. . 

1000 .6 F QGMAX(I) Heat generation a t  f u l l  power ~ 

( ~ o n t  ' d )  'expressed in terms of o r ig ina l  , 

volu~ie . 
F S.TEN. 'Surface tension of gas Wres  

( f u e l  only). 

Corresponds t o  Roo I n  Equations 
(v. j) and (v.4). Erovides 
ocaling of -c3timated "escu$i.l;y; 11. 

2 F RSP Corresponds t o  S i n  Equation 
. . (v.2). Accounts ?or e f f e c t  of 

.. . 
, . mater ia l  "yie ld  skress . 

1100 1 

through 
IOgg+NR 

NR cards with Kr = I t n  NR(1). 
Radius of surfaces bounding 
the f h ~ t e  elern~ents in region. I. 

NG cards kith'K = 1 t o  N%. " ' 
g To-t;B1 vo:l.~lme of.' mres i n  gore 

citegory K 
g' 

Total  volume of region i n  
pore category K 

E' 

8 F - MFT(%) IIJwnbcr bf pore3 pcir ~t 
volume in pore category K 

g.' 

1 x 0  b to 3 F RAI,PHA(R., C , Z) Radial,  circumferential. and 
ax i a l  f ac to rs  f o r  thermal 
expansian. 

F RV(R,C,Z) Radial,  circumferential  and 
ax i a l  f ac to rs  of swell ing (Eor 
region 1) or growth ( fo r  
region 2). 
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C=d - Entry . . . , :Type, Name Significance . 

1400 . , 1 t o  3. . F . ..P(i).; i = l , 2 , 3  , Three pressures used in tabula- ' 

. . .  t i o n  of RVP(1, J )  on cards 

. . 1 6 ~ 0 .  ~ ( 1 )  < ~ ( 2 )  < ~ ( 3 ) .  

1610 1. F T m T ( J )  Data f o r  tabula t ion of temperature 
1620 deperlderlce lirl Regim I. 5=1,2,3,4. 
1630 : ' ' 

. .. - .  ... , . .  . - ..*. 
Tabulation 'temperature. . . - 

1640 
: 2  . , . . . F  ALPHA(J) Thermal expansion coef f i c ien t  

a t  TEMPT( J )  . 

. 3  F. ET(J) M9dulus of e l a s t i c i t y  a t  TEMPT( J)  . 

Poisson1 s r a t i o  a t  TEMPT( J) . 
Thermal conductivity a t  TEMPT( J )  - 
f o r  clad region only ( ~ 2 ) .  

6,798 . . 
F RVP(~ ,  J ) ;  Pressure dependence of f u e l  - - . .  

i=1,2 ,3  ". ' swelling' a t  t e m p e r a b e  TEMPT(J). . 

K = l  t o  3 fo r  tabula t ion of 
f u e l  proper t ies  with FDOT from 
card 900 f o r  Ll and f o r  tabula t ion 
of cladding proper t ies  with F 
*om card 900 f o r  L 2 .  N d t  'used 
i f  XNITRP 01-1 card' 909 5 s  3 c t  t o  1 , O .  

F CE"L'(K,J) Exponent in creep coef f i c ien t  

f o r  thermal creep. See ~ q u a t i o n s  

. . ( A . I . ~ )  and (a.1.3). 

3 F \;FT(K,J) Exponent of s t r e s s  in "steady 
,. .. . .. .. .:. s t a t e "  creep. See. Equation . -- 

@.1.3). 
. . .  

4 
.. . 

F PFT(K,J) Exponent i n .  coef f i c ien t  of 
.a: , .  . 

. . 
strain hardening parameter f o r  

. . .  . . . ' , _ I  thermal creep. See Equation (AJ .1 ) .  
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I6JK 5 F QFT(K,J)  .. . Component i n  exponent of s t r a i n . .  - .  

( ~ o n t ' d )  . . . . hardening parameter for  thermal 
creep. See Equation (A. I. 1 ) .  

. . . . . . . . . . . . .  . . . . . . . . .  . . . . . .  . . .  ... ..-. - -"., 
6 F WCS(K,J )  Exponent of s t r e s s  i n  thermal 

. . .  
creep. see Equation (A.I.  1 ) .  

1641. 1 t o  12 F CF'I"(K,J ) Used only i f  =P on C a r d .  909 . 
, . . . .. . i s  s.et t o  1.0. Twelve values of 

C(K,J)-Exponent i n  creep coef- 
- - - .  - - ficiant l o r  Cncrmai creep. See - 

. . .  Eq~~at ions  (A.I. 1) and (A.I. 3)- 
The values m e  given 30 t h a t  thc 
f i r s t  three vdues  correspond t o  
the value of  TEMPT(^) given on 
card 1610, the second -t;hree cor- 
respond t o   TEMPT(^) from card 
1620, e t  cetera. 

1642 . , . 1..to 12 F GFT(K,J)  U s e d o n l y i f  ~ o n . c a r c i - ~ 0 9  , 
i s  set, t,n J - 0 .  Exponent, o f  S ~ ~ P S ~  

i n  "steady s ta te"  oreep, See 
Equation ( A . I . ~ ) .  See card 
1641 fo r  format of card. 

1643 1 t o  12 F PFT(K,J )  U ~ e d  only i f  XNPRP on card 909 
i s  s e t  t o  1.0. Exponent i n  coef- 
f i c i e n t  of s t r a i n  hardening 
pa~?emeter for  tllwmal creep. < 

See Equation (A.1.1). 3ee 
carrd s6h1 for fnrmnt, o f  cnrd. 

1644 1 t o  12 F QFT(K,J)  Used only i f  XNPRP on card 909 

. . 
i s  s e t  t o  1.0. Component in 

. 
- .  . . ., .., , . exponent of s t r a i n  hardening 

parameter fo r  thermal creep. 
See Equation (A.1.1). See 
card 1641 for  format of card. 
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1645 1: t o .  .12 .F ,WCS(K,J )  Used :only i f  XNPRP , on card 909 . 
. . . . .  . . .  . . i s  s e t  t o  1.0. Exponent of s t r e s s  

. , . . 
> .  , . . ,  i n  thermal creep. See Equation . 

. . .. ' . , ( A . I . ~ ) .  See card 1641 fo r  
format of 'card. 

. _ .  

1700 1 F CLIN Coefficient i n  f i s s ion  ra te-  
. . .  . . .  . . . .  . . .  c . - : . f for - fue l j -  or f lux-(for clad) . .  

. . . , dependent . creep ra te  expression. . . 
See Equation I IH(~)  - of ,Reference '4. 

*. . 
. . . .  . . . . .  . . .  

" 2' F ' CPOW Coefficient i n  non-lin? ar 
. , .  f lux  dependent creep expressim 

. . . _ _. .:. . . f.or clad.. See. Equation ..IIH(~) . . . . . . .  

i n  Reference 4. . . 
. . . . . . 

F XPOW 

. . 

Exponent i n  nonlinear flux de- 
pendent creep expression fo r  
clad. 

. . . .  . . . .  . . . . .  . . .. , . , ., .- ., . 

4 . F . EINT Value of tint used in i n t r ' k s i c  . .. 
. . .  

. . . , .  s t r a h  r a t e  expression fo r  clad. ..: 
. ,  . See Equation I I H ( ~ )  of . 

Reference 4. . . . .  . . .  
. . 

6 F ATRAN Coefficient i n  t rans ien t  f l ux  

. . , . . . . . dependent creep of . cladding. . 

Fluence (integrated f lux)  
coeff ic ient  i n  t rans ien t  f lux  
dependent creep of cladding. 

Scale factor  fo r  fue l  swelling. 

. . . . .  . . .  . ,  ' F '  ,T*. 2800 . 1,3,5,7 . .  . .,. 'Values of time in *balmlation of 

through . f a s t  f l ux  a t  f u l l  power. Up t o  
I 

28 24 . . .  
100 values of time can be given. 
4 values &el7 log ica l  cmd. 

. . . . . . . . . . .  . . . . . .  + . . :  _. ._ . . . . . .  . , . . :_ _. :. 
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28IJ . 2,49698 F ' FLUX Nominal value of f a s t  f lux  a t  
( ~ o n t ' d )  : * . .. . f u l l  power corresponding t o  

. . . .  . , .  .. '-, . .prececthg time. The f lux a t  a 
. ., ' 

given' time is  obtained by 
linear interpolation of the 

. . <.. . . . tabulated. values. Note tha t  this 
differs.  f ' r o m  CYGRO-3. 

. . , .. . .- . 8 juol '  ' - up t o  F ','RADIUS Radii a t  which re la t ive  pwer 
, '  c.l:ist;umlhi~T~-io~. i s  t o  be opooificd 

i n  fueL D i s t r i b u t i o n  ,is uniform 

. . i f  this card i s  no t  supplied. 

3 0 3  Up t o  F RADIUS Radii a t  which re la t ive  power 

NRc dis t r ibut ion is t o  be specified 
in cladding. Distributian i s  
uniform i f  ca.rd i s  not' supplied. 

Reactor time a t  which following 
:power Clis WibuM.on applies . Up 
t o  10 values of time may be 
given. Distribution unchanged 
af te r  l a s t  time. 

Relative power level  a t  each 
value of radiun given nn c.a-ds 
3001 and 3003. The pk i n  
h'quation (11.1) are the values 
obtained by l inear  interpolation 
of ~ ( r )  t o  the r a d i i  given on 
cards 1100 through 1099+Nr. 
Note tha t  ~ ( r )  i s  re la t ive  
powe~' . The program normalizes 
the values so tha t  the average 
power leve l  i~: ao op2ci f ied  by 
the average power input. 
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3300 1,3,5,7 F T S m i  

through 

Values of time in tabul.ation 
of support s l i p  force.  

3324 
2 , 4 9 6 8  F FS:UPMX i Values of support s l i p  f o r c e ,  

, . corresponding t o  preceding time. 
Supp1an.t ent ry  1 on card 910 
i f '  given. 

3400 1;3,5,7 - .F , . . ~ o L A P ~  . V a l e s  of time i n  tabula t ion 
through of clad collapse pressure. 

F COLiAPP, Values of c lad  collapse . . .  
< .  i. . I 

pressure corresponding t o  pre- - 

ceding time. Supplant en t ry  8 
on card 907 i f  given. 

4000 ' 1 .  F ENGFACT Design f ac to r  multiplying con- 
duc t iv i ty  of f u e l  given by 
Equation (11.20). 

2 - F PORE. j. . CORR Porosity correction coef f i c ien t  

. . 
p in Equation (11.20) . . ... .., . . . 

. . 

3 . .  F WEIGHT PC Weight f r a c t i on  of UG2. Used . 
i n  representa t ion of thermal 

. .. .., 
conductivity based on inpu t  f'rom 

. .  . a ? ;  .card 4003. 

. . 

4 . . F DENSITY Ratio of observed f u e l  densi ty  . . 
t o  theore t i ca l  density. 

400 1 1 F The term A in Equatim (11.20) 
has the  form A.= A0+AI~+A3$ 

2 F where U i s  the  weight perLcent 
of U02 from card 4000. 

3 A2 

The term B i n  Equation ( 11.20 ) 
has the  ful-rn &130+E1U+B2U2. 
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4001 5 
( ~ o n t  d )  

"1 ) 

7 .  .F c The term C in Equation (11.20). 

8 F . D  The term D in Equaticn (11.20). 

SI IT~ ;~CP r ~ ~ . ~ & e s s  bf' fue l .  
Corresponds t o  Rf in Equation 
( I  1 , .  , - - - - - - P - - - .  

2 .  F . R2 Surface roughness 'of cladding. 
Corresponds .Lo R i n  Equation 

C 
(11.24) . 

3 F HARD Meyer' hardness' of harder. si.l'rface. 
Corresponds t o  H in Equation 
(11..24). 

M s s i v i t y  of fue l .  Correspnds 
t o  11 cf in Lquat ion (11.26). 

5 F EMISSC Qnissivity of cladding. Cor- 
yesponds t o  11s' 1% Equation 
(11.26). c 

Correlat ion constant allowing f o r  
pressure act ing a t  points of so1j.d 
contact  even when f u e l  and clad 
a re  no t  in contact.  

. . 
7 F CCRACK . Coefficient. of crack effect . . 

on hea t  conduction i n  fue l .  
Corresponds t o  cu in (111.~12). 

8 GASCON Design coef f i c ien t  multiplying 
value of K - given by (11.8 ) . 

mix 
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F GFG 

NATM 

, . 
Jump distance for  f i ss ion  gas 
a t  reference temperature and 
pressure. Correspnds t o  g 
i n  Equation (11.3). f g  ' 

Jump distance for  i n i t i a l  f i l l  
gas a t  reference temperature 
and pressure. Corresponds to  
g... in. Equation (11.30). . . 
1 

Ratio of i n i t i a l  gap'volume to 
the ' t o t a l .  volume of i n i t i a l  gap . # 

. . 
plus i n i t i a l  plenum size. I .  

I n i t i a l  pressure of f i l l  gas. 
,. . . 

- 5 .  F ALPHAFF - Atoms of f i ss ion  gas produced 
per f i ss ion .  

6 . .  F .% RATIO ... , . . + .  Ratio of rod. average,,,fissions/cc 
t o  local  fissions/cc,. I f  t h i s  
i s  'given as 0.0 the values are . 

. , supplied on the 4020 card ser ies  .. 
Tkiis value i s  used in calculating 
the gas 1-eleased in to  the plenum 
and fuel-clad gap. ,. 

. . 

7 F ALPHAHE Number of helium atoms produced 
fiooion. Tlzis i s  used Lu 

calculate .ternary f i ss ion  helium 
. .. 

.release.. 

8 F DELTAHE Fraction of helium released. 
This  i s  used in the calculation 

. . 
of ternary f i s s ion  helium 

.. . . release.  

40 20 1 t o  8 F f average Tabulation of aver age depletions 
through (odd nmbered entr ies)  t o  local 

4029 f loca l  depletion (even numbered ent r ies ) .  
t o  40 pairs can be given. 

l l d s  i s  used i n  the  calculation 
of gas release . 
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4 0 3  1 t o 8 .  F EFPH Tabulation of effective f u l l  
through . . power hours (EFPH) as odd aver age 
4039 numbered values with aver age 

depletion as even numbered 
values. Up t o  40 pairs cSn be 
given. This i s  used i n  the 
c d  culation of gas release. 

!10'10 
through 
4049 

7. t o  8 F l - U 3 W E  Tabulation of f ract ion of f is- 
E' EFPH sion gas release t o  cffcctive 

f u l l  powcr homo (EFPH). Thc 
release fractions are given 
as the odd numbered entr ies  
and the effective f u l l  power 
hours are  given a a  even numbered 
entr ies .  UP t o  40 pairs can be 
given. This i s  used i n  the cal- 
culation of gas release.  

5001 1 F FISS/POW Fissiurl  rate per wit beak 
generation ra te .  The f i ss ion  
r a t e  i s  t ,he p~nCfilc-h of nominail. 
max5.mum power level,  nJ.+MB.X, 
from card 1000 and the re la t ive  
peer from cards 593+10*Icycle. 

T>esi.gn factor multiplying the 
amount of swelling given i n  
swe :l..l.in,g t a b l e  s . Xe s not af f e c t 
the ool ic i  fiooion product com- 
??pent of swell%ng. 

Average f 0.3% f l.~ix for  uoo' in 
"steady state1' cladding 
growth correlation. 

. , . .  . .. 

Nominal temperature for  use $I 
cladding growth correlation. 



. . . .. . . 1 .  87 WAPD -TM-1300 

Card , &try Ty-pe- Name Significance 

,5001 . 7 , .  
( ~ o n t  'd.) 

Coefficient of fluence in 
cladding growth correlation. 

Nominal maxirmun fluence used. 
i n  cladding growth correlation. 

Ratio of f a s t  f lux  a t  f u l l  
power t o  nominal values given on 
cards 2800 through 2824. 

Ratio of heat generation and 
f i ss ion  ra te  ,at  f u l l  power to 
the nominal values obtained 
from QGMAX on the 1000 card 
and FISS/POW on the 5001 card. 
, W s  r a t i o  also affects  the input 
from card 5003 .when t h a t  card 

, . .  appears. 

1 50°3 . .. . . . . . . . , . . . . . %otd ,, . ..- Nominal . . surf ace heat, f 1% 2 .  
a t  f u l l  power in ~tu/hr f t  . 

. . Supplants the average heat 

generation QGMAX on card 1000 
% .  i f  a positive value i s  given. 

Scaled by PRATIO on card 5002. 

' 2 ' .  d F'. 1. . Q  
f i ss ion  I\TomInal surSace heat flux a t  

. .  . f u l l  power from heat  generated 
. .. by f iss ions.  Used t o  compute 

. . . a 

f i ss ion  r a t e  a t  f u l l  p o F r  i f  
: .  

' a positive value i s  given, 
supplanting the resu l t s  obtained 
by use of FISS/POW on card 5001. 
Scaled by PRATIO on card 5002. 

. . . . 

' 'EfGs ion lkergy per f i ss ion  event. 
Used i n  computing f iss ion - * , . 
r a t e  a t  f u l l  power. Frogram ' 

uses default  value of 175 ~ e v /  
f i ss ion  unless a non-zero value 

O* Efission 
i s  given. 
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Card . Ehtr y Type Name . . Sigi-iificance .. . .- -? . . ..  . 

6001 
through 
6005 

These cards correspond to the 
two primary fis'3ion gases (6001 
and 6002), helium (6003) and 
the two priniary volat i les  out- 
gassed by the fue l .  

1  - F . ~(1) - Coefficient of gas conductivity. 
Corresponds to  a i n  Pquation (11.28) i 

Lxponent of -t;emper8atu-e Ll gas 
conductivity. &rr'esponds t o  n .  

1 
i n  Equation ( 11.28 ) . 
Molecular wei-ght of gas. Cor- 
responds t o  Mi in Equation 
(11.29) : 

P . . i t " '  

4 F W(I) Go~ume of vdiati le ' .  &;ks 
: (6004 and . . released p r  u n i t  volume of 

6005 (cards fuel .  Appears only on cards 
o n l y  

. .  . 6004 alci :6005, Us'eci t o  calculate , 

t,h.e nyber  of atoms o,f. vokatiles. 
. . ~. . .  . . ... %., .. . . . . .  

, . 

60 ZL) 7 F ' T, (D~EECT ) Time a t  which  ol:a.d. perforation 
. . .  . . becomes effective.  For times 

@-eater than t prfy at$.orl 
the gap conctuc IVI y epends 
on the steam conductivity re- 
~ reaen ta t ion  of Section I1 
rnthcr than the gas condi-~r.t,bw.t.y 
representation. 

2 F - STEAM JUMP 1 1  Tempera ture jump d i s  tance'" 
for s tegm f i l l e d  gap. Cor- 
r c ~ p o n d s  t~ gr i n  R j h a t i o n  ( 1 1 . 3 7  1, 

3 F - C(OX1DE) Therma 1  c o n d u c t i v i t y  o f  
ox ide  f i l m  on s u r f a c e s  o f  
c ladding .  Used in. c;sPcu~la t ion  

O f  Q o i r d e  
i n  .Equat i,nn ( 1 1 . 2 3  1. 
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Card Entrv T v ~ e  Name S ign i f i cance  
. . . ~ .  . . , . .  , . . . .  : . .  

C .  
i 

6 031 1 , 3  ,5,7 F TOXIDE Values of  time i n  t abu la t i on  
, . . .- . .o f  oxide thickness  a t  surfaces ' .  

. . . . . , .  . . . of  c ladding ( I = l  f o r  inner  
. . . . . .  s u r f a c e ,  I=2 f o r  ou t e r  s u r f a c e . )  

. . t 8 

2 ,4,6 ,8 F : OXIDETHICKi Values o f  oxide thickness  
corresponding t o  preceding 

. . ,. . . .. ' .  .,. time. Used i n  c a l c u l a t i o n  of 
. . . . . . .  ' -  . 

Poxide 
i n  Equation (11.23) .  

. . . .  , O .  - 
. I .  

( >.,. . ,, ,, 

6 040 l'L3.5 Y ~ Y  7.:: . F . : . T C R A C K ~  Values o f  temperature i n  
. , tabu l a t i o n  o f  r e  l a  t i v e  c rack-  

. . .  . . . & .  . ing  s t r e n g t h  o f  f u e l .  
- .  

2 94,698 F SCRACKi Values of r e l a t i v e  c rack-  
. , . , , . .  , J . . " ' .  ing  s t r e n g t h  o f  f u e l  (com- 

pared ' t o  72 OF) corresponding 
. . . .  .... . . to  preceding temperature.  

Used i n  definitio:! o f    qua- 
t i 0 n ~ J I I 1 . 5 ) .  . . . . . . . .  .; 

I .  ._ > 

6 045 1 F BETA Spacing. of pores a t  g r a i n  
. . ' .  : ,  boundaries co,n,tributing to  . . 

cracking .  corresponds 84 
, . . .  ., , : , . . i n  Equat ion,  (111: 7 1.: - ' . .  . . . . . . .  

. : . . .  2 " F .  ASTAR Rate c o e f f i c i e n t .  i n '  r a t e  of : : .  
: .: . . c losure  of c r ac  k;like pores .  

, I . .  . .  : ' .; . . . .  .: :-; .Corresponds to. a. i n  Equa- 
t i o n  (111.8). 

I . _ . . . . 

3 F QS UBA 'kc  t i v a t i o n  energy1'  i n  r a t e  
of cdosure of  c r ack - l i ke  

. . . .  _ . *  s 

pores .  Corresponds to Qa 
. . 

' . i n . ~ ~ i a t i o n '  (111.8);' ' 

. .  . . .  < . .  .. ,. . , 
4 F QS UBB "Ac t i v a t i o n  energy1' i n  r a t e  

..of cdosure o f  c rack- l ike  , . . 
pores .  Corresponds to .Q 

* . in  Equation '(111.8). . . 
b. 

99998 1 and 2 A I. D.  I d e n t i f i c a t i o n  parameter f o r  
Res t a r t  F i  le  & 1 lowing r e  - 

. . . . . . . .  s t a r t  of the problem. a t  a 
( .  . . . . .  .. , . 

2 .  3 . . :later date . '-". . " ' 

4 .. , . ' - ,, I '. VERSION, ,> . . , ;- :Version number parameter . . . 
for. Rektart P i l e .  
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- . . .  
. . 

Card En t r v  Tvpe Name P 
. , .. ,:. . . ' . . . . 

9999.9 . . 1 I NBEGIN Case number a t  which t o  begin 
.. . . . _ ,  . .  r e s t a r t  from a R e s t a r t  F i l e  

. . .  
. - . . w r i t t e n  i n  a ,  previous job. 

Res t a r t  begins a t  beginning 
. . . .. . o o f  case.  

. . . , . . .  . . . . 

-. ::.. , 2 , , .L ;  I - NFIRSTCASE Case number o f  f i r s t  case  
. ,. . . s t o r e d  on R e s t a r t  F i l e  being 

. . 

. .  - r e s t a r t e d .  The Res t a r t  F i l e  
o f ' a  normal job s t a r t s  a t  case  

< .  
. . . - number 2 .  A Restart Fi  l e  

. > .  . .  . .  . . . . w r i t t e n  on a r e s t a r t  may 
starL w i t h  a l a t e r  eaoc 
number. 

. . 

. 3  . . . . . . . . I . VERSION Version number Of R e s t a r t  
F i  l e  being r e s t a r t e d .  

. . . , 

. . , . . .  . 

B. Reactor O ~ e r a t i n e :  Data 

The r e a c t o r  opera t ing  h i s t o r y  can be thought  o f  a s  being divided 

i n t o  a  s e r i e s  . o f  r epea t ab l e  cyc l e s .  The inpu t  i n  an Input  Package case  
i 

then inc ludes  a.number o f  r e a c t o r  opera t ing  h i s t o r y  cyc les  supp l i ed  on the 

+ J  "History c a r d "  cards. These c a r d s  t ake  the fo rm 590 + 10 Icycle 9 

, . a .  , 

where I c y c l c  
runs from 1 to a maximum o f  30 and J takes  va lues  from 0 

d a t a  
through 9. 

~ a k d u  190 + 10 - Tcycle con t a in  two T n t ~ g e r  entr ies  : N 
cyr: 1e 

le . The cyc l e  i s  r epea t ed  a  number of times equa l  to the abso lu te  

value of  Ncycle. A nega t ive  value o f  L i n d i c a t e s  that t h i s  i s  the l a s t  cyc l c  
ayule .  The cyc le  c o n s i s t s  > o f  LCycle data. Lcycle must be l e s s  than  o r  

equa l  t o  30. 

ca rds  '590  + 10 Icycle + Jdata (Jdata > 0)  c o n t a i n  Lcycle F ioa ti ng 

P o i n t  e n t r i e s ,  r ep re sen t ing  the  r e a c t o r  s t a t e  a t  the r e a c t o r  time. The 
. . 

.. , 
con ten t s  o f  the cards  are '  a s  i nd i ca t ed  i n  Table V I I .  1 .  When the l o g i c a l  

ca rd  590 + ". '1 . ' '  . +. J conta ins  £ewe+ than L e n t r i e s  the 
cy.cle . d a t a  . cyc le  
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Table . V I I .  1 . . 

. . 
~ i t a  ori 590 + 10' I~ cle + J~~~~ cards 

. . ,  . . . . 

> .  

Data - 
Coolant pressure 

. . 

Coolant temperature 
, . -3: 

Relative power level  . , 
5 .  

. . . 594 . + 10 * .  Icycle . . 
Time increment from l a s t  datum 

. . .  

595 + 10 Icycle Axial force applied a t  support 
. . . .. . ,  

Support ax ia l  displacement 
. . 

597 + 10 Icycle Not used i n  current version 

5g8 + lo b m  'cycle, Not used i n  current version 

Pressure in fuel-clad gap fo r  use i n  
s t ruc tura l  calculations 
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program assumes t h a t  t h e  remainder  o f  t h e  e n t r i e s  a r e  i d e n t i c a l  to  t h e  l a s t  

e n t r y .  Thus ,  supp ly ing  a  c a r d  o f  t h e  form 605 ,  1 0 . 0  r e s u l t s  i n  a n  a p p l i e d  

a x i a l  f o r c e  o f  10 pounds th roughout  the  h i s  t o r y  c y c l e  and a l l  r e p e t i t i o n s  

o f  t h e  c y c l e .  

C .  O u t ~ u t  P rov ided  t o  F a c i l i t a t e  V e r i f i c a t i o n  of  I n p u t  

The program p r i n t s  t h e  d a t a  u s e d  i n  t h e  a n a l y s i s  a s  d e ~ e r u l i ~ ~ e i l  

from t h e  i n p u t .  The l a b e l s  p r o v i d e d  w i t h  t h i s  o u t p u t  a r e  s e l f - e x p l a n a t o r y  

when they r e p r e s e n t  a  r e c a p i t u l a t i o n  o f  the i n p u t  d a t a ,  b u t  c e r t a i n  d e r i v e d  

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

c u s s i o n  here..  

The d a t a  c o n t a i n e d  on the I6JK c a r d  s e r i e s  is  used t o  d e f i n e  t h e  

I 1  e x a c t  t h e r m a l l y  a c t i v a t e d "  c r e e p  r e p r e s e n t a t i o n s ,  f o r  h e  1 and c l a d .  The 

q u a n t i t i e s  l a b e l e d  DEDIDT cor respond  m id i n  Equa t ion  (A. I .  5) and the 

q u a n t i t i e s  l a b e l e d  DERIDT cor respond  to  Che second term i n  the  d e f i n i t i o n  

o f  ti i n  (A.1 .6) .  These r e  l a t i o n s h i p s  a r e  then  used  t o  c a l c u l a t e  k a t  .d 
0 = 1000 p s i  f o r  v a r i o u s  v a l u e s  o f  s t r a i n  h a r d e n i n g ,  h ,  and t o  c a l c u l a t e  

t4 

t h e  Itsteady s t a t e "  value of  Ld ( t h e  va lue  o f  i when 6 = 0 )  a t  v a r i o u s  d 

v a l u e s  of a a 

t2 

The e x a c t  f u n c t i o n a l  torm o f  a 1 0 ~  cladding based a n  E q a -  
g 

t i o n  (V1.4) and t h e  i n p u t  d a t a  on c a r d  909 i s  i d e n t i f i e d  as c l a d  "generalized 

s t r e s s "  and l a b e l e d  SG. 

P i n a  l l y  , the therma 1 expans i o n  d e f i n e d  by the i n p u t  q u a n t i t i e s  

ALPHA(J) o n  c a r d s  I6JO is g iven  f o r  v a r i o u s  s i g n i f i c a n t  v a l u e s  o f  tem- 

p e r a t u r e s  g e n e r a l l y  e n c o u n t e r e d  i n  CYGRO-4 a n a l y s e s .  
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VIII. R e s u l t s o f C o m ~ u t a t i o n s .  .., . . . ,... ; . .  . . . -. . 

The CYGRO-4 pr'ogram provides output a t  each of ,the History Card 

Times - the  times defined by the  time increments given on cards . , -  .,... . . 
, , 

594 + 10 Icycle . The'output summarizes the  data  a t  t h e  end of the 

h i s t o ry  s tep .  

:. - 
. .  . 

The f i r s t  l i n e  of..output includes t he  number of the  h i s t o ry  s e t  

in the  Input Package case, the  number of the  cycle in the  s e t ,  t h e  
. .. 

number of the  s t e p  i n  the  cycle. 

. .  - . . 
This is. followed by a recap i tu la t ion  of the  h i s t o ry  input and 

. . 

the  reactor  data  a t  the  beginning and end of the  h i s t o ry  s tep .  The,s,e., 
3 . .  . . . . .. . 

comprise the quankit ies i den t i f i ed  i n  Table VIII.1. This output can 

be suppressed by supplying a zero value f o r  ent ry  3 on Card 2; 

The next s e t  of data  'provides information on the  progress of ' the  

problem and gives the  values of var iables  which have a s ing le  value d t  

each rod cross 'section. These &e enumerated i n  Table VIII.2. Values 
. . . . 

are  given f o r  the  beginning and'end of the  h i s t o ry  s tep .  This output 

can be suppressed by supplying a zero value f o r  en t ry  4 on Card 2. 

The next  s e t  of data  displays the  r e s u l t s  of computations f o r  

each of the  f i n i t e  element r ings .  This s e t  i s  divided i n t o  f u e l  and 

clad regions ( K l  and W 2 ) .  Each f i n i t e  element boundary i s  then 

indicated by i t s  radius number - KR. The s ignif icance of the  var iables  



94 WAPD -TM - 13 00 

Table VIII .1 Reactor Data 

Variable U n i t s  Signif icmce. R. - 
I3'rIME' Hours Length of his tdry step. . 

QG/QW - Relative power level .  ' Actual.power 
level  i s  obtained as the product of 
the nominal'power and the re la t ive  
power. 

Magn5.t;udc of oupport foroo for  vrhioh 
slipping wi l . 1  occur. 

F'IS . RATE F'issions/cc*sec Volume averaged f i ss ion  r a t e  i n  fuel .  
Stated i n  terms of original fue l  
volume. 

DEPLTN F'issions/cc Volume averaged depletion of fue l .  
Stated in terms of original fue l  
volume. 

F. FLUX 2 
Neutr ons/cm s e c Fast flux. 

FLUENC ~eutrons/cm 2 
. . Time integrated f a s t  flux. 

P ( w )  Psi Pressure i n  the fuel-clad gap. . . 

UP C O W S  P s i  
pressure. See P 

collapse i r i  Equation 
(m.19). .. 
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Table VIII.2 Problem and Cross Section Data 

Variable . ' . U n i t s  . - . Significance . 

TlME Hours History time s m e d  from the  h i s to ry  
time increments. 

The'number of program controlled 
time . s teps .  

. . . . 
MIROB" , HC&S : ' .  he mo's't r e s t r i c t i v e  t h e  s t e p  f o r  

, .  . . . 
which* speci,al purpose, output can-be , 

.. . . ' _ . .  . 
provided with in te rpo la t ion  .' This ' 

. . 
: . i s  controlled by t he  input  var iables  

EDOT-ROBOT and TAU-ROBOT on ~ & d  9 i 3  
and ROD SPAN and BOW ERROR on Card 
914. 

.. . . . . . 

DD( M) inch . . Change in f u e l  diameter from i n i t i a l  
. . . . 

'": s i z e  . 
F/C GAP lo-3 inch Fuel-clad r a d i a l  gap. 

DD( C) lo-3 inch Change in clad diameter from i n i t i a l  
. . .  . . .  . ::. s i z e ;  . . . - . . 

FCOm. .Pounds/inch F'uel-clad r a d i a l  in te rac t ion  force.  

. . FCONZ . . .. . . .. ,pounds , &el-clad. ax i a l  ' i n te rac t ion  f.orce . 
. ., .-. . .  . 

FSUP pounds Rod-support &a1 in te rac t ion  force  . 
EZ(M) lo-3, inch/inch Fuel axia1"str;in. 

. ., , .~ 
EZ(C) . 10'~ elcli/inch Clad x i -a1  s t ~ a i n .  

ESUP lo-3 inch/inch Support ax i a l  s t r a i n .  

ESLIP lo-3 inch/inch Slippage between rod and support.  
. . . . 

. . . . 
EPsGz(C) lo-) inch/inch Axial component of f l u x  induced 

gmtli ~ I L  clad. . . 
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. . . . . . .  

. . .. - .  ...... ; :, 

i s  k d i c a t e d  in Table V I I I  .3. -This output i s  suppres'sed whenever ..$he. ,. ..I 

f i f t h  entry on Card 2 i s  s e t  t o  zero:. . . 

. . . . .  
. .  .. 

A second s e t  of tabulated output follows. As before, the region 

i s  indicated by the value of KM, while the fini$e element index i s  .KE. 
. . 

The.I.vwiables reported i n  t h i s  s e t  are l i s t e d  in Table VIII.4. This s e t  

i s  hot  printed i f  entry 6'0; Card 2 i s  s e t  t o  .zero. 

For debug purposes, the res,ults of densif icatipn cal.culations 
. . . . . . 

are printed when entry 7 on' Card 2 i s  given the value 3 .  ' ..These + data 

are  explained i n  Table VfII.5, 

. . 
. . 

When short ,  summary output i s  desired this can be obtakied by 

assigning the value 3 t o  the eighth entry on Card2.  This resu l t s  in 

the output of' the variables labeled TEMP,RADIUS,W~,E'V,VII,sR,SC,SZ,H, 

CREEP-R, CREEP- C,  and CREEP-Z w i t h  the significance indicated i n  Tables . 

VIII. 3 and VIII. 4. Since t h i s  data duplicates t h a t  given i n  other se t s  
. . . . 

of data, the user w i l l  probably want t o  get it only when -I;ilose se ts  are 
. . 

The f i n a l  block of data includes the variables l i s t e d  in Table 

17111.6. 

A t  the end of each Input Package Case the program reports a s e t  

of data f o r  t h a t  case and for  the rod history up t o  the end of the case. 
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Table VIII :3 :Materials Data -'and Tempe~ahres  . . . .  , .... : . i . .  ;. -- . . - ..... . . . . . . . . . . . . . . . . . . . . . . . . . .  

Variable Dimensions :, . , . ':.:' .- .:. .ST&if icance .<: . ... . ,: , .  ...... . : a :  ....... ' C  ... .. 

- .  , . : .  _ . . _ .  . . 

T E M P '  ' . . .  , : '  0 ~ '  .. "Temperature a t  radlusi KR,. ' 

RADIUS Inches Radius of boundary KR between 
. . . .  . . f i n i t e  elements (KR-1) : A d  KR. 

DED/DT Inch@s/~bh'hbG T & ~ J  generalized creep i t r a i n  r a t e ,  
drd/dt. 

. . . .  . . 
. . .  

DHm - ' Rate 'bf change of s t r a ik .  hardening 'a" ' 

dh/dt - see Equations ( ~ 1 . 1 6 )  and 
. . : . . . .  . . . .... . - ' ( ~ ~ 1 . 6 ) .  . .  . . i 

. . . .  . . . .  

Stra in  hardening - see Equations . -  ,,.; 
'(n'i'15) "(A,. 1 ; 5) . . . . .  

PB>- : ' :;. ; ... ps:i . '!: . . .  . .: / 
.!j :' : . f l ~ ~ & b s t a t i c ! ~  . cbmporierit . df s t r e s s  ' :' . .-  . 

( - I f f 1  + 4 + 0 ~ 1 1 3 ) .  . . 
. . .  . . . . ( . .  . '. . 

. . . . .  .... . . . , .  

TAVE OF Temperature a t  midradius of f i n i t e  
- , .. ',.: 

L .  . 
, . . . .  . . . .  . ':. ,element. . . . . . .  . . ... . . . .  I' . . , 

~n'/in' volume s t r a i n  - (v/Voriginal) - 1. 
. . . . .  . . .  I . . . .  , . .  . . : . . : .  . . ., . 

. . 
. _ _ .I . . . - . '  ;:. 

VH 1n3/in3 Porosity ( fue l  only). 
I '  . . . . . .  

.i . . - 
' . : .  . _  2 

. . ,. > . .  

VH(i) ; id, &3/in3 Porosity i n  pore category i ( fue l  only). 
. . . .  . . .  n .  . . . . . .  . . . . .5 ;.: . :  . . . -  . : . -  . . :,.;: .;.. <. 



Table VII.4 Stress and St ra in  Values i n  Fini te  Elements 
* A-, %. . % -" -..<,..- ,.--- . *- ,-.-. ..- .-- ..-- -- . - - 

Variable Units - Signif i c  ance 
> .  "-,. - - 

Pro uc t  of e l a s t i c  modulus and factor -6 
10 . 

SR psi  '. Radial component of s t r e s s  - erli 
. :. . 

S C Psi  Circumferential component of s t r e s s  -. 

Q2' 

3 2 .. . Psi flxlia.1 ooniplllent of s t ress  - 0- . 
. . .  . . .. . 3 

SG Psi Generalized s t ress  - a . See Equation 
(vr.4). g 

. . . .  . . 
EPSt.R i673 .. ~ c h / i n &  . -  . ~+di i l  . .. comp.oqent of total. s t r a in .  

EPS- C 

E+-R 

EL&S-C, 

Cigcumf-erential  component o f  t o t a l  s t r a i n .  

Radial component of e l a s t i c  s t ra in .  

Circumferential commnent of e l a s t i c  
s t ra in .  

:. . 

Axial component of e l a s t i c  $.train. 

Rdclial cirl~oneii-b of cpc.cp otrain , 
. . 

C i r c w e s e n t i a l  component of creep 
stra*.. 

&a& compqnent of creep str&. 

Wqrt@na *hev@ +*-8in.:. To f ind  
Wdividua> thegaJ  s t r a in  compo_nents, 
us,e factqas. give.,, a.. enkfies one. through 
%Fee.  on Cqds 1x.O and 2330. 

For f i n i t e  ehements in the.fue1,. 
*.e pzesence of cracks on s,ulf aces 
of- c,on-&ant ra,&us,. on., smSaces of 
c o ~ w t w t  agiquthal an&?., or om 
 aces of cor:ig.:La.1:I; z are adica;ted 
by 1"s. i q  %he appropriate column - 
A,,, 2.,., o r ,  3 .  
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. . .  
. . . . .  . Table VIII .5 Debug. Output-f o r  ~ e n & f  i c a t i on  Gal. culat ions .... 

- .. . . . . . . . . .  
. . -  . . . . .  . * 

: ..... . . 

Variable ' Units' - 'Significance 

. . PA Ps i  . '. 
. . 

The value of -2y/r from Equation ( ~ . . 2 ) .  
. . . . .  P 

., . 
SGAVE , P s i  . . The n o m a 1  average generalized s t r e s s  

* 5 ( p h z , d r o s t ~ c  + + %/cg),. 
. . . .  

. . 
where 1s e volume gf s o l i d  ' a s soc~a t ed  

. * . . . . 
s 

, . 
. ' - with, t he  pore category. 

. . . . .  . . . . . . 

SY 
. . P s i  The. d u e  of S i n  Equation (V. 2) .  
. ., . . . Y 
. . . . 

S C - p$iesec*inch/inch The value of 'll in Equation (.~.'2) .' .-  .- 
. . .  < .  . .'. . . . -. 

.... . . .. 

, . - ._. . . . :._ h _.. . . . . . . .  . . . . . .  . . . . . . . .  b.. . . . .  :.':." 
r-- :.*. . . , .. 



Table VIII. 6 Miscellaneous Results of Computations 

Variable Significance 

~ d r t i o n  df fuel-clad -a1 s l i p '  
force .arising from clad collapse. 
See Equations (IV.17) and ( ~ 1 . 1 8 ) .  

Portion of fuel-clad axial  s l i p  force , 

aris ing from pe l i e t  hourglassing . 
See Equation (131.17) and ( ~ 1 . 1 8 ) .  

.F'z(ExC~SS~LT) - - Poption -of- fylel-rJ.ari  a x i  a.1 s l i p -  - - -- - - 
force wising from thc ",excess te1!1- 
peratwe" representation. See Equation 
m . l e ) ,  A .  

Portion of fuel-clad axial  s l i p  force 
ar is ing from fue l  -eccentricity or - . 

lodged chips. See Equation (1v.18). 

STRAIN COMPARISONS Differences between s t ra ins  and values 
of s t r a i n  computed from the deformation 
meclianisms represented in the program. 
These provide. indications of the 
adequacy u f  t h e  convergence l imits  
in use. . . .  

AVERAGE F/CC 

- - 
HGAP 

Difference bctwem the camp.ltsr f i n i t e  
element "node pointlf forces and the 
values of these forces cu~nputed from 

: 
the s t resses  in the f i n i t e  elements. 

. - -. . Average dcpletion of cross-section 
expressed in terms A -  - of ini"t;al-in-l;elsrd 
volumo of o l a d d a .  . - .  

Average depletion of rod  expressed 
jn tcrmt: of ;irL LiaL ~ n ~ l - i ~ r n e  nf  fuc l ,  

Effective full. power hours._ , 

Moles of gas released from fue l  into 
fuel-clad gap .and rod plenum. 

- - - -  - . - -  . - - - - -  - - -  
Conductance of fuel-clad gap. 
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Variables fo r  the  present case include the nmber of times each time 
. . .  . . . .  . . ,,. . . . . .  - .  ,... . . 

s tep  l i m i t  determined the s i ze  of the tjme step, the highest, fue l  center- . . : . . . . . . . . .  . . . . ,  

l i n e  temperature, the largest  value of generalized s t r e s s ,  
. . . . .  : .  

and the 
ug.9 .: 

most positive value of hoop (circumferential-.) s t r e s s . a t . t h e  inside 
. . . . 

of the clad. Variables reported fo r  the problem include the rn- , .  
.. , - . . . . . . . 

diameter shrinkage, the maximum diameter increase, and the most extreme 

values of discrepancies between t o t a l ' s t r a i n s  ,and .the values of t o t a l  
. . .  . !  

s t r a i n  calculated from the combination of .elastic-,  ,thermal-, creep-,.. .. 
. . . . . .  . . . . 

growth- or swelling- and cracking- s t ra ins .  This provides a n  indication 

of the adequacy of convergence , l imi ts  &used the .problem. 
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Appendix I. CREEP RATE REPFUXENTATION 
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Thi s  appendix compares t h e  form of the CYGRO-4 creep r a t e  

r e p r e s e n t a t i o n  with t h e  r e p r e s e n t a t i o n  of CYGRO-3 and p re sen t s  c e r t a i n  
. : . .  . . . 

l i m i t s  dn the  values of  the c r e e p  r a t e  harameterk. The important po in t  
. . . . .  . . 

t o  u d r s t a n d  is  t h a t  t h e  CYGRO-4 cre'bp r a t e  model i s '  the same as t h a t  

i n  CYGRO-3;'  he only change is i n  the  form of the equat ions .  

A s  indica' ted iri ~ e f e r e n k e  (4), t he '  CYGRO-3 'comput'er program 

r e p r e s e n t s  h t he  "thermal creep" cOrnpOnent of beformatlor; r i t e ,  'by 
m ' 

( A .  I-. 1) 

where C ,  G ,  P, Q, and W a r e  i npu t  ma te r i a l  property parameters,  a 
g 

is  t h e  e f f e c t i v e  stress, and h is the  s t r a i n  hardening. The s t r a i n  

hardening changes a t  t h e  r a t e  

f, = 6 M -  k R  ( ~ ~ 1 . 2 )  

Steady s t a t e .  c reep  occurs  f o r  h = 0. By d e f i n i t i o n ,  t h i s  occurs a t  

= ,,C-3c, CI 
0 

' (steady s t a t e )  g 

Solu t ion  of ( A . I . ~ ) ,  (A.1.2) and ( A . 1 . 3 )  g ives  
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I n ,  CYGRO-4 the .  ! 'thermal cF&epw component of deformation r a t e  i s  
. . . . . . : . ,  

represented  by . . .  . . .  , ! .., 

where Qd, R and Wd a r e  i n p u t  mater ia l  p roper ty  parameters., u is the  
d . . g 

e f f e c t i v e  s t r e s s ,  and h i s  t h e  s t r a i n  hardening. The s t r a i n  hardening 

changes a t  a r a t e  . L. , ' . 
. . . . .  . . . ,. 

, . 

Comp.rison of (A.1.5) wi th  (A.  1.1) shows t h a t  Qd, Rd, and Wd 

a r e  r e l a t e d  t o  C ,  G ,  P, Q, and W by 

. . . .  . . . . . . .  : . _ . .  . . .  . . . . . .. ' . ., . . . _I. , . . - (G-W)/Q 
. < .  . 

(A.1.8) 
. . .  , . . , . .  . Rd . ., , , . ,  . . . .  

. . , a  ;.;.. ':. '. i ' . . b :  . , . . . . .  

and 
. .-.. 

Wd = W (A.1-9) 

. . . . .  
: ...: 3 .  . ' . .  

, . 

F u r t h e r ~ o r e , c ~ r n p a r i s o n  . . . . . .  of (A-1.6) with (A.1.1). (A.1.2);aAd (Al1.4) shows 
. . 

2 . .  I . 
t h a t  &c and Rr a r e  r e l a t e d  t o  C ,  G ,  P, Q, and W by 

and 
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A l t e r n a t i v e l y ,  C ,  G ,  P, &,-and  W can be expressed i n  terms of . &  d '  Qr, ~, 

Rd' 
Rr , and Wd by 

and 

Equat ions ( A . I . ~ ~ )  through ( ~ 1 1 . 1 5 )  have a zero denominator f o r  R = R . 
r d. 

. . .  

  ow ever, ~ q u a t i o n s  (A .  I. 3) and (A.  1.11)' s h o w t h a t  f o r  f i n i t e  Q, th3.s can 

occur  only i f  W = Wd = 0. This corresponds t o  the case  where e m  given 

by ( ~ 1 . 1 )  and td given by (A.I.  5)  a r e  independent of5 s t r e s s  - a mean- 

Since ' (s teady s t a t e  ) giver, by (8.1.3) must incrohoo a~ i nc reases ,  
. > ,  g 

G must be  posi t ' ive.  S imi l a r  reasoning from (A.I.  1 ) and (A. 'I ,B) .shot& t h i t  
: i . . . . 

.. ( ' .  

. . 
Use of (A.1.17) i n  (A.1.13) t h u s  l e a d s  t o  
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Returning t o  (A.1.5) and reasoning t h a t  a  s t r a i n  hardening ma te r i a l  w i l l  :,; 

have hk /bh .s 0, we s e e  t h a t  
g  

f o r  ma te r i a l s  of i n t e r e s t  i n  p r a c t i c a l  f u e l  rod a n a l y s i s .  Moreover, 

s i n c e  k 2 0 ,  
d 

F i n a l l y ,  the  f a c t  t h a t  h  w i l l  o r d i n a r i l y  no t  i nc rease  when k = 0 impl ies  
- .  . ... ~ . .  , - . . d 

., . . . .  ', . , . . . . .  . . . . . .  ... . . .  . . , * .  . . .  . . . :  . . .  .... . . .  . . . . . . . . .  . . . .  ..i . 
. - 

The r e su l t s . b re sen ted  i n  (A. f .  17) through (A .  I. 20)  cons t i tu te '  s i g h i f i b i n t  

' l i m i t s o n t h e  values Q d l . . & r ,  Rd, R r ,  and W ~ e y f o r m t . h e b a s i s f o r ' . .  
d  ' . . 

., ,.., . . .  
. . 

_ ! .  ,. .;. .;. ', ' . 

checks ,on-...the . values .' of   para meters' used i n  computations. . . . . . .  . . .  , . 
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. . 
LI'ST.IAG 'OF 'INPUT DATA FOR C.SE 1 " -CYCR U NJZWMA D 05/13/77 CFANTNP PAGE 2 

0q50 , ' 2620, 6.50+2 , 4.39-6 ,1.083+7 , 3.25-1 , 7.4-1 ' 

00.59. . :2621, 0 . 0  , - I .  884+1 , 3 . 8  , -5 .58# ,  , 2 . 0 4  , 1 . 8 5 + 1  ' 

0060 2622, 0 . 0  ,-1.:336+1 ,4 .71 .-4.66 , 1.30 ; , 1.85+1 
006 1 2623, 0 . 0  , - 1.479+ 1 ,5'. 52 ,-3.78 . , 6.4-1 , 1.85+1 
0CS62 2630 ,' 7.50+2 , 4.59-6 ,I. .  035+7 , 3.25- 1 , 7.33- 1 . 
0063 . 2631, 6 . 0  ,-1.977+1 , 3 . 8  ' .-4.61 , 2.04 , 1.85+1 
0064 2632, 0 . 0  ,-1.257+1 , 4 . 7 1 .  ,-3.16 , 1.30 ' , 1.85+1 
0065 2633,' 8'. 0 ,-1.518+1 ,5 .52 ,-1.85 , 6.4-1 , 1.85+1 
0066 , 2640,. 7 .50  1+2 ., 4 .  .59-6 , l .  035+8 , 3.25- 1 , 7.73- 1 
0067 2641, . .0 .0 '  ,-!.'D77+1 , 3 . 8  ,-4.61 , 2.04 . ,: i.85+1' ' 

0068 2642, 0 . 0  ,-1.257+1 ,4 .71 ,-3.16 , 1.30 , 1.85+1 
0069 . 2643, 8 . 0  ,-1.418+1 ,5 .52  - 1 . 8 5  ., 6.4-1 , 1.85+1 
0070 2700. 2.928-25, 2.46-37 , 4 . 0  , 1.0-4 , 0 . 0  , 0 . 0  , 0 . 0  
007 1 2000, 8 . 0  , 1 2+.14 ,2 .0+4  , 1.2+14 
00.72 ' 4000, 9.5-  1 , 2.11 ,3.0-1 , 9.6-1' 
0073 400 1 ,  6 .52  19 ' , -7. B628+ 1,2.135 18+2, 1.1585-2, 1.47 15- 1, -3.6054- 1 . l  .8+3 ,6.16+2 
0074 . 4002, 3 .2+1 ., 4.4+1 : ,1 .2+5.  , 9.5-1 , , 3 . 1  , " 0 . 0  98-96 ., . 
0075 4018, 2.18-5 , 2.34-4 ,3.26-1 , 1.0 ! 1 1  , 0.'0.". . . 

.,3.3-3 ,3.33- 1 ,  ,.! '. 
, . .  . : .  0076 4020. 0 . 0 '  ' . 0 . 0  ; l .20+21 , ,1.20+21 . . 

0077. . 4030, 0 . 0  ,, 0 . 8  , ,2 .4+4 . 1.10+21. 
0078 . 4040,. 0 . 0  9 0 . 0  , l .  0-3. , 4 ,'0+3 . , 4 10-3 . , '6; 0+3 ' , . l .  0-2 ,1 .2+4 .. .- 
0079 ' ' 4041, 2.0-2 , 1.6+4 ,3 .2-2  , 2.0+4 , 4.2-2, , 2.4+4 
0080 5081, 2.987+8 , 0 . 0  , 0 . 0  . ,  1.0 , 1.0+ 14 , 5.0+2 , l .  0-24,2.0+21 
008 1 6001, 3.768-5 , 4..5703+1,1.313+2 . . . .  . 

. . .  . 
0082 

. . 
6002, 2.160-5 , 5;5121+1,8.38+1 

0883 6003, 1.445-3 , 4.1659+1,4.003 
0084 6004, 1.2514-3, 4.3068+1,2.0159 , 4.4-3 
0085 6005, 1.5 116-4, 4.6223+1,2.801+1 , 1.76-2 . . .  
0086 , 6020, 1.0+5 , , 0 . 8  ,0 .79 
0087 6031, 0 . 0  , 0.,0 , 1.0+5 . , 0 . 0  . . 

. . 
0088 6832, 0.0'  , Q.t0 ,1.0+5 . 0 . 0  b :  

. . . . .: < . . . .  

0089 6040, 5000.0 , , 1 .80 
0090 6045, 3.0-5 , 1 .,0+9 ,1 .0+9 ,  - , 0 . 0  .: .. . 
009 1 600, 1 e -4 
0092 - 601, 0 . 0  2 . 0 + 3  ,2 .0+3 , 2 . 0 + 3  
0493 602, 7 .8+ 1 , 6'. 536+2 ,6.536+2 , 6.543+2 
0094 '603, 0 . 0  , 1.062 , 1.120 , 1.202 
0095 604, 1.8-2 , 3.654 ,8.60979+2, 7.8837942 
0096 609, 0 . 0  

. . 

66 I ' LOCATIONS USED BY I NP TABLE/L I ST ARRAY . 
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05/13/77 CFANTMP PAGE TEST PROBLEM FROM CYGRO-3 DOCUMEKT (REFERENCE 4) CASE -1 -CYG3 U NEWMA D 

ALF AEND 
0 .. FPLBM 

0. 
KPLEN 
0. 

SIZERATIO 
l.e)080E-03 

0 
0. 

DTPI I F 
1.0000E-05 

PFAC'BT 
3.3000E+00 

F S W  
0. 

SL I POVR 
l.O@QOE-06 

RATEFR4C 
1.80CiOE-0 1 

0 
0. 

s IGfW 
2.5BO0E+C4 

FWACTC 
2.3@00E+eQ 

KSW 
l.@S80E+00 

FGAF'OVR 
1.0.300E-02 

rnF - F  
4.0GJ003+03 

0 
0. 

0 
0. 

XNPRF 
0. 

0 
0. 

FZGME N 
1.0000E-06 

TREF-CI 
7.0@00E+82 

0 
0. 

0 
0. 

KEEP GOING 
0. 

ASUP 
0. 

FZSMIN 
1.0008E-09 

Q-C 
5.20003+04 

MU 
1.00003+00 

ECCEN 
0. 

COMPRATIO 
2.00003-01 

TAXREF 
0. 

GAPOSC 
1.0000E-05 

CRJUMP 
5.0000E-01 

PCaLL 
2. m00E+03 

EM I S S  
0. 

M1NBAN)NS 
1.8000E-@€I 

MUAX 
0. 

GAPL I M 
4.8800E-04 

SGJmfP 
5.0000E-01 

FRCOL 
2.5000E-01 

SUFER 
1 .,E0@0E+04 

EDOT-CYGRO , NOPI-CREEP NON-STPLESS JUMP STRN TAU-ROBOT 
1.9000E-01 1.0800E-05 1.0000E+03 1.0000E-02 '1.5000E-01 

ROD SPAN BOW E m R  
1.5000E+01 5.0000E-05 

FUEL PROPERTIES 

QGMAX 0 
5.0800E+64 0. 

RSP 
1.000433- 10 

RAD I US ( KR) 
0. 
5.00WE-03 
1.00QOE-02 
1.5@00E-0'2 
2.0000E--02 
3.0000E-02 
4. D0)QOE-02 
6.0000E-02 
CJ.0008E-02 
1.000GE-0 1 
1.2580E-0 1 

I-' 
H W  
H O  
0 



TEST PROBLEM FROM CYGRO-3 DOCUMENT (REFERENCE 4) . . . . CASE - 1  -CYGR 
. * . . . , 

. . 
. , . . ,  . 

. . . . 
0 0 0 VH( KC) V( KC) 0 0 

. t 1.0000E-02 .I. 00003+00 ; 

U NEWMA D 
I ,  ? 

. ' - .  
NET( KC) 
1.64003+08 

05/13/77 CFANTPP PAGE 4 
. <  . > 

C L I N  . . CPOW . - WOW EINT 0 ATRAN BTRAN 
0 .  0 .  . . .  ' 0 .  0 .  0 .  0 .  0 .  

' CLAD. PROPERTIES " '.'. .. . . . ! . :: , . . .  .. - . 
. , '... . . . . . 

S.  TEN. 
0 .  

IlJK 
2100 
2101 
2102 
2103 



TEST PROBLEM ,FROM CYGRO-3 DOCUM3NT (REFERENCE 4) . . . . CASE - 1 -CYGR U N E m  "D 05/13/77 CFMTMP PAGE 5 

CLTN . mow XPOW EINT 0 ATRAN ~m 
2.92883-25 2.460OE-37 4.08906+00 1.0800E-04 0. 0. 0. 

INPUT VALUES OF FAST FLUX AT FULL PO'dER WITH CORRESPOiYDING REACTOR TIMES. 

INPUT VALUES OF MAXIMUM SUPPORT SLIP FORCE WITH COHREBPONDING REACTOR TIMES. . . 
8 I 

1.0000E-09 . . 

INPUT VALUES OF CLAD COLLAPSE PRESSTEN WITH CORRESFONQING REACTOR TIMES, 

RADII FOR POWER DISTRIBUTIOI; 13 FUEL REGION ONE 
OPT1 ONAL CARD NOT .SUPPLIED 

RADI I FOR POWER DISTRIBUTION I I  FUEL REGION TWO 
OPTIONAL CARD NOT SUPPLIED 

M I 1  FOR PO\ER DISTRIBUTIW 1% CLjD 
OPTIONAL CARD NOT SUPPLIED' 

TIlm POhXB D I STR I BUT 1 ON- 
DEFAULT CASE. UNIFORM RADIAL POWER DISTRIBUTION. 

CNG FACT PORE CORR WEIGHT PC DENSITY 
9.5000E-81 2.~10@0E+00 3.O$N3BE-01 9.6080E-01 0. 0. 

. I 

R1 R2 ELlF.3 EMISSF EXISSC PCON IN 
3.20003+0 1 4.4000E+BI 1.20003+05 3.5000E-0 I 3.. 0800E-01 0. 

CCRACK GASCOE 
0. 9.6008E-01 

GFG GI G/G+P AATN ALPIIAFG F RATIO 
2.180BE-05 2.44003-04 3.250GE-01 l.t3000E+00 3.1BO0E-01 0. 

ALPEAEE DELTAKE 
3.3000E-03 3.3300E-01 



TEST PROBLEM FROM CYGRO-3 DOCUBElW (SLEFERENCE 4) CASE - 1 -CYGR U NEWMA ' D 05/13/77 CFANTMP PAGE 6 

A( I )  I( I )  nc: I) W( I )  
3.74803-95 4.5703E+01 1.31303+02 0. 0. 0. 0. 0. 
2.1680E-05 5.5121E+01 8.38003+01 0. 8. 0. 0. 0. 
1.49503-03 4.16593+0 1 4.8030E+00 0. 0. 0. 0. 0. 
1.25 14E-03 4.5068E+0 1 2.8159E+00 4.4008E-03 0. 0. 0. 0. 
1.51163-84 4.6223E+01 2.6010E+01 1.7600E-02 0. 0. 0. 0. 

WDEFECTI STEAM JUMP C(OXIDE) 0 0 0 0 0 
1.8000E+85 0. 7.9000E-01 0. 0. 0. 0. 0. 

THICKNESSES OF OXIDE LAYER A T  INNER SURFACE OF CLADDInG WITH CORRESPONDING REACTOR TIMES 

0. 1.0000E+05 
0. 0. 

THICKNESSES OF OXIDE LAYER AT OUTER SURFACE OF CLADDING WITH CORRESPONDING REACTOR TIPIES 

0. 1.0000E+05 
0. 0. 

CRACKING STRESS RELATIVE TO ROOM TEMPERATURE VALUE AT SIGNIFICANT TEMPERATURES 

5.0000E+B3 
1.0000E+00 

BETA ASTAR QSWA QSWB 0 0 0 0 
3.0000E-05 1.0000E+09 1.0000E+09 0. 0. 0. 0. 0. 

AV F/CC VS LOC F/CC 
.EFPH VS AV F/CC 
FR GAS REL VS EFPH 
0. 0. 1.2000E+2 1 1.2000E+2 1 0. 0. 0. 0. 
0. 0. 2.48003+04 1.10006+2 1 0. 0. 0. 0. 
0 .  0. 1.08003-03 4.0000k+03 4.0000E-03 8.0000E+03 1.0000E-02 1.2000E+04 
2 I0000E-02 1.6000E+04 3.20883-02 2.0008E+04 4.20083-02 2.4000E+04 0. 0. 

A17 V8 LOC F/CC TABLES CONVERTED FROM COMPAFtTMENT TO PELLET BASIS 

EFPH VS AV F/CC TABLES CDNVERTED FROM COMPARTMENT TO PELLET BASIS 

0. 2.40003+04 
0. 1.15343+2 1 

F ISS/POW 0 0 T- OR- DE.3 
. 2.98703+08, 0. . . . . 0. *. . . 1.0000E+00, 

,E;VS( PIEAT) .VS F/CC: TABLE 
. .  - . 

. . 
0. '1 .'0000Ei20 2.0&~+20 3.0'000~+20 

.O. .:., - , ; 5.8608E-03 1,. 4.000E-02 2.0000E-02 
.. . 

'8. h@&~+'ifi 9.0000~+20 1 ; 0000~+'2 1 1.1&8~+2 1 
6.30003-02 7.1000E-02 8.5000E-02 9.50003-02 

, .i '. : -, ," . . . . .  . .. 

WZGR TZGR I CZGR FLZGR 
.. 1.000@E+ 14 5.0000E+02 . , 1.0000E-24 2.0000E+2.1 . ,. . .. , . . 

I-' 
I-' 
w 
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. . .  . . .  . . . 7 -.. , : 

FUEL AND CLAD CREEP AND,THERMAL EXPANSION REPRESENTATIONS. . . 

. . . . . .  , . . 
. .  , 

. . 

F I S S I O N  RATE . 1 . 00E+12  FISSIOHS/CC.SEC : 

'EMFERATURE * .  . . .  
2 . 0 0 3 +  1 3  F I SS I ONS/CC. SEC 1.00F+14,-FlSSIONS/CC.SEC, . . . . .  . . 

. . . . : .  . . . . . . :. I . . . . .  

, . . I . .  . . 
2250 DED/DT 6 -0393-93*~**( -.853)1*~G*hd( 18.;5) .' 2.1933-92*~*%( - .863)&~**( 18.5). 1 : 0 9 9 ~ - 9 1 $ ~ * % (  : , - . 8 6 3 ) * ~ ~ ? i : ~ : . i " , ~ l 8 j 5 ) :  . . . .  

DEFVDT 5.3833-06*H**( .07 1 b 1.9543-05*H**( .06 1 ) 9.7953-05*H**( .06 1) . . . .  . . . .  . . . .  . . .  . :  .. , . . . . . .  
. . :  5800 D E D / D ~  4.6 13~-59*~**( -. 684)*SGrc*( " 18.5) 4.8313-60*~**i -. 6 7 2 )  *sG**( 18'. 5) 6 .982~-6 ~ 'YH*+(  ' '-. 672) *sG*%:(" 18: 53 '. DEWDT .3.6643+04*H**0 .240) . - . . . 3.8373+03*H**( , .253) 5.5463+02*H**( .253) 

C*, 
TRANSIENT CREEP AT 1 0 0 0 P S I  EXPRESSED I N  TEEPTS OF THE BARDENING PARAMETER I?.; ... 

. ., . . 
T E N P E T w ~  E;F' ' EDOT('I. 3 -51  EDOTC 2 .  - E 5 ) .  ' EDOT( 5. 3-51 ' '  EDOT( 1. 3-4) EDOT( 2 . ~ - 4 )  ' EDOT('5; 3-41  EDOT( 1. 3 -31  '' EDOT( 2. 3-3) .' 

ASYPIPIY)T IC  ( STEADY STATE) CREEP RATES.EXPRFbSSED AS A FUNCTION QF-STqESS 
a .. . .* .< , 

'EDOT( 5 . '3+2 EDOT( 1 . E+33 E D O T ~ ~  . 3 + 3 )  EDOT( 5 ..E+3) 
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CLAD THEWIALLY AC-TIVIWED CREEP UTE, DEWIIT, AND HARDZN I HG RECOVERY RATE, DEFUDT, . REPRESENTAT~ONS AT TABULATED VALUES 
OF FLUENCE AND TEMPERATURE 

FLUENCE 0 .  NErJTRCtNS/CH**2 3 . 2.603+20 REUTROBS/CM**2 ., 2.00E+2 1 NEUTRONS/CPCK*P 
TEMPERATURE i 

DED/DT 2.826 - 108M** ( 
DEWDT 3.583E-O2=H**( 

DED/DT 3.243-100xH**( 
DEIVDT 6.565E-03%H**( 

7 5 0  DED/DT 3.243- 100*H*w( -7.206)*-*( 18.5) 2.569- 102*H**( -10.608) *SW*( 18.5 ,  6.305- 108*H**( -28.281) *SfX*( 1 8 . 5 )  . 
DEWDT 6.565E-Q31H**( 1.663:l 7.567E-O%H**( 3 .623)  5.974E+01*H**( 8 .625)  

, . 

TRANSIENT CREEP AT 1000PSI EXPRESSED M TERMS OF THE FUFDENING PARAMETER H 

TEMPERATURE KF EDOT( 1. E-5) EDOTt 2 .  -E51 EDOTC 8.6-5)  EDOT( 1. E-4) EDOT( 2. E-4) ED0W 5. E-4) EDOT( 1. E-3) EDOT( 2.  E-3) 

ASYFIPTOTIC (STEADY STATE) CREEP RATES EXPRESSED AS A F'JACTION OF STRESS 
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CLAD *GERERALIZED.STIESS* FEPRESENTATIONS . . +  

FOR SC.CE.SR, SG = ( .397*(8R-SC)**2 + .31B3*( SC-SZ) **2 + 

FOR SC. L+;SR. SG * =  ( .99,7*.( SR-SC) **2 + .383*( SC-SZ) *a2 + 

TEMPERATURE 1760 ..I880 ' ' 20.00 S '  2128 . 2240 2360 ' .- 2480 :' 2600 2720' . ,2840 ,2960 3080 3200 3338 
EXPANSION 8816'.0 95121.4. 10237.9 . . 10965.8 11704.3 12452.2 13206L6 13967.4 14734:8 15500.7 16289.1 17075.9 17869.3 18669.2 . . 

TEMPERATURE 3440 3560 .3680 '3808 3920 4040 : 4160 - 4280 4400 . . . ' .  4520 4640 4760 4880 5000 
EWANSION 19475.5 20288.3 21 107.7 21933'. 5.  22765.8 23604.6 24449. 25301.7' 26 160; 0 27024.8 27896.0 28773.8 29658.1 30540.8 

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

. . 6 d TEMPERATURE 80 '100 120 140 '160 . . '  180 200 220 240 260 280 300 . 320 340 S I 
EXPANS ION 39.2 137.2 235.2 333.2 431.2 529.2 627.2 725.2 823.2 921.2 1019.2 1117.2 1215.2 1313.2 a.g . . ,  En 
TEWERATITRE 360 380 400 420 440 460 480 500 520 540 560 5 80 600 620 G 
EXPANSION 1411.2 1509.2 1607.2 1705.2 1803.2 1901.2 1999.2 2097.2 2195.2 2293.2 2390.9 2486.9 2680.8 2672.7 5 

0 
TEMPERA.= . 640' 660 680 700 '720 ' 740 760 780 . 800 820 840 86 0 880 900 
EXPANSION 2762.5 2850.1 ,2939;3. 3028.7 31'18.9 3209.9 3301.6 .3393.4 3485.2' 3577.0 3668.8 3760.6 3852.4 3944.2 

,. .. . . 
/ . '  ' 

ENQ OF ~,~~m*w*****w******~******u******************~******************************~*~**********~***~******~:~*~********~*** . . 
. . .  . . . . . . f  
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* ~ ~ ~ * ~ ~ ~ : ~ * * ~ * * ~ * ~ ' X * ~ ~ * % * ~ ~ * ~ * X Y Y % * * * : ~ ~ X * * * P * % ~ : I . ' * % X + Y X ~ * X ~ * * X X ~ * * * Y * * * * * Y * % * * ~ * * + % % X X H I S T O R Y  SET 1, CYCLE NlrMBER 1, STEP 1 
DTI ME QG/QGMA): T( WATER) P( WATER) FSW . MAX IS. RATE DEPLTN F . FLUX F1UENCE P( GAY) DP COLAPS 

0. 72.00 0. . 0  0 .  0. 0. 0. 0.  2000 
.0100 0. 78.001 0 .  . O  8. 0. 0. 0.  0. 2000 

TIPE I(TIMIE DT-ROB DD( PI) F/C GAP DD( C)  FCONR FCONZ FSUP EZ( M) EZ: 1) ESUP ESLIP EPSGZ( C )  
0. 0 0. 3.00 0. 0.  0. 0.  0.  3.  0. 0. 0. 

.0  10 1 1.0E+05 .O1 3.00 .O1 0. -.0 .0  .03 .03 .03 -.00 0. 

KM KR TEMP RADIUS 
1 1 7 8 0 .  
1 2 78 .06580 
1 3 78 .@I000 
1 4  78 .01500 
1 5 . 78 .02@80 
1 6 78 .83000 
1 '7 28 .84310@ 
1 8 78 .06000 
1 9 78 .08000 
1 LO 78 .1000Q 
1 1 1  78 .I2500 

PB TAVE 
-0 78 
-0 78 
- 0  78 
-0 78 
-0 78 
-0 78 
-0 78 

.-0 78 
-0 78 
-0 78 

ET- 6 
25.3 
25.3 
25.3 
25.3 
25.3 
25.3 
25.3 
25.3 
25.3 
25.3 

EPS-C 
.83 
.83 
.83 
.83 
.83 . a 3  
. m  
.B3 
.03 
.03 

ELAS-Z 
.OO 
.OO 
.OO 
.OO 
.OO 
. O O  
.OO 
-00 
.00 
.OO 

CREEP- 
@. 
0 .  
0 .  
0 .. 
0 ,  
0 .  
e .  
G. 
E.. 
8. 

R CBECP- 
8 .  
8 .  
I). 
9. 
-3 . 
3 .  
a. 
0 .  
0 .  
0 .  

-C CREEP-Z A- 
0. 
0. 
0. 
0. 
0.  
0.  
0. 
0. 
0.  
0 .  

-TBRML CRACK 
.03 0 0 0 
.03 0 0 0 
.03 0 0 8 
.03 0 0 0 
.03 0 0 0 
.03 0 0 8 
.03 0 0 0 
.03 0 0 0 
.03 0 0 0 
. 0 3 0 0 0  . 

F-Z( COLLAPSE) = 0 .  F-Z( HOURGLLqS TNG) = '3. F-Z( EXCESS-T) = 0. F-Z( PELLET ECCEN) = 0. , 
BTllAII( CO~ARISONS. FUEL-(Ri 3.41E-13. 1C) 3.273-13. CZ)-1 .O7E-12 CLAD-(R)-1.98E-12. (C?-1.95E-12. (Z) 5.983-12 
FORCE BALANCE FUEL CIRC=-8.121E-26 FUEL AXIL= 1.4493-05 CLAD C IRC= 5.447E-28 CLAD A X I ~ = -  1.350E-04 
COPIPARTMENT F/CC= 5 .  AVER4GE F/CC= 0.  EFPH= 0. GAS Ill?EEMLSED= 0. ?IGAP= 1.8273L+OO 
TIPIE STEPS NINZ 100000-01 PWL= 168000-0 1 KJG= 100000-0 1 
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* * * % * * * . ~ ~ * % % * * * * * * * * x * x * * % * * u x * x * * * * : , ~ ~ ~ ~  SET 1. CYCLE NUMBER 1 ,  STEP 2 
,DTIME' WQGW T ( W A V  P(WATER) FSUP.MAX .'., FIS.RATE DEPLTN F . FLUX FLUENCE P( GAP) DP COLAPS 

78.00 ' .  .0. 0. 0. : " . '. 0. : 0. , 
- . .  

0. '0. 0. . 2000 
. 3.654.0 . 1.0020 . 653.60 2000.00 .0.';1.5204E+ 13 1";0008E+ 17 1.2024E+ 14 7.9084E+ 17 0. i 2080 
' TIME KTI-ME DT-ROB DD(m F/C GAP DD'( C) FCONR FCONZ. FSW EZ( I'l) EZ(C) ESUP ESLIP EPSGZ( C) 

.@lo 1 .  -01 3.00 .O1 0. -.O .0 .@3 .03 .03 -.OO 0. 
60 3.1~+,01 ' 2.97 1.. 75 9.664. . .64 0'. .'-a .0  i2.-62 2.93 .0Q 2.93 . .12 

. . . . 

K?I KR TEMP RI~DIus ..DED/DT ' ' DWDT ; H PB TAVE EV 'VA vH(1)' VH(2)- W(3) W(4) VH(5) 
1 1. 3815 0. 43664-02 ' 1716 1-02 15436-03 1506'9 2813 "-,00002 ' .a0998 .00998 0. 0. 0. . 10. . 
1 2 2812 .00508 43181-02 18311-82 14912-02 11828 2687 -.00001 .00998 .00998 0. '0. 0. 0. 
1 3 2802 .01016 42233-02 20321-@2 14004-02 14318 27'94 -.88001 .00598 .00998 0. 0. 0. 0. 
1. 4. 2786 .a1524 40817-02 22702-02 12684-02 13470 2774 -.00001 .00999 .80999 0. T. 0. . .  0. . 0 ;. 
1 5 2.763 .€I2032 37695-02 25879-02 lQ078-,02 1 1  168 2731. .00000 .08999, .00999 0. 0. 0. 0 .  
1 6 2699 .03047 30630-02 264f 1-82 53346-03 , 3399 2630 .00001 .01008 .. 01080 '0. . 0 .  0. ' 0. 
1 7 2560 .W569 14532-09 -54351-0& 19969-05 3442 2467 .08001 - .01000 .01000 0. 0. ' 0. 0. 
1 8 2374 -06088 41145-05 -79647-06 52751'07 -7333 2221 .80001' .01000 .01080.0. 0: ' 0. ' 0. 
1 .9 2@69 .@%I 1 1  36275-72 -52528-05 10000-07 ;. >2 1893 .00001 .01080 .01000 0. .0. 0. 0. 
1 18 17 18 . 101.30 11347-73 -63053-05, 1D000-07 . -4 1484 ' .Q0001 .01008 .01800 0. 0. . 0. 0. 
1 1 1250 .I2648 

. ,' 

EPS-R 
16.20 

. . 
' -81.1 1 
7792 
7300 
6702 
6046 

EPS-C 
16: 20 
16.17 
16. 12 
16.04 
15.85 
15.44 
14;95 
14.25, 
13 .'40 
12.38. 

ELAS-C 
.12 

', 
E W - Z  CREEP-R CREEP-C 
- 1'.,2 1 .73 .73 

. - 1 . 2.1. .69 .73 

CREEP-Z 
-1.46 
-1.42 
-1.33 

. -1.21 
-.96 -. 47 
-.00 
.OO 

-.00 
-.00 

A-THRML CRACK 
15.33 8 0 0 
15.29 0 0 0 
15.21 8 0 0 
15.08 0 0 0 
14.01 0 0 0 
14.16 0 0 0 
13.12 0.1 0 
11.59'0 1 0 
9.68 0 1 1 

: 7.24 0 1 1. 

F-Z(.COLLAPSE) = : o. ' F-~(HOURGLA~SING) = 0. F-Z( E~CESS-TI = ' 6 .  F-z( PELLET ECCEN) = ' .  0. . 
STRAIN COPIPARISONS. . FUEL-( R) -2. 79ET07,, (C) 1.18E-05, (Z )  . 1.29E-05 C L A D - (  R) 1 i80E-07, (C) 7.22E-07, (2) ' 1.23E-07 - 
FORCE BALANCE FUEL CIRC=-6.149E-02 FUEL AXIAL=-?. 115E-92 CLAD CIRC=-3.154E-01 . CLAD AXIAL=-2.510E-02 ' 

COFFRRTMENT F/CC= .9.53695+ 16 AVERAGE F/CC= 1.0080E+ 17 EFPH= 2.88083+08 GAS RELEASED= 5'. 202QE-07 ' EGAP= G.l800E+08 
TIME STEPS HIN= 98571 1-03 MAX= 139537+80 AVG= 619322-01. I .  

. , . I ,  

. . . . 
- .  . ... . , .  

. .,,. - ,  . . .. , . 
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***~****X***********U********X*********~*********Y********C*************************HI~TORY SET 1, CYCLE NUMBER 1. STEP 3 
DTI ME QG/QGPIAX T( WATER) P( WATER) FS W . MAX F IS . RATE DEPLTN F . FLUX FLUENCE P(GAP)s DP COLAPS 

1.0020 653.68 2000.00 .0 1.52043+ 13 1.0000E+ 17 1.2024E+ 24 7.9084E+ 17 0. . . 2000 
860.9790 1.1200 653.68 2808.80 .0 1.6995E+ 13 5.000 1E+ 19 1.3440E+ 14 3.95423+20 0. ' ' 2000 
TIME KTIm DT-ROB DD( M) F/C GAP DD( C) FCONR FCONZ FSW EZ( M) EZ( C) ESUP ESLIP EPSGZ( C) 
3.664 60 2.97 1.75 .64 8. .0 .0 . 12.62 2.93 -00 2.93 .12 

864.643 2223.1E+01 3.43 1.34 .31 0. .0 .0 13.98 3.87 .OO 3.87 .64 

KM KR TEMP RADIUS DED/DT DWDT H PB TAVE EV VH ~(1)'' VH(2) VH(3) VH(4) VH(5) 
1 1 3024 0. 11389-05 -42785-02 10000-07 1691 3022 .00041 .00666 .00636 0. 0. 0. 0. 
1 2 3020 .00509 11017-05 -40317-02 10000-07 1716 3014 .a0046 .00671 .00671 0. 0. 0. 8. 
1 3 3008 .@I018 10335-Q5 -35793-02 10000-07 1166 2999 .00056 .a0681 .00631 0. 0. 0. 0. 
1 4 2989 .a1527 94295-06 -29926-02 10000-07 1840 2975 .00073 .00698 .0069B 0. 0. 0. 0. 
1 5 2962 .02036 77009-06 -19984-02 10000-07 2006 2924 .00113 .a0738 .00738 0. 0. 0. . 0. 
1 6 2886 ,03053 45678-06 -74993-03 10000-07 2434 2804 ,00231 .00856 .00856 0. ' 0. 0. 0. . 
1 7 2721 .04578 5 1863-06 -14300-03 10000-07 3293 26 1 1  ,00304 ,00928 -00928 0. 0. 0. 0. 
1 8 2501 .06101 30045-09 -97441-05 10800-07 -3446 2322 .00375 ,01000 .01@M 0. 0. 8. 0. 
1 9 2142 .a8128 42627-71 -59987-05 10000-07 -2 1939 .00375 .01000 .01600 0. 0. 0. 0. 
1 10 1736 .lo150 55729-73 -76609-05 10000-07 -4 1471 .00375 .01000 .01W0 0. 0. 0. 0. 
1 1 1  1206 .I2671 

2 1 752 .I2805 20800-05 17683-05 34457-02 5486 742 .a0064 
2 2 731 .I3263 15858-05 11804-05 21760-02 6596 721 .00064 
2 3 711 .I3720 12771-05 76219-06 13409-02 7455 701 .a0064 
2 4 691 .I4177 10240-05 40201-06 80938-03 7941 682 -00064 
2 5 672 .I4634 82222-06 12957-06 48544-03 8038 663 .00064 
2 6 654 .I5090 

KM ICE ET-6 SR SC SZ SG EPS-R EPS-C ELAS-R ELAS-C ELAS-Z CREEP-R CREEP-C CREEP-Z A-THRNL CRACK 
1 1 18.8 48 48 -El68 5215 18.21 18.21 .08 .08 -.28 1.27 1.27 -2.53 16.70 0 0 0 
1 2 18.8 45 41 -5234 5277 18.14 18.19 .08 .08 -.28 1.23 1.28 -2.50 16.65 0 0 0 
1 3 18.9 4 1 29 -5368 5403 17.99 18.14 .08 .08 -.29 1.14 1.29 -2.43 16.55 0 0 0 
1 4 19.0 36 14 -5571 5596 17.77 18.06 .09 .09 -.29 1.02 1.31 -2.33 16.40 0 0 0 
1 5 19.2 25 -7 -6037 6046 17.34 17.89 .09 .09 -.32 ..78 1.33 -2.11 16.07000 
1 6 19.6 3 -63 -7242 7213 16.50 17.54 . 1 1  .10 -.37 ' .32 1.35 -1.67 15.29 0 8 0 
1 7 20.3 -7 2 -9875 9872 15.49 17.10 . 14 .14 -.49 .28 .30 -.58 14.05 0 1 0 
1 8 21.4 - 4 3 10339 10339 13.33 16.39 -. 14 -. 14 .48 -.00 -.a0 .81 12.23 0 1 0 
1 9 22.3 - 2 5 3 7 11.15 15.47' -.00 .OO .OO .OO .00 -.00 9.90 0 1 11 
110 23.2 - 1 7 6 7 8.43 14.30 -.00 .Q0 .OO .OO -.00 -.00 7.18 0 1 1 

2 1 10.4 -175 -9982 -6301 6413 5.38 -49 .49 -.76 -.29 1.87 -2.16 .30 3.22 0 0 0 
2 2 10.5 -542 -1 1994 -7252 755 1 4.83 .65 .54 -.90 -.30 1.37 -1.77 .41 3.13 0 0 0 * z 
2 3 10.6 -945 -13725 -7695 8582 4.35 .78 .57 -1.03 -.28 .95 -1.43 .47 3.03 0 8 0 3 5 
2 4 10.7 -1370 -14924 -7530 9402 3.94 .88 .65 -1.14 .49 2.95 0 0 0 

(D 
.55 -1.13 -.21 '=I I 

2 5 10.8 -1794 -15421 -6980 9886 3.60 .97 .51 -1.17 -.I2 .44 -.92 4 2.86 0 0 8 52 
0. F-Z( HOURGLASS IIVG) = 0. F-Z( EXCESS-T) = 0. F-Z( PELLT ECCEN) = 0. 

X I 
F-Z( COLLAPSE) = F 

STRAIN COIWARISORS. FUEL-( R)-2.78E-07. (C) 1.563-05, ( E l  1.363-05 CLAD-(R) 1.49E-07, (C! 7.253-87, (Z) 4.003-08 H w 
FORCE BALANCE FUEL CIRC=-6.436E-04 FUEL AXIAL= 1.4333-03 CLAD CIRC=-3.157E+00 CLAD AXIAL=-2.55 1E-01 

H 0 
0 

COMPMTI'fEIfT F/CC= 4.76853+ 19 AVERAGE F/CC= 5.000 1E+ 19 EFPH= 1.0404E+03 GA!3 RELEASED= 2.60 103-04 HGAP= 7.7520E+00 
TIME S'I'EPS MIN= 100000-04 MAX= 298522+03 A W =  53 1469+0 1 
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*****X************rh************************************************************X***ISTQRY SET 1, CYCLE N m E R  1, STEP 4 
DTlNE QG/BGFIAX T( WATER) PC WATER) FSUP.HAX FIS. RATE DEPLTN F . FLUX FLUENCE P( GAP) DP COLAPS - .  

1.1200 653.60 2000.OQ .0 1.69953+ 13 5.000 lE+ 19 1.3440E+ 14 3.95423+20 0. 2060 . 
708.3790 1.2020 654.30 2000.00 .0 1.82393+ 13 1.0000E+20 1.4424E+ 14 7.90843+20 0. 2000 'I 
TIME gTIPIE DT-BOB DD( PI) F/C GAP DD( C) FCONR FCONZ , FSW EZ( PI) EZ( C) ESUP ESLIP EPSGZ( C) ..,. . 
864.643 222 3.43 1.34 .3 1 0. .0 .0 13.98 3.87 .OO 3.87 .64 
1653.022 229 1.OE+05 3.77 1.04 .06 0. .0 .0 15.47 4.58 .M 4.58 1.05 

I%MP RADIUS 
3165 0. 
3161 .00510 
3148 .Ole20 
3126 .el529 
3096 .82839 
301 1 -03057 
21826 .a4584 
2581 .06110 
2182 .a8140 
1736 .1@165 
1159 -12688 

EPS-R 
: 19.58 
1.9.49 . 
19.32 

' 19 :07 
18.63 
17.87 
16.98 - 13.97 ' 
12 .I49 
9.53 

EPS-C 
19.58. 
19'. 55 

ELAS-C ELAS-Z CREEP-R 
..05' -.21 .'.,1;26. 
.06 -.21. * ,  1.21 
..ST . -.21 -i.i2 
.09 -.21 " ..99 
.09 ' -.23' . .. ;76 
.06 -.28 .32 

. . l l  -.39 .32. -. 1 1  .37 -.00 
.00: ,.00 . .OO 
.OO .OO .OO 

CREEP-C CREEP-Z 
1.26 -2.51 
1.26 "-2.47 
1.27 .''. -2.39 
1.29 -2.28 
1.31 -2.06 
1.34 -1.66 
.34 -.66 

-.01 .0 1 
.80 ' -.60 

-.a0 -.00 

A - m .  CRACK 
1'7.60: 0 0 0 

'. 17i64 0 0 0 
17'. 42 0 0 0 
17z.2.5 0 0 0 
16.88 0 0 0 
16.00 0 0 0 
14.61 0 1 0 
12.57.0 1 0 
9.98'0 1 1 . 
7.02 0 1 1 

F-Z( COLLAPSE) = 0. F-~(HOURGLASSING) = 0. F- EXCESS-T) = 0. F-Z( PELLET ECCEN) = 0. r 
STRAIN COHPARISONS. FUEL-(R)-2.96E-07. Y C) ~1.723-05; ( Z) 1.573-05 CLAD-( R) 2.263-07. (C) 8.31E-07. (2)-3.673-08 

. H U  
H n 

FORCE BALANCE. 'TUEL. CIRC= 6; 3633-03. : FUEL AXIAL=-8. 247~-03 - CLAD' C IRC=-2.158~+@0- . . CLAD .AXIAL=- 1.743~-0 1 . '. ' . ' . . . B  
COMPARTMEAT F/CG 9.5368E+ 19 AVERAGE F/CC= 1.0000E+20 EFPH= 2.08083+03 GAS RELEASED= 5.20 193-04 HGAP= 9.45743+00 
T I ~  STEPS n ~ a =  122463+~2 . MAX= 340068+03- AVG= 1 12626+03 

, 'i 

.. . . ,.) 
. .. . . '. _ ._ 



TEST PROBLEM FROM CYGRO-3 DBI~UMENT (REFERENCE 4) CASE -1 -CYGR ?U N E W  D 0 5 / 1 3 / 7 7  CPANTMP PAGE 15 

~a**:ux**%~r:kr'*1:%t*%j,*p*~*~***~~*~k****X**~a:~~***~~~:*5*~**************8*********~~:**w*~*tk~~d***~**~* IGIVD 'OF INPUT PACKAGE CASE 
CALCULATION COUNTS. IWIME .= 2 2 9 ,  NUMBE3 OF CALI% i'a 4TAC = 309, RUN TIME = .460, HIBGHZST 'STRAIN DISCREPANCY 1.72.1E-05 

S ~ I A R Y C O U N T O F L I H I T I N G C R I T E R I A - - H I S T D R Y  4 ,  TEMPERpTURE (DTEMPMAX, TREF-X, Q-2) 1 4 ,  SIZECHANGE (SIZERATI'O) PI 
GAP (GAPOVR, FGABOWR) 1 4 ,  P - C S L I P  (SLIPOVR, FZOkR) 1 9 R - S S L I P ( S L ' I P O \ R ,  FZOVR) 1 4 ,  DENSIFICATION (DENSRATIO) 0 
CRACKING ( CRAKOVR, CLOSOVR) 1 ,  CREEP <RATE JUI@ ( CRJUF~P) 9 ,  STRESS CHANGE (*EDOT-CYGRO) 5 0 ,  J( SGJUMP) 58 
HARDENING ( EDOT-CYGRO) 5,  COMPLIANCE " COMPRAT-I 0) 6 8 ,  (ROBOT TIME STEP ( EDOT, TAU-ROBOT) 0 

FOR THIS INPUT PACKAGE CASE SOME E-ME VALUES WEFE--FUEL 'CENTERLINE TEMPERATURE 3 1 7 6 . 8  ( AT T = l'6626.6476) , MID-CLAD GEYERAL IZED 
STRESS (3676.0 C AT T = 1 6 5 3  !0220) , M D  HOOP STRESS AT 'INSIDE OF CLAD - . 0  ('AT T = .0 1 0 0 )  

SO FAR IN THIS PROBLEM SOME SXTHEME VALUES 4RE-'CL.0 DI.@ETER SERINKAGE .'0 1 ( AT T = . 8 1 8 0 ) ,  CLAD DIAMETER INCREASE . 6 4  
( A T T =  3 . 6 4 4 0 3  A N D P I I N I F F - - M N I D - C L A D W I A L P L l l v T I C S m I N  -.00 ( A T T =  .08) 

EXXREME VALUES OF STRAIN DISCREPANCIES-- 
R A T  T-IME C AT TIPE Z AT T I I Z  

'FUGL ALGEBRAIC MAXIMWM 4.533-07 1 . 5 7 3 8 6 6  -1.72E-05 1653.'022400 1 .573-05  1 6 5 3 . 0 2 2 0 0 0  
FUEL ALGEBRAIC MI.NIMUM -3.OOE-q7 1 6 2 6 . 6 q 7 5 9 5  -4.273-07 95 .[1:06330 -2 .93E-07  1 2 8 6 . 5 7 9 6 3 8  
CLLD ALGEBRAIC MAXIMUM 2.26E-(17 1653:022080 '0 .313-07  1658.'~23301) 1 .25E-07  3 . 6 8 1 0 7 6  
CLAD ALGEBRAIC PIINIMUM -5.43E-09 1 .,330990 - 1.95E- 1 2  .'0 1 9 3 0 0  -S :6?E-08 1 6 5 3 . 0 2 2 0 0 0  . 

PROB~~EM ~C?O?PIPLETED 

THIS  PROBLEM INCLWDED 4 B [STORY C& TIMES. 

~ ~ ~ ~ ~ ~ ~ * ~ * ~ * * ~ * * * ~ ~ : c * r n * * ~ * ~ ~ ~ O t * * * * * t * ~ x ~ ~ x * : p : E N D ' O ?  OUTP~**U***%'*************Y~*M*****=**;W****Y****OK-NO~ END 

Tli I S' VERS ION 'WILL 'nUN AT A MU N lkJP1 *F I E ~ D  LENGTH a 1 3 7  .OCTAL THOUSKND. 
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Appendix I111 COMPUTER PROGRAM ABSTRACT 
a 

1. Program Name (.and T i t l e ) :  . . CYBO-4 ., . . .  . .. . . 

' .. . . 
2. .. 'Computer and Language,(s)': ~ ~ ~ 6 6 0 0 ,  F O R W  IV . , 

. . . . . .. 
. .  . . . 

3. Problem solved: . CYGFt0-4 (Ref. a )  has been. developed from the  
;CYGFt.O-1, CYGFtO-2,. and CYGRO-3 (~ef .3  b)  s e r i e s  of f u e l  rod analys is  

programs. It was derived from CYGRO-3 by the inclusion. of im- 
, proved numerical methods., improved programming procedures and 

revised.physica1 models. Signif icant  developments include time 
. s t e p  control  based .on accuracy cor&siderations, - a  new fuel-clad 

and rod-support in te rac t ion  model, a new thermal -conduc:t.ivity 
model f o r  the  fuel-clad :,gap, . and a new , f ue l  cracking, crack de- 
formation and.crack healing model. The program cal.cula$es tem- 
peratures,  def omat ions  aqd s t r e s s e s  i n  cladded f u e l  rods.. .Axial 
and circumferential  uniformity a r e  assumed. . . 

Temperature computations assume thermal equilibrium. The tem- 
perature d i s t r ibu t ion  i s  thus a function of current  reac to r  power 
l eve l ,  g m a  heating and nuclear s e l f  shielding,  and the  thermal 
conductivi t ies of f ue l ,  clad,  fuel-clad gap and rod-coolant 
in te r face .  Fuel conductivity i s  calculated from the  input  data 
as a function of the  current ,  l o c a l  temperature, porosity and 
cracking . Gap conductivity depends on. gap s i z e ,  thermal rad ia t ion ,  
conduction a t  points of fuel-clad contact,  and t he  conductivity 

of t he  fluid i n  t he  gap. This conductivi-by depends on.composition 
on temperature .and -. where. appropriate - . on  pressure. ' . . 

' 

. . . .  . . . . L .  .. _. . .  . 

Deformation of the  f u e l  and clad,  the  s t r e s s e s  inS.them, ,and, the  
forces  of i n t e r ac t i on  between f u e l  and clad and rod and support 

cosnput;ed from a Large Deflection F in i t e  Element 'model' jncor- 
porating representat ions f o r  thermo-elast ici ty,  creep r e su l t i ng  
from thermally ac t ivated mechanisms o r  mechanisms associated w i t h  
bombardment by high energy psu?ticles, f u e l  swelling and densifica- 

. t i on ,  c lad  growth r e su l t i ng  from neutron bombardment,..and f u e l  
cracking and 'crack healing. ' In kee'ping w i t h  t h e  F in i t e  Element 
representat ion,  t he  program accounts f o r  t he  e f f ec t s  of s p a t i a l  - 
as  well  as temporal - var ia t ion  of temperature, s t r e s s ,  s t r a i n ,  
cracking, and densi f ica t ion.  This i s  an important f ea tu re  of 
CYGR0-4. 

. . 

Another important f e a t u r c  . .. of CYGR0-4 . i s  -the comprehensive . . , model 
f o r  fuel-clad and rod-support in te rac t ion .  I n  addit ion t o  . i n t e r -  . . .  
act ing by r a d i a l  sl&esses, t he  f u e l  and c lad can i n t e r ac t .  . . .through 
a x i a l  fhsces.  Fuel ahd, c iad  axid s t r a i n  r'ates may be the  .same 
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or different  depending on fuel-clad gap size,' the direction 
and magnitude of the ax ia l  interact ion force, and the effects  of 
p e l l e t  llhourglass&gll, ' eccentric pe l le t s ,  lodged chips, and clad ' 

collapse, where the e f fec ts  are relevant. Similarly, the rod 
ax ia l  s t rd tn  r a t e  may be the same as ,  or different  from, the r a t e  
of support extension. Relative motion between rod and support 

- depends on the magnitude'of the' axial  interaction force .and the 
force needed f o r  slippage. The support extension includes the 
e f f ec t s  of f l e x i b i l i t y  and thexatnal expansion, ao well .as user 

. inp.i,ff ~xt,ensri,on as ' ~ & t  arise,  perhaps, from the 'repreacntation 
of support extension associated with neutron f lux  induced growth. 

- 'The comprehensive form of the fuel-clad and rod-support inter- 
ac'tson model i s  part icular ly irn~por-bank' in the correct represe1ll;a- 
t i o n  of rod b&h.avior in r6spdnse t o  reactor power changes such 
as those encountered i n  "sw'ing loadlr operation. 

- Input t o  CYGRO-4 i s  divided in to  two parts: rod data and operat- 
-ing history.  The rod data comprises a f l  quantit ies needed t o  
characterize the geometry and physical properties of the rod, 
rincluding such information as clad diameter and thiclazess, fue l  
diameter, and fue l  and clad thermal conductiv~bies, thermal 
expansion properties, creep behavior and r e s p n s e  t o  the-reactor  
environment. The operating history consists of the measured, or 
predicted, values of coolant pressure, coolaxlt temperature, ' 

reactor power level ,  and the relevant relatiorlvllip~ Le.t;weea 
power level ,  fiss50n r a t e  and neutron flux. The program computes 
the  corresponding his tory of rod te~uperature, dimensional changes, 
and s t resses .  

4. Method of Solution: The fue l  and claa a re  dlvldecl illto a number 
of concentric, r ing shaped f i n i t e  elements. Equatiorrv fu r  balance 
of forces and continuity of displacement between the rings 
determine the principal unlmowns. P las t ic  flow (creep) i s  t reated 
on an incremental basis.  The required s izes  of time steps are  
calculated in terna l ly  on the basis of accuracy l imits .  

5 Restrictions on the Complexity of the Problem: A maximum of 
th i3 ty  ring6 ("he1  plus cllad) 5s permitted. 

6. Related and Auxiliary Progr-: CYGRO-4 uses Bet t is  programming 
environment routines ( ~ e f  . 'c) such as CARDS fo r  input data, and 
FMG fo r  writing binary data f i l e s  for  problem r e s t d t s  and saving 
r e su l t s  for  post-processing. The environmental routines are 
available with the CYGRO-4 program upon request. 
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7. Typical Running Time: Running time depends on complexities of 
h is tory  input and number of elements. The program completes 
about 450 time s teps  per c .p.u. minute. The number of s teps  per 
reactor  hour depends on the  complexity of t he  power h i s to ry  
and t he  sever i ty  of the' reactor  . &ronrnent. ~ r a c t i ' c a l  problems 
display a range from about 0 .5 . reac tor  hours per s t e p  t o  about 10 

' , 
hours per s tep.  

8. Machine Requirements: CDC-6600 - 140 K of cen t ra l  memory 
10 K of.ECS,, 

Operating System: . CDC-6600 - SCOPE 3.3 :. 9. 1 

10. Availabil i ty:  Reference ( a )  i s  avai lable  from 

. . 
U.S. Department of commerce 

. . . . National Technical Information Service 
. . 

5285 Por t  Royal Road 
Sp rhg f  i e l d ,  Virginia 22151. ,- - ,,,. . .., 

.. ' . 
- . .  . . 

Copies of the  computer program may be obtainc!d by domestic users..'..:..; ., 
: .. .! . 

from .. -. . . 
. . . .. 

Argonne Code Center 
Attention: Mrs. Margaret Butler .. . ,- .-2 

. Argoluie National Laboratory . . . . , .  d,o,-* 

9700 South Cass Avenue . . .. .? . . . : "1: 

Argonne , I l l i n o i S  60440 .,. , ,, , , ? I  - r- <.., n 

'L.' .j  . 

11. References : 

a.  J. B. Newman, J. F. Giovengo, L. '  P. Comden, "The CYGRO-4 
Fuel Rod Ana1.ysri.s Computer Program (LWEB Development 

'. Program)," WAPU-TM-190, ( ~ u l y ,  1977). 

b. E. Duncombe, C. M. Friedrich,  J. K. F'ischer, . "CYGRO-3 - A 
Computer Program t o  Determine Temperatures,.Stresses and 
Deformations in Oxide Fuel Rods (LWBR Development Program) , I f  

wAP~TM-961, March 1970. 

c. ..W. R.  Cadwell, .Ed., "Reference Manual - Bet t i s  Prograpning . 

~nv&onment, WD-TM-1181, September 1974. 

. . 

2 Name and Establishment of ~ u t h o r s :  

J. B. Newman 
, . 

" L. P,  omd den , . 

Westinghous e E le c P i c  Corporation 
Bet t i s  Atomic Power Laboratory 
West M i f f  lin, Pennsylvania 15122 
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