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3 .  . I. INTRODUCTION .. 
T h i s  documentation describes the SIEX computer program which i s  a f a s t  

r u n n i n g ,  steady s t a t e  thermal performance code used t o  calculate coolant, clad- 
d i n g  and fuel temperatures throughout  the history of a fuel element. SIEX was 
developed by the Hanford Engineering Development Laboratory ( H E D L )  f o r  perform- 
ance analysis of mixed-oxide fuel p i n s  i r radiated under steady s t a t e  f a s t  f lux 
conditions. 
the f i r s t  e f f o r t  t o  place the current techniques used by the code a t  the disposal 
o f  a larger  group of users. 

A l t h o u g h  versions of SIEX have existed a t  HEDL* since 1968, this i s  

I t  i s  necessary t o  have a method t o  accurately assess the thermal per- 
formance of a mixed-oxide fuel p i n  i n  a f a s t  neutron environment. 
i n g  thermal analyses a re  the basis for: 

The resu l t -  

. subsequent steady s t a t e  or t ransient  sir2ss ar;aJysis. 
prediction of steady s t a t e  or t ransient  fa i iure  modes and times. 
safety re1 ated accident analyses. 

0 

A code w i t h  short  r u n n i n g  times and re la t ively small s twage  requirements i s  
needed i n  order t o  be routinely used as a t e s t  design/analysis tool o r  t o  de- 
f ine  i n i t i a l  conditions fo r  a more detailed subsequent analysis. 

SIEX i s  constructed of a se r ies  of moduls with a s ingle  s e t  of  
dimensional un-its used throughout t o  provide f l e x i b i l i t y  i n  model usage 
and ease o f  upgrad ing  as models developed from future t e s t s  are f inal ized.  
Radial steady s t a t e  heat t ransfer  can be computed for  21 axial segments. 
The code computes a l l  major quantit ies which  a f fec t  the thermal performance 
(restructuring, f iss ion gas generation and release,  e tc . )  
are typical ly  two to  f ive seconds p i r  case on the Control Data Corporation CYBER-74.  
The r u n n i n g  time is  dependent on the output refinement required by the user. 
The amount of core storage required i s  50K octal  (20K decimal) o f  60 b i t  CYBER 
words. No peripheral storage i s  required, subject t o  the input/output devices 

Code r u n n i n g  times . 

, selected by the user. 
The documentation i s  also i n  modular form so tha t  an update or  modifica- 

*Prior t o  1970, the Pacific Northwest Laboratory, operated by Bat te l le  Mem. Inst .  
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t ion  t o  any of the corrklated (and  i f  necessary, mathemati,cal) models can be 
.made w i t h o u t  d i s t u r b i n g  the r e s t  of the document. 
user's manual which describes the input/output subroutines and use,r options. 
Directions for the code usage i n  i t s  present form and sample cases are given 
a t  the end of t h i s  section. The second and t h i r d  sections,  respectively, pro- 
-vide flow charts and descriptions o r  brief derivations of the mathematical and 
correlated models. Much of the code checkout and confirmation is contained in 

The f i rs t  section i s  a 

the 1 a s t  section where the correl a t i  ons to  observations are presented. - 

. .  

. I  I .. . -c  .. :, .. 
_. ... . 

. .  

. .  . 
, 
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c 
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- - . .  

11. CODE DESCRIPTION - 
SIEX is a computer code which calculates the thermal performance charac- 

t e r i s t i c s  and dimensional changes (swelling and themal expansion) of mixed 
oxide fuel pins in a f a s t  neutron environment. S I E X  i s  comprised of a se r ies  
of subroutines w h i c h  model certain f a s t  reactor fuels phenomena and i s  corre- 
lated t o  a s ignif icant  amount o f  EBR-I1 i r radiat ion t e s t  da ta .  
development and numerical techniques have been carried o u t  in a way which pro- 
vides a code w i t h  short  running times and modular independence of models. The 
code s a t i s f i e s  the need for a d a t a  analysis and design tool i n  the LMFBR pro- 
gram. 

Program 

The fuel p i n  i s  geometrically modeled as shown i n  Figure 1.  The 
fuel column i s  divided axially into a user specified number of segments with 
equal height (equal fuel volume). One dimensional radial heat t ransfer  i s  as- 
sumed a t  t h e  axial center o f  each of these segments. 
segment and released fission gas i s  accumulated over the segments for calcula- 
t i o n  of coolant temperatures and plenum pressure. 
lowing cal cul a t i  ons are performed: 

The heat generated i n  each 

For each segment, the fo l -  

Coolant temperature 
e Cladding surface temperatures 
. Fuel-cladding heat t ransfer  coefficient 
e Fuel temperatures 
. Fuel restructuring radii 
e Fuel and c l a d d i n g  displacements  due  t o  s w e l l i n g  and 

thermal expansion 
Fission gas generated and released. 

The number o f  time ( b u r n u p )  increments i s  l e f t  t o  the discretion o f  the 
For each time increment, the f iss ion gas release i s  updated, the code user. 

plenum pressure i s  computed, and the fuel temperatures are adjusted t o  account 
f o r  the changing gap conductance. 
size. 

SIEX resul ts  a re  independent of  the step 

The SIEX code consists o f  a "driving" routine, i n p u t / o u t p u t  routines, 
mathematical model s , and physical ly-based correlated models. 
models are heat t ransfer ,  gas pressure and ,  t o  a certain extent ,  dimensional 

The mathemati cal 
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FIGURE 1. S I E X  Fuel Pin Geometry. A 
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f i  
i changes of the fuel and cladding. A brief  explanation or derivation of these 

models is  included i n  t h i s  document fo r  completeness. 
(gas release,  restructuring, e t c . ) ,  a summary i s  made of the data used i n  the 
correlation, a rationale for  the models, and a model description. 
cases, these models can be updated o r  en t i re ly  replaced w i t h  l i t t l e  e f f ec t  on 
the r e s t  of the code mechanics. All internal coding i s  i n  cgs units. "Conven- 
ience u n i t "  conversions are handled i n  the i n p u t  and output subroutines. 

For the correlated models 

In most 

The primary routines are l i s t e d  i n  Table 1 along w i t h  a description of 

Figure 2 i s  a diagram of the routine ca l l  sequence. 'Figure 3 is  a 
t h e i r  usage. 
l i s ted .  
SIEX flow chart .  

In those cases where auxiliary routines are used, they are 
- 

t 

I I I .  INPUT/OUTPUT 

The Input/Output routines are a compromise between user convenience and  
code f l e x i b i l i t y ,  
fo r  new or extended applications of  ,the code w h i c h  necessitate modification. 

. The f i r s t  portion deals w i t h  those assumptions which may be considered i n p u t ,  
b u t  are programed into SIEX for  i t s  use as a n  E B R - I 1  t e s t  design/analy- 
sis code and an FFTF fuel p i n  performance analysis tool .  The card i n p u t  pro-  
cedure will then be discussed w i t h  at tention given t o  the options provided t o  

"Overrides" t o  da t a  values programmed into the code provide 

the user. 

5 



TABLE I 

ROUT IN E S 
PRIMARY ROUTINES IN SIEX 

*ROUTINE N A M E  DESC R I PT ION CALLED 

-MAIN SIEX 

--Physical Model s 
FSINTR Computes the radial temperature dis t r ibu-  STRUCT, S, T 

- t i o n  across the fuel pe l le t  using a two RFIiJD 
zone heat t ransfer  model. The integral 
k d t  is  computed by the function S ,  and 
fuel-cl a d d i n g  heat t ransfer  coefficients 
have been computed by HGAP. 

CSINTR Computes the cool a n t  axial temperature S I i 4  PUT 
r i s e  and the temperatures o f  the inner 
and outer cladding surfaces. 

CDELD Computes the cladding geometry d u r i n g  
i r rad ia t ion ,  considering deformations 
due t o  swelling and thermal expansion. 

FDELD Computes the fuel outer radius due t o  FSWEL 
fuel thermal expansion and correlated 
permanent deformations as  computed by 
FSWEL. 

-PPRES Computes the plenum pressure based on 
. the perfect gas law. 

Correl ated Model s 
HGAP Computes fuel-cl a d d i n g  gap conductance FSINTR, CONMIX,  

based on a modified Ross-Stout model. FDELD , PPRES, 

Computes f i  ssi on gas generated and 
released. 

F I SGAS 
FISGAS 

ST RU CT Computes the restructuring radi i  of the S, T,  RFIiJD 
fuel. . 

Computes the permanent fuel deformations FSWEL 

Input-Output 
INPUT Reads i n p u t  i n  "engineering" units SPAGE , F I SGAS , 

converts t o  cgs. FDELD 

OUT PUT Converts cgs units t o  "engineering" SPAGE 
units and pr ints  selected o u t p u t  tables.  

6 



n 

OUTPUT : , SPAGE 
4- 

FDELD FSWEL 

T I 
. FSINTR . 

c S 

T 

I 
I FISGAS I 
I PP,RES I 

c -. 

FDELD 

, .  

. FIGURE 2. Primary Routine Call  Sequence o f  S I E X .  

c 

t 

- HEDL 7408-61.1 
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COMPUIE CLADDING 
AND COOLANT 
lEMPERATU?ES 
CALL CSlNlR - 

.- 
r '. 

NOIL: IF DIMTER CHANGES. OR 
FISSION G*S CALCULATIONS 
ARE NOT REOUIIED, THE CAP 
CONOWAN CE CALCUT IONS 
W I U  NOT Y DONE 

IS THE 

CALCUATE D 

VARlABLtS 

3 

GEOMETRY 
CHANGES TO BE 

1 
WD+TE VALUES FOP: 

P O W E R  
COOLANT FLOW RATE I 

FOR Tt iE DESIPED 

Y FISSION GAS 

YES 

FIND THE AXIAL 
DlSTVWllON OF: 

POWER 
OURNUP 

COMPllTE FISSION GAS 
GENERATED AND 
RELEASED 
CALL FISGM . .. 

CUCUATE PLENUM 
PRESSURE 

- . .. 

USfR REOUESTED 

GEOMETRY 

I f 

C A L L  STRESS 

GEOMETPY CHANGES 
CALL CDLLO I .. . 

ov1PUT R f S l k T S  , 

80 CONTINUE 

FIGURE 3 .  SIEX F ~ O N  Chart  
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-VALUES WHICH CAN BE SUPPLIED BY THE CODE w 
c 

f \  

Axial  Power, F l u x  and Neutron Energy Profiles 

The axial  flux prof i le  i s  supplied by the function AFP, the power prof i le  
by PMP, the average neutron energy by EBR,  and the r a t i o  o f  f l u x  greater  t h a n  
0.1 MeV t o  to ta l  neutron flux by F T X .  
f i l e s  are normalized to  the peak values. 
Four options are available t o  the user: 

In the cases of AFP and PMP, the pro- 
FTX and EBR return the actual values. 

1. Axial power and  f lux prof i les  are  identical  "choDped" cosine curves 
w i t h  an extrapolation distance, E ,  specified by the user (Reference 1 ) .  
The average neutron energy and the r a t i o  of f l u x  greater t h a n  I).l.bleV t o  the 
to t a l  neutron flux a re  assigned the values consistent w i t h  EBR-I1 nper- 
a t ion .  

2. The values f o r  the power and f l u x  prof i les  are interpolated from a 
user-supplied table  o f  d a t a  and assumed t o  nave the same shape. 

f 

J 

The data table  i s  programmed i n t o  the code as a data statement i n  BLKDAT. As i n  
the f i r s t  case, the average neutron energy and r a t io  of  f lux greater than 0.1 MeV 

3 t o  to ta l  f lux an2 assigned constant values. 

3. The user  may specify a functional form t o  be evaluated fo r  each of 
the functions. 
t a i n  EBR-I1 gamma scan data,  are presently programed. 
be attached t o  these correlations which serve as examples only. 

Examples of quadratics, which were obtained by analyzing cer- 
No. significance should 

4. All four values may be interpolated from tables  o f  values suppl ied  by 
the  user t h r o u g h  i n p u t .  T h i s  will be explained i n  the section on card i n p u t .  

--:Model Input Options 

1. Fission gas release can be evaluated e i t h e r  by the f iss ion gas re- 
lease  model discussed i n  Section I11 o r  a three region model i n  which the 
fraction released fo r  each region i s  supplied by the user. The three regions 
of the user-supplied gas release fract ion a re  assumed to  be the fuel region char- 
.acterized by col umar grain growth, the fuel region characterized by equi axed 
grain growth, and the unrestructured fuel region. The fractional release for  
the user supplied case is  assumed t o  be independent of b u r n u p  o r  in-reactor 

@ time. 
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2. The temperatures, i n  degrees Centigrade, which a r e  used t o  -predict 
the observed radial extent of columnar and equiaxed arain growth, may be 
taken as those presented i n  Section I11 or  user-supplied values. 

3. The fuel-cladding gap conductance model discussed i n  Section I11 
may be replaced by a user-supplied constant. 

In a l l  of the above cases, the models were developed on a systematic 
basis,  a user "override" should be used only a f t e r  consideration of i t s  e f f ec t  
on the other models, e.g., an "override" of the gas release model may be use- 
f u l  i n  determining maxima fo r  pressure and temperatures, b u t  an override on 
restructuring may give erroneous resul ts  for gas release and  qap  conductance. 

Mate ri a1 Prope r t  i es Opt  i ons 

Values for the material properties used i n  SIEX have been coded in to  the 
BLKDAT routine. However, these may be changed by the user t h r o u g h  card i n p u t .  

Cladding thermal expansion coefficient:  The SIEX code assumes tha t  
Those material properties which may be changed by the user are: 
1. 

the mean coefficient o f  thermal expansion is  aC = ai + 

temperature i n  
x T ,  where T is  

0 C and orc i s  the coefficient o f  thermal expansion, cm/cm-°C:. 
C 2. Young's modulus of the cladding: SIEX assumes E C  = E: + ET x T, 

i 
d 

0 2 where T i s  temperature i n  C ,  and EC i s  Young's modulus i n  dynes/cm . 
3. 
4. Cladding thermal conductivity: This may be i n p u t  as a constant as 

I f  no i n p u t  i s  encountered, SIEX assumes 

A single i te ra t ion  o f  the temperature dependence 

Poisson's r a t i o  fo r  the cladding which i s  a constant. 

described i n  card i n p u t  section. 
a temperature dependent conductivity of KC = K E  + K; x T, where KC i s  i n  
watts/cm-"C and t is i n  "C. 
i s  programed into the evaluation o f  the conductivity equation, i . e . ,  - / )  

.. . 

1 KC = K i +  $ [ T i  + 2n(ro C - 0.5t)(K: + $ x T k )  
.5 t  x q, 

where .5t  x 9, is, o f  course, a temperature correction 
2 r ( r i  - 0.5t)(K: + $ x Ti) 



t o  the  i n i t i a l  estimate of the cladding temperature, TE. To' i s  the c l a d d i n g  
surface temperature, q, heat rate, r i  c l a d d i n g  radius, and t i s  the cladding 
thickness. 

The fuel properties for  thermal expansion and Young's modulus are o f  the 
form 

f f  of = a + aT x T, cm/cm - oc 
0 

f f  2 Ef = Eo + ' E T  x T, dynes/cm , 

.P 
-, 

t 

respectively, where T i s  temperature'c. 
v i a  i n p u t  b u t  these values may be changed by changing the block data routine. 

No "override" opt ions  are provided 

Card Input 

Card i n p u t  i s  by NAMELIST i n p u t .  Though  th i s  does n o t  conform t o  ANSI 
standard, i t s  user convenience i s  jus t i f ica t ion  for  i t s  use. 
is free f i e l d ,  non-formatted,* and does n o t  require tha t  a l l  variables be i n p u t  
when multiple cases are run. 
the variables of in te res t  need t o  be i n p u t .  The NAMELIST variable i s  IPT.  

NAMELIST i n p u t  
3 

For parametric studies,  only a t i t l e  card and 

A typical i n p u t  deck with a ser ies  o f  cases w o u l d  be set  up as shown i n  F ig -  
ure 4. 
units, and a description o f  each. 

Parameter I n pu t 

Table I I ' i s  a l i s t i ng  of  the NAMELIST variables (and code variables),  

Values for  parameters i n  correlated models and coefficients fo r  material 
properties are transferred t o  the code th rough  labeled common. These values 
are placed i n  memory i n  the block data routine BLKDAT by means of data s t a t e -  
ments. T h i s  centralization of code parameters eliminates the need t o  change 
en t i re  blocks of code when changing values for the model. The routine i t s e l f  
is well "cemented'' t o  assist i n  making any desired changes. 

OUTPUT 

SIEX o u t p u t  i s  structured t o  produce a se r ies  of "tables" dealing with a 
Explanation of the o u t p u t  is  ac- par t icular  model o r  calculational procedure. 

complished by example, Table I 1 1  i s  the computer-generated output for the 
first deck l i s t ed  in F i g u r e  4 o f  the input description. 
* 

The sequence or position of the variables i n  F i g u r e  4 is  no t  important. 

11 
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W t I  WE Y ~ C C E S S I ~  CAYS 

SEX TEST WE NO. I - A U  DEFAULT USER OPTIONS 
' $In P U N -  13.52., E 

W 0.2300, Cl 
HF - 30000.. HG 
EM?? O., DtNLO 
PGNUM - 10.. PBU 
21 . l., 22 
?PM - 15.00, EPL 
l W C  - 2 EXIER? 

s l1M3 - I;'nM4 

- 0.IPU.VOID - 12.160. C M  - 700.0. ID - .pBm, I D  
= 0.. STEPS 

: i 1  d:A%' - 1,nMl - 2.0 El), 

- 0.m. 
* 779.8, - 0.. - 11.96. - 0 . .  - o m ,  - 0.m. - 1, 

SEX 1 E S l  Wt NO. Y - READ AXIAL PROFILES A N D  TlMf S X P  CONlROLS - 
un E 
nlNQ (1) - 5.04, 5.M. 
n*lIO (11 - I.,.W, 

1 cull0 (1) - l . , .W, 
UADX (I) - 0.0.0.1,0.2,0.3.0.4,0.5,0.6,0.7,0.8.0.9.1.0, 
IEADff (I ) - .781,.057. .924. .970, .W7. .995, .9M. ,923. .W, .7W, .7S1, 
LEADP (1 ) - .mi, .057, .924, .m,.w7,.ws,.m, .n3, .w, .m, .ni, 
ItADfB (1) . 11.25, 
ILADTF (1) * 11'.05, . s 

- -11.. STEPS - -L, 

. SEX rn USE NO. 3 - own UDE mt PROGRWD witniu matnits 

$lPl CK - 11.4.U 
~ 1 0 0 ~ Y . l S n , Y M O D w . O , P ~ . 3 ,  s 

- O . ~ , A ~ * c t c . l O ~ - 6 . A ~ ~ l . ~ E ~ ,  

, . -  , : . . ., . , ._ ... . . 

FIGURE 4. S I E X  Input  Deck Set-Up. 
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TABLE I1 

DESCRIPTION OF SIEX INPUT 

__-- _ _  ~ ~ 

I n p u t  Input 
Parameter Units , 

Name . Definition of Parameter 

FLEN Active fuel column length inches 

E The value of E provides the axial f l u x  and inches 
power prof i les  as follows: 

E > 0 (E is  the extrapolation distance 
fo r  a "chopped" cosine curve) 

E = 0 (Interpolate from internal ly  sup- 
plied data tables)  

0 > E L-1 (Evaluate user-supplied 
.. . ,  functions) 

E c -1 (Interpolate from a user sup-  
plied tab le  which i s  read from 
i n p u t ,  [El values are expected) 

FD . Fuel diameter inches 

VOID Fuel (fabricated) central  annul us diameter inches 

DP Cladding outer diameter inches 

C1 adding wall thickness 

Maximum p i n  heat ra te  

inches 

kW/ft 

CMF Coolant mass flow ra te  1 b /h r  

CP Coolant specif ic  heat ( I f  no namelist B t u / l  b - O F  
i n p u t  i s  supplied, the SIEX supplied 
value of CP i s  used] 

HF 
2 0  

Cladding-to-cool ant heat t ransfer  coefficient Btu/ft - F-hr  

13 . 



.. 
TABLE I I (Continued) / 

4 

DESCRIPTION OF SIEX INPUT 

Input 
Pa ramet e r 

Name 

Definition of Parameter .Input 
Units 

Btu/ft2- 
F-h r 0 

HG Fuel -to-cl a d d i n g  heat t ransfer  coefficient 
(also used as an i n i t i a l  estimate for  sub- 
sequent gap conductance calculations) 

CK Cladding thermal conductivity Btu/ft-hr-OF 

TI 

TB 

TEMP2 

DENLO 

DENH I 

Q 

CK > 0 (the value of CK i s  used indepen- 
dent of temperature) 

CK 0 (the S I E X  programed temperature- 
dependent conductivity is  used) 

In l e t  coolant temperature O F  

O C  
Temperature t o  use f o r  the prediction of the 
columnar g r a i n  growth radius 

TB > 0 (the value of TB i s  used i n  making 
the prediction of '  the columnar 
grain growth radius) 

TB - Q 0 ( the SIEX programmed value i s  used 
t o  predict the columnar g r a i n  
growth radius) 

Temperature t o  use for the prediction of  the O C  
equi axed g ra in  growth radius - 

TEMP2 > 0 (the value of TEMP2 i s  used t o  
predict  the  equiaxed grain 
growth rad ius )  

TEMP2 c - 0 (the SIEX programed value i s  
used t o  predict the equiaxed 
grain growth radi us) 

Fraction of theoretical density of the fab- 
ricated fuel 

Fraction of theoretical density of the fuel 
in the colurmar g r a i n  growth region 

14. 



TABLE I1 (Continued) . .  

Input 
Pa ram t e r 

Name 

Definition .of Parameter Input 
Units 

TD Fuel theoretical density gm/cc 

DISH Fraction of the fuel volume (pe l l e t  or to ta l  f ract ion 
column volume) which is occupied by voidaae 

Pu Fraction o f  the metal i n  the fuel which is  ' f ract ion 

due t o  fabricated end dishs in the fuel pe l le t s .  

Pu239 or P u 2 4 1 .  

t 

U235 Fraction of the metal i n  the fuel which 
is U235. 

SEGNUM Number o f  axial segments desired. An addi- 
t ional node a t  the t o p  of the fuel p i n  i s  
added by SIEX (maximum value fo r  SEGNUM i s  

Peak b u r n u p  t o  be achieved (nee'ds t o  be spe- 
.- c i f ied  i f  EFPD, below, i s  zero, otherwise i s  

21 1 
PBU 

f overridden by computed b u r n u p )  

EFPD Final time, effect ive ful l  power days 

STEPS 

EFPD > 0 (EFPD,calculated fuel weight, and 
PM a re  used t o  compute b u r n u p )  

EFPD = 0 ( b u r n u p ,  calculated fuel weight, 
and PM are used t o  compute EFPD) 

O u t p u t  b u r n u p  and time increments as follows: 

ments a t  which output i s  desired 
will come from input values (may 
be unequal). See TIINCR 

(output peak b u r n u p  resul ts  only) 

(output zero and peak b u r n u p  re- 

STEPS < 0 The [STEPS1 values fo r  time incre- 

STEPS = 0 

STEPS = 1 
sul t s )  

STEPS > 1 ( o u t p u t  resul ts  a t  zero b u r n u p ,  
peak b u r n u p ,  and a t  each PBU/ 
STEPS interval ) 

15 
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TABLE I I (Con ti  nued) 

w . . . . .  

Inpu t  Definition of Parameter . Input 
Units -Parameter 

Name a 

Th is  STEPS logic pertains t o  EFPD i n  the same 
manner as i t  does t o  PBU i f  EFPD i s  used fo r  
time dependency. 

21 Fraction of f iss ion gas release from fuel fraction 
col umn a r reg i on 

c 

22 

23 

Fraction o f  fissior, gzs release from fuel 
equi axed region 
Fraction of f iss ion gas release from u n r e -  
s t ructured region 

23~0 (calculate us ing  f iss ion gas release - model ) 

CCPGM Sorbed gas from fabrication per gram of fuel 
exclusive of water vapor 

FN Fraction of sorbed gas which i s  not Helium 
-or Hydrogen. This gas i s  assumed t o  have 
the thermal conductivity of nitrogen. 

-Parts per m i l l i o n  water vapor  i n  the f a b r i -  
cated fuel 

PPM 

EPL Effective plenum 1 ength 

- XEFIL Percent xenon tag i n  the f i l l  gas 

f r ac t i  on 

f ract ion 

cc(STP)/gm oxide 

f ract ion 

3 

PP* 

inches 

percent 

KRFIL Percent krypton tag i n  the f i l l  gas percent 

ALPHAO Tbc coefficient of cladding thermal expansion in / in - "F  
(a  ) i s  assumed t o  be l inear  w i t h  temperature 
-(T) increase. 

-ALPHA0 i s  the intercept ,  a (If  no namelisf 
. input  is supplied, the SIE!'value of ALPHAO i s  .- used) 

ALPHAS Ip the  expression above, ALPHAS i s  the slope, i n / i n - O F 2  

In the exarys ion  ac E a: + aFT, 

( I f  no namelist i n p u t  i s  supplied, the 
value of ALPHAS is used) 

Young's modulus ( E )  i s  also assumed t o  be 
l inear  w i t h  ternpEratuT ( T )  increase. I n  
the e x p r e s s i p  E = E + E?, YWDO i s  the 
intercept ,  E 
the SIEX va18e of \(MODO i s  used) 

1 b / in2  Y MODO 

( I f  110 Lm1Ts t  i n p u t  i s  supplied, 

16 
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TABLE I1 (Continued) f 

'r 

Input 
Parameter 

Name 

Definition of Parameter Input 
Units 

. .  

YMODS Ig the expression above, YMODS i s  the slope, 
E . ( I f  no namelist i n p u t  i s  supplied, the 
SJEX.value of YhiODS i s  used) 

1 b / in2 -OF 

P N U  Cladding Poisson's r a t i o  ( I f  no namelist i n -  
put i s  supplied, the SIEX value o f  PNU is 
used.) 

Peak f lux (neutrons w i t h  energy < U.1 MeV). 2 N/cm -sec PFLUX 

TMSWC Switch fo r  desi red cladding swell i n g  model 
as follows: 

TMSWC = 1.0 (304 annealed ss) 

TMSWC = 2.0 (306 annealed ss) 

t 

I 

TMSWC = 3.0 (316 20% cold worked ss)  

EXTERP External pressure Ps ig  

ITABl Fission gas release and plenum pressure o p t i o n :  * 
. ITABl = 0 (no calculations and no o u t p u t )  

ITABl = 1- (calculations and output r e su l t s )  . 

ITABE Fuel  and  c l a d d i n g  d i a m e t e r  i n c r e a s e  o p t i o n :  * 

ITAB2 = 0 ( n o  calculations and no o u t p u t )  

ITAE32 = 1 (calculations and output results) 
- 

ITAB3 Fuel -cladding heat t ransfer  coefficients cal cul a- * 
. t ion option: 

ITAB3 = 0 (use i n w t  HG as a constant) . 
ITAB3 = 1 (calculation of the gap coefficient)  

* ITABl through ITAB4 are the only namelist i n p u t  variables which  a re  
FORTRAN integers. 

17 I 
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TABLE I1 (Continued) 

Input 
Parameter 

N am 

Definition of Parameter Input 
Units 

ITAB4 Cladding e l a s t i c  s t r e s s  optiop: * 
I 

ITAB4 = 0 (no calculations - no o u t p u t )  a 

ITAB4 = 1 (calculations and o u t p u t  resu l t s )  

a t  which output and calculations are desired. 
!STEPS1 values are required. (10 maximum) 

The r a t i o  of power t o  the i n p u t  peak power (PM) 
during the corresponding time increment of  
above (10 maximum.) A t  time zero PM is  used. 

TI INCR If STEPS is l e s s  than zerc,  the time increments 

PRATIO 

CRATIO 

READX 

READFP 

READP 

READEB 

READTF 

The r a t io  of the coolant mass flow ra te  t o  the 
i n p u t  value (CMF) during the corres onding 
time increment o f  above (10 maximum P . A t  time 
zero CMF i s  used. 

I f  E<-1,the positions along the length of the 
p i n  a t  which power, f lux ,  average neutron 
energy and r a t i o  of f lux >0.1 MeV t o , t o t a l  flux 
are t o  be read t o  form tables for  interpolation. 
Values of READX are t o  be normal ized t o  FLEN. 
I E I  values of READX are required. 

2 

3 

Axial flux profile ( r e l a t ive  t o  PFLUX) correspond- 
i n g  t o  the locations i n  READX. IEI values o f  
READFP are required. 

Axi a1 power prof i le  -( Re1 a t i  ve t o  PM) correspond- 
i n g  t o  the  locations i n  READX. 
READP are  required. . 

Axial distribution of average neutron energy cor- MeV 
responding t o  locations i n  READX. I E I  values o f  
READEB are required. 

] E l  values of 

Axial -dis t r ibut ion of the r a t i o  of neutrons w i t h  
reater  than 0.1 MeV t o  the to ta l  neutron 
E l  values of READTF are required. 

c 

1 8 .  



n The descriptions of the d i f fe ren t  parts of Table I11 are: 

each variable and i t s  
or  the time increment 
wi1.1 be added t o  Part 
from the second examp 

Part 2 i s  a l i s t  

Par t  1 i s  a l i s t i n g  of  a l l  i n p u t  variables a l o n g  w i t h  a description of 
units. 
controls,  additional output l i s t i n g  the i n p u t  quant i t ies  
1 .  An example of t h i s  additional output can be obtained 
e l i s t e d  i n  the i n p u t  description. 

If  the user provides e i the r  the axial prof i les  

ng of the predicted coolant temperature, cladding and 
fuel boundary temperatures, power,and gap  conductance fo r  a1 1 axial nodes. 
variables l i s t e d  here are  produced by the routines CSINTR, FSINTR, and HGAP. 

The 
t 

Part 3 i s  a l i s t i n g  of the predicted fuel microstructure, melting location 
( i f  one e x i s t s ) ,  and the temperatures a t  which the fuel restructuring is  eval- 
uated for  each axial location. The variables l i s t ed  i n  Part  3 are  produced by 
the routines STRUCT and FSINTR. 

P a r t  4 is  the fuel radial temperature dis t r ibut ion fo r  each axial p o s i t i o n .  
1 These temperatures are computed i n  the routine FSINTR. 

Part 5 deals w i t h  the gaseous f iss ion products and gas  components used i n  
computing the plenum pressure and fuel-cladding heat t ransfer  coeff ic ient .  An 

' axial and radial d i s t r i b u t i o n  of f iss ion gas generated, released, and retained 
i s  provided. A summary of the origin of the gas components i n  the plenum (and 
fuel-cladding gap) as well as the plenum pressure i s  given. The variables are  
computed i n  FISGAS and PPRES. 

Part 6 provides  t h e  p r e d i c t e d  fuel and c l a d d i n g  dimensional changes a t  a l l  

ax i a l  positions. 
postirradiation radius, may be obtained from the columns labeled "cladding 

Fuel permanent deformations, cladding swelling, and fuel outer .. 

l ing %I1 and "fuel-cladding cold gap." All other values i n  t h i s  p a r t  are i n  
"hot"-condition, tha t  i s ,  they include the calculated thermal expansion. 
values i n  this p a r t  a re  computed i n  CDELD and FDELD.  

Part 7 i s  an example of the method used to  generate output required by the 

These a re  computed by the routine STRESS. 
user. 
u s i n g  thick-walled s t r e s s  equations. 

Part  7 i s  a calculation of thermal and pressure (combined) cladding s t resses  

swe 
. the 

The 

-1 9 
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Table I11 (Cont'd) 

SIEX OUTPUT 

1 

2 

f 

4 

¶ 

b 

7 

8 

9 

10 

TOP 

.670 

2.028 

1.100 

0.132 

b.080 . 

?.PSb 

8,788 

'10,100 

1 1  .uo2 

I E . ~ O O  

13.520 

, 

8Ct* t rT  
COULl)r 

uw/r1 
~ 0 0 ~ 0 ~ 0 0  

Q.9b 

10.02 

11.56 

12.01 

1 2 . l b  

12.00 

11,ss 
10 .67  

lO.Oh 

0.21 

0 . 1 3  
3 .I 

8bO. 

1002.  

1158 .  

2 1 5 .  

320. 

219 .  

l b a .  

OJl. 

8 9 9 .  

197 .  

?ACE Z 

. . I  

*' . 
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Table 111 (Cont'd) 

SIEX OUTPUT 
TIME 9.5s PEAK BtJRN UP 2214. SIEX TEST CASE NO.1 0- ALL DEFAULT USER OPTIONS 

AXIAL OZST FROM GENEnATED - - VOLUME OF FISSION GAS PELEASED (CC) - - RETAINEO 
SEWEN1 007 FUEL FISSION GAS COLUPYAR €OUIAXF.D UNRESTe TOTAL FISSION GAS 

INCH CC A T  STP ZONE ZONE ZONE CC/CM OXIOE NlWsER ---- 
I 

2 

3 

4 

5 

6 

7 

9 

9 

1 0  

-------- 
-676 

2.028 

3.360 

6.132 

6.084 

7.436 

0.788 

10.140 

11 a492 

12.844 

-------- 
.21 

30 

32 

.33 

.33 

033 

32 

.30 

'c.20 

25 

PERCENT F I S S I O N  BAS RELEASE0 

VOL'JME OF RELEASEO F I S S I O N  GAS 

VOLUME OF SORBEO GAS 

VOLUME OF VATER VAPOR 

EFFECTIVE PLENUM VOLUME 

. VOLUME OF F I L L  CAS 

PCEIIUM PRESSUQE 

EXTERNAL PRESSURE 

MOLES OF PELIUM 
MOLES OF  ENO ON 

MOLES O f  ARGON 

MOLES 9F KRYPTON 
M O L E S  OF NITROGEN 

- 0 3  * 

e . 0 4  

.05 

e 0 6  

e06 

006 

.os 

.os 

0 4  

a 0 3  

--------- 
.01 

.01 

.01 

.01 

.01 

.01 

.Ol 

001 

.01 

0 0 1  

---------- 
0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

-------- 
e 0 4  

.os 
006 

.07 

-07  
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IV. MATHEMATICAL MODELS 

.FSINTR: FUEL TEMPERATURE CALCULATIONS 

The FSINTR subroutine computes the steady s t a t e  r a d i a l  temperature distri-  
bution of the fuel material of a cylindrical fuel rod. The  method uses the 
integral  of the thermal conductivity. T h i s  allows f o r  temperature-dependent 
thermal conductivity and densification (conductivity and fuel geometry changes). 
The theoretical basis has been documented i n  Reference 2 ,  and i s  reviewed here 
for  completeness. Also presented i s  the currently used fuel thermal conductivity 
equat ion and the method used t o  incorporated i t  in to  the code. t 

The temperature, T ,  within the fuel i s  assumed to  be described by the 
steady s t a t e  heat conduction equation 

V (kVT) = - q 

k = conductivity (temperature dependent) 

q = the volumetric heat generation rate .  

In cylindrical coordinates f o r  a x i a l  symmetry and long  cylinders (no axial 
heat t ransfer )  , t h i s  becomes 

Let ro and rm be defined as i n  Figure 5, multiply (1 )  by r and integrate  
from r,,, t o  some radius r .  We then have 

D i v i d i n g  ( 2 )  by r and integrating from r t o  ro we have 

If we can assume q ( 5 )  i s  a constant w i t h i n  an  annular r i n g ,  we can perform the 
integration i n  ( 3 )  and obtain the following: 

n 
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Routines Associated with the Fuel Thermal Conductivity. 

No flow charts  are provided f o r  these routines because of t h e i r  simplicity. 

S: Evalua t ion  o f  the integral of the fuel thermal conductivity. 

The thermal conductivity equation is  of the form: 

1 + Ki x T3] K ~ = K  D [- 
K1 + K2 x T 

where Kf = thermal conductivity, w/cm-OK 
f KD = K~ x P i ( 1 .  + (1 .  + 1o.x(l-p)) x (1-P)j-l 

T = temperature, O K  

P = f ract ion of theoretical  density 
Kp,  K1, K2,  K3 are  coefficients i n  the equat-lon. f f f f  

The SIEX program requires t h a t  t h i s  be integrated with respect t o  T, resulting 
i n :  

(6) 
f f  /KfdT = K D x [ l n ( K  -1-4- + K x T)  + .25K: x T4] ' 

T h i s  function, S ,  i s  programmed t o  evaluate Equation (6) .  A ca l l  t o  SINPUT 
calculates the density dependent coefficients.  These then are used t o  com- 
pute a table of values f o r  l k d t  a t  every 2 O O 0 C  f o r  use i n  the table in te r -  
polation routine to  be described i n  the next section. 

T: Routine t o  f i n d  a value of temperature given a value fo r  J k d t .  

The routine uses simple l inear  interpolat ion between values o f  T and Jkdt 
A r0utin.e t o  numerically find the inverse of Equation a t  intervals  of 2 0 O o C .  

(6) could be provided i f  the increased accuracy i s  desired. 

RFIND: Routine t o  f i n d  a radius correspondinq t o  a q'iven temperature. 

In order t o  f i n d  restructuring and melt r ad i i ,  i t  is  necessary t o  find the 
inverse of Equation (5), i .e. ,  given T, So, q, f i n d  a value o f  r. 
so lu t ion  i s  simply the Newton-Raphson method (reference 3). To p u t  Equation 
(5)  i n  the proper form, we evaluate I k d t  a t  .the desired temperature t o  obtain 
the quantity S,. 

The numerical 

We then have 
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.' 
Define T = ri - 4(ST-So)/q, 
then ( 7 )  reduces to 

( 8 )  2 2 0 = r + 2 r, In (ro/r) - T 
which can be solved for r numerically. 

CSINTR: Computes coolant temperature and claddinq temperature distributions. 

I 
'r 

The increase in coolant temperature along the pin is computed by adding the 
heat deposited in the coolant at each axial node. 
into the coolant from each axial segment is: 

The amount o f  heat passing 

q p  
2 where q, = qxn(ri - r,,,) the linear heat rate at the pin surface evaluated at the' 

center of each element 

h = the element length, 

thus causing a change in temperature given by: 

ATc = q, h/(CpxM+ 

where C = the heat capacity e 
(9) 

M~ = the coolant mass flow rate. 

The SIEX code considers the mass flow rate* as uniform 'around and along 
Each of these temperature increases are accumulated over the length o f  the fuel 
pin. 
the pin. 

The temperature increase across the 
to the cladding is simply given by apply 
coefficient, i .e. 

AT = - AH 
q, 

where H = the film coefficient 

thin film of coolant immediately adjacent 
ng the definition'of a heat transfer 

A = the surface area per unit length; 
or, to compute the outer cladding temperature 

(10) C 9, To = T, + - 2nroH C 

*Mass flow rates for EBR-I1 subassemblies are obtained from COBRA analyses. 
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.- 
where TZ = the outer cladding temperature 

T, = the coolant temperature 

rc = the outer cladding radius.  
0 

.The cladding temperature dis t r ibut ion i s  calculated u s i n g  Equat ion (1 )  
w i t h  q s e t  equal t o  zero; viz . ,  

1 aT - a/ar ( rkF)  = 0 r 
or . 

a/ar (ro) = o 
aT 
ar where =-k- i s  the heat flux vector. 

Integrating from r: to  r ,  we have 
C 

aT - r~ qo 
- kG- r 

Integrating again, we obtain 
,c - 

SIEX uses this  equation t o  compute the inner cladding surface temperature when: 

T i ,  k ,  r;, and q-g ( the l inear  heat r a t e )  are given. Now qo= qglZnr;, so that  

the SIEX application of (11) i s  
n 

Figure 7 shows the CSINTR logical flow. 

CDELD: Computation of Dimensional Chanqes of the C l a d d i n q  Material. 

The thermal expansion of the cladding i s  computed from an i n p u t  l inear  
function of temperature; tha t  i s ,  the change i n  the radius of the cladding i s  
given by: 

AL/L = (ao C + afT) (T - TR) 

.~ 

J 
5 

‘L 

33 . 



” 

- 

FIGURE 7 
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where a: and a; are i n p u t  quantities, TR i s  room temperature, T i s  the average 
c l a d d i n g  temperature, and AL/L i s  the fraction of length change. 

Three functions are currently programmed into the code to  compute the 
cladding swelling, depending on cladding material type. 
s tee l  Type 304 (Reference 4 ) ,  

For annealed s ta in less  

%AV/Vc = A ( + t ) "  + B 
-5 2 where A = 2.65 x 10'8a3 - 1.54 x 10 a + 2.24 x 

0.2[1 .- exp(- 1.12 4 t ) l  
= tl. + exp(O.l x ( T  - 480.)fs 

m = 0.872 + 2.98 x 10-3T 

a = T - 348 

T = Temperature,' "C 
2 4t = Fluence, neutrons/cm x ( E  > 0.1 MeV) 

D = 0.05 (T - 475) 
. .  %AV/V, = % swelling , 

T = Temperature, O K  

t 

% A v / v c  = % swelling. 

For annealed s ta in less  s teel  Type 316 (Reference 4 ) ,  
%AV/Vc = f (T){$ t )  N(T) 

where f ( T )  = {exp(C)/( l .  + exp(C))) {- 0.02 + 0.06 1 
( 1 .  + exp(A)) 1 1 .  + exp(B)) 

N(T) = ( 2 .  + 3. exp(D)}/(l.  + exp(D)) 

A = 0.05 (T 600) 

B = 0.06 (T - 460) 

C = 0.09 (T - 340) 
c 

2 : .  +t = Fluence, neutrons/cm x (E > 0.1 MeV) 
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And for 20% cold-worked stainless steel Type 316 
%AV/vc = f(T) {(t} N(T) 

+ .0022 where f(T) = 

'N(T) = (2. + 3. 

A = 0.05 (T - 600) 
B = 0.06 (T - 460) 
C = 0.09 (T - 340) 
D = 0.05 (T - 475) 

%rrV/VC = % swelling 

T = Temperature, O K  

2 -22 +t = Fluence, neutrons/cm x 10 .. ( E  > 0.1 MeV). 

The cladding radius is then computed by 
C = ro x (1. + AL/L) x (1. + Av/3v) r; 

where r-: is the fabricated dimension. 

FDELD: Computation of Fuel Dimensional Changes 

The fuel thermal expansion is computed by finding the volumetric average 
radial displacement. 
coefficient of thermal expansion given by: 

At each node, the displacement is computed using the 

f af = af + aT x T 
0 

where af = Coefficient of thermal expaision, cm/cm-"C 

T = Temperature, "C. 

The volumetr.ic average thermal expansion i s  then computed by 
_- 

- /AD/D rdr AD/D = 1 rdr 

To af T rdr ' To af T rdr 
- rC - rC 

2 2  
- ro rdr 1/2(ro - r,) 

rC . 

;" \. 2 - 
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5 The integration i n  (13) i s  performed numerically by using the trapezoidal rule.  

The fuel swelling, aDS, i s  supp l i ed  by the empirical routine FSWEL 
which  will be discussed i n  Section 111. 
is then computed by u s i n g :  

The fuel radius a t  operating conditions 

(14) 
- r i  = ( ro  +  AD^) x ( I .  + AD/D 1 

where r i  is the ' 'hot' '  fuel radius. 

PPRES: Computation of Plenuin Pressure. 

The source of gases which can contribute t o  a r i s e  i n  plenum pressure are 
assumed t o  be: 

* 
f i l l  gas b r o u g h t  t o  operating conditions, V f  

. sorbed gases i n  the fue l ,  Vs 

water vapor i n  the fue l ,  Vw . released fission product gases, V r  

The pressure i s  then computed by: 

Pp  = ( V f  + Vs + Vw + V r )  x Tc x Patm /(273 x V),  (15) 

T =' The coolant ou t le t  temperature, O K  

= One atmosphere o f  pressure 'atm 
V = The effective plenum volume. 

C 
where 

The effective plenum volume, sorbed g a s ,  and water capor are i n p u t  
quantit ies.  
the FISGAS routine which contains a correlated f iss ion gas release model. 

The volume of released gaseous f iss ion products i s  supplied from 

. .  . .  

_ .  . 

* This volumeois computed from the "Effective Plenum Length" and taken t o  be 
a t  1 atm a t  20 C. 
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V,  CORRELATED MODELS 

T h i s  section describes those por t ions  of SIEX which are correlations t o  
. data  obtained from Hanford Engineering Development Laboratory ( H E D L )  fuel p i n s  

i r radiated i n  EBR-11. The power-burnup range i s  shown i n  Figure 8. The data 
set  contains a wide range of fuel densi t ies ,  three types of cladding material 
(annealed 304 SS, annealed 316 SS, and 20% CW 316 SS) , and two fuel fabr icat ion 
methods (pressed and preslugged). 

The measurements of concern are: 
. Postirradiation fuel-cladding gap 
. Fuel columnar grain growth radius 
. Fuel equiaxed grain growth radius 
. Fission gas present i n  the  plenum region 
e Axial location of incipient melting (P-19), See reference 5 

.'> 

Figure 9 shows the interaction of these measured quantit ies and the models 
to  be developed. 
some de ta i l ,  b u t  physically the interaction of correlations and the sequence of 
the correlations are inportant. 
complete a correlation. 
used i n  subsequent model development replacing the data from which i t  was de- 
rived. To ensure a consistent d a t a  s e t ,  only data from fuel pins f o r  ~ h i c h ~ ~ ~ t d d  

Each of the correlations wil l  be discussed individually and i n  

Data are transferred to the r ight  and  upward t o  
Once a model has been developed and correlated,  i t  i s  

burnup analysis was available were used. The time average power fo r  each p i n  was 
then calculated* 
posited i n  the fuel element.** 

i n  a consistent manner and adjusted t o  the energy assumed de- 

* For EBR- I1  p i n s  t he  f o l l o w i n g  constants were used: - 
Average Fission Nd- 148 Total Energy Per 

(Reference 35) (Reference 36) i n  the Reactor 
(Reference 38 

{. 
Cross -Sect i on Fission Yields Fcssion Deposited 

._ 

U-235 1.36 barns 1.75% 203 MeV 
U-238 0.0855 1.93 20 1 

PU-239 1.64 1.71 21 1 
**Based on Reference 
9.2 MeV/fission less 

33, i t  was assumed the energy deposited i n  an  element was 
t h a n  the total  energy deposited i n  the reactor core, 

blanket, and reflector.  
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FSWEL: Residual Gap Correlation 
I t  i s  necessary t o  predict the fuel-cladding hot gap i n  order t o  accurately 

. 

.predict  the fuel-cladding heat t ransfer  coefficient.  
postirradiation fuel-cl adding gap  (as measured from postirradiation metallography) 
along w i t h  the d i f fe ren t ia l  therma'l expansion can be used for calculating the 
hot fuel-cladding gap  d u r i n g  the i r radiat ion of a mixed-oxide fuel p i n .  

I t  i s  assumed tha t  the 

A 
similar analysis i s  presented i n  Reference 6.  

Detailed analysis o f  the fuel deformation mechanisms can be accomplished 
w i t h  the LIFE (Reference 7)and PECT codes. In these cases, r u n n i n g  times are l o n g  
because a small time step i s  required t o  solve the ra te  equations. 
w i t h  the philosophy of SIEX being a f a s t e r  r u n n i n g  code, a correlation to  
postirradiation gap  d a t a  i s  used. 

The data fo r  postirradiation fuel-cladding gap were measured from 

I n  keeping 

75X photomosaics o f  transverse fuel p i n  cross-sections, i n  the as-polished 
condition, 
Figure 10. 
postirradiation d i  ametral fuel -cl adding gap. 

Measurements were taken a t  four equally spaced angles, as shown in 
These f o u r  measurements were then averaged t o  provide an effect ive 

The correlation was developed by regression analysis of 232 averaged 
residual gap  measurements using the computer code REEP.  (Reference 8 ) .  The model 
is assumed t o  be dependent on local l inear  heat ra te ,  local b u r n u p ,  fabricated 
qap ,  and the number of reactor cycles. The correlation i s  of the form 

GI = G (1 - [a(l - exp (-G3 x c ) )  (16) 
+ G4 (1 - exp (-G5 x q, x B ) )  
+ (G6 - a)(l - exp (-G7 x B) I) 

c. 

Where G' = The "cold" postirradiation diametral gap, cm 
G = Fabricated fuel-cladding gap ,  cm 

q, = Local l i nea r  heat ra te ,  kW/ft 
B = Local b u r n u p ,  t%d/kg 
C = Number of fu l l  power reactor cycles 
G1 through G7 are f i t t i n g  coefficients 

a = G1 x 9, x (qe - G& 

n 
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t 
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f\ 
The quality of f i t  t o  d a t a  i s  shown in Figure 11, along with the approximate 8 

variance of the data ( root  mean squared  deviation).  
influence the residual gap observed i n  a fuel p i n  we 
c l a d d i n g  material , fuel geometry, pe l l e t  fabrication 
In each of the above cases, no s ignif icant  cont r ibu t  
dual gap could be found. 

Figure 12 demonstrates the model behavior under 

Other parameters w h i c h  might 
'e investigated,  namely 
method, and p i n  diameter. 
on of the variable t o  res i -  

certain hypothetical con- 
d i t i o n s .  Three power levels fo r  a 6 mil diametral gap  p i n  were used t o  evaluate 

behavior and indeed the majority o f  the gap  closure,  occurs during the ear ly  
opera t ing  l i f e  of the fuel element. Although the imposed cyclic behavior of 
one cycle every MWd/kg i s  a rb i t ra ry ,  i t  i s  typical of conditions experienced 
by the fuel elements i n  the data se t .  

equation (16) as a function of b u r n u p  and the number of cycles. The cycl ic  t 

HGAP: Fuel-Cladding Gap Conductance 

The SIEX gap conductance i s  a simplification of the Ross-Stoute gap conduc- 
tance model s imilar  t o  those models presented i n  References 9 and 10. 
procedures of the model have been simplified f o r  efficiency and because there is  

model has three ident i f ied parameters which have been adjusted by cal ibrat ing t o  
postirradiation observation of  fuel p i n  performance, namely observations of me1 t 
locations i n  the P-19 experiment 

Certain 

' a lack of precise i n p u t  values f o r  some of the constants. The gap  conductance 

(Reference 5). 

The model considers three components contributing t o  the heat t ransfer  
across the fuel-to-cladding gap. When the fuel and cladding are not i n  contact, 
the mechanisms a r e  r a d i a n t  heat tran-sfer and heat conduction t h r o u g h  the gas i n  
the fuel-cladding gap. I f  the fuel and cladding come i n t o  contact, the t h i r d  
component, solid-solid conduction a t  points along the fuel-cladding interface 
i s  used. In t h i s  case, there i s  s t i l l  heat t ransfer  through "pockets" of gas 
trapped between the points of contact. Schematic representations of the geo- 
metry i n  these two cases are shown i n  F i g u r e  13. 
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% @ Radiant Heat Transfer f 
b 

The radiant heat t ransfer  relationship for two concentric cylinders can 
be written as: (Reference 11 ) 

where Tf and T: are the fuel and cladding temperatures (OK), Af and Ac the heat  
t ransfer  areas per u n i t  length, E f  and E t h e i r  respective emissivi t ies ,  and CI 

the  Stefan Boltzman constant. If  the gap  coeff ic ient  i s  defined as:  
C 

t 

and i s  substi tuted into equation (17),  the following expression i s  obtained: 

Heat Transfer Across a Gas Fil led Effective Gap . 

The gas gap conductance of Ross and Stoute (Reference 12) is  given by: 
km 

= the conductivity of the gas mixture i n  the fuel-cladding gap km where 
GAP = fuel.-cladding h o t  gap 

c = the temperature jump distances t o  be described below 
C ( r f  + rC) = a term dealing with'  the fuel and  cladding surface roughness 

gf *gc 

C = a f i t t i n g  parameter, 

- The temperature jump distances, gf and gc, represent temperature increases 
a t  the fuel and cladding surfaces as a r e su l t  of incomplete energy interchanges 
between the surfaces and the gas (Reference 13) and can be written as:  

n 
W 
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where a = accomodation coefficient ref lect ing the extent o f  energy t ransfer  / 
4 

R,,, = the gas constant f o r  the mixture 

Pp = the gas pressure of the gap 
y = r a t i o  of C / C  P V  
T = temperature a t  the fuel surface f o r  gf o r  a t  the cladding surface 

= specific heat a t  constant volume for the mixture. 
for 9, 

c" 
g' i s  t o  be evaluated a t  b o t h  the fuel and cladding surfaces t o  produce gf + 9,. 

the behavior o f  the variables. 
T h i s  expression was simplified by combining terms a n d  making assumptions about 3 -  

al' 
Factoring and conibining terms, we obtain: 

gf + gc = -  2 - a  a rn f i ! ! ( k f  c,pp m + k i  d?) 
I f  i t  i s  assumed that  the , l a s t  term can be replaced by: 2Em -where 
f = .5(Tf + T:) and Em is  k, evaluated a t  T,the expression reduces to:  - 

- We now substitute the following known Val ues and approximations : 
2n = 6.2832 

(1 t y )  1.659 ' 

= 8.308/a 

2 2.988/F$ - 
W i s  the atomic weight of the mixture 
The following .expression is obtained - 

2 - a kmm), cm g = (9f + gc) = 1373 (7) - 
( pP 

Solid t o  Solid Heat Transfer Component 

Ross and Stoute (Reference 12) have suggested t h a t  the sol id  t o  s o l i d  heat 
t ransfer  coefficient be written as: ~ 

P / ( A  x r"'~), W/cm2 - oc 
where Ks = 2KC x K /(k + K ) , the effect ive so l id  conductance, W/cm - O C  

0 
= Ks 

"S 

f c  f 
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2 2 '  rc +- r 

-. 2 

- 
r = (  f)1/2, the  r o o t  mean squared roughness, cm 

2 P = the i n t e r f a c i a l  pressure, dynes/cm 

H = the Meyer hardness, dynes/cm 

A. = 

2 

1 /2 a constant used i n  f i t t i n g ,  cm 

S i m p l i f i c a t i o n  o f  t h i s  expression was accomplished by s u b s t i t u t i n g  i n t o  the  
expression the values f o r  the roughness term and B r i n e l l  hardness*. (Reference 14) , 
which was assumed t o  be propor t iona l  t o  the y i e l d  s t rength,  t o  obtain: 

Hs = A x KS x P/Y (21 1 
where Y i s  t h e  c ladding y i e l d  s t rength  and A i s  a parameter t o  be determined 

by data c o r r e l a t i o n  and inc ludes the  y i e l d  s t r e n g t h  a t  room temperature, Ao, 
r1l2, and t h e  B r i n e l l  hardness. 

Gas Conduct iv i t y  

The fue l -c ladd ing  gas g'ap i s  assumed t o  be f i l l e d  w i t h  a mix tu re  comprised 
o f  hel ium, n i t rogen,  argon, xenon, and krypton. Data f o r  gas component conduc- 

t i v i t i e s  a r e  analysed us ing standard regress ion techniques t o  o b t a i n  a quad- 
. 

r a t i c  of the  form ki=Ai + B.T + C; T2, where T i s  i n  "C. The c o e f f i c i e n t s  thus 
' der ived  are  given i n  Appendix B. 

. 

1 
From these component c o n d u c t i v i t i e s  a gas 

. m i x t u r e  c o n d u c t i v i t y  i s  computed us ing Brokaw's law: (Reference 15)  

+ l/k 1 xxi ki Cxi i k, = .5 ( 

where xi i s  the  molar f r a c t i o n  o f  t h e  i t h  component. 
Accommo d a t i on Coe f f i c i e  n t . 

An expression r e l a t i n g  the  accomo-dation c o e f f i c i e n t  t o  the atomic weight  
o f  a gas was der ived by regress ion techniques t o  the  values presented i n  
Reference 16. The expression i s  o f  t h e  form: 

a = A1 exp ( - [ l n ( m  -%I2/A,) . 
The accomodation c o e f f i c i e n t  i s  then based on t h e  average mo 
o f  the mixture,  8, which was discussed p r e v i o u s l y  and Al, A2 
f i t t i n g  c o e f f i c i e n t s .  

* Because o f  lack  o f  k y e r  hardness data t h i s  i s  taken t o  be 
hardness 

. 
e c u l a r  weight 
and A3 which are  

the B r i n e l l  
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Calculation of Interface Pressure 

The interface pressure calculation i s  computed a$ i f  only e l a s t i c  defor- 
mation occurs. 
cladding inner radius by Ar, i t  i s  assumed t h a t  the cladding and fuel deform 
e l a s t i ca l ly  by th i s  amount. 
following symbols are defined: 

I f ,  as is shown i n  Figure 14,  the fuel outer radius exceeds the 

. For the derivation of the interface pressure the 

u ~ , o ~  = cladding radial  and  hoop s t resses  a t  rfc 

of of = fuel radial and hoop s t resses  a t  rfc r' 8 

= cladding radial  and hoop s t ra ins  a t  rfc 

= fuel radial and hoop s t ra ins  a t  rfc 'r € 8  

E f , E C  = fuel and cladding Young's Moduli 

vf,vc = fuel and cladding Poisson's radios 

Pp = plenum pressure 

'e 

rfc 

= external cladding pressure 

P = interface pressure 

= fuelicladding interface radius 

= fuel inner radius 

= cladding outer radius 
rf 

rC 

Ar = fuel -cl adding interference, 

For the radial s t r e s s  relationships we have from Reference 17. 

c c  uc = EC {E',+v E e l  = -P a t  rfc 
r .  1 - (VCl2 

. 
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FIGURE 14. ELASTIC FUEL-CLADDING MECHANICAL INTERACTION SCHEMATIC 
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For t he  hoop s t ress  r e l a t i o n s h i p s  

f 
8 

c i  - E: = o r / r  

f 
So lv ing  (4p)  f o r  E~ 

S u b s t i t u t i n g  (6p) and (7p) i n  ( l p )  and (2p), we have 

or 

and 
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63 The preceding equations can be written as 

.\ ' and 

. . e  .a+ 

Subtracting ( 9 p )  from (8p)  
2 '* 2 2 

r fc  - rf 

+ r f )  f f - v 1 E /E ]P/Ec c f  rc + r fc  

rc - r fc  

2Per: 
+ [ 2  2 

rc - r fc  

Eo - Eo = [VC + 2 2 + { 2  2 

? -:-: or solving for P and s u b s t i t u t i n g  (5p) 
2 2 2 2  

'prf EC rc + rfc 
2 (+It  { V C  + 2 2  , E .  rc - rfc rc - r fc  r fc  : rf 

2 
P = { $ E C + 2 [  'erc + 

. >  

The thermal stress contribution has been neglected fo r  these ca 

f 

cul a t  ,oris 9 

because fo r  extended steady s t a t e  operation i t  can be shown t h a t  i t  relaxes t o  
nearly zero due t o  creep mechanisms. 

The pressure calculated by ( l o p )  i s  limited to  the pressure w h i c h  would 
cause cladding yield.  

Fuel t o  Cladd ing  Heat Transfer Correlation 

The gap  conductance calculation was correlated Figure 15 to' data obtained 
from the P-19 power-to-melt t e s t  (Reference 5) .  
d a t a  necessary t o  define opera t ing  (power) limits for  startup conditions. The da-  

The t e s t  was designed to  provide 

t a  provides a well defined indication of fuel temperature (melt location) under 

53 
t 



20 

u' z 
. LEI . 
!i 
z 

w 17 

w 

e 
n 
b 

15 

'14 

FABRICATED GAP, mm 
0.14 0.16 0.18 0.20 0.22 0.24 0.06 0.08 0.10 0.12 

I I 1 1 I 1 I I I 1 - 
- SIEX CALCULATED POWER-TO-MELT 

1 I 1 1 1 I I 
3 4 5 6 7 8 9 

. 
!i 
z W 

e . "  , . .  
W 

5 
c . .. 

I 
5 

FABRICATED GAP, MIL HEDL 7412-23.1 

FIGURE 15. SIEX PREDICTED LINEAR HEAT RATE TO INCIPIENT MELT 



- 
cond i t ions  o f  we1 1 charac ter ized  f u e l  parameters f o r  var ious f a b r i  cated gap 
widths. 
h i s t o r y  o f  a f u e l  p in ,  thus e l i m i n a t i n g  major u n c e r t a i n t i e s  i n  many of the 

var iab les  ( fue l -c ladd ing  gap gas composition, h o t  gap width,  burnup e f f e c t s  on 
fuel  conduct iv i t y ,  etc.).  Th is  i s  suggested as the b e s t  poss ib le  data s e t  t o  

f Because o f  the t e s t  design, t h e  data represent  e a r l y - i n - l i f e  opera t ing  

b e  used f o r  normal iz ing fuel p i n  thermal performance t o  p ins  under actual  

i r r a d i a t i o n  condi t ions.  

The c o r r e l a t i o n  c o e f f i c i e n t s  A and C (a f u n c t i o n  o f  i n t e r f a c e  pressure) i n  

t 
equat ions 21 and 19 were adjusted t o  o b t a i n  a "best"  f i t  t o  the  data obta ined 
us ing a Simplex technique t o  a d j u s t  parameters. 

The c o r r e l a t i o n  t o  w e l l  def ined data, a long w i th  p o s t i r r a d i a t i o n  gap 

data and a quasi t h e o r e t i c a l  model f o r  gap conductance, i s  used t o  prov ide 
est imates o f  gap conductance throughout the l i f e  o f  the . f ue l  p in .  

F igure 16 shows t h e  HGAP f l o w  chart .  

STRUCT: Fuel Mic ros t ruc ture  (Restructur inq)  C o r r e l a t i o n  

C a l c u l a t i o n  o f  f u e l  m ic ros t ruc ture  c h a r a c t e r i s t i c s  t r a d i a t i o n a l l y  has 
proceeded us ing  two d i f f e r e n t  methods. One i s  a phenomenological approach 
i n  which pore migra t ion  and coalescence i s  accounted f o r .  A vers ion  o f  t h i s  

method has been programmed i n t o  the LIFE code (Reference 7). Another method 
i s  t o  f i n d  a .temperature a t  which t h e  mic ros t ruc ture  s t a b i l i z e s  t o  a c l e a r l y  
i d e n t i f i a b l e  c h a r a c t e r i s t i c .  

temperature. 
Christensen (Reference 18) o r  a constant.  

l e c t e d  f o r  use i n  SIEX f o r  two reasons: 
g r a i n  boundaries and t h e i r  d e n s i t i e s  i s  s u f f i c i e n t  t o  permi t  c a l c u l a t i o n  o f  

f u e l  temperature d i s t r i b u t i o n  ; second, the  phenomenol og ica l  method requ i res  
much longer  computer times. This  i s  because t h e  c a l c u l a t i o n s  must be performed 
repeatedly  a t  r e l a t i v e l y  small t i m e  i n t e r v a l s  t o  assure t h a t  a balance i s  ac- 
c u r a t e l y  kept  as pores and gas bubbles move across boundaries. 

This i s  sometimes r e f e r r e d  t o  as a g r a i n  growth 

Such a temperature may be time-dependent, as was repor ted  by 
The g r a i n  growth method was se- 

f i r s t ,  knowing the l o c a t i o n s  o f  the  - 

3 

n 
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dual gaps" were measured. 
extent of  observed len t icu lar  voids and columnar (radial  elongation) grains. 
equiaxed gra in  growth radius was ident i f ied as the region (extent)  where equ 
grains (non-elongated) did n o t  appear t o  be separated from each other by gas 
the grain boundaries. 

The columnar grain growth radius was taken t o  be 

. 

Temperatures a t  which columnar and 'equiaxed grain growth were observed, 

- 
The measurements of fuel microstructure, columnar and equiaxed g r a i n  growth  I 

5 
radii, were taken from photomosaics a t  the time the previously mentioned " res i -  

he 
The 

axed 
on 

were calculated f o r  the measured restructuring radii  a t  several b u r n u p  levels.  
In a l l  cases, the maximum temperature occurred on s ta r tup  (a rb i t ra ry  b u r n u p  
o f  60 MWd/MTM). Analysis of the d a t a  did n o t  show a time dependence of the 
temperatures used for  the prediction of fuel microstructure. A simple s ta -  
t i s t i ca l  analysis of the da ta  was then performed result ing in a gradient de- 
pendent function for  the "columnar gra in  growth" and a constant for the "equi- 
axed gra in  growth" temperature. 

Figures 1 7  and 18 show the "quality of f i t "  of the SIEX prediction of the 
extents of columnar and equiaxed gra in  growth .  . 

A flow cha r t  of the STRUCT routine i s  given in Figure 19. In operation, 
STRUCT predicts fuel microstructure radii a t  s tar tup.  
time s tep the predicted fuel microstructure i s  compared with the beginning of 
l i f e  microstructure, and the la rger  of the two i s  used. 
putation time are incorporated, i .e., i f  no restructuring had previously been 
predicted, the comparison would no t  be executed. 

FISGAS: Fission Gas Release Correlation 

For each succeeding 

Checks t o  save com- 

The S I E X  f iss ion gas release model i s  similar t o  t h a t -  presented in Reference 
19. 
been published, see Reference 20. 

A report describing a model closely resembling that  in SIEX has recently 

The mechanisms of f iss ion gas release are bubble'migration t o  the central 
void and diffusion in the h i g h  fuel temperature regions, and release t h r o u g h  
grain boundaries i n  medium and lower temperature zones. 
fo r  t h i s  analysis are: 

The model assumptions 

In the fuel region characterized by grain growth, very l i t t l e  

L 

57 . 



~. 
-1 I. 

8C.81- 1 IPL la3H 

TI 
-5 
ID 
P 

0 
rt 
ID 

m 
D 

W 
x ID 
a 
0 
-5 
W 

3 

G) 
I 
0 
I rt 
J 

W 
0, 
P 

c ln 

2. 

n 

5. 

4. 

2. 

U 

3 

00’09 OO’OP 00’ 02 00’08 3 

3 
3 

c ln 
U 

Q9 3,. ‘0 I--I 
rln 
0 
0 

/’ * Y, 
bI8 I 0’2 9 *It I’ 1 8 *b P “0 0’0 ’=: 0. 

0 
0 

upu ‘sniped 43~0119 up2119 paxeinbi pimasqo . 



0 
Observed Columnar Gra in Growth Radius, mn 

0 
0.8 1.3 1.6 2.0 2.40 d 0.0 0.4 I I 

I 

0 

0 
0 

0 
I 

. / / /  

1 1 1 I 00 20.00 40.00 60 .OO 80 .OO 

Observed Columnar Gra in Growth Radius, mils 
10 .oo 

HEDL 741 1-28.39 

FIGURE 18. COLUMNAR GRAIN GROWTH CORRELATION 

59 

P 



nlUCf  7 
OtFINC COLUMNM 
A N 0  lOUlLXtD 

TEMPtMTUUE I I GROWTH I FIND THE FUEL RADIUS 
COCRESPONDINC To I rnlr TLMPtR*TURE 

, ,GRAIN GROWTH 

SET THE COLUMNm 
RADIUS TO THAT 
PREVIOUSLY 
PRtDlClCD 

IVALUATf /kdt 
AT t O U I U t D  GRAIN 

FINO THE FUEL RADIUS 
CORRESPONDING TO I fVALUATE (Ldt AT THE 

CaUMNAR GRAIN GRO'MH 
TFMPERATURE USING THE 

COMPUTE THE 
CENTRAL VOID 

OCCURED AT A 

t 
I S  THE 

PREDICTE D 

SAM THE VALUES 
COMPUTED FOR THE 
RADII FOR FUTURE 

FIGURE 19. STRUCT FLOW CHART 

60 



* 

of the generated f iss ion gas can be retained because of h i g h  f 
'I 

temperature and temperature gradients , and consequently there 
i s  rap id  diffusion and release of the gases. 

In the unrestructured region, a considerable amount o f  the 
generated gaseous fission products is retained. 
controlled by a combination of thermal and i r r a d i a t i o n - i n -  
duced diffusion processes. 

The fraction of generated gas which is  released i s  then gov- 
erned by the equation 

Release i s  

'L- 

F = F A + Fu A", r r  
where F is  the to ta l  fraction released, F ' s  and A ' s  are re- 
spectively the release fractions and areas of the restructured 
and unres tructured regions. 

9 

When applying this model, the A ' s  and F ' s  are evaluated a t  each axial mode 
i n  order to account for  axial profiles. Various functional forms of 
F were investigated d u r i n g  the data analysis. 

* 

The data fo r  fission gas release were obtained from fuel elements irrad- 
ia ted i n  the EBR-11. The t o t a l  gas recovered from each p i n  was measured and 
the percent f ission gas identified by mass spectrometery. In a l l  cases a 14*Nd 
chemical analysis was available t o  determine the fuel element burnup .  

The data analysis was done us ing  the regression analysis code R E E P ,  and  re- 
sulted i n  the following expressions f o r  the f r ac t iona l  releases from each of 
the zones: 

c 

F" = 0 ,  B c F5 

where 
B = the local b u r n u p ,  Mwd/kg 

qf = the local l inear  heat r a t e ,  W/cm 
F ' (B)  = 1 B > F7 

= F8 (B-F7)  , B F7 61 



The FISGAS routine evaluates the area present i n  each of the three c r l t i c a l  
~ reg ions ,  the amount of f iss ion gas generated, and also the f ract ion of f iss ion 

gas released according t o  the previous model, a t  a user specified number of 
axial  segments. 
e i t h e r  from input fractional releases o r  the correlated model. The volume of 
gas released from each segment is  then accumulated over the length of the fuel 
pin t o  determine the total  volume of gas released to  plenum area. This value 
i s  then used t o  compute a " p i n "  fraction release. A flow chart  fo r  FISGAS i s  
shown i n  Figure 22. 

The volume of gas released from each segment i s  then computed, 

The SIEX predicted fraction release and measured release fractions are 
plotted i n  Figure 20 to  demonstrate the quali ty of f i t .  
evaluation of the release rate  a t  three different  power levels fo r  a fuel 
pin s imilar  t o  t h a t  of the input example of Section I as a f u n c t i o n  of burnup.  
The l a t t e r  p l o t  demonstrates the b u r n u p  behavior of the gas release model and 

Figure 21 i s  an 

predicted plenum pressures. 

1 . .  
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APPENDIX A GLOSSARY 

FOilT FW 
Symbol Equi valent Description 

Code Input/Output 
Units 

C a 

C 
. o  a 

C 
aT 

B 

T i  

T: 
a 

KC 

MF 

G' 

t. 

ki 

ALPHA0 

ALPHAS 

BU( 1)  

BUT (I) 

CCPGM 

CLIDT( I) 

CLODT ( I ) 

COE F 

CK 

CMF 

COLDGP( I ) 

CRATIO( L) 

CT 

CON 

Cladding mean coefficient of cm/cm-"C in/in-"F 
thermal expansion (ac = a' 0 + aTT) 'C . .  

Intercept in the linear m u a -  cm/cm-"C in/in-"F 
tion for the mean coefficient s.. 
of thermal expansion 

Slope in the linear equation cm/cm-'C2 in/in-'F 
for the mean coefficient of 
thermal expansion 

2 

Local Burnup Mwd/ kg MWd/kg 

Burnup in an axial segment. MWd/MTM MW d/MTM 

Burnup increment in an axial MWd/MTM MWd/MTM 
segment 

Sorbed gas in fabricated fuel cc/gm of cm/gm of 
oxide oxide 

Cladding inner surface temp. OC OF 

Claddinq outer surface temp. OC OF 

Accommodation Coefficient -- -- 
Claddinq condkti vity 

- 
W/ cm- 'C B tu/ h r - f t - ' F 

Coolant mass flow rate gm/sec 1 b/hr 

Fuel -cl adding radi a1 gap cm inches 
(Post! rradi ation) 

User Specified coolant mass 
flow rate ratio (for unequal 
time steps) 

-- -- 

Cladding wall thickness cm inches 

Conductivity o f  gas compone'nts W/cm-OC Btu/hr-ft-OF 
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- GLOSSARY (Continued) 
FORTRAN Code InDut/Output 

Symbol Equi Val ent Description Units Units 

C 

Q 

%AV/Vc 

I 

Coolant specific heat w-sgc/ Btu/l b-OF CP 
gm- C 
-- -- CY Number of reactor cycles 

-- Fraction of theoretical density -- 
of the columnar grain growth 2 -  DENHI 

. region 

DENLO 

DELTAD( I) 

DISH 

DFSWEL ( I ) 

DP 

DPSWEL ( I ) 

E 

EPL 

EFPD 

Fraction of theoretical density -- -- 
of the as-fabricated fuel 

Cladding irradiation induced percent percent 
swell ing 
Fraction of the fuel column 
volume occupied by the 
dished ends of the pellets. 

-- -- 
. 

"Hot" fuel radius cm inches 

Cladding outer diameter cm inches 

"Hot" outer cladding radius cm inches 

Extrapolation distance for . cm , inches 
axial. power prof i 1 e 

Cladding Young's modulus, dynes/cm2 1 b/i n2 
E, = Eo + ETT 

Fuel Young's mo&lus dyneslcm' 1 b/i n2 

Effective plenum length cm inches 

Equivalent Full Power Days EFPD EFPD 

.. 

EPV "Effective" plenum volume cc cc 

EXTERP External cladding pressure dynes/cm2 1 b / i  n2 

FD Fuel pel 1 et diameter cm inches 

FLEN Active fuel column length cm in 

FLUENCE (I) Fluence at each axial node Neutrons/ Neutrons/cm 
.(Energy > .1 MeV) cm2 

2 

a 
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c3 - GLOSSARY (Continued) 

FORTRAN Code Input/Output 
Symbol Equivalent Description Units Units 

G 

'i 

9 

H 

Hgas 

FLUNCI(1) Fluence at each axial node Nuetronsl 
(Energy > .l MeV) cm2 

FN Fraction of the sorbed gas which -- 
i s  not helium or hydrogen. 
gas is assumed to have the physi- 

. cal characteristics of the nitroqen. 

This 

Fabricated fuel cladding gap cm 

GMOL ( K) Moles of each gas comDonent Moles or 
Dresent in the fuel-cladding 
gap tion 

molar frac- 

GVAL "Jump" distances for calcula- cm 
tion- of fuel to cladding heat 
transfer coefficient 

, HF Cladding to coolant heat w/ crn2 - O c 
transfer coefficient 

HG Constant fuel to claddinq heat 
transfer coefficient (input) 

HGAS Component of fuel to cladding 
heat transfer coefficient due 
to conductance across the gap 

HIGHT Fuel segment length 

HGP( I) Calculated fue'l to cladding 
heat transfer coefficient 

A 

Hs 

HR Hr 

HG1 Gap conductance correlation 
coefficient 

HG2 Gap conductance correlation 
coefficient 

HG3 Gap conductance correlation 
coefficient 

HS Component of fuel to cladding 
heat transfer coefficient due 
to radiant heat transfer 

Component of fuel to cladding 
heat transfer coefficiert due 
t o  solid to solid heat trans- 

Neutrons/cm 2 

-- 

inches 

Moles 

inches 

Btu/hr-ft2-'F 

Btu/ hr-f t2-OF 

Btu/hr-ft2-OF 

J 
'r 

inches 

Bt u/ hr - f t2- O F  

-- 

Btu/hr-ft2 - O F  

Btu/hr-ft2-OF 

fer 
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GLOSSARY (Continued) f Input/Outpu t 4 FORTRAN Code 
S.vm'bo 1 Equivalent Description Units Units 

- 

- Kf 

9, 

P 

pP 

C 
U 

Vf 

ITABl 

- -  
ITAB2 

ITAE33 

ITAB4 

KRFIL 

P(I) 
PBU 

PFLUX 

PGAP 

PGR 

PLENP 

PM 

PNU 

PPM 

PRATIO( K) 

-- -- Output option selector for 
fission gas release calcula- 
tion o u t w t  

Output option selector for 
geometry changes 

.Output option selector f o r  
gap conductance calculation 

-- -- 
-- -- 9 

-- -- Output option selector for 
cladding . .  elastic stress option 
Fuel thermal conductivity 
Percent of Kripton in the 
fill gas 

\!/cm- OC Stu/hr-ft-OF 
-- C I  

Linear heat rate 

Peak fuel burnup 

Peak (axial) neutron flux 
(greater than 0.1 MeV) 

Fuel-cladding interface 
pres sure 

Percent fission gas release 

Plenum pressure-fuel void 
pressure 

Peak linear heat rate 
Linear heat 

- 

Cladding Poisson's ratio 

Fuel Poisson's ratio 

Fuel water vapor content 

Power ratio applvins to a 
time interval 
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Wlcm kW/ft 

MWd/MTM MWd/MTM 

2;;;; s/ 

dynes/cm2 1 b/in. 

2 sec Nu et r on s/ cm 

2 

Percent Percent 
2 dynes/cm2 1 b/i n. 

W/cm kW/ft 
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GLOSSARY (Continued) 
FORTRAN Code Inpu t/Ou tpu t 

Symbol Equivalent Description Units Units 

3 Vol umetri c heat generati on W/cm Bt u/ f t3- hr PTERM 
rate of the undensified fuel 

PU Fraction of the metal in the 
fuel which is either 239Pu 
or 241 PU -- -- 

inches 
t 

Radius of fuel nodes (10) cm 
for temperature calculations 

r 

RBX( I )  

RCX( I )  

inches 

inches 

Columnar grain growth radius cm 

Central void radius (restruc- cm 
tured) 

rb ' 

rC 

RETFG( I j Fission gas retained in the 
fuel oxide 

cc/gm o f  cc/gm of 
oxide 

REX( I )  Equiaxed grain growth radius -cm i nc hes 
'e 

Claddinq outer radius cm inches 

R I  DP Cladding inner radius cm inches 

RISWEL( I )  "Hot" inner cladding radius cm inches 

r m RM Fabricated central void radius cm inches 

inches RMELT(1) Fuel melt extent ( rad ia l )  cm . 
RO Outer fuel radius cm inches 

rO 
Radial and axial fuel tem- O C  O F  

perature distribution 

radius r 

RT(J,I) 

S Integral Kdt evaluated at W/cm Btu/hr-ft 

SEGNUM Number of axial segments -- -- 
S(r) 

.STEPS ,.Number of time intervals at 
which calculations/output is 
desi red -- -- 

TB Columnar grain growth tem- OC 0C 
perature if constant value. 
is used (Input) 
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GLOSSARY (Continued) 
FORTRAN Code Input/Output 

Symbol E q u i  valent Des cr i  p t i on Units Units 

-Tb 

TC. 

'r 

Tf 

1) 

TCG( I )  

TCL( I )  

TCOOL ( I )  

TD 

TEG( I )  

TEMP2 

T I  

TI  INCR( L)  

TBAR 

TMSW C 

TMTM 

TOTFGR 

TVFGR( I )  

TZ 

"235 

VFG( I )  

Maximum fuel temperature 

Columnar grain growth tem- 
pera t u  re 

Maximum fuel temperature 
(unrestructured) 
Coolant temperature 

Fuel theoretical density 

Equiaxed gra in  growth tem- 
perature 

Equiaxed grain growth tem- 
perature i f  constant value 
is  used ( i n p u t )  

Coolant i n l e t  temperature 

Time increments t o  be used 
fo r  cal cul a t i  on or o u t p u t  

Average temperature of the 
gas i n  the fuel-cladding gap 

Cladding materi a1 i ndi cator 

Calculated weight o f  metal 
i n  the fuel column 

" P i n "  volume o f  -fission gas 
re1 eased 

Volume of f iss ion gas re- 
leased i n  each axial segment 

' Fuel surface temperature 

Fraction of the metal i n  the 
fuel which is  235" 

Volume of fission gas gener- 
ated i n  each axial segment 
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O C  OF 
I 

O r .  I i oc  L 

O C  

O C  

gm/cc 

O C  

OC 

O C  

Equiv. f u l l  
power days 

O C  

-- 
Metric ton  

cc @ STP 

cc @ STP 

O C  

-- 

cc @ STP 

I 

1 

O C  

O F  

E q u i v .  f u l l  
power days 

O F  

-- 
Metric t o n  - 
cc (3 STP 

cc @ STP 

O F  



0' GLOSSARY (Continued) 

FORTRAN Code Input/Output 
. Symbol Equiva lent  Descr ip t ion  Un i t s  Ur i i  t s  . 

VFGR(K, I ) Volume o f  f i s s i o n  gas re- 
leased i n  each reg ion  a t  
each a x i a l  segment 

cc 8 STP cc 8 STP 

cc @ STP 

cm 

cc @ STP 

inches 
v f  VOFG 

V O I D  

Volume o f  f i l l  gas 

Fabr icated f u e l  cen t ra l  vo id  
diameter 

Volume o f  sorbed gas i n  fue l  
exc lud ing water vapor 

Volume o f  water vapor i n  f u e l  

cm (3 STP cc @ STP VS G 

cc (h STP 

gm/mol e 

vwv 

WBAR 

cc (3 STP 

gm/mol e Average molecular weight o f  
t he  gas i n  the  fue l -c ladd ing  
gap 

ii 
3 

Distance above the bottom o f  
t he  f u e l  o f  the  center  o f  each 
a x i a l  segment ( t h e  l o c a t i o n  
o f  t he  a x i a l  nodes) 

Percent o f  xenon i n  the  fill 
gas 

inches cm 

XE F I  L "- 

Btu/hr- f t -OF XKM E f f e c t i v e  s o l i d  t o  s o l i d  con- 
d u c t i  v i  ty' 

a 

X K M I  x Conduct iv i t y  o f  t he  gas i n  W/cm-'C Btu/hr- f t - 'F 
the  f u e l  -c ladding gap 

Y C1 adding y i e l  d s t reng th  dynes/cm2 1 b / i  n2 

YMODO I n t e r c e p t  o f  the  1 i n e a r  dyneslcm' 1 b / i  n2 
Eo expression f o r  c ladding 

Young's modulus 

Slope o f  t he  l i n e a r  expres- 

modulus 

YMODS d.gnes/cm2 1 b / i  n2 -OF 
s i o n  f o r  c ladd ing  Young's - c  Et 
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GLOSSARY (Continued) 

FORT RAN Code In pu t / O u t p u t  .. 

' 'Symbol Equi v a l  ent Description Units Units 

FU 

z1 

22 

23 

Fraction o f  produced f iss ion 
gas released from colurmar 
grain growth region 

Fraction of produced f iss ion 
gas released from equiaxed 
grain growth region 

Fraction of produced fission 
gas released from the 
unrestructured fuel region 

. . .  . 
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.. APPENDIX B 

Material Properties and Correlation 

Coefficient Values 

Current values used f o r  material properties and correlated model coeff ic ients  
are given i n  the following t ab le .  
form of d a t a  statements located in the routine BLKDAT and t ransferred t o  the res- 
pective models t h r o u g h  the labeled comnon PARCOM. 
given where appropriate. 

These values are programmed in to  SIEX i n  the 

References and code units are 

L 

TABLE B.l  

MATERIAL PROPERTY AND CORRELATION COEFFICIENT VALUES 

Val ue/lhi ts  FORTRAN Equ i  valent 

(Reference 21 ) 
ALPHA0 

Model /Parameter 

C1 a d d i n g  Thermal Expansion 
C 
0 
a 16.2 x 10-6(cm/cm - O C  

3.79 x (cm/cm - OC') 

Y 

C ALPHAS 

(Reference 22) 

YMODO 

YMODS 

Cladd ing   young.'^ Modulus 

E: 

E; 

2 2.12 x 10l2 (dynes/cm ) 

9.2 x 10 8 (dynesj.cm' - "C) 

(Reference 23) 

PNU 

Cladding Poissons Ratio 

YC . 3  e 

(Reference 24) C1 addi ng  Thermal Conduct i v i  t y  

0.133 (W/cm - " C ) -  

1.300 x (W/cm - O C 2 )  

CK1 

CK2 

(Reference 25) C ladd ing  Yield S t e n g t h  
2 4.82 x 10 97(dynes/cm2) 

-1.076 x 10 (dynes/crn - C )  
YE0 
YES 

(Reference 26) Cladd ing  Emissivity 

.9 E MC n 
C 

E 
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f - TABLE B.l (Continued) zr 

Fuel Thermal Expansion (Reference 27) 

FAL FO 6.58 x (cm/cm -"C) 

FAL IT 

f 
0 

a 

3.00 x l o "  (cm/cm - OC2) .T' 
Fuel Young's Modulus (Reference 28) 

2 YMODFO 

YMODFS 4.46 x 10 (dynes/cm2 -"C) L- 

2.50 x 10 l2 (dyneslcm ) 
-1 

Fuel Po isson 's  Ra t io  (Reference 29) 

PNU e 3  f 
Y 

Fuel Thermal Conducti v i  ty  (Reference 4) 
FKD 1.133 

. FK1 78 
Kpf 

kf 
.Fuel  E m i s s i v i t y  

C 
E 

-Gas C o n d u c t i v i t i e s  (See Table 8.2) 

P o s t f r r a d i a t i o n  Gap ( C o r r e l a t i o n )  

FK2 

FK3 

(Reference 30) 
EMF 

RG1 
-- RG2 

RG3 
RG4 
RG5 
RG6 
RG7 

G1 
G2 
G3 

*G4 
G5 
G6 

7 G 

Fuel t o  Cladding 
Heat T rans fe r  ( C o r r e l a t i o n )  : 

A 0 HG1 

78 

.02935 

6.60 

. 80 

3.87 x lom6 
126. 

-.522 

. 395 
-. 07 684 

600 
1.1 

. . . .. 

13.7 
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.- TABLE 6.1 (Continued) 

Fuel t o  Cladding Heat 
Transfer (Correlation) (Cont.): 

C C = HG2 x exp-(-HG3 x P )  
H G 2  1 .lo95 
HG3 -3.394 

Grain Growth Temperatures (Correlation) 

E q u i  axed grain growth FR1 1570. ("C) 
temperature 

Col umar  grain growth FR2 1886. ("C) 
tempe r a t  u re 

FR3 0.49 ("C - cm/W) 

(Reference 31 ) Fission Gas Yield 

Krypton from 239Pu 
Xenon from 235u 

Xenon from 2 3 9 ~ u  FYPUX 

FYPUK 
FYU5X 

Krypton from 2 35u FYU5K 

Xenon from 2 38u FY U8X 
Krypton from 2 3811 FYU8K 

F i s s i o n  Gas Release (Correlation) 
F, FG1 

I 

F2 
F3 
F4 
F5 

F7 
F6 

F8 

FG2 
FG3 

' FG4 
FG5 

* 

FG6 
FG7 
FG8 

Accommodation Coeffifient (Correlation), 
AC1 
AC2 

A1 
, A 2  

A3 

0.233 (a  toms/f i ss i cn ) 
0.022 (a toms/fi s s i  o n )  
0.21 8 ( a toms/ f i s s i on ) 
0.048 (a toms/f i ssi o n )  
0.21 4 (a toms/ f i ss i on ) 
0.031 (atoms/f i ssion)  

5890. 
0.8649 8 

351 5. 

7.345 

-2.88 x 
0.0824 
0.01 25 

491 70. 

0.8121 
4.516 
7.714 AC3 
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Cl addi ng Roughness 

. rc 

TABLE B . l  (Continued) f 
t 

(Reference 12) 

' 1.78 (cm) 

Fuel Roughness (Reference 32) 
rf 3 .3  x (cm) 

z The values used fo r  the EBR-I1 axial f lux prof i le ,  axial power prof i le ,  
average neutron energy, and r a t io  of to ta l  f lux t o  flux greater than .1 MeV 
were obtained from Reference 33. 
opt ion  fo r  axial prof i les  i s  selected. 

These values are  used when the appropriate 
See page 13 for  de ta i l s .  
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TABLE B.2 

. GAS CONDUCTIVITIES (Reference 34) 

For Gas Conductivity Expressed As: 

2 watts. i n  o c  A + BT + CT 9 cm-oc$ ki 

Coefficient He1 i urn Nitrogen - Xenon Argon Krypton 

A 1.308~1 0-3 2.540~1 0-4 5.739~1 f5 1 .716xl 0-4 9.560~1 0-5 

B 3.696~1 0-6 5.651 xl 0-’ 1 .451 xl f7 4.1 22x1 0-7 2.136~1 f7 
C -5.848xlO-’O -7.336xlO-” -2.323~10-l1 -8.015~10-~~ -3.506~10-~’ 

. .  . .  

.. . 
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