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ABSTRACT 

is report provides  the background theory,  u s e r  input ,  and sample 

problems requi red  for t h e  e f f i c i e n t  a p p l i c a t i o n  of the D i p  GE 

system - a code block pe r tu rba t ion  

theory and data sensitivity analyses .  The DEI? srystern is of 

modular cons t ruc t ion  and has  been 

computational system at Oak Ridge . me DEPTH 

module (coupled wi th  V > so lves  for the t i n t  func t i one  

of Deplet ion Pe r tu rb  

dependent der ivat ives;  of the response w i t h  r e s p e c t  t o  the n 

concent ra t ions  and nuc lear  d a t a  u t i l i z e  i n  t h e  re ferenee  model, The 

CHARGE code is a eoPlec t ion  of u t i l i t y  routines for genera l  d a t a  

manipulat ion and input prepa ra t ion  and considerably extends t h e  

usefu lness  of t he  sys tem tbrough t h e  a t a t m a t i c  generation of a 

sources ,  es t imated  per turbed  responses ,  and r e l a t i v e  d a t a  sensitivity 

cosff icieats, C bined, the DEPTH- E system provides ,  f 

t i m e ,  a complete gene ra l i zed  first- ~rtzorbartieen/seniaiti.rabtgv theory 

c a p a b i l i t y  f o r  both s ta t ic  and the-dependent  ana lyses  of realist ic 

mult idimensional  r e a c t o r  models. 

for both s t a t i c  and the-dependent  

plemented w i t h  

xi 





CQMPWTER CODE ABSTRACT 

1 .  Program I d e n t i f i c a t i o n :  The DEPTH-CH AGE system is a set of 

code modules (iUBMRG, CHARGE, and DEPTH) f o r  genera l ized  s ta t ic  and 

time-dependent perturbation/sensitivity c a l c u l a t i o n s ,  

2. Function: T h i s  code system (coupled w i t h  a neut ronics  module) 

prepares  t h e  requi red  a d j o i n t  sources, s o l v e s  the a d j o i n t  equat ions  

of Deplet ion Pe r tu rba t ion  Theory, and c a l c u l a t e s  s ta t ic  and/or 

time-dependent nuc l ide  and data s e n s i t i v i t y  c o e f f i c i e n t s  f o r  a wide 

v a r i e t y  of f ina l - t ime response f u n c t i s n a l s .  

3. Method of Solu t ion :  The DEPTH module ( for  

D e o r y )  is the  I I I L P ~  c a l c u l a t i o n a l  c&e i n  the  system. It uses  a 

s t r a igh t fo rward  series expansion method f o r  t h e  mat r ix  exponent ia l  

s o l u t i o n  of  t h e  forward and a d j o i n t  nuc l ide  d e n s i t y  equat ions  and a 

numerical i n t e g r a t i o n  technique is u t i l i z e d  t o  eva lua te  t h e  time 

i n t e g r a l s  appearing i n  t h e  formula t ions  for  seve ra l  of t h e  a d j o i n t  

func t ions .  Oak Ridge National  Laboratory 

(ORNL), the  VENTURE module is u t i l i z e d  t o  so lve  the genera l ized  

a d j o i n t  f l u x  equat ion.  

I n  t he  system i n  use  a t  

4. Related Material: T h i s  system assumes t h a t  a r e fe rence  forward 

c a l c u l a t i o n  has been performed, w i t h  the storage of t h e  appropr i a t e  

f l u x  and nuc l ide  d e n s i t y  f i l es  for use i n  t h e  a d j o i n t  computations. 

The s tandard  i n t e r f a c e  data f i l es  adopted i n  t h e  DOE Reactor 

Physics  code coord ina t ion  effort are used. Other modules using 

c o n s i s t e n t  formula t ions  and i n t e r f a c e  data f i l e  s p e c i f i c a t i o n s  w i l l  

couple  d i r e c t l y  w i t h  t h i s  set of modules. 

xiii 



6 .  Cmputep: This code system has been run as part of the OR 

computational system on the IBH cadels 360 and 393 computers. 

e: Required time depends on %he pro being solved. 

ExeQution of the DEPTH module requires 2-3 ti 

a forward deplet ion calculation in the URlER exposul.e module. 

Howevw, for most m a l i s t i c  gag e ~ s ,  %he  squired CPU time is 

ated by the gene i zed  adjoint  flux calculation In 

the ~ ~ ~ t r o ~ i @ ~  module, uhieh n is directly related t o  probBelE 

size. 

8.  Programmi Languages: Host of the pmgr 

however, a f e w  special-puppose routines ( e . g .  memory allocation, 

direct access transfer, ete,) are  progt- 

System: The basic OS-360 IBM operating system with a 

FORTRAN I V ,  H-level compiler version 21.8 has been used. 



10. Machine Requirements: Machine requirements f o r  a p p l i c a t i o n  of the  

DEPTH-CHARGE system is usua l ly  dolminated by the  neut ronics  code 

used f o r  t h e  genera l ized  a d j o i n t  c a l c u l a t i o n  ( l o c a l l y ,  t h e  VENTURE 

code). 

11. Author: J, R. White 
P. 0. Box X, Bldg. 6025 
Oak Ridge Nat ional  Laboratory 
Oak Ridge, TEI 37830 

12. References: 

1. J. R. White, "The DEPTH-CHARGE Stat ic  and Time-Dependent 
PerturbatiotUSensitivity System", Oak Ridge National  
Laboratory,  ORNL/CSD-78 (1981) 

2. D. R. Vondy, e t  al, "VENTURE: A Code Block f o r  Solving 
Multigroup Neutronies  Problems Applying the Fin i te -Dif fe rence  
Diffusion-Theory Approximation t o  Neutron Transport ,  Version 
11," Oak Ridge Nat ional  Laboratory,  ORML-5062/R1 (1977). 

3. D. R. Vondy and G. W. Cunningham, "Exposure Calcu la t ion  Code 
Module for Reactor Core Analysis: BURNER," Oak Ridge Nat ional  
Laboratory,  ORNL-5180 (1979). 
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Coupled with tm VENTUWX code, it solvez Tor the  a d j o i n t  fwct ians  of 

BPT m d  c a l c ~ l a t e s  the des irZd  ti~e-depefidefit d e ~ i ~ z t i ~ e s  sP“ the 

response with msgeob. t o  t h e  m c l i d e  concentratians and nuclear  data 

u t i l i z e d  i n  t h e  re ference  reactak mode?.. The overall. DEPTH-CHARGE- 

VENTURE system provides,  for t h e  f l  rst t i ae ,  a eompXete gene ra l i zed  

f i rs t -ordw p e r t u r b a $ i s ~ s e n s P & ~ ~ ~ ~ ~  theory  c a p a b i l i t y  f o r  both static 

e-dependent ana lyses  o f  real is t ic  n u i t i d i m n s i o n a l  .reactor 

models. Thus, i t  reyrssenta  a unique c a p a b l l i t y  and significantly 

enhances QRNL*s present sai”iai t ivi tg  a n a l y s i s  c a p a b i l i t i e s .  

The remainder sf this report provides detal.1.ed dseuaen ta t ion  f o r  

t he  ~ E ~ ~ H - ~ ~ ~ ~ ~ ~  system. Sectiona E1 and %BE describe, r e s p e c t i v e l y ,  

the backgromb theory  and user i n p u t  I n s t r u c t i o n s  r equ i r ed  for the  

e f f i c i e n t  appbiCatlc9n of the  overa l l  DEPTH-GHBBGE system S e c t i o n  1V 

c o n t a i n s  s e v e r a l  sample problems i l l u s t r a t i n g  s e of t h e  miin features 

and capabilities si the i n d i v i d u a l  codes, These ex 

adequate ly  demonstrate t h e  use of the s y s t e ~  and hope fu l ly  w i l l  

emphasize t h e  r e l a t i v e  ease of pe~fo i n g  a time-dependent 

pgr~urbat ian/sen3i t iv i ty  a n a l y s i s  far B particular r e a c t o r  des ign  once 

a re fe rence  forward computation has been perrfomed. The several 

Appendices a t  t h e  end of t h i s  r e p o r t  con ta in  a more detaZled d e s c r i p t i o n  

of mul t i cyc le  time-dependent pertwbat ion theory as i m p l e  

the  p resen t  system, This a d d i t i o n a l  in format ion  is included in an 

attemp& to make t h e  p re sen t  document a comprehensive guide  for  the  

a p p l i c a t i o n  of DPT met*Lrlisds. However, the s e r i o u s  use r  i s  urged t o  

consu l t  t h e  references ( e s p e c i a l l y  Refs, 1-51 f o r  f u r t h e r  detai ls  and 

a p p l i c a t i o n s  o f  t h e  methods discussed  here. 



be noted %hat the  DEPTH- 

developed as a resea rch  tool for  the evaluakion of 8 

partieanfa* t P  ndent. ~~~~~r~~~~~~~ theory me%$& agp%i.cabIe ts fael 

buPraamp ana lyses .  As such, it  o9.iginaPly was not inte 

oduPe sf t h e  VE owever, as 

m$uT.W, the GsefuHaess of the 

studies beca p a m n t ,  and 

er  band, ear8 was t aken  thro phase 

o f  t h i s  work %e, ins e an end p9.duct  that was f lexible ,  easy t o  use, 

and r e a s ~ m b l y  compatible with t he  strict o rgan iza t iona l  requirements  of  

e Thus, although sme r e s t r i e t f o n s  do e x i s t  r e l a t i v e  

ER system, 4 t  f a  fe l t  t o  the g e n e r a l i t y  and s t r u c t u r e  of the  ~~~~~E~~~ 

t ha t  the unique c a p a b i l i t i e s  of t h e  p re sen t  v e r s i o n  far out-sha 

minor i n c o n s i s t e n c i e s  wi th  the rest of t h e  VE 

Extens lve  testi f the presen t  system h a s  also been performed t o  

guarantee  w i t h  a degree of r e l i a b i l i t y  t h a t  the codes perfom as 

intended.  Much of t h e  documentation f o r  t h i s  effor t  is contained i n  

Refs. 1-5. However, t h e  u s e r  should be caut ioned t h a t  a t  p re sen t ,  t he  

au thor  i s  the only  one who has  used the system and, therefore, a c t u a l  

a p p l i c a t i o n  testing is q u i t e  l imi ted .  I n  t h i s  l i g h t ,  the presen t  DEPTH- 

CHARGE system should be coined a "preliminaryR vers ion ,  s u b j e c t  to 

r e v i s i o n  i f  coding errors are found or i f  additional f l e x i b i l i t y  is 

deemed necessary for realistic a p p l i c a t i o n  by t h e  u s e r  eornmunnity. Also 

i n  t h i s  regard, the  au thor  would appreciate feedback from the user 

community as t o  t h e  accuracy, f l e x i b i l i t y ,  and use fu lness  of' the  p resen t  

s ys t em. 
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The purpose o f  t h i s  sec?t,i.on i s  t o  0l.at.ilrae the tfEie-dependent 

pe~aturBa$isn/sensit ivity formulation implemnted i n t o  the ~ ~ ~ ~ ~ - ~ ~ A ~ ~ E  

system aitd to suppPy t he  user enaugh t h e o r e t i c a l  ba@kgFPund for its 

e f f i c i e n t  appl i ca t ion  t o  rea l i s t ic  problems, pS~weve:r, the reader i s  

cautioned thab this aact.'boa is intendca?3 only  as a ni-ilfrnum Bntrodrxction 

t o  muEtlcycle d e p l e t i o n  p e r t u r b a t i o n  theory  (DPT), axxd it is h igh ly  

recomaended tha t  t he  Appeod-ieea a t  t h e  end of t h i s  r epor t  and Wafs. 1-5 

be u t i l i z e d  f o r  f u r t h e r  de ta i l s .  

JJL, Fopward and- Adjoint bur nu^ Fornulwt ions 

We w i l l  beg in  the i n t r o d u c t i o n  of DPT methads with a brief pewfew 

of the  fornard  urnu up prob~em. ~n tmrnup ana lyses ,  one i s  interested in 

the i n t e r a c t i o n  bebween the nucl ide  density field and t he  neut ron  f lux  

f i e l d  w i t h i n  the  re2ctor over r e l a t i v e l y  long  per iods  o f  t i m e .  The 

n ~ c 3  i d s  f i e l d  obeys t h e  nuc l ide  t ransmuta t ion  equat ion ,  while  t h e  flux 

f i e l d  is assu~ed t o  obey t h e  d i f f u s i o n  theory  approximation t o  the  neu- 

t r o n  t r a n s p o r t  equation. I n  these basic equat ions ,  t h e  f l u x  f i e l d  is  

depende3t on t h e  nuc l ide  f i e l d  through t h e  d i f f u s i o n  ope ra to r  and t h e  

nuc l ide  f i e l d  is  a f u n c t i o n  of t h e  neutron f l u x  through its coupling i n  

the  t ransmuta t ion  opera tor .  I n  a d d i t i o n  t o  t h i s  i n t e r a c t i o n ,  the  f l u x  

and nuc l ide  f ie lds  are a l s o  coupled through the  r e a c t o r  power 

c o n s t r a i n t .  I n  t h i s  s tudy ,  t h e  system o f  three coupled non l inea r  

equa t ions  f o r  t he  nuc l ide  f i e l d ,  f lux f i e l d ,  and f lux normal iza t ion  are 

referred t o  as  t h e  genepal forward non l inea r  burnup equat ions .  
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Present  methods f o r  so lv ing  t h e  nonl inear  burnup equat ions  

e s s e n t i a l l y  decouple t he  f l u x  and nuc l ide  f i e l d s  by assuming t h a t  t he  

neutron f l u x  is separable  i n  time and can be w r i t t e n  as 

(2 *I) 
3 -+ 

$(r,E,t) = a ( t ) $ ( r , E )  f o r  ti < t < t 2  

+ 
where a ( t )  i s  a time-dependent normalizat ion and $ ( r , E )  i s  t h e  space and 

energy-dependent neutron f l u x  tha t  satisfies the  time-independent 

d i f f u s i o n  equat ion.  I n  this "quas i - s t a t i c "  approximation, t l  and t 2  

def ine  the  time i n t e r v a l  over  which 

t h i s  i n t e r v a l  the  dep le t ion  equat ion  

-3- 
$ ( r , E )  is assumed cons tan t .  During 

becomes 

where H(r,t) is the  space- and time-dependent nuc l ide  d e n s i t y  vec tor  and 
-t 

H ( r , t )  is the  space- and time-dependent t ransmuta t ion  matr ix  ( c o n s i s t i n g  

of microscopic r e a c t i o n  rates and decay cons t an t s ) .  

It should be pointed out  that  t h e  t i m e  dependence of the 

t ransmuta t ion  mat r ix  is due t o  t h e  f l u x  normalizat ion and not the flux 

shape. I n  practice the  time-dependent f l u x  normalizat ion is a l s o  

approximated as a piecewise cons tan t  func t ion  of t i m e ;  e s s e n t i a l l y  

breaking the  i n t e r v a l  t l  < t < t 2  i n t o  s e v e r a l  sub in te rva l s .  Within each 

s u b i n t e r v a l  t he  t ransmuta t ion  mat r ix  is cons tan t  i n  time, making t h e  

s o l u t i o n  of eq. (2.2) q u i t e  s t r a igh t fo rward .  A t  t 2  a new flux- 

e igenvalue c a l c u l a t i o n  i s  performed, and t h e  d e p l e t i o n  equat ion  solved 
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b 
once more using the. new $(r,E.l  [ k i n g  this grscedure, one caw predict 

the time-dependent i so top ic  changes khat occur i n  a nuclsar reactor.  

A achetxatic reppeeentation of t h i s  quasi -s tat ic  busnup 

apprsximatian is given in Fig,  2.1. It should be noted that t h l s  

agpraxirnat5cn i n t ~ o d u c e a  discont8nu3tLns into &he b n ~ ~ u g  equationse 

That i s ,  the nuclide d%Esi tg  i s  discon-cinuous at cycle and &Im-a$ep 

boufidariea, t.he ~ Z U K  shape beoemaas a m m  inusins at, timenstep 

boundaries, and the f lazx  or power nomwalizatlon f s  chaaaetwieed by 

discre te  step charges at s u b s t e p  $nkerfacea, As s ill be shown later, 

the qUaSi-shtiC adjoint bl.ls;?Up eQt@.tiOnS also srhlbit a Similar 

behavior at ti12 time boundaries. 

The de ta i l ed  forward quasi-static deplet ion equations, employing 

the notation deswibed  i n  A ~ ~ ~ ~ ~ ~ x  A, are summarized i n  the  first half 

of Table 2.1. Under the  quasf-skatic aggroxi 

(2.8) carnglstely def ine  the  s t a t e  o f  t h e  reactor a% any point in time. 

The fiast of these equations dese i - ibes  the zoneaveraged deplet ion 

gkocess for each i j k  time in terva l  within each reactor region, The sz 

subscripts represent subasme s i n  zone z. The terms i n  the brackets of 

eq. are j u s t  a more detailed repsesentation of the transmutation 

matrix given i n  eq, (2.11, showling its dependence on both the ahape and 

magnitude of the f lux ,  The i n i t i a l  condition at the cycle ~ o ~ ~ ~ a r ~  

represents the refueling process, while this ecpndition at the time-step 

interface  i s  t o  account for control rod ~ ~ ~ e r n ~ n ~  OF m y  other 

discont inui ty  in the nuclide f i e l d .  

(2.3) 
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i i 

f igure 2.1. Schematic Representation o f  
Burnup Approximation. 
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The reactor power c o n s t r a i n t  Ceq. (2.617 along with eq. (2,8) are 

the  d e f i n i n g  equat ions  far t h e  norrnalizaklon cons t an t  dJke Xinflarly, 

the time-independent d i f f u s i o n  equat ion  ~~~t~~~ in operator adotation 

$eqc (2,711 defines the s p e c t r a l  and s p a t i a l  flu ~ i ~ ~ ~ i b u t ~ ~ ~ ~  When 

er, t h e  normalizat ion and d i s t r i b u t i o n   tion^ on^ desc r ibe  

-+ 
the t o t a l  group f l u x  vector, - $(pll0 i n  the reactos system, 

The s o l u t i o n  of  the above equat ions  is s t r a ~ ~ h t f ~ ~ ~ ~ ~  and sewerdl 

cmputer  codes have been wsitten s p e e i f i c a l h y  for t h i s  purpose, The 

s p e c i f i c  calculatio soheme u t i l i z e d  for this w w k  is briefly ou t l ined  

i n  Sec t ion  11.2. 

With the! forw burnmug eguat l sns  clearly defined, we now cont inue 

wi th  the adgoin% e p l e t i o n  paocess anEd t he  ~ o ~ ~ ~ ~ t  of ti 

pe r tu rba t ion  theory.  The goax o f  any ~ e r ~ ~ ~ ~ ~ ~ ~ ~ ~  theoryr whether 

s t a t i c  o r  time-dependent, is the predletion of a perturbed reaponse 

without  direct r e c a l c u l a t i o n  of the  farwapd px~ablem, I n  most reactor 

physAes stu Pes, a response 04 i n t e r e s t  is generaBly a fina9-time 

func t iona l  of both the ~~~~~e~~~~~ ~ ~ ~ ~ ~ e ~ t  varPaibPas deser$bing 

the r e fe rence  reactor system, and can be w r i t t e n  as, 
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From eq. (2.9) an@ sees t h a t  these are only  four  poss ib l e  ways 

in which R can be altered: 

-h * 
1. Var ia t ion  i n  N ( r , t )  --_1 direct'N e f f e c t '  

a R ( t f )  
AR =!-- aN(t.1 * AN(t)d; - 

* 
2. Var ia t ion  i n  a(ti) d i r e c t  o r  i n d i r e c t  e f f e c t '  

where P = r eac to r  power = €(a> 

-+ * 
3.  Variation i n  $(-r,E,ti) ~ i n d i r e c t  'r e f f e c t  ' 

(2.10) 

(2.11) 

(2.12) 

-+ 
4 .  Variat ion i n  g(r,e,t) - . d i r e c t '  or i n d i r e c t  .f3* effect' 

(2 .13)  

F i n a l l y ,  adding eqa. (2.10)-(2.13) g i v e s  t h e  t o t a l  per turbed response,  
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p e r t u r b a t i o n  theory  id t he  present fssaulatisn, one need oxsly specify 

e a t  uhich t he  ps~turbat isn  is mde. If t = ti = tf, s t a t i c  

p e r t u r b a t i o n  theory rBsPBlt8*  If, hc9WepJeF' t and t < t the as/a 
aR/aP,  and ~ R % W  derivatives $11 ~ Q S .  (2.90)-(2.12) become 

functions ispp thzta Pelate t h e  change i n  the final-ti 

p e r t u r b a t i o n s  aada prior t o  t 

i- f' 

f' 

This rather 89 p l i f i e d  exp%asatiow and ratisna88aatian o f  DPP w i l l  

hopefu l ly  serve as a bridge between the detailed theory and the 

terminology necessary for an adequate u ~ d ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  of t h e  a p p l i c a t i o n  

tisas in Append1 A (see e g ~ .  A. I5-A,19)  S B ~ C ~ W S  that  the 

a w $ d , t i  swam,), a f l ~  X V ~ Q G , E , ~  ; tiBe-dependent derivatives 

3 - NS[r,t;# B s ( t l )  and T*(g ,E, t l ]  adJs int  functisss a m  just the 

2 

needed I,n $ha perturbation exg~.saa%rsn of eq, (2.141. Bo& only does 

t h i s  S h p R e  6QkQ inolagy, i t  also pr.ov%des 

a phys ica l  basis for %he three adgoint functions of BPT. 

A l t ~ ~ ~ ~ ~  t h e  d e t a i l e d  struetenre of %he three a d j o i n t  equa t ions  is 

no t  reyuiped for a p p l i c a t i o n  purgos ortant t o  note t h a t  ai 

one-to-one correspondence e x i s t s  between the forward and adjoint quasi- 

static bumup equat ions ,  This corresponde ce i s  i l l u s t r a t e d  in the 

second half  of Table 2 * 1 ,  which ~ c ~ n t a i n s ~  for ~efesance ~~~~~~~~, t h e  

detailed a d j o i n t  equa t ions  pmgr d w i t h i n  the DEPTH-CHARGE system. 

Table 2.2 also attempts t o  d i s p l a y  the same r e l a t i o n s h i p s  i n  a more 

concise  form, and thus  explain the  purpose sf each a d j o i n t  equation. As 

apparent i n  these compa~isons, each opera t ion  perforloled dur ing  the 

forward d e p l e t i o n  c a l c u l a t i o n  has a corresponding adjoint .  expression. 
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Forward dep le t ion  calcidation 

Power noma1 izatissz. 
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Some of t h e  major code modules i n  t h i s  system and t h e i r  

computational f u n c t i o n s  are l i s t e d  i n  Table 2.3. These modules, along 

w i t h  many o t h e r s  under development, communicate wi th  each o t h e r  through 

the  use  of s t anda rd ized  i n t e r f a c e  data  files.25126 These data f i les ,  

e s t ab l i shed  by t h e  Committee on Computer Code Coordination (CCCC),  

c o n t a i n  a v a r i e t y  o f  in format ion  ranging  from c ross - sec t ion  data t o  

module i n s t r u c t i o n s ,  Many of the  more f r e q u e n t l y  used i n t e r f a c e  f i les 

are described i n  Table 2.4. 

O f  main concern he re  is t h e  computational pa th  one would fo l low i n  

performing a t y p i c a l  burnup a n a l y s i s  w i t h  t h i s  modular system. If an  

a d j o i n t  c a l c u l a t i o n  i s  t o  fo l low,  t h e  r e f e r e n c e  d e p l e t i o n  s o l u t i o n  is  

somewhat more complicated due t o  t h e  amount of in format ion  t h a t  needs to  

be saved for  t h e  a d j o i n t  c a l c u l a t i o n .  S ince  t h e  a d j o i n t  formula t ion  

uses  t h e  unperturbed f l u x  and nuc l ide  f i e l d s  from the  r e fe renee  case, 

t h e  i n t e r f a c e  f i l e s  con ta in ing  t h i s  data must be r e t a ined .  I n  a d d i t i o n ,  

due t o  the method o f  s o l u t i o n  of the  fixed-source a d j o i n t  c a l c u l a t i o n ,  

one a l s o  needs t o  perform (and s t o r e  data from) a r e g u l a r  a d j o i n t  and 

p e r t u r b a t i o n  c a l c u l a t i o n  a t  each t i m e  s t e p  du r ing  t h e  forward d e p l e t i o n  

c a l c u l a t i o n .  These a d d i t i o n a l  tasks roughly double the  c o s t  o f  a 

r e f e r e n c e  d e p l e t i o n  c a l c u l a t i o n  r e l a t i v e  to  one that  is not to be 

followed by an a d j o i n t  c a l c u l a t i o n .  However, t h e  data genera ted  from 

one r e f e r e n c e  c a l c u l a t i o n  can be u t i l i z e d  i n  any number of a d j o i n t  

c a l c u l a t i o n s  f o r  v a r i o u s  responses  o f  i n t e r e s t .  

The basic c a l c u l a t i o n a l  pa th  for  a r e f e r e n c e  d e p l e t i o n  c a l c u l a t i o n  

us ing  the  VENTURE modular system is shown i n  Fig.  2.2. It is simply the 

q u a s i - s t a t i c  a lgor i thm discussed  previous ly .  Additional ope ra t ions  

such as nuc l ide  searches, c o n t r o l  rod p o s i t i o n i n g ,  and more detailed 
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TABLE 2.3 

U J O R  MODULES OF THE VENTURE-BLTRNER AND DEPTH-CWARGE 
COMPUTATIONAL SYSTEMS 

MODULE FUNCTION 

VENTURE 

BURNER 

PERTURBAT 

RODMOD 

F U E L U G  

DEPTH 

CHARGE 

Solves usua l  neutronic  eigenvalue,  a d j o i n t ,  f ixed  
source,  a d j o i n t  fixed-source, and c r i t i c a l i t y  
search  problems, t r e a t i n g  up t o  t h r e e  geometric 
dimensions. Also does f i r s t - o r d e r  per turba t ion  
ana lys i s .  

Solves the  nuc l ide  chain equations t o  estimate 
the  nuc l ide  concentrat ions a t  the  end of an 
exposure t i m e  and a l s o  a f t e r  a shutdown period.  

Performs d e t a i l e d  f i r s t - o r d e r  s ta t ic  per turba t ion  
ca l cu la t ion .  

Used t o  pos i t i on  con t ro l  rods during the  calcu- 
l a t i o n  of a r e a c t a r  h i s t o r y .  

Performs f u e l  management operat ions i n  mult icycle  
problems. 

New module f o r  t he  s o l u t i o n  of t he  adjoint: equat ions 
of DEgletion Pe r tu rba t ion  - THeory. 

New module f o r  general da ta  manipulation and inpu t  
prepara t ion  f o r  DEPTH. Also c a l c u l a t e s  da t a  
s e n s i t i v i t y  c o e f f i c i e n t s .  

S U m G  New module f o r  i n t e r f a c e  f i l e  manipulation f o r  use 
i n  DEPTH and CHARGE. 
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TABLE 2.4 

COMMONLY USED INTERFACE DATA FILES 

~~ 

NAME CONTENT 

CONTRL Module input instructions. 

ISQTXS Nuclide ordered microscopic cross-section data. 

GRUPXS Group ordered microscopic cross-section data. 

GEODST Geometry data. 

NDXSRF Nuclide referencing data. 

ZNATDN Nuclide concentrations. 

RZFLUX Zone average fluxes. 

RTFLUX Regular point fluxes e 

ATFLUX Adjoint point fluxes. (regular and fixed-source) 

EXPOSE Basic exposure data. 

PERTUB Perturbation integrals, 

FIXSRC Source for either regular or adjoint fixed-source 
calculation. 

REFUEL Basic fuel management data. 

NOTE: Several additional "interface fi les" have been defined for 
use in the DEPTH-CHARGE system. 
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I LOOP OVER NUMBER OF CYCLES 

-LOOP OVER NUMBER OF TIME STEPS PER CYCLE 

1. VENTURE 

A .  

B. Regular adjoint calculation 

C .  Perturbation calculation (optional) 

D. Write RTFLUX, ATFLUX and PERTUB interface files 

Flux-eigenvalue calculation and power normalization 

2. BUmJER 

LOOP OVER NUMBER OF SUBSTEPS PER TIME STEP 

A. Depletion calculation (matrix exponential soln.) 

B. Power normalization 

C .  Write end of time step ZNATDN file 
__I 

3.  VENTURE (optional) 

L 
A. through D. above 

PROBLEM SETUP 

I B .  Write new ZNATDN interface file 

5. SUBMRG (interface file manipulation) 

F i g u r e  2.2 Computational Path for Reference Depletion Calculation. 
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per tu rba t ion  c a l c u l a t i o n s  than  provided i n  t h e  VENTURE module could be 

performed a t  each time-step i n t e r f a c e  as desired.  The end-of-cycle 

e igenvalue c a l c u l a t i o n ,  l i s ted as o p t i o n a l  i n  Fig. 2.2, is usua l ly  

performed s i n c e  t h i s  p o i n t  is q u i t e  o f t e n  the  f i n a l  time for the  

subsequent a d j o i n t  ca l cu la t ion .  Data generated a t  t h i s  time po in t  may 

poss ib ly  be needed f o r  the f i n a l  condi t ion  on N*, as spec i f i ed  by eq, 

(2.16). 

- 

Based on t h e  previous ly  noted s i m i l a r i t y  of t h e  forward and a d j o i n t  

equat ions ,  a time-dependent s e n s i t i v i t y  module was developed and 

i n t e g r a t e d  wi th in  the  VENTUREBURNER modular code system. Called DEPTH 

( fo r  PEgle t ion  p e r t u r b a t i o n  m e o r y ) ,  t h e  new module s o l v e s  f o r  the  

nuc l ide  ad j o i n t  vec to r  and normalizat ion or power ad j o i n t  and 

P * ( t ) ,  r e s p e c t i v e l y ) .  It then c a l c u l a t e s  t h e  genera l ized  a d j o i n t  source 

necessary f o r  t h e  f lux a d j o i n t  ca l cu la t ion .  U s i n g  t h i s  source,  t h e  

VENTURE module s o l v e s  f o r  t he  gene ra l i zed  a d j o i n t  shape func t ion ,  

T*(g,E),  and eva lua te s  s e v e r a l  i n t e g r a l s  involv ing  both t h e  forward and 

a d j o i n t  shape func t ion .  Ca lcu la t iona l  cont ra1  is then re turned  t o  DEPTH 

where the  t ime-step jump cond i t ions  are appl ied  using the  previous ly  

computed a d j o i n t  func t ions .  This  procedure is repea ted  f o r  each 

dep le t ion  time s t e p ,  backwards through time, u n t i l  t h e  i n i t i a l  time ( i n  

t h e  forward sense)  has  been reached. 

(&*(;, t)  

The above sequence of c a l c u l a t i o n s  is ou t l ined  i n  Fig. 2.3.  

Comparison of t h i s  s o l u t i o n  algorithm f o r  t he  a d j o i n t  equat ions  w i t h  

t h a t  of Fig. 2.2 once aga in  emphasizes t h e  p a r a l l e l i s m  of t h e  two burnup 

fomul isms .  The type  of c a l c u l a t i o n s  requi red  i n  the  a d j o i n t  mode 
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PROBLEM SETUP 

A .  U s e  c ros s  s e c t i o n  and input  from reference  calc. 

B. I n t e r f a c e  f i l e s  produced i n  re ference  calc. 

C.  Setup DEPTH input  w i t h  CHARGE module. 

LOOP OVER NUMIBER OF CYCLES (Plus  I.) 

LOOP OVER NUMBER OF TIME STEPS PER CYCLE - 
1. DEPTH (sk ip  t o  F on f i r s t  c a l l  t o  DEPTH) 

A. 

B. Apply r jump condi t ion  

C. 

D. 

E. 

F. 

Calc. r* e f f e c t  using PERTUB i n t e r f a c e  f i l e  

* 

Write N * ~ ~  on NSTARR " in t e r f ace  f i l e ' '  

E x i t  i f  t = to 

Apply a d j o i n t  r e f u e l i n g  jump condi t ion  

Prepare necessary d a t a  f o r  present  t ime s t e p  from 

i n t e r f a c e  f i l e s  

- s z  

LOOP OVER NUMBER OF SUBSTEPS PER TIED3 STEP - 

G. Adjoint dep le t ion  calc. (matrix exp. so ln . )  

* - H. Calc. P and apply jump condi t ion  

* 
I. Calc. S and w r i t e  FIXSRC i n t e r f a c e  f i l e  

2. VENTURE 

A. Read FIXSRC and o the r  i n t e r f a c e  f i l e  d a t a  

B. Generalized fixed-source a d j o i n t  calc. 

C . Per turba t ion  calc . 
D.  Write pe r tu rba t ion  i n t e g r a l s  on PERTUB i n t e r f a c e  

f i l e  

F igure  2 . 3  Computational Path f o r  Adjoint Depletion Calcula t ion  



23 

closely resemble those of t he  forward problem, except now fixed-source 

a d j o i n t  c a l c u l a t i o n s  are performed ins t ead  of eigenvalue c a l c u l a t i o n s .  

I n  a d d i t i o n ,  the o rde r  i n  which the d e p l e t i o n  and f l u x  c a l c u l a t i o n s  are 

completed is reversed  r e l a t i v e  t o  t h e  forward case. A s i m p l i f i e d  flow 

c h a r t  of t h e  c a l c u l a t i o n a l  pa ths  wi th in  t h e  modular system, emphasizing 

the  c a l l i n g  sequence and a c t u a l  coxtmunication links between the  DEPTH 

and VENTURE modules, is provided i n  Fig. 2.4. The s i m p l i c i t y  of t h i s  

diagram hopefu l ly  p o r t r a y s  t o  t h e  p o t e n t i a l  u s e r  t h e  r e l a t i v e  ease of 

running an a d j o i n t  dep le t ion  c a l c u l a t i o n  once t h e  r e fe rence  forward 

computation has  been performed. This  p o i n t  is stressed f u r t h e r  i n  

Sec t ion  IV with  t h e  use of i l l u s t r a t i v e  examples. 

Before l eav ing  t h i s  subsec t ion ,  i t  should be noted t h a t  DEPTH was 

developed o r i g i n a l l y  as an  a i d  i n  t h e  e v a l u a t i o n  of a new t i w d e p e n d e n t  

pe r tu rba t ion  method a p p l i c a b l e  t o  burnup ana lys i s .  A 1  though 

cons iderable  care was taken  dur ing  t h e  programming phase of t h i s  work 

t o  ensure  a large degree of f l e x i b i l i t y ,  s e v e r a l  minor r e s t r i c t i o n s  do 

exist ( r e l a t i v e  t o  t h e  g e n e r a l i t y  of t h e  VENTURSBURNER system). Some 

of t h e  more appment  r e s t r i c t i o n s  are: 

1. 

2. 

3.  

If subzones are p resen t  I n  t h e  problem s p e c i f i c a t i o n ,  t h e  zone 

is treated as a composite of the  included subzones, and its 

assigned d e n s i t i e s  and volume f r a c t i o n s  must be zero.  

The a d j o i n t  dep le t ion  c a l c u l a t i o n  is restricted t o  a mat r ix  

exponent ia l  s o l u t i o n  technique. 

Static s e n s i t i v i t y  c a l c u l a t i o n s  r e q u i r e  tha t  some minimal 

burnup data be a v a i l a b l e ,  and a s ta t ic  a d j o i n t  c a l c u l a t i o n  

proceeds e x a c t l y  as an  a d j o i n t  burnup problem w i t h  a very short  

dep le t ion  time (0.001 days) .  
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4. Reactor-averaged f i s s i o n  spectrum data must be a v a i l a b l e  on t h e  

GRUPXS f i l e  and nuclide-dependent chi  data are ignored. 

5. Energy-dependent f i s s i o n  product y i e l d  data are no t  allowed. 

6. Only P cross-sec t ion  data can be handled. 
0 

I n  a d d i t i o n  t o  these  r e s t r i c t i o n s ,  there m y  be some problems wi th  

extreme memory requirements when very large problems (large numbers of 

reg ions ,  nuc l ides ,  and energy groups) are attempted. Although some of 

the  above l i m i t a t i o n s  may seem severe ,  ample warning messages wi th in  t h e  

codes w i l l  n o t i f y  the u s e r  of any i n c o n s i s t e n c i e s  i n  t h e  being 

attempted and t h a t  allowed wi th in  the  DEPTH-CHARGE system. 

problem 

Fur the r  explana t ion  as t o  t h e  a c t u a l  u se  of the  system w i l l  be 

deferred u n t i l  Sec t ion  IV. A t  t h a t  t i m e ,  s e v e r a l  important  po in t s  

r e l a t i v e  t o  t h e  e f f i c i e n t  use  of t h e  system will be noted. 
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y . 3 .  Time-DeDendent Rata S e n s i t i v i t y  Theory 

The broad areas of data s e n s i t i v i t y  and u n c e r t a i n t y  a n a l y s i s  have 

rece ived  much a t t e n t i o n  over t h e  l a s t  s e v e r a l  yea r s ,  w i t h  most of t h e  

ana lyses  performed t o  date beiw restr ic ted t o  time-independent 

problems. 27-29 However, t h e  p re sen t  developments i n  DPT methods have 

also created cons iderable  i n k e r e s t  i n  time-dependent data s e n s i t i v i t y  

and u n c e r t a i n t y  analyses.  As i nd ica t ed  i n  eqs. (2.13) and (2.14), 

e-dependent data s e n s i t i v i t y  theo ry  is j u s t  a s t r a igh t fo rward  

ex tens ion  of t he  DPT methods a l r e a d y  d iscussed .  

AS noted PreviOusaY, the three a d j o i n t  f u n c t i o n s  of d e p l e t i o n  

p e r t u r b a t i o n  theory ,  N*(i f ,  t) , P*( t )  , and I'*( g, t )  , account r e s p e c t i v e l y  

for  v a r i a t i o n s  i n  a s p e c i f i e d  response due to  changes i n  the  nuc l ide  

d e n s i t y  f i e l d ,  flux normal iza t ion ,  and space- and energy-dependent 

- - 

neut ron  source  s t r e n g t h  w i t h i n  the  r e a c t o r  model. If these time- 

dependent importance f u n c t i o n s  are combined with a f i r s t - o r d e r  estimate 

of tine change i n  t h e  nuc l ide  d e n s i t y  f i e l d ,  f l u x  normal iza t ion ,  and 

neutron Source strength due t o  a v a r i a t i o n  i n  some data parameter, a 

first-order expres s ion  f o r  the change i n  t h e  response  wi th  r e s p e c t  t o  

t h e  data r e s u l t s .  The time-dependent d e r i v a t i v e  of t h e  response w i t h  

(2.27) 
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where Q, P, and 1 represent the  neutron source  strength, reactor power, 

and nuc l ide  f i e l d  vec to r ,  r e spec t ive ly .  The < > i n d i c a t e s  i n t e g r a t i o n  

over space and energy where appropr ia te .  

The first term on t h e  right-hand s ide ( R H S )  of eq. (2.27) is J u s t  

the  s ta t ic  d e r i v a t i v e  of t h e  final-time response. w i t h  respect t o  t h e  

data u t i l i z e d  a t  t h a t  time. T h i s  is t y p i c a l l y  t h e  sum of the Wirect" 

and R i n d i r e c t w  effects of static s e n s i t i v i t y  theory.  The remaining 

three terms on the  RHS of eq. (2.27) r e p r e s e n t  the i n d i r e c t  effects of a 

data v a r i a t i o n  during t h e  burnup process on the  respsnse  of i n t e r e s t .  

E x p l i c i t  r e p r e s e n t a t i o n s  o f  t he  tinare-dependent indirect flux, 

normalizat ion,  and t ransmutat ion effects i n d i c a t e d  i n  eg. (2.27) are: 

(2.29) 

(2.30) 

It is the combination of eqs. (2.28) - (2,301 tha t  allows the 

determinat ion of" data s e n s i t i v i t y  c o e f f i c i e n t s  i n  realistic reactor 

d e p l e t i o n  s tud ie s .  
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R e l a t i v e  data s e n s i t i v i t y  c o e f f i c i e n t s  can a l s o  be obta ined  from 

eq. (2.27) by simply mul t ip ly ing  by B /R and i n t e g r a t i n g  over time. 

T h i s  procedure g i v e s  

i k  

( s t a t i c  e f f e c t )  (burnup e f f e c t )  

(2.31) 

Thus, t h e  percent  change i n  response R due t o  a 1% v a r i a t i o n  i n  t h e  data 

u t i l i z e d  i n  a d e p l e t i o n  c a l c u l a t i o n  i s  j u s t  t h e  sum of t h e  s t a t i c  

s e n s i t i v i t y  c o e f f i c i e n t  a t  tf and t h e  i n d i r e c t  burnup s e n s i t i v i t i e s  

i n t e g r a t e d  over time. 

The above time-dependent data s e n s i t i v i t y  formula t ion  has been 

implemented as an a d d i t i o n a l  c a p a b i l i t y  of t h e  DEPTH-CHARGE system. 

Fur the r  de ta i l s  of t h e  theory  as w e l l  as informat ion  concerning t h e  

p rograming  of t he  equa t ions  are g iven  i n  Appendix C. 

Although t h i s  is a r e l a t i v e l y  unexplored area of research, 

pre l iminary  i n v e s t i g a t i o n s 3  i n d i c a t e  tha t  the  burnup effect i n  

eq. (2-31) can be a s u b s t a n t i a l  p o r t i o n  of the  o v e r a l l  s e n s i t i v i t y  

c o e f f i c i e n t  f o r  many da ta / response  pairs. Thus, the  a d d i t i o n a l  

c a p a b i l i t y  of t h e  DEPTH-CHARGE system t o  c a l c u l a t e  time-dependent 

s e n s i t i v i t y  informat ion  appears  t o  have s i g n i f i c a n t l y  enhanced t h e  

p re sen t  s t a t i c  s e n s i t i v i t y  a n a l y s i s  c a p a b i l i t y  a t  ORNL. I n  fact ,  s t a t i c  

ana lyses  are j u s t  a s u b s e t  of t h e  more g e n e r a l  time-dependent c a p a b i l i t y  

now a v a i l a b l e  wi th in  t h e  DEPTH-CHARGE DPT system. 
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The purpose of t h i s  s e c t i o n  is t o  p m v i d e  u s e r  i n p u t  i n s t r u c t i o n s  

for the  three modules comprising t h e  ~~~~~~~~~~~E system --- SUBMRG, 

CHARGE, and DEPTH. A b r i e f  d e s c r i p t i o n  of each eode, t h e i r  r e s p e c t i v e  

i n t e r f a c e  f i l e  requirements ,  and t h e i r  s p e c i f i c  i npu t  d e s c r i p t i o n s  

follow. 

SUBMRG is probably t h e  first eode t h a t  ~1211 be needed s i n c e  it is 

usua l ly  requi red  at the end of a r e fe rence  f o k w a ~ d  c a l c u l a t i o n .  Xt is a 

set of s ~ b r o u t i n e ~  t h a t  can merge the laqge i? r of i n t e r f a c e  data 

f i les  from a f o  eable %e$ of "stacked" 

files for use with  the DEPTH and CHA ~ ~ d ~ ~ e s *  Its three main 

func t ions  are t o  ( 1 )  stack f i l e s  from a referenee fsrwa~d d e p l e t i o n  

c a l c u l a t i o n ,  (2) select appropr i a t e  f i l es  from a stacked f i l e  and c r e a t e  

a new f i le ,  and ( 3 )  combine stacked f i les  toge the r  to  make a new 

composite f i l e .  

There are no specific input /output  ( I O )  u n i t  assignments f o r  SUBMRG 

s i n c e  t h e s e  are i n p u t  t o  t h e  code. However, stacked f i l es  t o  date have 

been restricted t o  u n i t  numbers 55 through 69 so t h a t  they do not  

i n t e r f e r e  w i t h  the  I O  f i l e  management tables specified wi th in  the  

VENTURE system. Input  i n s t r u c t i o n s  for  t h e  SUBMRG module are given  i n  

Sec t ion  111.1 . 
The next  code i n  t h e  set is the CHARGE module. CHARGE is a 

c o l l e c t i o n  of u t i l i t y  r o u t i n e s  for  g e n e r a l  data manipulat ion and i n p u t  

prepara t ion .  It g r e a t l y  extends the  use fu lness  of the o v e r a l l  DPT 

system through t h e  automatic  gene ra t ion  of ( 1 )  a d j o i n t  sources  
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e r tu rbed  responses ,  and ( 3 )  

r e l a t i v e  data s e n s i t i v i t y  c o e f f i c i e n t s ,  Other use fu l  c a p a b i l i t i e s  

inc lude  the  prepara t ion  of  RTFLUX and ATFLUX f i l e s  for  p l o t t i n g  wi th  

e x t e r n a l  codes3' and t he  f l e x i b i l i t y  t o  extend prese  t c a p a b i l i t i e s  w i t h  

minimuns effort. 

Table 3.1 provides  t he  s p e c i f i c  I O  assignments requi red  f o r  both 

t h e  CHARGE and DEPTH dules.  These assigned u n i t  numbers are i n  

add i t ion  t o  any nstandardn i n t e r f a c e  f i l es  requi red  i n  a given 

ca l eu la t ion .  I n  p a ~ t i c u l a r ,  t h e  CHARGE coda always r e q u i r e s  t h a t  t he  

following standasd i n t e r f a c e  f i l e s  tie present :  

( 1 )  CONTWE, BDXSRF, and GEQDST (usua l ly  obtained from the  l o c a l  

DVENTR i npu t  processor ) ,  

(2) GRUPXS, and 

( 3 )  EXPOSE (used primarily t o  de f ine  t h e  adJo in t  nuc l ide  vec to r ) .  

Addi t iona l ly ,  a s tacked ZNBTDN f i l e  is always assumed t o  be p re sen t  wi th  

the  remaining f i les l is ted in Table 3.1 requi red  depending on t h e  

c a l c u l a t i o n a l  op t ions  chosen fo r  a sgeciflc run. Detailed inpu t  

i n s t r u c t i o n s  f o r  the CHARGE code are provided i n  Sec t ion  111.2. 

The major c a l c u l a t i o n a l  module i n  t he  system is the DEPTH code ( f o r  

mlet iom g e r t w b a t i o n  meosy). The DEPTH module (coupled wi th  VENTURE) 

so lves  f o r  t he  three a d j o i n t  func t ions  of DPT and c a l c u l a t e s  t he  des i red  

time-dependent d e r i v a t i v e s  of the  f ina l - t ime response with r e spec t  t o  

the  nuc l ide  concent ra t ions  and nuc lear  data u t i l i z e d  i n  t h e  r e fe rence  

model. Output from DEPTH are the WSTARR and DRDATA fi les,  conta in ing  
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TABLE 3.1 

IO ASSIGNMENTS FOR THE DEPTH AND CHARGE MODULES 

UNIT PTUMBER FILE NAME FILE DESCRIPTION 

55 

56 

57 

58 

59 

61 

62 

63 

65 

66 

67 

DATAIN 

RZFLUX 

ZNATI)N 

NSTAXR 

ZNDKDN 

RTFLUX 

ATFLUX 

PERTUB 

DRDATA 

TDSENS 

TMPFLX 

~ ~~ 

Control instructions for DEPTH 

Stacked RZFLUX files 

Stacked ZNATDN files 

Time-dependent nuclide derivatives 

Nuclide derivatives for static 

keff response 

Stacked RTFLUX files 

Stacked regular ATFLUX files 

Stacked PERTUB files 

Time-dependent data derivatives 

Relative data sensitivity coefficients 

Reformatted flux files for plotting 
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t h e  time-dependent derivatives with r e s p e c t  t o  the  nuc l ide  vec to r  and 

d a t a  vec to r ,  r e spec t ive ly .  These f i l e s  are then  used i n  t h e  CHARGE code 

to  c a l c u l a t e  perturbed responses  and/or data s e n s i t i v i t y  c o e f f i c i e n t s  

(see Appendix E for f i l e  s p e c i f i c a t i o n s ) .  

S p e c i f i c  I O  assignments f o r  DEPTH are similiar t o  t h a t  r equ i r ed  for 

CHARGE and are l i s t e d  i n  Table 3.1. I n  p a r t i c u l a r ,  t h e  DATAIN and 

s tacked  ZNATDN and RZFLUX f i l e s  are always requi red .  The s tacked  

RTFLUX, ATFLUX, and PERTUB f i l e s  may be u t i l i z e d  on option. Also, as 

noted above, t he  NSTARR and DRDATA f i l e s  are output  from DEPTH and job  

c o n t r o l  i n s t r u c t i o n s  should be provided f o r  these u n i t s ,  

Starfdard i n t e r f a c e  f i l e s  a l s o  requi red  i n  DEPTH inc lude :  

( 1 )  CONTRL, MDXSRF, and GEODST ( u s u a l l y  obtained from t h e  l o c a l  

DVEMTR s p e c i a l  i npu t  p rocesso r ) ,  

(23 CRUPXS, 

(3 )  EXPOSE and t h e  EXPINS record on CONTRL. 

I n  c o n t r a s t  t o  t h e  CHARGE module, DEPTH u t i l i z e s  d a t a  from t h e  l a t te r  

two f i l e s  t o  d e f i n e  t h e  a d j o i n t  nuc l ide  vec to r  as w e l l  as t h e  o v e r a l l  

a d j o i n t  d e p l e t i o n  process. Therefore,  s p e c i f i c a t i o n  of t h e  EXPOSE and 

E X B I N S  f i les  is important and should be similar t o  those used i n  t h e  

forward burnup c a l c u l a t i o n .  Examples i l l u s t r a t i n g  t h e  use of t h e s e  

i n t e r f a c e  f i l e s  w i l l  be g iven  i n  Sec t ion  PV. 

The i n i t i a l  c o n t r o l  i n s t r u c t i o n s  f o r  the DEPTH module are contained 

i n  t h e  D A T A I N  f i l e ,  which is generated i n i t i a l l y  w i t h  t h e  CHARGE module. 

However, DEPTX does r e q u i r e  some mlnimal i npu t  each time i t  is called. 

A d e s c r i p t i o n  of t h i s  r equ i r ed  d a t a  is  g iven  i n  Sec t ion  111.3. 
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The above b r i e f  d e s c r i p t i o n  of t h e  modules of  t h e  DPT system, 

coupled wi th  the  t h e o r e t i c a l  background g iven  i n  Sec t ion  11, should 

provide enough informat ion  f o r  a gene ra l  understanding of the  DEPTH- 

CHARGE system. The remainder of t h i s  s e c t i o n  con ta ins  s p e c i f i c  i n p u t  

i n s t r u c t i o n s  f o r  each module and t h e  next  s e c t i o n  s u p p l i e s  d e t a i l e d  

sample i n p u t  and output  d e s c r i p t i o n s  as w e l l  as i l l u s t r a t i o n s  of the  use  

of  the o v e r a l l  system. These sample problems w i l l  i l l u s t r a t e  s e v e r a l  of 

the  main c h a r a c t e r i s t i c s  of  Deplet ion Pe r tu rba t ion  Theory and w i l l  

demonstrate  t h e  e f f i c i e n t  use  of  t he  DEPTH-CHARGE system f o r  both s t a t i c  

and time-dependent perturbatiorUsensitivity s tud ie s .  

1. Ino  ut for SUBM RG 

Header Card: SUBMRG i n  columns 1-6 

Data Card 1: (213) format 

IF ILE - number of d i f f e r e n t  i n t e r f a c e  f i l e s  t o  be manipulated 

NOPT - + combine NOPT stacked f i l e s  toge the r  t o  make a new f i l e  

0 s t a c k  f i l es  from a r e fe rence  VENTURE run ( d e f a u l t )  

-1 select f i l e s  from a stacked f i l e  and create a new f i l e  

Data Card 2 through IFILE + 1 (A8,2413) format 

HNAM1 - name of i n t e r f a c e  f i l e  to  be manipulated 

Note: P resen t ly  accepted f i l e s  are: ZNATDN, RZFLUX, WTFLUX, 

ATFLUX, PERTUB, and ZNDKDN. 

IP( 1)  - u n i t  number of stacked file to be created 

IP(2-24) - meaning depends on va lue  of NOPT 
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1. If NOPT is p o s i t i v e ,  IP(2-24) con ta in  NOPT p a i r s  of 

numbers. The first is t h e  u n i t  number of  a stacked f i l e  

t o  be combined and t h e  second is t h e  number of f i les  on 

t h i s  s tacked  f i l e  (stack the  s tacked f i les i n  r e v e r s e  time 

order). 

2. If NOPT is zero,  IP(2-24) con ta in  t h e  ve r s ion  numbers of 

the  f i les  to  be s tacked ( s t a c k  f i l es  i n  r e v e r s e  t i m e  

o rde r ) .  

3 .  If NOPT is -1, IP(2-24) first con ta in  t h e  u n i t  number of 

the  p re sen t  stacked f i le ,  then t h e  number of f i l e s  on t h i s  

stacked f i le ,  and f i n a l l y  t h e  o r d e r  numbers of  t h e  f i les  

t a  be selected and put  on IP(1). 

F i n a l  Card: END i n  columns 1-3 

Note: SURMRG w a s  w r i t t e n  to  combine a large number of i n t e r f a c e  

f i les i n t o  a more manageable set for  use i n  the  DEPTH- 

CHARGE system. DEPTH does the a d j o i n t  dep le t ion  

c a l c u l a t i o n  i n  r e v e r s e  time o rde r  ( r e l a t i v e  t o  a forward 

burnup problem) and assumes t h a t  t h e  necessary stacked 

f i l e s  are i n  the  c o r r e c t  order. Therefore,  when NOPT is 

greater than o r  equal  t o  zero,  be s u r e  t o  arrange the f i les  

properly.  
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3, I n m &  for CHARGE 

31 The CHARGE module uses  t he  free-form FIDQ i npu t  system. 

Header Card: CHARGE i n  columns 1-6 

INPUT SECTION 1 

1$$ Array ( 18 e n t r i e s )  

Computational Options (always r equ i r ed )  

KEY(1) - KEY(10) - used as switches to  select which ope ra t ions  are 

t o  be performed 

 KEY(^) - 0 no effect 

1 

2 

prepare f l u x  f i l e  f o r  p l o t t i n g  (1-]D space-energy) 

prepare f l u x  f i l e  for p l o t t i n g  (2-D s p a c e s p a c e )  

Note: Use of t h i s  op t ion  r e q u i r e s  inpu t  f i l e  RTFLUX or ATFLUX 

(KEY(3) # 0) and output  fils TMPFLX. Also, f o r  KEY(1) = 2, 

i f  KEY(3) = -N see Input  Sec t ion  5 for f u r t h e r  input .  

mY(2) - 8 no effect 

1 c a l c u l a t e  mesh intervals and po in t  volumes 

-1 also punch ( f r e e f o r m  FIDO) first and/or second 

dimension boundaries 

KEY(3) - 0 no effect 

N read s tacked RTFLUX f i le  ( f i l e  N )  

-N read  s tacked  ATFLUX f i l e  ( f i l e  N )  

Note: Use of this op t ion  r e q u i r e s  inpu t  F i l e  RTFLUX or ATFLUX and 

t he  stacked files are assumed t o  be arranged i n  r eve r se  time 

order .  
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KEY(4) - 0 no effect 

1 

-1 

-2 create NSTARR i n t e r f a c e  f i l e  

c a l c u l a t e  x*(tf) = 3 K / a N  - 

punch x*(tf) i n  free-form FIDO 

NOTE: Use o f  t h i s  op t ion  r e q u i r e s  i n p u t  f i l e  ZNDKDN and poss ib ly  

output  f i l e  NSTARR. ZNDKDN can be c rea t ed  du r ing  the  

r e fe rence  VENTURE c a l c u l a t i o n  wi th  a s p e c i a l  mod i f i ca t ion  t o  

t h e  PERTUBAT module. Also see inpu t  S e c t i o n  6 for f u r t h e r  

input .  

KEY(5) - 0 no effect 

1 c a l c u l a t e  per turbed  responses  us ing  t h e  ZNATDN f i l e  

-1 c a l c u l a t e  per turbed  responses  us ing  t h e  REFUEL f i l e  

NOTE: Use of t h i s  op t ion  r equ i r ed  i n p u t  f i l e  NSTARR and poss ib ly  

REFUEL ( i f  KEY(5) = - 1 ) .  See Inpu t  S e c t i o n s  2 o r  3 for 

f u r t h e r  i n p u t  f o r  KEY(5)  = 1 o r  -1, r e spec t ive ly .  

KEY(6) - 0 no effect 

1 c a l c u l a t e  a d j o i n t  sources  a R / &  a R / a Y ,  - and aR/aa  

and d i r e c t  data s e n s i t i v i t y  c o e f f i c i e n t s  

also punch a R / a &  and aR/ax i n  free-form FIDO 

create FIXSRC i n t e r f a c e  f i l e  w i t h  a R / a Y  - 
-1  

-2 



37 

Note: Use of t h i s  op t ion  r e q u i r e s  inpu t  f i l e  RZFLUX . If 

KEY(6) = -2, t h e  output  F I X S R C  f i l e  is added t o  the I O  f i l e  

management table s t r u c t u r e  as done i n  o t h e r  modules of the  

VENTURE system. Also see Input  Sec t ion  4 f o r  f u r t h e r  input .  

KEY(7) - 0 no effect 
- 

1 c a l c u l a t e  power var iance  = J[P(;) - PI2 d; 

2 also c a l c u l a t e  a d j o i n t  sources  requi red  as  inpu t  t o  

DEPTH ( n o t  implemented) 

Note: Use of t h i s  op t ion  r e q u i r e s  i n p u t  f i l e  RTFLUX (KEY(3) = N) 

and also t h a t  op t ion  KEY(2) # 0. See Input  Sec t ion  7 for 

f u r t h e r  input .  

KEY(8) - N f i l e  number of i n t e r e s t  I n  stacked ZNATDN f i l e  

( d e f a u l t  N = 1 )  

KEY(9) - 0 no effect 

NOPT c a l c u l a t e  r e l a t i v e  data s e n s i t i v i t y  c o e f f i c i e n t s  where 

NOPT - 1 calculate f i s s i o n ,  cap ture ,  nu, t r a n s p o r t ,  t o t a l  

scatter and c h i  s e n s i t i v i t y  C o e f f i c i e n t s  

2 a l s o  c a l c u l a t e  (n,cl), ( n , p ) ,  (n ,2n ) ,  (n,D), and (n,T)  

s e n s i t i v i t i e s  i f  these r e a c t i o n s  are p resen t  i n  t h e  

GRUPXS f i l e  

3 also c a l c u l a t e  ene rgy / f i s s ion ,  decay cons t an t  and 

f i s s i o n  y i e l d  s e n s i t i v i t y  c o e f f i c i e n t s  

4 a l s o  calculate group-to-group scattering s e n s i t i v i t y  

c o e f f i c i e n t s  
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Note: Use of t h i s  o p t i o n  r e q u i r e s  input f i l e  DRDATA and output  

f i l e  TDSENS. Also see Inpu t  S e c t i o n  8 for  f u r t h e r  i npu t .  

KEY(10) - 0 no effect 

1 s e t u p  i n i t i a l  i npu t  i n s t r u c t i o n s  f o r  t h e  DEPTH module 

C&*( t f l  and/or a@( tf) i n p u t  from sards] 

-1 same as 1 with &* and 2s c a l c u l a t e d  i n  p re sen t  s t e p  

[see KEY(4) and/or KEY(6)l 

Note: Use of t h i s  o p t i o n  r e q u i r e s  output  f i l e  DBTAIM. Also see 

Inpu t  Sec t ion  9 f o r  f u r t h e r  i npu t .  

T End data block 

INPUT SECTION 2 Calcu la t e  Perturbed Responses Using ZNATDN F i l e  

( r e q u i r e d  if KEY(5) = 1 )  

2$$ Array ( 10 e n t r i e s )  

ITY - 0 DEL c o n t a i n s  percent  change from re fe rence  d e n s i t i e s  

(% AX) 

1 DEL c o n t a i n s  a c t u a l  change in d e n s i t i e s  CAB 

-1 DEL c o n t a i n s  perturbed d e n s i t i e s  and A.& w i l l  be 

% - NR c a l c u l a t e d  from = 

NSET - number o f  sets of p e r t u r b a t i o n s  

NZZT - maximum number o f  r eg ions  t o  be perturbed 

NRESP - response number of i n t e r e s t  ( n o t e  that &* may be 

dimensioned by NR = number o f  responses) 
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NEDIT - 0 minimum e d i t  

1 also e d i t  per turbed responses  by nuc l ide  (summed 

over  reg ions)  and by r eg ion  (summed over nuc l ides)  

also e d i t  per turbed responses  by nuc l ide  and r eg ion  2 

F i l l  remainder of array w i t h  zeros .  

6** Array (2 e n t r i e s )  

RREF - r e fe rence  response ( for  t h a t  po r t ion  of t he  r e a c t o r  

treated i n  the computational model) 

XNORM - normal iza t ion  factor that  m u l t i p l i e s  &* 

( u s u a l l y  1 .a) 

Note: XNORM can be u t i l i z e d  t o  a l l e v i a t e  problems i n  

the %ff 
normalizat ion.  For example, when treating 

response,  it is sometimes necessary  t o  l e t  

XNORM = ALPHA * BIGDAD * Keff 

-f 
where ALPHA = Jk:, E)drdE 

T End data block 
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3$$ Array (NSET e n t r i e s )  

NTF(NSET1 - t i m e  s t e p  a t  which pe r tu rba t ion  occurs ( r e v e r s e  time 

o rde r  r e l a t i v e  t o  s tacked ZNATDN f i l e  as i n  a d j o i n t  

d e p l e t i o n  c a l c u l a t i o n )  

Note: I f  NTP i s  l e s s  than  zero, t h e  ABS(MTF) w i l l  be used for  

the  ZNATDN f i l e  number but  t h e  first NSTARR record w i l l  

be used. 

T End data block 

4$$ Array (NZZT e n t r i e s )  

NRP(NZZT) - r eg ions  t o  be perturbed 

5** Array (NISQE * NZZT e n t r i e s )  

DEL(NISOE,NZZT) - d e f i n e s  pe r tu rba t ion  to  be made depending on 

va lue  of IT91 

T End data block 

Note: Repeat 4$$ and 5** a r r a y s  NSET times. 

INPUT SECTION 3 Calcula te  Perturbed Responses U s i n g  REFUEL F i l e  

( r equ i r ed  i f  KIEY(5) = -1) 

7$$ Array ( 5  e n t r i e s )  

NSET - number of s e t s  of pe r tu rba t ions  

NRESP - response number of i n t e r e s t  

NEDIT - 0 minimum e d i t  
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. 

1 a l s o  e d i t  v a r i a t i o n  i n  d e n s i t y  f i e l d  due t o  f u e l  

management pe r tu rba t ion  

2 a lso  e d i t  perturbed responses  by nuc l ide  (summed 

over  reg ions)  and by r eg ion  (summed over  nuc l ide)  

3 a l s o  e d i t  per turbed responses  by nucl ide  and reg ion  

F i l l  remainder of a r r a y  wi th  zeros.  

8** Array (2 e n t r i e s )  

RREF - r e fe rence  response ( f o r  t h a t  po r t ion  of the reactor 

treated i n  problem) 

XNORM - normalizat ion factor t h a t  m u l t i p l i e s  N* 

(see note  under 6** a r r a y )  

T End data block 

9$$ Array (2* NSET e n t r i e s )  

#TP( NSET, 2) where 

NTP(1,l) - f i l e  number i n  s tacked ZNATDN f i le  conta in ing  the 

zone concent ra t ions  p r i o r  t o  the  present  f u e l  

management opera t ion  (I*-) 
i k  
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change i n  

NTEP(J,2) - time s t e p  number i n  NSTARR f i l e  corresponding t o  

Tik i k  
Note: ARik = - Z* AG 

change i n  transpose 

lo$$ Array (8 * NSET e n t r i e s )  

NSPEC (2,4,NSET) - s p e c i f i e s  fuel management s p e c i f i c a t i o n  

i n  effect, where 

NSPEC ( 1  , K , J )  - reference  fuel management s p e c i f i c a t i o n  

K (up to  4) used i n  the  unperturbed cal- 

c u l a t i o n  a t  time s t e p  of i n t e r e s t  

NSPEC ( 2 , K , J )  - fuel management s p e c i f i c a t i o n  K to be used 

i n  perturbed c a l c u l a t i o n  at  time s t e p  o f  

i n t ere st 

T End data  block 
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INPUT SECTION 4 Calcu la t e  Adjoint Sources and Direct Data 

S e n s i t i v i t y  C o e f f i c i e n t s  for Responses of the 

form R = RlIR2 ( r equ i r ed  if KEY(6) # 0 )  

11$$ Array (10 e n t r i e s )  

HM - 0  

1 

NTFfLE - 

NAGTI .. 
NACT2 - 

microscopic r e a c t i o n  rate (ratio) response 

macroscopic r e a c t i o n  rate (ratio) response 

stack& f i le  number of i n t e r e s t  in stacked RZFLUX 

f i le  

Rf r e a c t i o n  type  

R2 r e a c t i o n  type  

Note: If NACTI = 0 and NACT2 # 0 t hen  Rr1.0IW. 

Choices for NACTl and NACT2 are: 

0 - not  present  

1 - abso rp t ion  

2 - f i s s i o n  

3 = cap tu re  

4 - n , a  

5 - nYP 

6 - n,2n 

7 - n,D 

8 - n,T 

9 = Power 
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NSET - 0 no effect 

N sum d i rec t  data s e n s i t i v i t y  c o e f f i c i e n t s  over  N 

c r o s s  s e c t i o n  sets ( N S E T L  NSN = number of c r o s s  

s e c t i o n  sets) 

NKP - 0 no effect 

1 save  d i r ec t  s e n s i t i v i t y  C o e f f i c i e n t s  on scratch 

f o r  later use [see opt ion  K E Y ( g ) ]  

-1 punch direct  s e n s i t i v i t y  c o e f f i c i e n t s  i n  free-form 

FIDO 

P i l l  remainder of array w i t h  zeros ,  

T End data block 

12** Array ( N I S O E  * NXS e n t r i e s )  

H l ( 1 , N X S )  - 1 .O i nc lude  nuc l ide  I: 

0.8 exclude nuc l ide  I 

Note: R1 and R 2  are of the form 

and 

NXS = 1 i f  NACT1 or NACT2 # 0 

NXS = 2 i f  NACTl and NACT2 # 0 

13,' A r r a y  (NGROUP NXS e n t r i e s )  

HZ(J,NXS) - 1 .O i nc lude  group J 

0,O exclude group J 
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14$$ Array (NREC * MXS e n t r i e s )  

NRZ(N2,NXS) - 1 inc lude  region. N9, 

0 exclude reg lon  NZ 

15$$ Array (NSET e n t r i e s )  

I$ET(NSET) - cross s e c t i o n  set numbers t o  be included i n  

summation over  cross s e c t i o n  sets 

T End data block 

16$$ Array ( 3  e n t r i e s )  omit i f  KEY(6> -2 

NBOl - number of first dimension f i n e  mesh i n t e r v a l s  

NB02 - number of second dimension f i n e  mesh i n t e r v a l s  

NBO3 - number of t h i r d  dimension f i n e  mesh i n t e r v a l s  

T End data block 

INPUT SECTION 5 Adjoint Flux Averaging Over Energy 

( r e q u i r e d  if KEY(1) = 2 and REY(3) = -N) 

18** Array (NGROUP e n t r i e s )  

GMULT(NGR0UP) - group m u l t i p l i e r s  for averaging t h e  2-D 

a d j o i n t  f l u x  over  energy 

Note: 
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LT = 1.8 inc lude  group g 

0 -0 exclude group g 

g 

T End data block 

INPUT SECTION 6 Calcula te  N * ( t f )  = &/AN from ZNDKDN P i l e  

( r equ i r ed  i f  KEY(4) # 0) 

NTPZ - f i l e  number i n  stacked ZiUDKDN f i l e  conta in ing  t h e  

(AKiAtOtf va lues  at; time sf i n t e r e s t  

T End data block 

INPWT SECTION 7 Calcu la t e  Power Variance 

( r equ i r ed  i f  KEY(7) # 8 )  

21$$ Array ( 5  entries) 

MEDIT - 0 minimum e d i t  

F i l l  remainder of a r r a y  w i t h  zeros ,  

22$$ b r a y  (NZONE e n t r i e s )  

NRP (I) - 0 exclude zone I from power var iance  c a l c u l a t i o n  

1 i nc lude  zone I i n  power var iance  c a l c u l a t i o n  

T End data block 

INPUT SECTION 8 Calcu la t e  Re la t ive  Data S e n s i t i v i t y  Coef f i c i en t s  

U s i n g  DRDATA F i l e  

( r e q u i r e d  if KEY(9) # 0) 
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26$$ Array (10 e n t r i e s )  

NSET - 0 no effect 

N sum s e n s i t i v i t y  c o e f f i c i e n t s  over  N cross s e c t i o n  

sets (NSET 2 NSN = number of cross s e c t i o n  sets) 

Note: If NSET > 0 only  i n t e g r a t e d  s e n s i t i v i t y  c o e f f i c i e n t s  

w i l l  be saved on i n t e r f a c e  f i l e  TDSENS. 

N I N T  - 0 no e f f e c t  

N sum s e n s i t i v i t y  c o e f f i c i e n t s  over  N time s t e p s  

( N I N T  L N T O T  = total  number of  time steps) 

Note: If N I N T  > 0 only i n t e g r a t e d  s e n s i t i v i t y  c o e f f i c i e n t s  

w i l l  be saved on i n t e r f a c e  f i l e  TDSENS. 

NEDIT - 0 

1 

2 

3 

4 

NSUM - 0 
1 

NCORR - 0 

1 

no group-dependent e d i t  

e d i t  cap ture ,  f i s s i o n ,  nu, t r a n s p o r t ,  total  

scatter, and c h i  s e n s i t i v i t y  c o e f f i c i e n t s  

a l s o  e d i t  op t iona l  cross s e c t i o n  data 

s e n s i t i v i t i e s  

also e d i t  burnup data s e n s i t i v i t i e s  

also e d i t  group-to-group scatter s e n s i t i v i t y  

c o e f f i c i e n t s  

no effect 

sum p r i n c i p l e  s e n s i t i v i t i e s  over  energy and e d i t  

apply t r a n s p o r t  cross s e c t i o n  c o r r e c t i o n  t o  

p a r t i a l  s e n s i t i v i t i e s  

do not  apply c o r r e c t i o n  
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N D I R  - 0 no effect 

-1  read d i r ec t  s e n s i t i v i t y  c o e f f i c i e n t s  from scratch 

f i l e  [see KEY(6)l and add t o  i n d i r e c t  s e n s i t i v i t y  

c o e f f i c i e n t s  c a l c u l a t e d  i n  t h i s  s t e p  

N same as -1 but  N sets of d i rec t  s e n s i t i v i t y  

c o e f f i c i e n t s  from cards 

Note: Direct effects are added t o  first time s t e p  i n d i r e c t  

effects. 

F i l l  remainder of arrays wi th  zeros .  

27** Array (2 e n t r i e s )  

RREF - r e fe rence  response ( f o r  t h a t  p o r t i o n  of the  r e a c t o r  

being modeled) 

XNORM - normal iza t ion  f a c t o r  t h a t  m u l t i p l i e s  a11 s e n s i t i v i t y  

c o e f f i c i e n t s  (see note  under 6+* array) 

T End data block 

28$$ Array ( NSET e n t r i e s  1 

ISET(NSET) - c r o s s  s e c t i o n  set numbers to  be included i n  

summation over  c r o s s  s e c t i o n  sets 

29$$ Array (NINT e n t r i e s )  

INT(N1NT) - time s t e p  numbers t o  be included i n  summation 

over t i m e  s t e p s  ( r e v e r s e  t i m e  o rde r )  

T End data block 



b9 

T 

T End data block 

DIRS(NPSOE,MGROUP,NXSET) - direct effect  relative s e n s i t i v i t y  

cseSPic3ents 

T rad data block 
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vz - - zv d sz  

36$$ Array (16 e n t r i e s )  

(counter t h a t  keeps trzck of psesent ti 

s t e p  number) 

no ef fec t  

do S@ calculation 

no effect 

do T g  calculakisn 

no effect 

input  a R / a Y  1 
also i npu t  aR/aa (not implemented) 

( s e e  opt ion  KEY(10) o r  384s array) 
- t f  



-3- -+ 
nCf,EgYbp,E)drdE9 aC, t i m a e  s",ep l eve l  

- 2 NE* effect by r eg ion  

PP" effect by region 

P" effect (leakage, remova~, ~~~~~~~~~~ 

f i s a i o n  and t o t a l  effects) by region 

- 3 i n i t i a l  forward densities a t  time-step level 

end of t ime-s t ep  densities 

- 4 I-D reaction rates by nuchi  e and r eg ion  

decay cons tan t s  by nuc l ide  

energyif iss ion by nuclide 

d i f f u s i o n  coeffieients by group and region 

- 5 s c a t t e r i n g  cross s e c t i o n  matrix by nuc l ide  

group-to-group scattering s e n s i t i v i t y  data 

Note: The above quantities are p r i n t e d  only Sf ca lcu la t ed  as 

specified by sthex- options. Also, it should be caut ioned  

t h a t  N > 1 @an produce a sizeable amount QE ou tpu t  i f  

NREG is  very large. 
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+2 

T End data block 

37'* Array (NNUC NREG e n t r i e s )  omit i f  KEY(l0) # 1 

XNSTAR(NNUC,NREG) - f ina l - t ime a d j o i n t  nuc l ide  d e n s i t y  

by nucl ide  and reg ion  

T End data block 
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Note: Repeat 37** a r r a y  NR times 

38** Array (NGROUP*NZONE e n t r i e s )  omit i f  KEY(10) # 1 

or IKEY(4) = 0 

DRDS(NGROUP,NZONE) - f ina l - t ime  a R / a Y  I by group and zone 

T End data block 

F i n a l  Card: END i n  columns 1-3 

. InDut f o r  DEPTH 

Header Card: DEPTH i n  columns 1-5 

Data Card 1: (2413) format 

IFUEL(1) t h r u  IFUEL(4) - f u e l  management s p e c i f i c a t i o n  number 

as s p e c i f i e d  i n  REFUEL f i l e  

IFUEL(5) t h r u  IFUEL(24) - no t  used 

Notes: ( 1 )  IFUEL(1) - 0 i n d i c a t e s  t h a t  no a d j o i n t  r e f u e l i n g  

is t o  be done t h i s  time s t ep .  

(2) IFUEL(1) - ( 4 )  a l l ows  up t o  f o u r  f u e l  management 

s p e c i f i c a t i o n s  each time s t ep .  

(3) The a d j o i n t  c a l c u l a t i o n  is done i n  r eve r se  time 

order .  Therefore,  if s p e c i f i c a t i o n s  l + N  were 

used f o r  an N c y c l e  r e fe rence  c a l c u l a t i o n ,  t hen  

s p e c i f i c a t i o n s  N - t l  would be used i n  t h e  a d j o i n t  

c a l c u l a t i o n .  
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Final Card: EKD in csluans 1-3 
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l u s k l . a t i n g  the  use, accuK”acy, an benefits of 

DPT methods were farmulabed. ~~w~~~~~ a ~ ~ ~ - ~ ~ ~ e ~ s i ~ * ~ ~  spher ica l  fast 

reac tor  model was the real workhorse of t e overall study, It was f irst  

utilized as a cheek on the  equations coded intea DEPTH and later used to 

i n v e s t i g a t e  several a s p e c t s  of the new method. Thus, sinee many of the 

DPT results published to date have been assoc ia ted  with this specific 

model, it will aPss be utilized here for the  DPT demnstratdxm problems. 
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T h i s  s i m p l i f i e d  1-D c a l c u l a t i o n a l  madel c o n s i s t s  of a three-region 

cor8 surrounded by twn r a d i a l  blanket  t-eglons. The i n i t i a l .  mucl i d e  

concen t r a t ions  are r e p r e s e n t a t i v e  of a 2 q J / q J  9 

with 2 THO r a d i a l  b l anke t ,  A single s a t  o f  core- and blanket-averaged 

CI'QSS sec t ions  i n  n ine  energy graups BPC u t i l i z e d  %h~ou$kout  the burnup 

cyc3.e. S p e c i f i c  infor.m.tion r e l a  t i v ~  t.o the  transmutxition processes  

modeled in the burmip c a l c u l a t i o n s  can be e x t r a c t e d ,  i f  d e s i r e d ,  from, 

the i npu t  l i s t i n g  i f 1  Section IV.2. I~OKE-$TBT", of mal i n t e r e s t  here i s  

t h e  general m t h o d  of perforaing CPT s t u d i e s  and not t h e  analysis of a 

real reactor ayaten. I n  t h i s  l i g h t ,  the readel-. i s  cautiosed ttaat the  

LWBR model descr ibed  here is not very ~ e a l i s l i c ,  and that t h e  

s e n s i t i v i t y  data genera ted  i n  t he  fo l lowing  exmples should not be 

u t i l i z e d  s it .side +,he framework of t h e  intended sample problems, 

2 

The first s t e p  i n  performing a static: or tba-dependent 

perDurbatian/sensitivity analysis i s  the c a l c u l a t i o n  of the r e fe rence  

r eac to r .  Far our pu~poses, the reference c a l c u l a t i o n  w i l l  c o n s i s t  of a 

single d e p l e t i o n  cyc le ,  a rerueling, and the c a l c u l a t i o n  o f  t h e  

beginnjng-of-sycle-tws (B8C2) r e fe rence  state,  This p a r t i c u l a r  

computation allows the i l l u s t r a t i o n  of several a s p e c t s  QP DPT, i nc lud ing  

the  mul t i cyc le  c a p a b i l i t y  o f  the  method. The actual. sequence of" 

c a l c u l a t i o n s  performed can be abservod from i n spec t ion  of the input 

1istlng given  i n  Section IV.2. As appwent, the eslculation proceeds as 

would any ~ ~ ~ ~ T ~ ~ ~ - ~ ~ ~ ~ ~ ~  d e p l e t i o n  c a l c u l a t i o n .  Ii'omver, i n  t h i s  @as@, 

a forward and regular-ad j o i n t  f l u x  cabculat.+ion i s  Eaequi rad since both 

t h e  $ and $* f l u x  f i l e s  are u t i l i z e d  i n  t h e  c a l c u l a t i o n  of the  

generalized a d j o i n t  f lux  during subsequent DPT a d j o i n t  csnputations, 
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However, since a l l  f u t u r e  PT ana lyses  use data from this one r e fe rence  

c a l c u l a t i o n ,  t h e  i n i t i a l  cost inesease in t h i s  step does not appear t o  

be dsvsrly s e s t r i e t i v e ,  

Sicce the  p resen t  refe~ence c a l c u l a t i o n  represents 8 

application of the VE 

no further de t a i l s  will e presented here and no output  f r o  

modules w i l l  be listed. The laat step in the referencie calculati 

t h e  ~ a n i p u ~ ~ ~ ~ ~ ~  of the  many data filea re uired %or f u t u r e  DPT studies, 

G module, in its craQacity t a  sttick Patel-Pace data f91es, fE 

u t i l i z e d  for t h i s  purpose. The use of this module is ~ t p a ~ ~ ~ ~ ~ ~ ~ ~ a ~ ~  

and its i n p u t  and p r i n t e d  output, a m  contained in the  next s u ~ ~ ~ ~ ~ ~ ~ ~ *  

The s t o r a g e  of t h e  necessary data f i l e s  for f u t u r e  use completes ",e 

forward r e f e r e n c e  c a l c u l a t i o r ,  

si i n t e r e s t ,  

ape given ,  For our purposes, however, an o u t l i n e  of the s t e p s  reqni r~ ld  
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f 2, sum the N@ effect and P* a f f e c t  a t  t h e  i n i t i a l  time, t = ti, 

and write NSTARR f i l e  

3. compute t h e  gene ra l i zed  a d j o i n t  source  and write FIXSRC 

f i.le 

4. from s tacked  f i l e ,  write appropr i a t e  ZNATDN, RTFLUX, and 

ATFLUX f i les  

B. VENTURE: 

1. us ing  FIXSRC f i l e ,  compute gene ra l i zed  a d j o i n t  f l u x  

2. c a l c u l a t e  appropr i a t e  I'*$ in tegra ls  and write PERTUB f i l e  

C. DEPTH: 

1. u s ing  PERTUB f i l e ,  compute I'B effect  

2. update NSTARR f i l e  

3. e x i t  

Note that, t h i s  c a l c u l a t i o n  has only  one d e p l e t i o n  s t e p ,  bu t  ex tens ion  t o  

m u l t i p l e  time s t e p s  is simple and j u s t  i nvo lves  alternating between 

DEPTH and VENTURE c a l c u l a t i o n s .  From t h e  viewpoint of VENTURE, t h e  s o l e  

purpose of t h e  DEPTH module is to supply t h e  FIXSRC f i l e  (s tacked  f i les  

a m  j u s t  wunstaekedn by DEPTH). From t h e  viewpoint o f  DEPTH, t h e  

primary r o l e  o f  VENTURE is t h e  production of t h e  PERTUB f i le .  It is  

important t h a t  t h e  user understands t h i s  simple r e l a t i o n s h i p  s i n c e  i t  

a l lows  cons iderable  f l e x i b i l i t y  w i th in  t h e  system (as w e  w i l l  see i n  t h e  

p l e  problem). 
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of  the i n p u t  shpsws t h a t  the major i ty  sf  the required data is taken 

d i r e c t l y  from the  r e fe rence  case. Thus, as stated earlier, once the  

forward c a l c u l a t i o n  has been performed wi th  t h e  VENTURE-BURNER system, 

the a d j o i n t  c a l c u l a t i o n  wi th in  t h e  ~ E P T H - C ~ ~ R ~ ~ V E ~ T U R E  system becomes 

t r i v i a l .  Las t ly ,  i t  should be noted tha t  the e d i t  from the a d J o i n t  ease 

should be se l f -explana tory ,  e s p e c i a l l y  when one compares t h e  p r i n t e d  

output  w i t h  the appropr i a t e  equa t ions  descr ibed i n  Sec t ion  11. 

_Samr>le Problem 812 : The next  problem t o  be examined w i l l  be t h e  

gene ra t ion  of  data s e n s i t i v i t y  c o e f f i c i e n t s  f o r  a BOC1 kerf response.  

This response is of special i n t e r e s t  f o r  s e v e r a l  reasons.  F i r s t  of a l l ,  

the  c r i t i c a l i t y  of the  system is  one of  t h e  most important  parameters i n  

reactor phys ics  s t u d i e s ,  and i t  is important  t o  know the s e n s i t i v i t y  of 

t h i s  parameter t o  the  data u t i l i z e d .  Also s i n c e  w e  have chosen a BOCl 
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Since w&: are i n i t i a l l y  t reat ig>g a 99static*1 P ~ S ~ O P ~ S Q ~ ,  the f J r ~ t  oa.-LB to 

EPTH only sets t h e  approprd.aLs intern;.,l flags Blef 5hat  %he ealcaslakion 

may continue, VE E i s  then accessed t o  compute the "static" 

gene ra l i zed  adjoint flux and appr'o r%ate ~~~~~~~~~~~~ in tegra ls  ( reca l l  

t h a t  for t h e  kerf responass this s t e p  was ~~~~~~~~~~ DSPTH then 

computes the i n d i r e c t  T* e f f e c t  as usual, HOW~VQT", at this point i n  its 

second cal l ,  DEPTH has been instruc9-,ed to  perform an a d j o i n t  fuel 

management c a l c u l a t i o n ,  s i n c e  it was a t  t h i s  p o i n t  i n  the forward 

c a l c u l a t i o n  that the ref' eling for cycle  2 wax I n i t i a t e d .  Altho 

proeess is somewhat; d i f f i c u l t  t o  exp la in  (see efs, l-2I9 aPP the  user  

is r equ i r ed  t o  supply  is .&In% fuel ~~~~~~~~~t a p e c i f i c a k i s n  number t h a t  

was u t i l i z e d  i n  %he forward prablen. Thus again we see that, axace t h e  

fornard proble Baas been solved, the adjoint ea5eulatiowal setup becomes 

t r i v i a l  D 

The f i n a l  s t e p  in this third 3amp5t2 problem i s  a se t  of auxiliary 

c a l e u l a t l o n s  ~ ~ r ~ ~ ~ ~ e ~  using the ~~.~~~~ msdule, U s i n g  tk:e ~~~~~~ f i l e ,  

we first assess the impact- of nuclide gi r tynrPatbons  at t h e  BO 

B.R, response  a$ t h e  B 62, In the presenk  case, we m i f o r m l y  per turbed  

the BO61 d e n s i t y  field by 1 . AI.tka3ugh t1APS is  not a Peal is t ic  

pe r tu rba t ion ,  i t  does allow one to  inveskigabe the m:4ative importance 

sf the  various nuclides and space regions to the ~espoase of i n t e r e s t .  

The printed output  is tJw eatiaated A caused By t h e  s p e c i f i e d  

pepturbation. Thus for  a 1 p ~ ~ ~ ~ r ~ ~ ~ i ~ x ~ ~  w e  see that t h i s  is one 

method o f  obta in ing  nuclide s e n s i t i v i t y  coefficients by zone (or  summed 

over all space). 
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The s&lcond camptitatfsn perfei-nsd by the  CHAR06 aoduPe is the  

cal.oulat.ion sf relative data  sensit.fv8ty casff?icien&s, In t h i s  case, we 

f i ra t  calcula&e the di rec t  effect. acd then  add t h i s  GO ponent t o  t h e  

indi;-ee$ burnpap effacts 8'18 ed weam time. The f i n a l  r e s u l t  is a TDSENS 

f i l e  con ta in ing  s e n s i t i v i t y  data t h a t  relates a. change i n  a s p e c i f i e d  

data pwaneter t.h$.oughout the  Bur;aup proeeas t o  the response of 

i n t e r e s t  e 

~Betes t he  diseusaion of t h e  sample problems. The next 

foul" suBse~tioa3 provide i n p u t  and? selected ou tpu t  listings from the 

referenee case and three examples just diseuased. Hopefully, t h i s  data, 

coupled w i t h  the br i e f  t h e o r e t i c a l  d e s c r i p t i o n s  prov%ded earlier, w i l l  be 

s u f f i c i e n t  for t he  e f f i c i e n k  use of the ~ ~ ~ T X - ~ ~ ~ ~ ~ E  Depletion 

Within the % P ~ ~ W O P ~  06. t h e  VENTURE-BURNER 

modular 5 y s t e  e Extension of the modules descr ibed  here for use with 

odular systen?a shou ld  be strailghtfo ard i f  a m  assumes 

c o m p a t l b l l i t y  w i t h  the CCCC i n t e ~ f a c e  f i l e  strutture. If this 

requirement is  not met, cons iderable  sepl-sagr ing may be requi red .  

&U n ut/Outout f o r  Reference Ca lcu la t ion  

T h i s  section con ta ins  a par t ia l  i n p u t  and output  l i s t i n g  f o r  the  

p l e  problem. To conserve space, most of the cross-see t ion  

card i n p u t  has been omitted. Also as mentioned previous ly ,  s i n c e  t h i s  

calculakion ~ e p r e s e n t s  a straightfarward application o f  the VENTURE- 

ular systemo the  output; is l i m i t e d  to t h a t  from t h e  SUBMRG 

module. These p a r t i a l  i npu t jou tpu t  listings are contained in Tables  4.2 

and "11.3, r e s p e c t i v e l y .  



/ /  SPACE=(3520,( l0,5) ,RLSEj 
// D@B=(RECFM=VBS BECL=X,BUFNQ=l,~LKSIZE=3520) 
//G8.F"6lF081 DD SP=(NEW,@A%LG), 
// DSN=T. JRW80080 
// SPACE=(3520,(10,5) , R L S E ) ,  
// DCB=(RECFM=~ST,LRECL=X,~~FNO=l,BEK~I~E=3520) 
d/GO.FT62F001 DD UNIT=SPDA,DISP=(NEW,CATLG), 
/ d  DSN=T,S~WQQOBO.ATFLUX.BLL, 
// SPACE=(3520,( 10,s) , R I S E ) ,  
// DCB=(RECFM=VBST,k~CL=X,BUFNO=1 ,BLKSIZE=3520) 

// DSN=T.JRWOOOOO.PERTUB.ALL, 
// SPACE=(3520,(10,5),RLSE), 
// DCB=(RECFM=VBST,LRECL=X,BUFNO=l,BLKSIZE=3520) 
//GO.FTIOFOBl DD UNIT=SYSDA,SPACE=(3520,(10,5)), 
// DCB=( RECFM=VBST, LRECL=X, BUFWO= 1 , BLKSIZE=3520 

//GQ.FT~~FQO~ DD UNIT=SPDA,DISP=(NEW,CATLG)~ 
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TABLE 4 . 2  (csmtd.) 

, 

1 .Q 1 .o 
1.0-05 5 ,@1-05 

6 2  
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TABLE 4.2  (contd.)  

1 0 1 0 0 1  

TH232C 2.7669043U-233c 8.23240-04U-235C 6.25940-06U-238C 4 19700-03 
PU23gC I . ~ ~ ~ ? C I - G ~ P U ~ ~ C I C  8.62240- 6PwJ4ae  3.26950-o7Pu2bac 1 .1 1050-68 
HA c 8.59360-Q30-16 c 1.69590- 2ss c 1.47570-02 

SS B ‘I .16$8up-633CTi.RBR 6.42050-m 

4 5  
slH232R ’1.4475Q-e2U-233R 1.64220-04N.4 W 7 .0091 Q-030-16 B 2.33580-02 

0 
END 
DUTLIM 
EXPSWS 0 1 Q 4 8  

91.3125 
0 1  8 1  

BLANK 
END 
INPUT PROCESSOR 
OV EXPOSE 
1B / FILE REFERE 6E ~ ~ ~ ~ ~ ~ ~ ~ i O ~  
0 24 0 1 0  20 1 2  0 0 0 2 8 0 8 R  
2D / TITLE AND MUGL 
Ki DEPLETION MCD 1 FP L 3 CsTMER MBSCI,ID&S @ 

w%?283 @ *TH232 * 0 PA333 Q *u 232 * @U 233 *u 234 * SU 235 @ 

39 s8 V11[238 * vu239 %J WU240 
Qla JE BPP Rk * “HA @ SSS CQ 

0.8 / 
1 2 3 4 5 6 7 8 9 10 ’11 12 13 14 15 16 17 18 19 20 / 
21 / 
1 2 3 4 5 6 7 8 9 10 1 1  12 13 14 15 16 17 18 19 20 1 
4D / DECAY DATA 
1.156-08 1.58O-18 6.312-13 2.971-07 2,968-10 1.360-13 8.860-34 3.080-17 
9.150-?6 4.870-18 9.g80-15 3.414-86 2.540-10 9.000-13 3.340-12 41.560-09 
5.780-14 4.800-11 2.750-12 1.220-09 
5D / FISSION PRODUCT YIELD DATA 
1 . 0  208 
6D / CHAIN DATA POW MATRIX EXPONENTIAL 

7 8 2  8 9 2  9 1 1 2  1 0 1 1 5  1 0 1 2 2  1 1 1 3 2  1 2 1 4 1  1 3 l l d 2  
14 15 2 15 15 2 16 17 2 16 18 1 17 19 2 19 20 2 

STOP 
END 
DUTLGN 
REFINS 0 20 8 20 1 

2 4 2  2 3 5  3 5 2  4 5 5  4 6 1  4 7 2  5 1 1  5 6 2  6 5 5  6 7 2  

21 21 2 22 22 2 23 23 2 24 24 2 

1 .Q 

0 Q  

-1 
END 
INPUT PROCESSOR 
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TABLE 4.2 (contd.) 

I 
END 
SUBMRG 
5 0  

RZFEUX 55 5 4 3 2 1 
ZNATDN 57 5 4 3 2 1 
RTFLZTX 61 5 4 3 2 1 
ATFLUX 62 5 4 3 2 1 
PERTUB 63 5 4 3 2 1 
END 
// 

1 

. 
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This  s e c t i o n  con ta ins  a complete inpu t  l i s t i n g  and par t ia l  output  

1 i s t i . W  for Sample P ~ o ~ l ~ ~  #I, The QUtput l i s t i n g  i s  f a i r l y  

~ ~ ~ ~ @ ~ e ~ ~ ~ ~ ~ ~ e  of t h e  t y p i c a l  pa*intsd output  from the  var ious  codes and 

~~~~~~~~~ provides  a de ta i l ed  account of t he  actual c a l c u l a t i o n a l  

uence, It is suggested t h a t  t h i s  sample problem's output  be u t i l i z e d  

as t h e  b a s i s  for  a gene ra l  ~~~~~s~~~~~~ of t h e  i n f o m a t i o n  provided 

a s i m p l e  DPT ca l cu la t ion .  The reader should also refer t o  Ref. 1 

where t h i s  sample problem is treated i n  much mare de ta i l ,  The 

input /output  listings for S ple  Problem #I are contained in Tablea 4.4 

and 41.5, r e spec t ive ly ,  

1 



IEWBT FOR SAMPLE PROBLEM #I 
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TABLE 4.4 (contd.) 

~ 6 0 ~ 0 ~  1 1 
93 2 2 1 99 99 7 99 

4 -1  
RZPLUX 56 85 5 52 57 5 5  
R T ~ L ~ X  61 87 5 5 

5 5  

00 1 
1008.0456 1 .0 

5 0-04 
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TABLE 4 . 4  (contd.) 
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STORAGE REQUXRED €'OR CROSS SECTION CHECK 918 V O W S  
TITLE OF THE LATBST V ~ S I O I I  cmss SECT 01 PILE ABISH TO CITATION NODULE - 3 GROUP URAHIUI RUU 

CROSS SECTION CBRCR CONPLETED 10RRALLY 

BBFERENCE REAL T I B E  FaOE ZHATEH INTERFACE FTLE = 0.0 

S1ORACE IVAILABLB 
R &CRO CALCULATION 
BQUATIOlr CONSTANTS EALCUL&TIOU 

CORE COlTAXNED OB SPACE S 
PLANE STORED 
ROW STORED 
UOLTE-LEVEL PLANE STORED 
CORE CQHTAIIED OR S P h C E  S 
OTHBR NODES 

CORB COBTAIWBD 
SPACB STORED 

1 PLANES STORED 
1 PLANE STORED 
1 BOOS STORED 
1 ROY STORIZB 
1 RlJLTI-LEVEL PLIHtS STORZD 

I H I T I A L  ?LUX 

ITXRATIVL PROCESS 

PERTUB BATIOH ChLCULATKON 

TORED 

TORED 

9 
0 
8 

68 
1 
1 
5 
5 
0 

DAIS 

UENORT REQUIRERENTS POB DIT& S T O B I G E  

TOTAL uxNInvu NAXIRUI  
60000 

1900 

a 

1 BO4 
1806 

DATA P I L L  BE STORED FOB ALL GROUPS, ALL SPACE 

60 80 RERQRY L o c a r r o u s  P E S E R V ~ D  POR DATA STORAGE--- 
8111 UENOUT LOCATfODTS RB UIBtb FOB TRfS  PROb-- 
UBHOUT LOCArfOBS NOT OSBD----------------p- 

1 

2529 
252 9 

C 

632 4 06 
0 
Q 
Q 
0 
0 11; 891 

03 w 
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F I X E D  SOURCE ADJOINT PROBLEN POLLOUS 
*****TWIS I S  THE A I G f f E R  ORDER H A R I O N I C  PRQBLEH - NOT THE PUNDAIBifTAL**+** 
***CAUTION - THE SPECIPIED FLUX CHANGE GREATER T H A N  0.0001 R A Y  HOT EFFECT ADEQUATE CONVERGENCE PQR RESULTS TO BE R E L I A B L E .  

PBOCEDURE=O, 1 2 3,4-NORHAL CXEBYSHEV,SEIEX,DEnEX SEUEXP. 
ITPR PROC ICVk OCVR FtUX CHANGE NU-BAR &"l'ER-RU SEIS-IND ACCbLERATXON PBWAFIETEXS K-bsED D. F,-CALC. D. Y.-USE3 

1 INNERS B I N  1 I N N E R %  I A X  - NO CWEBHCBEV BETA 
ICVR=O, 1-YES 10 INNBRS C O I V R ,  DCYR-0 I-YES, N O  QQTERS CQWVR. 

1.0116329 1.00OODD 0 0  3.000001) 00 0 . 0  0.0 1 0  0 0 -3.50693D 03 0.0 0-0 l.00000 2 0  0 0 5.24405D 0 0  -2,62053 0.0 1.000 00 1.00000 0.0 1.0115129 1.Q3052D 00 1.030000 0 0  
3 0  0 0 2.08063D-01 0.14371 0.0 1.00000 0.16783 0.0 1.0116129 1.03126D 0 0  1.00000D 0 3  
4 0  0 0 7,09570D-82 0.39780 0.0 1.00000 0.23691 0.84282 3.0196193 1.005'150 90 4 , Q O O O O B  00 

PORCED EXTBAPOLATIOW Y.lUD& 0.57275 

2.70736D 8 1  4.726920 01 7.42856D 01 0-0 5.72754D-01 3.64452D-01 5.734Y6D-[Dl 9.97 172 D-8 
5 4  0 0 4.56570D-02 0.59275 0.0 1 II 00000 0.Y8820 0.0 1.0 136129 
7 1  0 0 -1.64359D-03 0 - 0  1.00000 0.52401 0.08757 1.0116129 
8 1  0 0 7.107561)-04 0.43356 8::3356 ? . O Q O O O  0.46547 0.03579 1.0116929 
9 1  0 0 -6.76391D-05 0,34472 0-07000 1,00000 0.46289 0.04395 1.0116129 

6 1  1 0 1-30922D-02 0.0 0.0 1 .ooooo 0..30130 0.0 1.8315129 

ESTIEATED ABSOLUTE POINT FLUX RELATIVE ERROR 9.06749D-05 

n ULTIPL XCATIOB R E L I A B I L I T Y  ES T I  U AT0 BS 
BY THE SUU OF TWE S UARES O F  THE RESIDUE§------------------------- 
UPPER RND LOWER BooODs ESTIHATES B r  Bkx xm. n u x  CHANGE------------ 
UPPER A R D  LOYEB BOUNDS ESTIUATES OYER ALL SIGMXPKCANT POIITS------- 

1-0 11 5912 
1.01 16814 
1.0 11 7692 

45-03 15445 
1.0 11 3233 

BUHBER OF I N N E R  XTERATIONS QUTEX ITERATXOB ERROR EIGEAVALUE &ED O g E ~ R E ~ a ~ ~ T X ~ ~  COEPFPCPEWTS 1 5.7275&D-01 

CPU A B D  CLOCK IINDTES REQUIBED FOB T H I S  E X G E N Y A L U E  PBOBLEI 

A D J O I N T  FLUX ENERGY SPECTRUH EH GROUP 9 TO R B I  

A D J O I N T  FLUX SPACE FUNCTION BY ZONE 

ZONE AVERAGE ADJOIWT FLUXES B Y  CBQUP 

1,00000 3,00000 1.00006 LOO000 1.00000 f.OC)BBO l.0ObO0 1.00000 1.00000 
$WE 0.013 0.220 

(SUURED OVER SPACE 
8.98452D 09 -4.38301B 00 -3.546510 60 -3 .1911b~  00 -5,904630 00 -!2.87765D 00 -2.89335D 00 -5.545131D 00 -1.49Q16D 09 

1.199150 02 1.11615D 02 9,597960 0 1  6,033931) 0 1  1.29115D 0 1  
(SUaUED OVER E8ERGY) 

G R  UP t 
k30732D 02 2.19175D 02 '8,92487D 02 8.22580D 01 3.45859B 04 

G R O U P  2 
-1.363231) 0 1  -1.24079D 01 -8-80586D 00 -3e70692D 00 -1-61093D 00 

EBCUP 3 

G R O U P  4 

GROUP 

G B O U P  6 

GROUP 7 

-1.2078rlD 0 1  -1.lllOlD 0 1  -?.7678QD 00 -2.76148B 00 -1.Ot138D 00 

-1.139739 0 1  -1.07563D 0 1  -7.714S5D 0 0  -2-393750 00 -9.9210QD-Ql 

-9.15793D 00 -9.269000 00 -7.20996D 00 -1.47424D 00 -9.863tOD-01 

-8.31038D 00 -8.89056D 00 -7.789219 00 -8.8894OD-01 -1.26378D 00  

-8.34678D 00 -8.9313013 00 -7.808070 00 -6.995169-01 -1.27730D 00 



GBQUP 9 
-3.06904D 01 -2.927790 0 1  -2.52579D 01 -1.03976D 01 -1.11680D 01 

PCINT ADJOINT FLWX IUTlgRPACE FILE ATPLUX ( V E R S I O N  2 B A S  BEER WRXTTtFI 01 DHIT #UI(BBR 19 
DOPC F I L E  CLOSIUG DATA - UBIIT, A R R A Y S  24 2& 5518 DOPC P I L E  CLOSING DA?A - WHIT, ARRATS 27 21 5518 
DOPC F I L E  CLOSING DATA - UNIT, biBR4TS 2% 16 5518 

PILE 27 DEFAULTS TO CORE - IO.BECS, BEC.LWTH. TSOT.Ii?TB. START LOC, CORE IEIPT. 9 1136 322Q ? 119363 
F I L E  2% DEPlULTS TO CORE - NO-BECS. REC.LPITH, %QT.LNTA, START EOC, COBE LEFT. 9 136 922b 322% &a139 

SPECIAL SCRATCH DATASET REQUIREMEN J 
M A X I H U I  PHYSICAL RECORD IS 7 2 0 8  WORDS 

***++********THE ADJOINT PRQBIIEH IS FIXED SOURCE. 

+**-CAUTIOW-*+* THE PLDXES I E I R G  PROCESSED A R E  SPECIAL SO EDITED RESULTS BATE A DPP%E!?ENt INTERPRET ION 
T R X N  TRE DOCUBENTIWG EDKTS I XBPCATING RBACPTVITK XflPOhTkltCE 

'EREBGY PER DBIT FLUX* UE GBPED REGULAR PLUX -rInzs ADJOINT n u x  BY GROUP SUE = - 2 . 5 7 5 2 8 ~ - 0 4  
9.28408E-07 -6.3lOU8B-09 -3.40187E-07 - l ,%745UE-Bfi -3,790283-03 -W.793!29&-09 -3.6948@E-O? -5.413571 Z-Qs -3.758093-12 

FIXED SOURCE I\DJOPWT FLUXES B AVE ALREADY B X E l  CQWRKTBB %OR l2EGWEAW ADJOINT CDITA#XIAT%OI 



m
l) * !a n
 

c
)
 

n
 

0
 

z
 



88 



P8231 

0 233 
U 230 
U 235 

x323 
: % 
F!% 
tie237 
48239 

POZUO 
PU231 
PO202 
A112Q1 
AM243 
C1244 
FP EL ma 
.&;OR 

TA228 
T8232 
PA231 
Ph233 
0 232 
U 233 
U 234 

0 238 
I P 237 
U P239 
PO238 
PO239 
P u 2uo 
P 024 1 
PU242 
A H2Ul 

PP RL 
NA 

0 16 

I: 1365 

An 213 
c n 2 w  

ss cap 

3 e 3895 9E- 08 
2.0228 E 8 

l:U868QE-08 
4 0364E-08 
1: 32 15 13-00 
5,5133IX-09 

3 7415E-08 
3,8264aE-08 2:9921 B-08 
1.859693-08 
5.02992E-08 
1 5754C-08 
4: 98226E-07 
2.75 19 1E-08 
1 85 8OE-OB 
1: 038963-08 
5.963163-09 
0.0 
2.156BOE-09 

2s 4 9 419a*-"88 5973-08 

4. 2036 7t-08 

7.4 602E-39 
2.04Wm-09 
2. 3 748-08 
l.$l88Q&-09 
1.98281608 
3.27797E-90 

7. U2SBtB- P 9 

U. 423391B-09 
0- 0 
0.0 
0.0 
0-0 

0.0 0.0 

- 0.0 2.337 2X- 03 

*e* 

3,11638E-OB 1,76455E-08 

2,02173B-08 7 S4lPE-0 

1:30362B-08 
5. B9348E-OB 
9 1844E-09 
3.93544E-08 2: $CO49B-09 

3.45488E-08 
3. 4930E-08 
5. 41702-08 
7.8 1, t 0871E-08 1 4 16 E-08 

1.438521z-oa 
k 7  5233-07 
2.4$060E-08 
2.081 563-08 

-1.25970E-09 5.977 11 E-09 
0.0 

-6.6473fbE-10 



LO-afimL 'L - iO-2L49L 'C- 
LO-B6OSL 'E- 

LO-80LEL ' L - 
90-89096 '1 - SO-Z8BLS'l- 
90-Z9C80'Z- 
9 -HL6SL'L- 
LO-ZB I06 'S 
LO-Zl6CZ'S- 

0 -2 (t OS 8 - Z - 

Lo-azco :&- 

~o-ae~tis-~ 

eo -asC I L - L - 

90-80L95 E- 

68-8EEC9 'E 

90-8Z9GC 'E 
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90-ZE86L fO-Z90LO:E- E- 
9Q-akESE '% 
60 -86859 
so-a';oL& !Y 
LO-%FQ9 'C 

0 '0 

a-zt9066 -I - 

W-WgitS 'L 



91 

This s e c t i o n  contains a oomplete input listing and p a s t i a l  output 

l i s t i n g  for Sample Ppoblem #2. The keg points  t o  nQta i n  t h i s  grxainple 

are the general method of perforang s t a t i o  s e n s i t i v i t y  aa lcu la t i sns  and 

the specific treatment of the static kepf response. The inputisutput 

listings for Sample Problem #2 are contained i n  Tables 4.6 and 4.7, 

respect ive ly .  





56 85 5 5 
57 86 5 5 
63 89 5 5 

6 3  89 5 5 

I080 0 046 1 .o 1 .o 
1 .o-m 5 .O-04 

-1 3 2 1 40 
1 0 0 0 1 0 0 0 2 Q 8 Q  2 2 2  4 2  

3 1 2  
003 

004 

005 
16 26.2133 16 26.2133 16 26.2133 10 22.2350 10 22.2350 

1 2 3 4 5  
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TABLE 4 . 6  (contda) 
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TABLE 4 . 6  (contd.) 

DEPTH 
0 
0 

END 
CHARGE 
1 $ $ 0 0 0 0 0  0 0 1 4 0  T 
26$$ 0 0 3 1 0 0 FO 
27ffff 1.011613 3.9037E+09 T 
END 
// 
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T h i s  saction contains a complete input l i s t i n g  and par t ia l .  output  

l i s t i n g  for the Bast sample problemat, This case represents the most 

genekal DPT calculation of t h e  three d i s c u s s e d  jn t h i s  report., Also, 

s i c w  t h i s  case r e p r e s e n t s  a f u l l  multlcycle depletion caleuls t tsn t i b a r o  

time steps), the actual e d i t  from the code vas considerably more than 

could be repssduced here.  or this mason,  data from time steps 3 and 4 

have been completely omitted, Partial edit  FOE t h e  CHARGE: module and 

the first f e w  calls to DEPTH have been included to  i l l u s t r a t e  the 

calculation of adjoint s o u ~ c m  and the a d j o i n t  r e f u e l i n  

rcspeot ive ly .  Also included is output  f ~ o m  the a u x i l i a r y  c a l c u l a t i o n s  

parformed i n  the last s t e p  o f  t h e  ca l cu la t ion .  The inpu t lou tpu t  

l j a t i n g s  for Sample BmbPem #3 are contained in Tables 4.8 and 4.9, 

respectively. 





10 8 

-1 3 2 1 48 
1 0 0 0 1 0 0 Q 2 0 0 0  2 2 2  6 2  

3 1 2  
003 

004 

065 
1 2 3 4 5  

012 
0 

16 26.2133 16 26.2133 16 26.2’133 1Q 22,2350 10 22.2350 
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TABLE 4.8 (contd.) 
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1 0 0  
0 O Q  
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TABLE 4 . 8  (contd.) 

DEPTH 
(E 
0 

END 
DEPTH 
0 
0 

END 
DEPTH 
0 
0 

END 
CHARGE 
1 $ $ 0 0 0 0 1  1 0 1 4 5  T 
2$$ 0 1 5 1 2 FO 
6** 1.32313 1.0 T 
3$$ 4 T 
4$$ 3x1 5 
5 f f  F1.O T 

1 1 3 1 2  1 F O  T 
0.0 1.0 2R0,CF 1.0 0.0 1.0 2RQ.0 1,5 2R0.0 1.0 0.0 1.0 
3R0.0 9.0 0.8 1.0 0.0 1.0 5R0,O 1.0 0.5 1.0 8R0.0 

as$$ 1 2 
$ 8 1 2 3 4  T 

END 
// 
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GBOUP 8 
-6,210631) 02 -4.83543D 02 -2,115560 02 1,08340D Q2 1-10468D 02 

GROUP 9 
-1.161993) 03 -8.7031UD 02 -3.75252D 02 1,15781D 62 5.346590 01 

PGTlW ADJOINT PLOX IIITBRPALCB PILB ATFLUX (VERSIQW WRITTEN 08  OEZT MUEBER 20 
DOPC FILE C L O S I N 6  DATA UNIT, ARRAYS 24 
DOPC FILE C L O S f l G  DITA - UBIT, ARRAYS 28 16 5 i a  DOPC ? I L E  CLOSING DATA - il1lXT, AttBAYS 27 

FILB 27 DEFAULTS 20 CORE - IO.RECS, REC.LIITX* POT.LI'Ifi, START LOCI CORE LEPT. 9 136 1224 1 49363 

FILE 28 DEFAULTS M CORE - IIO.RECS, REC.LMTtiI TOT.fIITH, SThRT LOC. CORE LEFT. 9 136 122U 1225 U0139 
SPECIAL SCBA!tCIICB DATASET RTtQOIBE5EHTS 
EAXXEUI PBYSXCAZ RECORD IS 7200 HOBOS 

*************THE ADJOINT PROBLEM IS PIXED SOURCE. 
***-CAUTION-*** TXB PLOXES BEIUG PROCESSED ABE SPECIAL SO BDITED BESWLZS BAlB A D3lYPEREllT I H T E R P E E T I Q I  

'EWER PER UNIT 01' H GflTR)  BEGULAR F U I ES D J O I I  Of BY GROUP SUM 2 7 6 9 4 8 E - 0 7  

FIXED SOURCE ADJOTUT FLUXES HAVE A L R X I D I  BlBI COPPECCCTRD PO8 REGUILAR ARJOIIIT CONTAESIATXOW 

' Z R I R  TEE WCUEEITIIG BBITS I IIDXCAFX RC %EAC%TVSTY XlWOfiTAICE 

-7.8%0721-10 1 ,&&8PE-f l  1.005233-07 k.flT6%3-0$ -6 ,0bg)B-07 3.773b6E-09 L 8 1 6 U O E - 9 7  1.721USE-88 -1.34822B-11 

RBGOLAP, FIXED SOURCB ADJOXHT FLUX I ~ T Z G R U S  - noT m m L r w m  (UULTIPMED) BY BID D ~ D D Y  - -L264388~k16 

DOEX USE OP CONTAINER ARRAYS. C O R R O L  21, n u  DATA 5517 

PBPTURBATIOH IUTERFACE P U B  PBBTUB BAS BlSI U R T ~ B I  OH W H I  UHXT HUMBER 30 

0 TOTAL CPU UIIUTES USED 0,053 I'OTAI. CLOCK A I I U T E S  USED 1.019 TOTAL 110 USED 
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Tfi228 
TR232 
PA231 
PA233 
U 232 
U 233 u 23u 
U 235 
0 236 
0 236 
NP237 
AP239 
PQ238 
PU2.39 
PO240 

PU242 
A B Z U I  
All243 
C12UQ 
PP BL 
NA 
SS COR 
0 16 

eo2111 

I 2 1  -- X121{1ISOE,Nl1SE?) 6. o 
0.0 
0 .0  

0.0 
- 1.2000 E-05 
-4.6186E-OU 
-2: 0 87883-06 

0 .0  
0.0 
0.0 
0-0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0 .~0  
0 - 0  
0.0 
0 .0  

-4. 44473-05 
- 4 .. 0 230 E-06 

263 daRBY 10 EITBIES B E A D  
2 EATUES BEAD 29* hRbl BY 

OT 

28s A R R A Y  2 ENTRIES R E I D  

29s A R R A Y  4 EHTRIBS READ 
OT 
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TR228 
TR232 
PA233 

U 234 
0 235 
U 236 
U 238 
NP237 
NP239 
PU238 
PO239 
PU240 
PO241 
PIJ242 
A1243 
AU243 

PP BL 
N A  ss eoa 
0 16 

e~23i 

:: $E 

~ ~ 1 2 4 4  

*** TIRE EEPEIDENT f R E V E R S E  TINE ORDER DATA SEASITIYITT COEPPS S U U N E D  OVER TIHE *** 
T I U E  STEPS I N C L U D E D  ARE 1 !? 3 I 

CAPTURE -- CAP 
0*8 
3.C742E-01 
b, 1924E-05 

-3.03615-03 
2.57733-05 - 5-4 687B-02 
2,0245E-03 

-7,9331E-06 
'I 3068E-05 
2.28763-03 
1,3699E-06 
B -  6186E-OS 
3- 0016E-05 

-2 6503-02 
- 6 .  4105E-05 

2 23 E-06 
1:2183?3-07 
9,0824 E-03 

-2.9 1 16 E-04 
6.29093-03 

-3.2S56E-OU 

f:?604E-O3 

a,  91 183-06 

4,-5983E-09 

28228 
TE1232 
PA231 
PA233 
0 232 
If 2 3 3  u 2318 u 23% 
0 236 
0 238 
NE237 
NP239 
PU238 
PI7239 
PQ240 
PIJ242 
AN2U3 
CRZUB 
F P  BL 
N A  
SS COR 0;O 
0 16 0.0 

emu1 
~ n 2 4 i  

%ISSTOR -- PIS 
0.8 
3.264 i E-03 

-2 ,6891 E-05 
-8. aa222B-Bld 
-1.3726E-05 
-5.7 t 8 f E-0 1 
-8.2179E-01 
-3*4454&-03 
-4.5989E-06 
-9.76563-03 
-7,  4055%-05 
2.0215E-06 - 3,93323-05 - ? P 2 I 9 8  E-O t 

-8.8fO4E-04 
-7.99275-04 
-2.1410E-06 
-3.0477E-07 
-8.89103-08 
- t . u 2 3 0 ~ - 0 a  

0 .0  
0 . 0  

[#ISOE,t?XSE?) 

( I1 SO E, I XSET 1 
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= Space-dependent transmutation matrix (N 

for ijk interval.,  Diagonal terms represent  loss 

meebanisms and off-diagonal terms represent pro- 

due t i o n  routes , 
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= Flux normal iza t ion  cons t an t ,  held f i x e d  dur ing  i j k  

I n t e r v a l .  

= Space-dependent f linx shape group vec to r  ( I G M )  he ld  

cons t an t  duping i k  interval. 

= Space-dependent burnup crgeratos. Cons i s t s  o f  a 

mat r ix  ( N M U C W J U C )  or" microsespic c ros s - sec t ion  

v e c t o r s  ( E G t i )  held  cons t an t  during t h e  i k  i n t e r v a l .  

2. I n i t i a l  Condition o f  g(;st): 

i k  +- ( A . 3 )  -. N(:,t) I = - C (r) 
tik 

3 
where &( P , tik 1 r: I n i t i a l  nuc l ide  d e n s i t y  vec to r  (NNUC) f o r  the  i k  

tilne interval. 

(A. 4 )  
i k  * 

ik -f = pik(;> Nik-(;) - I- M (r) 
=SD c .- 

ik- -+ 
w i t h  ( r )  = F i n a l  nuc l ide  d e n s i t y  field vector (MNUC) f o r  t i m e  

s t e p  p r i o r  t o  t h e  ik time i n t e r v a l .  

&(;I I Shuf f l ing /d i scha rge  ope ra to r  f o r  i k  time i n t e r v a l .  

- nikG) = Space-dependent nuc l ide  vector (MNUC) spec i fy ing  

feed composition f o r  t h e  i k  time i n t e r v a l .  

i j k )  
3. power Normalization Eauation: (Def in ing  equat ion  f o r  a 

space 

= Specified r e a c t o r  power for i j k  time i n t e r v a l .  i j k  
where P 
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E Diagonal mat r ix  { UC*NNUC) of  nuclide-dependent 

energy pe r  f i s s i o n  conversion f a c t o r s .  

(T'k( $1 = Space-dependent microscopic f i s s i o n  c ros s - sec t ion  -f 

C*IGM) held  cons t an t  dur ing  i k  I n t e r v a l .  

4. Flux s haDe Eauation : (Time-independent d i f f u s i o n  equat ion)  

where k = Leakage, removal and i n s e a t t e s  opematop. - 

E = F i s s i o n  source  opera tor .  

5 .  EluX s haDe Norm a l i m t i o n :  

space 
ik -f 

where the  i n n e r  product of - Y ( r )  and - 7 r e p r e s e n t  an i n t e g r a t i o n  over 

the  discrete energy v a r i a b l e .  

Now u s i n g  eqns. ( A . 1 ) - ( A . 7 )  as c o n s t r a i n t s  on t h e  d e s i r e d  response 

as described i n  Ref. 73 one can d e f i n e  the  fo l lowing  K-functional, 

space 
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space 

spa r.:e 3 

. space 

desired adJs.Int dep le t ion  equations defining these bagran e multjpliers 
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(A.11)  

( A . 8 2 )  

(A.13) 
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Equating similar integrands, noting that 

and def in ing  (restricted t o  final time responses] 

one obtains the f o l l ~ ~ l n g  adjoint  equa t ions ,  

and 

(A.14) 

(A.16) 

( A . 1 7 )  

= r 3  f ~ r j f l  r * i j k  -+ 

I (%f f e c t  

( A . 1 5 )  

(A.18) 

( A . 1 9 )  
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and 

4* 

5. 

space 

(A .2Q)  

(A.21) 

( A , 2 2 )  
' a l l  

space 

(A.23)  

space 

Equations CA,S%-(A . IQ)  and gA.15B-gAe23%, def ine  a cons is tent  set of 

deplet ion formulation described i n  eqns. ( A e 4 ) - 1 A , ? ) .  The meaning and 

use of these  adjoint  equations are described i n  the main text of t h i s  

report.  



1 4 2  

v, = 23 y,, s 

and 

(A.24) 

(A.25) 

(A.26) 

(A.27) 
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where 

and f i n a l  condi t io  

and jump conditio 

(A.29) 

wi tth 

e f f e c t  = 6 far j +- 1. I ' * i j k +  
- si". 

and adjoint refueling discont inui .  ty condi t i s n  

= Vector (NREG) of region-averaged a d j o i n t  
nuclide vectars (NMUC).  

* 
%REG 

(W.339 
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i j k  = Shufflirngidischarge matsix ( N R E G W  EG) consisting of the 

identity matrix ~ ~ ~ ~ C ~ ~ ~ ~ ~ )  in various locations SO as to 

%D 

represent the desired nuclide discontinuity. 

Mote when j # 1 

* * .  1 I 
P - - 1  

- 

. 

3 .  SD ace-Averaned Generalized Adjoint Sham Eauation: 

where 

i k  i j k  i jk 

j s 
X N (t) s z  - - 5 z  + c V S Z  

substep j 

(A .34 )  

(A.35) 

(A .  36) 
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4. ce-Averaned Aux i l i a ry  Ecruations: 

space J 

(A.37)  

(A.38) 

(A.39)  

Equations (A.27)-(A.39) r e p r e s e n t  t h e  d e p l e t i o n  p e r t u r b a t i o n  formula t ion  

programmed i n t o  the  DEPTH module. Although t h e  detailed n o t a t i o n  has 

been somewhat cumbersome, these a d j o i n t  burnup equa t ions  look q u i t e  

similar t o  t.he FQRTRAN equa t ions  i n  DEPTH and t hus  allow a fa ir ly  easy  

understanding of t h e  coding w i t h i n  the  new module, 
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APPENDIX B 

Evalua t ion  of the I'* Effect I n t e g r a l  

The purpose o f  t h i s  Appendix is t o  e v a l u a t e  t h e  nuc l ide  a d j o i n t  

jump cond i t ion  term involv ing  the  gene ra l i zed  a d j o i n t  shape func t ion ,  

- r*(r) .  I n  a d d i t i o n ,  i t  w i l l  be  shown t h a t  the  r e s u l t a n t  volume i n t e -  

g ra i s  are equ iva len t  t o  t h e  p e r t u r b a t i o n  i n t e g r a l s  c a l c u l a t e d  w i t h i n  the  

VENTURE modular system and s t o r e d  i n  t h e  PERTUB i n t e r f a c e  f i l e .  

-f 

The first goal i s  t o  eva lua te  t h e  following i n t e g r a l  express ion ,  

where t h e  term i n  t h e  1 is  just t he  time-independent multigroup 

d i f f u s i o n  equat ion  w r i t t e n  using opera to r  no ta t ion .  The f o m  of t h e  

d i f f u s i o n  equa t ion  solved by VENTURE is, 

where r refers t o  the  space v a r i a b l e ,  g and n refer t o  the energy 

( V X f )  and x are the d i f f u s i o n  c o e f f i c i e n t ,  v a r i a b l e  and D, L a ,  C 

macroscopic abso rp t ion ,  s c a t t e r i n g ,  and neut ron  production c r o s s  

sections, and d i s t r i b u t i o n  f u n c t i o n  for f i s s i o n  neut rons ,  r e s p e c t i v e l y .  

S '  

Raus%tfwg eqn. (B,2) i n  ma'irix farm and assuming t h a t  t h e  cross 

s e c t i o n s  are cons tan t  w i t h i n  subzone s i n  zone 2 ,  one has  
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0 I 
where;, I and C, - are the outscatter and inscatter terms, respectively. 

Now taking the derivative of ( B . 3 )  with respect to % z 9  one has 

(neglecting the m2 term), 
L 

where 

.- e 

0 
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VU -f 1 

d 
- c 

-f 1 

and 

vu 0 0 

-f 2 

- 4 2  

-f2 . 
vu 

0 

V(T 

I GM* I GM 

Ef IGM] 
I GM* I GM 

w i t h  t h e  microscopic c ros s - sec t ion  v e c t o r s  (NNISC) w i t h i n  the  matrices 

now rep resen t ing  the  nue l ide  dependence of the  c r o s s  sec t ions .  

Now s u b s t i t u t i n g  eqn. (B.4) i n t o  (B.11, one o b t a i n s  the  fo l lowing  

r e l a t i o n s ,  

I = [ I  + I  + I  + I ]  
-52 -1 -2 -3 -4 sz  

w i t h  

(8.51 

Equations (B.6)-(B.9) can a l s o  be w r i t t e n  us ing  summation n o t a t i o n  as  

fo l lows ,  
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(5.10) 

(B.11) 

(8.12) 

Using t h i s  last  set of equations, a numerical r e s u l t  can be obtained for 

hZ and the gz effect jump condition. The volume in tegra l s  i n  the 

above equations are stored i n  the  PERTWB in ter face  f i l e  a s  the following 

quanti ties, 

(2D RECORD) 

( 3 D  RECORD) 

(4D RECORD) 

(B.14) 

(B.15) 

(8 .16)  

Fina l ly ,  using (B.iO)-(B.16), the expression i n  eqn, (8.1) can be 

wri t ten  as, 
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- 
9 

It is eqn. (B.17) that is evaluated within the DEPTH module. 

(El. 17) 
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Detai ls  of The-Dependent Data S e n s i t i v i t y  Theory 

The p u r ~ s e  sf this Appendix i s  t o  p r e c i s e l y  d e f i n e  t h e  terms 

appearing i n  the d e f i n i t i o n  of the time-dependent d e r i v a t i v e  af the  

reponse of interest wit to a data pa r  tel- 8 ,  and t a  psovide 

the  exact equa t ions  progs E system, These 

equations w i l l  define the S i n t e r f a c e  

f i l es  whose s p e c i f i c a t i o n s  are g iven  in ~~~~~~~x E. 

Using the  n o t a t i o n  i n  Appendix A ,  the  time- epek,d%n$. derfVat iVe of 

a specif ied response with r e s p e c t  t o  the  cross-section OK" burnup data 

parameter B is, 

dR(tf) d R ( t f )  
- I - " t i k  - tf) 

dB( t ik )  dBi 

where aR(t , ) /aB(t , , )  is defined as t h e  ra te  of change of S Q ~  final-time 

response w i t h  r e s p e c t  t o  the  data u t i l i z e d  during time s t e p  i and c y c l e  

k i n  the  r e fe rence  burnup c a l c u l a t i o n .  
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Although eqn. (6 .1)  is  rather lengthy ,  i t ,  i s  e a s i l y  i n t e r p r e t a b l e .  

The first term on t h e  right-hand s i d e  (RHS) is  j u s t  t he  s ta t ic  

d e r i v a t i v e  of t h e  f ina l - t ime response f u n c t i o n a l  w i t h  respect. t o  t h e  

d a t a  u t i l i z e d  a t  t h a t  time, T h i s  is  t y p i c a l l y  t he  q u a n t i t y  obta ined  

from s t a t i c  s e n s i t i v i t y  ana lyses  and i s  t h e  sum of both t h e  "direct" and 

" i n d i r e c t "  effects.  The remaining t h r e e  terms on t h e  RHS o f  eqn, ( C . 1 1 ,  

t h e r e f o r e ,  r e p r e s e n t  t h e  effect  o f  a data v a r i a t i o n  dur ing  t h e  burnup 

process  on t h e  response of in te res t ,  The first of these accounts  f a r  

p e r t u r b a t i o n s  t o  bbhe s p e c t r a l  and s p a t i a l  shape of t h e  neutron f l u x  

r e s u l t i n g  from a v a r i a t i o n  i n  t h e  data parameter. The second term 

reflects t h e  importance due t o  the  f l u x  normabiaation changes (assuming 

cons t an t  power) brought about by a d a t a  v a r i a t i o n .  L a s t l y ,  t h e  term 

con ta in ing  nuc l ide  ad j o i n t  d e n s i t y  vec to r ,  &*($, t )  , 
accounts  f o r  v a r i a t i o n s  i n  t h e  time-dependent nuc l ide  f j e l d  due t o  

n u c l i d e  t ransmuta t ion  and decay processes .  It is t h e  combination of 

these la t te r  three terns t h a t  a l lows  t h e  de te rmina t ion  of d a t a  

s e n s i t i v i t y  c o e f f i c i e n t s  i n  r e a l i s t i c  r e a c t o r  d e p l e t i o n  s t u d i e s .  

t h e  time-dependent 

Before d i s c u s s i n g  t h e  %%st three terms i n  eqn, (C.1)  i n  de t a i l ,  it 

is important t o  no te  t h a t  r e l a t i v e  s e n s i t i v i t y  c o e f f i c i e n t s  can be 

obtained from eqn. ((2.1) by simply wu l t ip ly ing  by Bik/  and i n t e g r a t i n g  

over time. This  procedure g i v e s ,  
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Thus, %he percent  change i n  response R due t o  a 1% v a r i a t i o n  i n  t h e  data 

u t i l i z e d  i n  a d e p l e t i o n  c a l c u l a t i o n  is j u s t  the  sum o f  t h e  static 

s e n s i t i v i t y  c o e f f i c i e n t  a t  tf and t h e  " i n d i r e c t "  burnup s e n s i t i v i t i e s  

i n t e g r a t e d  over time. 

The above formula t ion  has Been implemented wi th in  t h e  DEPTH-CHARGE 

Deple t ion  P e r t u r b a t i o n  Theory System. The DEPTH module c a l c u l a t e s  t h e  

time-dependent d e r i v a t i v e s  i n  eqn. (C.1)  and t h e  CHARGE code combines 

t h e  va r ious  d e r i v a t i v e s  i n t o  time-dependent (or t ime- in tegra ted)  

r e l a t i v e  data s e n s i t i v i t y  c o e f f i c i e n t s ,  The d e r i v a t i v e s  from DEPTH we 

ou tpu t  on the  DRDATA i n t e r f a c e  f i l e  and the  s e n s i t i v i t y  c o e f f i c i e n t s  

from CHARGE are saved i n  t h e  TDSENS f i l e .  This  a d d i t i o n a l  c a p a b i l i t y  o f  

t h e  DEPTH-CHARGE system has s i g n i f i c a n t l y  enhanced p r e s e n t l y  a v a i l a b l e  

s t a t i c  data s e n s i t i v i t y  a n a l y s i s  c a p a b i l i t y .  I n  fact, s t a t i c  ana lyses  

are now j u s t  a subse t  of t h e  more g e n e r a l  time-dependent c a p a b i l i t y  

a v a i l a b l e  w i t h  t h e  DEPTH-CHARGE system. 

To understand more f u l l y  the  meaning and use fu lness  of t h e  time- 

dependent data s e n s i t i v i t y  formula t ion ,  w e  w i l l  d i s c u s s  each of t h e  

three burnup effects sepa ra t e ly .  These effects, from eqn. (C.l), w i l l  

be  denoted as T2, T3,  and T4, i n d i c a t i n g  the r e s p e c t i v e  d e r i v a t i v e  terms 

i n  eqn. ( C . 1 ) .  

1 s t Burn UD Eff ect: effect" 

(C 3) 

where the  term i n  { 1 is j u s t  the time-independent d i f f u s i o n  equat ion  

w r i t t e n  i n  o p e r a t o r  no ta t ion .  

by VENTURE is  (assuming t h a t  t h e  c r o s s  s e c t i o n s  are cons t an t  w i t h i n  

subzone s i n  zone z), 

The form of the  d i f f u s i o n  equat ion  solved 
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-0 I 
where L, and zs are the outscat ter  and i n s c a t t e r  terms, r e s p e c t i v e l y ,  

and the  DB cont r ibu t ion  is assumed neg3aigible. The mlsroscopic data 2 

eters of i n t 2 r e s t  i n  t h i s  equat ion  are Gy 2, X - 

and 

where t h e  matrix n o t a t i o n  i n d i c a t e s  dependence on energy and nucl ide .  

The f i s s i o n  spectrum p r e s e n t l y  is assu ad t o  be nuclide-independent, 

hence a matrix dependence ora energy only.  

is one of t h e  terms comprising, g, t h e  only nonzero term i n  If $k 
1. 

T2 (except f o r  t h e  & term) is, 

(c.4) 

= d e r i v a t i v e  of t h e  removal term's c o n t r i b u t i o n  t o  R 
i k  

k g , n  
where T2A 

with respect t o  abso rp t ion - l ike  processes ,  
a x h n  

= Blicrascspic re oval CFOSS s e c t i o n  x f o r  nuc l ide  E, ik 
ci 

group g ,  and cross s e c t i o n  set, n at t i m e  s t e p  i and 5 h g * n -  

c y c l e  k ,  

= d e n s i t y  of nuc l ide  g i n  subzone s and zone z a t  tik, NR,sz 

= volume of subzone s i n  zone z ,  
vSZ 

= volume of zone z ,  
MZ 
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and 

w e  the flux-adjoint f l u x  ~~~~~~~~s stored The last  in tegra l s ,  

i n  the 3D record of the PEWTUB interface f i le,  The d e r ~ ~ ~ ~ ~ v e  given by 

eqn. (c.4) is appropriate for F4 equal to 0 = (T 0 B d or 

0 
=n, T 

sz I %&' 

==3K =69=f'7n8aD==n,p' 3 , D V  

and the negative of eqn. (e. 1 i a  va l id  for B = %,2,* 

2.  If Bik 

der ivat ive  

i n  eqn, (6,39 is a l s o  nonzero, The 

arising from the tern csntaiwiw sf is, 

(C.6 

%IC 
where T2FR = derivat ive  of the f i s s i o n  source termgs contribution 

,$?n 
ik 

to R with respect to the fission cross section, 0 9 

fR,g,n 

and 

The TZ integrals are stored in the 2D record of  the PERTUB interface f i le .  
Y $  

3. If eik is 2, - then 
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where T2NU = deri .vat ive of t h e  f i s s i o n  source term's con t r ibu t ion  
k,1S*n 

ik 
t o  R w i t h  respect tov!L,g,n.  

(c.9) 

ik 
g 

where T2X = deP iva t ive  of the f i s s i o n  source ten? 3s con t r ibu t ion  t o  R 

with  respect t o  t he  r e a c t o r  f i s s i o n  spectrum, 

and 

(e.10) 

The sz are t h e  off-diagonal  i n t e g r a l s  stored i n  t h e  3 D  r eco rds  of 

t h e  PERTUB f i le .  

,&3' ,g 

ik 
where T2Dk = der ivat ive  of the  leakage termSs con t r ibu t ion  t o  R 

,g,n 
ik 

w i t h  r e s p e c t  to t h e  t r a n s p o r t  cross see t ion ,  0 

tPR ,g,n' 
-1 

g s z  
) D = d i f f u s i o n  c o e f f i c i e n t  = (3J Et, T 

g, sz 
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and 

( C . 1 2 )  

The Wz i n t e g r a l s  are s t o r e d  i n  t h e  4D record of %he PERTUB fi le.  
*g 

6. If fiik is an element of t h e  scatter mat r ix  

= d e r i v a t i v e  of the  o u t m a t t e s  and i n m a t t e r  con- ik where T2S 
hg,hs', 

115 
t r i b u t i o n s  t o  R w i t h  r e s p e c t  t o  (5 

R,g-+g' ,* s 

and 

These s i x  time-dependent d e r i v a t i v e  terms, T2A, T2F, T2 U, TZX, T2D, and 

T2S, describe t h e  ra te  of change sf the final-time response w i t h  respect 

to  a v a r i a t i o n  i n  t he  r e s p e c t i v e  data a ~ m e t e r  d m  to  the  s p e c t r a l  and 

s p a t i a l  r e d i s t r i b u t i o n  of t he  flux (neut ron  sowbe strength) caused by 

t h e  v a r i a t i o n  at t ik< tfe These ter 8 only Pepresent  t h e  first of t h e  

burnup effects noted i n  eqn. ( C . 1 )  and will be termed the wr* effect". 

These d e r i v a t i v e  terms are s t o r e d  under the names g iven  above i n  t he  

DRDATA i n t e r f a c e  f i le .  
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(c.14) 

WhePe the te i n  the t 1 is just an express ion  for the r e a c t o r  power a t  

The data gar ters of i n t e r e s t  in eqn. (C,143 are the  
t ik '  

y b f i s s i s n  conversion f a c t o r ,  - * and the -e, 
sect ion. 

1. If Bik is -3 CI 8 then 

( C . 1 5 )  

the nomalixation tern's c o n t r i ~ t i o n  to 

R with reapest to Of 
R , $ , r n  

k 2. 8 is an ele ent or the  diagonal 

where T 3 E r  = d e r i v a t i v e  of the no alization term's con t r ibu t ion  t o  R 

wi th  r e s p e c t  t o  the  nuclide-dependent ene rgy / f i s s ion  

factor,  et. 

These two d e r i v a t i v e  terms, T3F and T3E, represent  t h e  importance 

of f l u x  normalizat ion c h a w e a  (assuming cons tan t  power) brought about by 

t he  r e spec t ive  data v a r i a t i o n s .  The sunn over  the  8 s u p e r s c r i p t  i n  eqns. 

(C.15)  and (C.16) i n d i c a t e  t h a t  t h e  power normalizat ion c o n s t r a i n t  is 
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app l i ed  a t  t h e  beginning sf each substep j wi th in  time s t e p  i ,  These 

d e r i v a t i v e s  r e p r e s e n t  the c o n t r i b u t i o n  of t h e  second burnup effect i n  

eqn. ( C . l )  and w i l l  be termed the effect". These time-dependent 

terms are also s t o r e d  i n  t h e  DRDATA f i l e .  

3rd Burnut, Effect: "N* effect" 

where t h e  term i n  

nuc l ide  d e n s i t y  

{ 1 is an  express ion  f o r  t h e  rate of  change of t h e  

f i e l d  a t  time t ,  with the  matrices r a n d  desc r ib ing  
I 

t h e  nuc l ide  t ransmuta t ion  and decay processes ,  r e spec t ive ly .  

1.  

t ransmuta t ion  matrix, then  

If Bik is an  absorp t ion- l ike  c r o s s  s e c t i o n  a long  t h e  d iagonal  of  the  

(C-18) 

= d e r i v a t i v e  o f  the t ransmuta t ion  term's Contr ibut ion  

t o  R with  r e s p e c t  t o  an  abso rp t ion - l ike  c r o s s  s e c t i o n ,  

ik 
where T4ADR 

,g,n 

(3 , a long  t h e  d iagonal  of t h e  burnup ma t r ix  (Q=m>,  
X 
Q,m,g 

and Ox = microscopPC product ion ( o r  d e s t r u c t i o n )  cross s e c t i o n  for 
R,m,g 

r e a c t i o n  X of nuc l ide  % by nuc l ide  m f o r  group g.  

(note :  rn-arent, fi+daughter, x-jprocess) 

2. If Bik is an absorp t ion- l ike  cross s e c t i o n  i n  t h e  off-diagonal  

elements,  then 
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and 

IPRDSma = x 

i k  

where T4AODma = d e r i v a t i v e  of t h e  nuc l ide  t ransmuta t ion  term's 
,g?n 

con t r ibu t ion  t o  W w i t h  r e s p e c t  t o  abso rp t ion - l ike  

c r o m  s e c t i o n s  i n  t h e  aff-diagonal elements of t he  

burnup mat r ix ,  w i t h  t h e  three vec to r s ,  IPDS, I D D S ,  

IPRDS, desc r ib ing  the  pa ren t ,  daughter,  and process  

occurr ing  i n  each nonzero element of the  matrix. 

The d e r i v a t i v e s  g iven  i n  eqns. ( C . 1 8 )  and (C.19) are appropr i a t e  

0 0 0 and Xn a d d i t i o n ,  i f  f o r  f3 equal  t o  = 

t h e  process  i s  f i s s i o n  w i t h  y i e l d  t o  some f i s s i o n  product,  then T4AOD 

'c* n , p *  n,D' n , ~  

must be mul t ip l i ed  by t h e  y i e l d  f r a c t i o n  Ym,,,. 

3 .  I f  Bik i s  an energy-independent f i s s i o n  product y i e l d ,  then 

(c.20) 
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where T4Yik = d e r i v a t i v e  of the n u e l i d e  t ransmuta t ion  tern's 
m,R 

c o n t r i b u t i o n  to  w i t h  respect t o  t h e  f i s s i o n  product 

y i e l d  ( Y  ) of ~~~~i~~~~~ nuc l ide  E producing 

f i s s i o n  product R . 
m, R 

4, If Bik is a decay cons t an t  a long  the d iagonal  of - Q, then  

T4LD, i k  - - - Vsz  J d t  (N* R N R )ik sz  
j sz  substep j 

(c.21) 

where T4LDik = d e r i v a t i v e  of the nuc l ide  decay term's c o n t r i b n t i o n  to R 

w i t h  r e s p e c t  to t h e  decay cons t an t  of nuc l ide  2. 

5 .  If Bik is  an  off-diagonal decay cons t an t ,  then  

T4LODma i k  = 

j sz 
(C.22) 

where T4LODik = d e r i v a t i v e  of t h e  nuelide decay t&rm9s c o n t p i b u t h n  to  

R wi th  respect to the decay consh t (XIII) of nuc l ide  m 

decaying to nuc l ide  k ,  %aj-%h the  v e c t o r s  IPDSHEa and 

IDDSma describj. the  parent-da h t e r  relationships for  

each nonzero element of D, 

These f i v e  d e r i v a t i v e s ,  T4AD, T4AOD, "rY, T4L , and THILOD, account 

f o r  t h e  effect. of v a r i a t i o n s  i n  t h e  ~ ~ m ~ ~ a ~ ~ ~ ~ ~ ~ ~ ~  nucS.i.de Field due  t o  

data v a r i a t i o n s  affeetira the  nuel%.de trans u t s t i o n  and 

processes.  These r e p r e s e n t  the  con t s ibu t ion  of t h e  th ird  burnup effect  

i n  eqn. ( C . l )  and w i l l  be  called the  "NY effect". As before, the T4 

d e r i v a t i v e s  are saved i n  the  DRDATA f i l e .  
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A t  t h i s  po in t ,  i t  should be noted that  8 s t a t i c  data s e n s i t i v i t y  

c a l c u l a t i o n  i n  DEPTH proceeds e x a c t l y  as would zn a d j o i n t  d e p l e t i o n  

calcnht isn .  Eoweve~, a static case is one t h a t  has only one d e p l e t i o n  

t ine  s t e p  w i t h  t he  time i n t e r v a l  t y p i c a l l y  on the  o rde r  of 0.001 days. 

This methodology allows t h e  same eodfng  i n  DEPTH to  be used f o r  both 

s t a t i c  and time-dependent problems, I n  static probleffis, the  T3 and T4 

data d e r i v a t i v e s  are t y p i c a l l y  zero and t h e  32 d e r i v a t i v e s  are the  

familiar " i n d . i ~ e @ & ~  effects of s t a t i c  generalfzed s e n s i t i v i t y  theory.  

The next s t e p  3.n the  c a l c u l a t i o n  of data s e n s i t i v i t y  c o e f f i c i e n t s  

is to combine t h e  varioua mimdirectw s t a t i c  and time-dependent 

d e r i v a t i v e s  from t h e  DRDATA f i l e  i n t o  r e l a t i v e  data s e n s i t i v i t y  

c o e f f i c i e n t s  (time-dependent OP t ime- in tegra ted) .  The CHARGE module 

perfoms t h i s  task as well as t h e  c a l c u l a b i s n  anad a d d i t i o n  of t h e  

Wisestw s t a t i c  s e n s i t i v i t y  c o e f f i c i e n t s  far a large v a r i e t y  of response 

Eunc t f o n a l s .  F i n a l l y ,  %be t o t a l  r e l a t i v e  data s e n s i t i v i t y  c o e f f i c i e n t s  

are edited and output  on the  TDSENS f i l e .  

The equa t ions  progsmrraed i n t o  CHA GE and t h e  data appearing i n  t h e  

TDSENS file are as follows: 

1. Capture S e n s i t i v i t y  
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(C.24) 

Sensitivity 

4. Transport Sensitivity 

5. Total Scatter Sensitivity 

9 ’  

6, Chi Sensitivity 

7. El, Sensitivity 

(C.25)  

(C.26) 

(c.27) 

(C.28) 
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9. N,2N Sensitivity 

(6.31) 

10. N, D Sensitivity 

1 1 .  N , T  Sensitivity 

12. Energy/Pissisn Sensitivity 

13. Decay Constant Sensitivity 

(6.34) 

(C.35) 
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14. F i s s i o n  Product Yield S e n s i t i v i t y  

15. 2-D Scattering S e n s i t i v i t y  

(C.36) 

( c .37 )  

where SCAT2 is looped over  g' energy groups. 

The above 15 data s e n s i t i v i t y  c o e f f i c i e n t s  are s t o r e d  i n  t h e  

TDSEMS f i l e  e x a c t l y  as i n d i c a t e d  above. I f  time-dependent s e n s i t i v i t i e s  

zap?@ t o  be saved, the above f i les  are r epea ted  NLOQP = NTOT ( n  

time s t e p s )  times. If" t h e  s e n s i t i v i t i e s  are summed over time, NLBOP = 1 

and t h e  data c o n t a i n s  t h e  t ime- in tegra ted  va lues .  In? a d d i t i o n ,  if 

"direct" s ta t ic  s e n s i t i v i t i e s  are inco rpora t ed  i n t o  t h e  f i l e ,  they  are 

added t o  the  s ta t ic  w i n d i r e c t "  c o e f f i c i e n t s  and j u s t  summed as usua l  i f  

a t ime- in tegra t ion  is performed. 

One f i n a l  exp lana t ion  is necessary  t o  f u l l y  d e f i n e  the  data 

s e n s i t i v i t y  c o e f f i c i e n t s  c a l c u l a t e d  i n  CHARGE and s t o r e d  i n  the  TDSENS 

i n t e r f a c e  f i l e .  It has  been i m p l i c i t l y  assumed up t o  now t h a t  t h e  

d e r i v a t i v e s  o f  t he  leakage term i n  eqn, (C.3)  w i t h  r e s p e c t  t o  t h e  

par t ia l  c r o s s  s e c t i o n s  making up t h e  t r a n s p o r t  cross s e c t i o n  were zero. 

However, since 
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(C.38) 

kale see t h a t  the derivatives w i t h  respect to Ua and the ~omponents SP a 
a 

are typically nonzero. Therefore, t h e  following debfault "transport 

cormctionsm a m  made un les s  instructed otherwise. 

1. w T ~ ~ ~ ~ p ~ ~ t  Corseetion" for absorption-like reactions: 

(6.39) 

therefore. 

where Sx and S F  ape the sensitivity coefficients for nuclide 

R ,  reaction x ,  and cross section set  n before an after ths t ransport  
R,g,n R,g,n 

correction, respectively, and StF is the transport cross-section 

sensitivity (TR ) mentioned previously. 

2. wTransport Cakrectionn far scattering reactions: 

R,g,n 

R,g,n 

(C.41)  
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but 

and 

(c.42) 

therefore,  

Equations (C. 0 )  and ( C , W i )  def ine  the so-called @$ransport 

corrections" and thus complete the de ta i l ed  descr ipt ion of the time- 

dependent data s e n s i t i v i t y  capabi l i ty  of khe DEPTH-CHARGE system. 
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APPENDIX D 

Treatment of Equilibrium Nucl ides  

The purpose of this Agpendix. is t o  ppeserrf; t h e  ethodology u t i l i z e d  

f o r  treating large tetms w i t h i n  the t ransmuta t ion  mat r ix  f o r  t h e  mat r ix  

exponen t i a l  solantAon techniqve, The procedure used here is s imilar  t o  

that u t i l i z e d  i n  the code, w i t h  som8 s l i g h t  ex tens ions .  The 

ex tens ions  are app l i ed  i n  t h e  a d j o i n t  problem only  when very large 

va lues  of Nl(tf) are encountered for i so tope  i having a large 10s3 term 

i n  the  t ransmuta t ion  matrix. 

1 

Consider a system o f  l i n e a r  f i r s t - o r d e r  equations given  by 

d - N ( t )  = A N (E) 
d t  - _ -  

The s o l u t i o n  t o  eqn. ( D . 1 )  is  

w i t h  

- B = ewp [ A A t ]  _I - 

(D - 3) 
I 2 

= __ I - + & A t  +! @ A t )  +- ... _ -  

Thus, f o r  a g iven  A t  ( c a l c u l a t e d  by DEPTH), t h e  matpix exponent ia l ,  Ea 

can be e a s i l y  ca l cu la t ed  with convergence l i m i t s  set by u s e r  i npu t .  

Once - has been determined, success ive  aat~ix m u l t i p l i c a t i o n s  are 

performed us ing  eqn. ( D . 2 )  t o  o b t a i n  the nuc l ide  d e n s i t y  v e c t o r  a t  

va r ious  time po in t s .  

As discussed  i n  Ref. 19, i f  an e n t r y  i n  t h e  & A t  - matr ix  exceeds some 

va lue ,  t h e  r e s u l t s  sf eqn. (D.3) w i l l  n o t  have adequate s i g n i f i c a n c e  due 

t o  s u b t r a c t i o n  o f  numbers of n e a r l y  t h e  same magnitude. The s i m p l e s t  
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way t o  a l l e v i a t e  the  problem is t o  reduce the  value of  A t ,  thereby 

reducing the elements  of &At .  This procedure is done au tomat ica l ly  

wi th in  DEPTH. However, f o r  nuc l ides  such as 13*Xe whose c o e f f i c i e n t s  

__ 

are very large, t h i s  procedure becomes q u i t e  expensive i n  most cases  and 

completely impractical when coupled w i t h  an  extremely large i n i t i a l  

concent ra t ion  ( o r  importance) f o r  t h i s  nucl ide.  T h i s  la t ter  s i t u a t i o n  

6 I s  encountered i n  t h e  a d j o i n t  case where va lues  as large as IO5 - 10 

have been observed for t h e  i n i t i a l  importance, l*(tf), for 13*Xe. 

I n  simple s i t u a t i o n s  i t  is reasonable  to  assume t h a t  a nucl ide 

having a large value along t h e  diagonal  of& an, w i l l  take on the  end- 

of-exposure s t eady- s t a t e  s o l u t i o n  very rap id ly .  I n  t h i s  case for a l l  

nuc l ides  m having coupling (nr'n) and a11 nuc l ides  J? having coupling 

(n-+R), w e  simply replace the coupl ing ( e a )  w i t h  c o e f f i c i e n t s  

a 

m,R m,n a 
n,R 

n¶n 
a = a  

and set t h e  concen t r a t ion  of  equi l ibr ium nucl ide  n t o  its equfl ibr ium 

va lue  (determined by setting = 0). T h i s  s imple procedure is 

u t i l i z e d  f o r  the  c a l c u l a t i o n  of both J(Bt) and N Q ( t )  when equi l ibr ium 

d% 

nuc l ides  are present .  

However, as mentioned above, i n  t h e  a d j o i n t  case t h e  i n i t i a l  value 

a t  tf of t h e  importance func t ion  can be very large. I n  order  t o  

conserve t h i s  importance over some d e p l e t i o n  s t e p  [lJr ( t )E( t )  = T 

cons tan t ] ,  one must account for t h e  product ion of daughters dur ing  t h e  
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approach to equil ibrium. The p s o c e d w e  u t i l i z e d  in DEPTH to accoun$ for 

production during t h e  approach t o  equ i l ibr iu  w i l l  be i l l u s t r a t e d  with 

the  following a i  

Consider a three-nuclide decay chain where nucl ide  A i s  produced 

B and nuc l ide  C i s  produced from A, This scheme can be deacsibed 

.in equation form as 

Now assume t h a t  a is  large, causing nucl ide  A to go i n t o  equil ibrium 

very rapidly .  The equil ibrium value o f  A i s  found by setting dA/Qt = 0, 
14 

g i v i n g  

If laa8 also assume that  the i n i t i a l  

w e  have for t 7% 0 

value of A is large (say AI > 5Ae), 

Therefore, during the  approach to equil ibrium ( a c t u a l l y  a value 

i s  used i n  DEPTH), we have 

of 2Ae 
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with the time required to reach 28, given by 

2Ae 

11 Ai 
T2e = - - In - a 

From eqn, (De$), we 0 obtain  the aver e value of A(t) during its 

approach to e q u i l i b p i u ,  

Thus, the integral sf  A(%) over is  

*ine = 5 e  
(D .In) 

Final ly ,  to acwunt  for the production to some daughter lklezclide dwing  

the a p ~ ~ o ~ c ~  $Q equilpbrium, we simply integrate the pra<gue&ioa rate 

over TZe, givi for the present e x m p l @ ,  

Production of C from A duri 

approach to equilibrium (I) .12) = '31 T2* 

Thus the  i n i t i a l  value of nuclide C can be adjusted to r e f l e o t  this 

pFOdUQkfon, 

I 4- a3h T2e (D. 13) 
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If we now a l s o  set  the  i n i t i a l  value of' A t o  A '  - Ae, w e  w i l l  have 

conserved (approxiinateby) the total importance i n  the  system, 

I -  

With t h e  time-dependence 09" t h e  daughter nuc l ide  a d j o i n t  d e n s i t i e s  

proper ly  taken  i n t o  account,  we still  need t o  account for t h e  

c o n t r i b u t i o n  of t h e  equ i l ib r ium nuclide during i ts  approach t o  

equ i l ib r ium in t h e  P@ and SQ i n t e g r a l s  of Depletion Per tu rba t ion  Theory 

(DPT). In these e X p Y e S S i O A E 4 ,  We terDlS Of t h e  form 

26 However, over the  s a l l  time i n t e r v a l  0 1  t l  T 

Equation (D.139 now becomes 

(D .14) 

(D. 16) 

where the  i n t e g r a l  is  c a l c u l a t e d  using expres s ions  analogous t o  eqms. 

( D . 9 )  and (D.10). Thus, t h e  c o r r e c t i o n  term I. needs t o  be added t o  the  

Ps a d  SB integrals ( s e e  Appendix A )  and t o  tlns t h e - i n t e g r a l s  i n  t h e  

1 

data s e n s i t i v i t y  forKulafisn (see  Appendix C) for  all. equ i l ib r ium 

nuc l ides  i. 

The absvs t rea tment  of equ i l ib r ium n u c l i d e s  is implemented as 

d e f a u l t  within t he  DEPTH module, and t h i s  is t h e  suggested mode of 

opera t ion ,  However, c o n t r o l  of the  formula t ion  can be accomplished w i t h  

the  IX(40) parameter i n  thee EXPINS f i l e  and the IKEY(8)  parameter i n  

DEPTH. 



173 



174 

NSTAWW, DRDdTAB, and TDS &le SpacificatJ ons 

The purpose of t h i s  Appendix is t o  provide s p e c i f i c a t f a a a  far thPee 

E system, Although other 

fi les are produced (most notably the  DATAIB f i l e ) ,  only the  

here, since tbsae Pz-8 ~ r ~ ~ ~ ~ ~ y  t h e  only f i les  a% 

real inteseat t o  t h e  usw. The Piles BeacrPbed i n  Tables E e l  - €3.3 am: 

- con&aians t dent part ia l  d e r i v a t i v e s  of" 88 

s p e c i f i e d  response with r e spec t  to  the  nuc l ide  d e n s i t y  

field wi th in  the reat2toP 

s p e c i f i e d  res onm uith respect t o  c r o s s  s e c t i o n s  and 

burnup data 

s e n s i t i v i t y  e o e f f i c i e  apeai f ied  r e s g  

~ ~ 0 5 8  s e c t i o n s  and ~~~~~~ data 

and DRDATA files are ereated in DEPTH and used i n  CAB 

wbike TDSENS is produced i n  ~ ~ A ~ ~ E  fr the DRDATA fi le.  

I n  a d d i t i o n  t o  t h e  ab ve data ,  i t  should be noted t h a t  a u t i l i t y  

module32 e x i s t s  (not p a r t  of t he  present  system) tha t  conver t s  t he  

TDSENS formatted s e n s i t i v i t y  data i n t o  a SENPR033 f i l e  for use i n  the 

PORSS34 S e n s i t i v i t y  and Uncertainty Analysis Syatem. Thus the DEPTH- 

CHARGE system described here  can be d i r e c t l y  OQupled t o  the FOR% 

system, g r e a t l y  enhancing ORNL's o v e r a l l  s e n s i t i v i t y  and unce r t a in ty  

a n a l y s i s  c a p a b i l i t i e s .  
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TABLE E.1 

NSTARR INTERFACE FILE SPECIFICATIONS 

C l l t * * 4 * 4 ~ * i * + f f l * i * * * * * ~ * * * * 4 * * * * f f ~ * * * f f * 4 * ~ * * f f 4 4 * * * * ~ * ~ * * * * * * * f f ~ * ~ ~ ~ ~ * ~ 4 4  

C 9 

CF NSTARR 7 / 281 80 1 - 
C -. 
CN INTERFACE F I L E  CONTAINING PARTIAL DERIVATIVES OF S F E  SPECIFIED - 
CN RESPONSE WITH RESPECT TO THE NUCLIDE DENSITY FIELD W I T H I N  THE - 
CN REACTOR MODEL. THE DERIVATIVES ARE CALCULATED VERSUS REVERSE - 
CN TINE IN THE 'DEPTH' DEPLETION PERTURBATION THEORY MODULE. - 
C 
C*+ i *+* *+ i * t i f f? * , *~* * * * * * * * * * *%*+* * * * * * * * *+ i * * * * * * * *+~44?** * f f f f * * * *+*~~f f i *  

I.-----c'-."-~~ll" cs 
CS F I L E  IDENTIFICATION 
cs FILE REFERENCE INFORMATION 
CS ******@**** LOOP OVER NTOTI TIME STEPS 
cs 
CS * NUCLIDE D ~ ~ I V ~ ~ ~ ~ ~  -- 
6s * 
@S * i * i % * f f * l * i  

c 

c 
CE HNAME 
C 
cw 1 *mLT 
c 
CD HNAME FILE NAME (A61 'NSTARR) 
e 
CN MUIT 1 FOR LONG WORD, 2 FOR SHORT WORD MACHINES 
e 

CE NTOTl,NISOE,NREG,NR,NPARM5 
c 
cw 5 
C 
CD NTOTl TOTAL NUMBER OF TIME: STEPS PLUS 1 
CD NISOE NUMBER OF NUCLIDES 
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TABLE E. 1 ( corntd. 

CD NREG NUM3ER OF REGIONS I N  
CD I F  NS2,EQ.O NREG = 
CD I F  NSZ"GT.0 NREG = 
CD NR NUMBER OF' RESPONSES 
CD NPARm NOT USED 
C 

PROBLEM - 
NZONE - 
NSZ - 
SEE INPUT TO DEPTH MODULE) - - - 
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FACE FILE ~ ~ E C I ~ I ~ A T I ~ ~ S  

~ * * * * * * * * * ~ * * * * 3 * * * ~ * * * ~ * * * * 4 + i ~ * * * * ~ ~ ~ ~ ~ ~ ~ i * ~ ~ ~ ~ ~ * 4 ~ ~ * * ~ * ~ ~ * ~ ~ * ~ ~ 3 ~ ~ * * * ~  
C - 
CF DRDATA 7/ 1 4 i  80 1 - 
C - 
CN INTERFACE F I L E   CONTAIN^^^ PARTIAL DERIVATIVES OF SOME SPECIFIED - 
CN RESPONSE WITH RESPECT TO CROSS SECTIONS AND ~ U ~ ~ U ~  DATA. - 
CN THE ~ ~ ~ V ~ ~ ~ ~ E S  ARE  ATE^ THE - 
CN 'DEPTH* DEPLETION PERTURBATION - 
C I 

C * * * * * ~ * * * * * * ~ + * * i * * * ~ ~ * * * ~ ~ * * ~ ~ * ~ f f * * * * * ~ * i ~ * ~ ~ * * * * * ~ * ~ ~ f f * ~ ~ ~ ~ ~ * * * ~ ~ * * * * *  
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c 
CL T2S( NISOE, NGROIFP, NSM) HGROl.JP RECORDS INDEX JJ 
6 
CW ~ ~ ~ ~ E * ~ ~ ~ ~ ~ ~ * ~ ~ N  (EACH RECORD) 
C 
CD T2S(I,J,K) SCATTER FROM GROUP J TO GROUP JJ 
r@ 

C~*C*~***B******l*~~**~****************~+*~%~***+****~***~**+*i***~*****t 

c - 
CEQF DRDATA - 
C - 
C*irtt%f+*+**~+******~*l****~l*~~*~**~%~*~~**~******~~***~*****i**a****** 
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TABLE E , 3  

TDSENS i~~~~~~~~ F I L E  SPECIFICATIONS 

CR P I L E  IDENTIFICATION 
c 
CL MN 
C 
CW 1 *KELT 

C - 
C - CM MULT 1 FOR LONG WORD, 2 FOR SHORT m 



c 
cw 
C 
CD 
C D  
CD 
C D  
CD 
C D  
CD 
CD 
CD 
CD 
CD 
CD 
CD 
CD 
CD 
CD 
CD 
CD 
CD 
CD 
CD 
C 

15 

P 
N X S E T  
NOPT 

N I S Q E  
NSN 
N F S L R  
N F P R  
NDCYR 
NGROUP 
I A L F  

I N B  
I N 2 W  
I N D  
I N T  
IBLK 

PlDER OF ~ ~ ~ L ~ D E ~  T H A T  DECAY 

PHA CROSS S E C T I O N  FLAG 
NUMBER OF ENERGY G R O U P S  

NOT P R E S E N T  
1 P R E S E N T  

N,P F L A G  
N , 2 N  FLAG 
W,D F L A G  
,T F L A G  
O T  U S E D  
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TABLE E.3 (contd. ) 
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TABLE E.3 (contd.1 

Y 

Y 

e 
cw XNT(NISBE,NGRQUP,NXSET) 
c 
ew LENG 
c 
CD XWT SENS CQEFF 3% 
e 

N,T XSEC 
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c 
NISOE+NDCYR+ 

EF $ENS COEPF TO E N E R G Y / F I S I B N  
CD DCY S E N S  COEFF TQ DECAY DATA 
CD YLD SENS COEFF TO F I S I I O I  PRODUCT YIELD DAT 
c 

c 
c SCAT2 2-B SCATTER1 SENS COEPF INTO GROUP JJ 
e 
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Distribution C a k e  

1-2. L. s, Abbott 

5-s. T, J. Burns 
103. 93, G, CacucL 
11. B, P. CartcrlA. .A f Brooks/ 

CSD x-IQ Library 

15-19. F. c. Waiengcheia 
20. E, If. Ob4ow 
XI , e, v. Parks 
22. .-P. ker 
23. F 8 ,  ade 8 

24 0 

25. 
26.  
27. 
28 
29. 

30-34 0 

3 5 .  

37-41. 
4 2 .  
4 3 .  

4-45 .  
4 6 .  
4.7 . 
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