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Page 25 - Delete l i n e s  4 through 12 and i n s e r t  the  following: 

Columns 13-24 SCATU(E12.8): The maximum number of groups f 3 r  up- 

s c a t t e r .  For example i f  the  maximum up-sca t te r  i n  a problem were from 

some group K t o  K - 5 ,  then 5.0 would be spec l f ied .  

would specify no up-sca t te r .  

A zero f o r  SCATU 

Columns 23-36 SCATD(E12.8): The maximum number of groups f o r  down- 

s c a t t e r .  

K + 5 ,  then 5.0 would be spec i f ied .  A zero spec i f i e s  no down-scatter. 

If the maximum down-scatter i n  a problem were from a group K t o  

I f  both SCATU and SCATD a r e  input 0 or l e f t  biazik, the  code assumes 

maximum up- and down-scatter. 
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Page 4 - Add the following paragraph under The Five Point Difference 

Equations: 

For poin ts  associated v i t h  a "rod region", the  i n t e r i o r  

f luxes are not  defined, but  s a t i s f y  the  logarithmic der iva t ive  

condition 

along the  boundaries of  the  region. 

and the  der iva t ive  i s  taken normal t o  the  boundary and i n  the  

d i r e c t i o n  of the  rod region. 

Cr  i s  a p o s i t i v e  nwnber 

Page 27 -Change C t o  Cr  i n  l i n e s  > and 19. 
Page 32 -Delete f i r s t  s i x  sentences of paragraph beginning "No provis ion 

w a s  made . . . I 1  

Page 38 - Inse r t  t he  following a f t e r  l i n e  4: 
'r Rod group constant.  



ORNL- TM- 842 

C o n t r a c t  No. W-7405-eng-26 

R e a c t o r  D i v i s i o n  

EXTERlMINATOR - A MULTIGROUP CODE FOR SOLVING NEUTRON 

D I F F U S I O N  EQUATIONS I N  ONE AND TWO DIMENSIONS 

T. B.  F o w l e r  
M. L. Tobias 
D .  R .  Vofidy 

FEBRUARY 1965 

o x  RIDGE NATIONAL LABORATORY 
Oak R i d g e ,  Tennessee 

operated by 
iTP\IION C 4 R B I D E  CORPORATION 

for t h e  
U. S . ATOMIC ENERGY COIVMISSION . 



. 



iii 

Table of Contents 

Abstract ......................................................... 
Acknowledgment ................................................... 
Introduction ..................................................... 
DetaLls of the Method ............................................ 

The Five Point Difference Equations .......................... 
Basic Iterative Technique Employed ........................... 
Line Relaxation Method ....................................... 
Group Rebalancing ............................................ 
Selection of Over-Relaxation Coefficient, p .................. 
"Expocential-p .. Over-Relaxation ............................. 
Extrapolation of Fluxes ...................................... 
Convergence Criteria ......................................... 
Constant Source and PGiSOn Search Calculations ............... 

Procedure for the Use of the Cock ................................ 
Code Limitations ............................................. 
Running Time ................................................. 
Input ........................................................ 

Line I: Title Card ...................................... 
Line 2: Control Card .................................... 
Line 3: Miscellaneous Data Card ......................... 
Lines 4+: Fission Spectrum Cards ........................ 
L i n e  ?+: Euckiing Cards ................................. 
Line 6+: Mesh Speclficatlons ............................ 
Line 7+: Mesh Specifications ............................ 
Line 8+: Composition Specifications ..................... 
Lines 5+: Macroscopic Data .............................. 
Lines 10+: Nuclide Concentrations ....................... 
LLnes 1l+: Microscopic Dat.a ............................. 

Output ....................................................... 
Cross Sections ............................................... 

Macroscopic Cross Seztions ............................... 
Microscopic Crcss Section T a p  Format .................... 

Page 

1 

. 

1 

2 

4 
4 
5 
6 
8 
a 
10 

12 

14 
1-5 
1.7 
17 
1.7 
18 

18 
25 
23 
26 

26 
26 
26 
26 
28 
28 
25 
30 
30 
30 

18 

. 



iv 

. 

Page - 
Code Operation ............................................... 

Data Transmission. ....................................... 
F9RTRAYi Monitor System ................................... 

Sample Pro~lem. .............................................. 
~otation ......................................................... 
BiSliogra~hy ..................................................... 

. 

. 



EXTERMINATOR - A  MULTIGROUP CODE FOR SOLVING NEUTRON 
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Ab s t r a c t  

The program descr ibe3 here solves the  f in i f ,e -  
d i f fe rence  analogs of the  multigroGp neutron d i f fus ion  
equations i n  o m  a,uld two dimensions, using an IBM-7090 
computer. 
tangular  (X-Y) and c y l i n d r i c a l  (R-Z &qd R-e) . Scat-  
t e r i n g  from any group t o  any o ther  group i s  allowed. 
Outside boundary conditions a r e  e i t h e r  symmetry, zero 
flux, o r  perodic, and i n t e r n a l  cont ro l  rod boundaries 
may be spec i f ied .  The user  may employ g r o u p - a d  
material-dependent t ransverse bucklings where appro- 
p r i a t e .  Input cross  sect ions may be macroscopic, 
microscopic, o r  both. Microscopic c ross  sec t ions  
may be used from a previously made tape,  from cards, 
o r  both. Eigenvalue, constant source, o r  poison 
search problems may be solved. Up t o  30 groups, 300 
mater ia ls ,  m d  20,000 mesh poin ts  ars allowed. 

The eo-ordinate systems permit ted a r e  rec-  
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Introduction 

. 

The EXTERMINATOR code is designed to meet the need for a means of 

computing neutron flux distributions in two-dimensions. The equations 

upon which the program is based are finite-difference analogs of the 
multigroup neutron diffusion equations. 

ployed to solve these equaticns with certain modifications made to ac- 

celerate convergence and insure stability. No mathematical proofs exist 
a:; yet concerning the racge of valjdity of either the origi5a.l. method or 

the present nodifleationso Basically the method consists of sweeping the 

mesh using over- or ucder-relaxation to compute new fluxes from an eigen- 
value estimate and the most recently computed fluxes wherever possible. 

At the end of a sweep of all mesh points and all groups, the eigenvalue 
is recomputed so that the number of neutrons produced equals the number 

lost. With this new eigenvalue, a new mesh sweep is started. 

The "Equipoise Method"' is em- 

To accelerate convergerce, the following innovations have beer- made: 

1. Line relaxati.oi may be used instead of point relaxation. With 

line relaxation, it is practical to solve one-dimensional problems even 

though the code was designed primarily for two-dimensional calculations. 

(In point relaxation, the fluxes at a given mesh point a d  group are com- 

puted from the fluxes at immediately neighboring mesh points an& from 

those at the same mesh point in other groups. In line relaxation, the 
fluxes in a gfven group for an entl.re row or column are calculated from 

t.hose of adjacent rows or columns and from those on the same lir,e in other 
groups. In both cases the most recently obtained f lux  values are used. 

i.n calculating new fluxes.) 

2. Group rebalancing may be csed at intervals u r t i i  the rebalancing 

factors are within a specified rm-ge of 1.0. 

process for ensuring that a neutron balance is imposed on each group as 

well as on all. the groups collectively.) 

(Group rebalaxlng is a 

3 .  A search for an improved value of' the "extrapolated Liebmaarr" 

coefficient8 is made based u p o ~  the observed convergence behavior of the 

problem 

. 
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4. A t  appropriate  times during the  i t e r a t i o n  process,  an extrapola-  

t i o n  of t h e  f luxes i s  made; t h e  ex t rapola t ion  method i s  s i m i l a r  t o  t he  
Aitken-G2 process.  9 

A l l  of these  procedures a r e  f u l l y  automatic. The program may be 

s a i d  t o  "think f o r  i t s e l f " ;  as will .  be seen, t he  techniques used are those 

which an experienced use r  of t he  program might employ t o  acce lera te  con- 

vergence i f  he could watch the  progress o f  t he  computation. 

Two new convergence c r i t e r i a  have been added t o  those which have 

been used i n  o ther  Equipoise c o d e ~ . ~ ' ~ , ~  

pointwise f lux  convergence and eigenvalue cozvergence e 

shown t h a t  the  former, while no t  foolproof,  i s  the  c r i t e r i o n  least  l i k e l y  

t o  mislead the  u s e r  i n t o  thinklcg the  problem has converged. The c a l -  

cu la t ion  of res idues which w a s  employed i n  some ear l ier  work has been 

abandoned as worthless .  ) 
been found i s  the  ca l cu la t ion  of eigenvalues on the  bas i s  of a neutron 

balance taken over each group. 

a l s o  reported.  These eigenvalue est imates  do not  necessar i ly  provide 

upper and lower estimates f o r  t he  mul t ip l ica t ion  cons t a i t .  

be made the  same as a r e s u l t  of group-rebalancing, and therefore  a l l  on 

oEe side of the  t r u e  answer. Nevertheless, they o f t e s  bracket  t h e  answer, 

and usua1l.y provide a good ind ica to r  of  t he  r e l i a b i l i t y  o f  t he  eigenvalue. 

The second new c r i t e r i o n ,  which i s  reported a t  each i t e r a t i o n ,  i s  what i s  

ca l l ed  the  "absolute convergence". This quan t i ty  i s  the  point-wise con- 

vergence divided by 1 - 0, where 0 i s  an estimate of t he  rate of e r r o r  

decay. Clearly,  0 m u s t  b e  less than 1 i n  absolute  value i f  t,he problem 

i s  t o  converge. Under c e r t a i n  assumptions, t o  be described. la ter ,  t he  

so-cal led "a5solute convergence" i s  an estimate of the  devia t ion  fron: the  

t r u e  answer. 

A s  before,  the  code ca l cu la t e s  

(Experience has 

The f irst  new convergence ind ica to r  which has 

The neutron balaxces f o r  each group are 

They could a l l  

Besides t h e  eigenvalue (mul t ip l ica t ion  constant ) ca lcu la t ion ,  the  

program w i l l  a l s o  compute the  f lux  d i s t r i b u t i o n  f o r  a given k due t o  an 

a r b i t r a r y  source d i s t r i b u t i o n .  Further ,  a d i r e c t  poison search ca lcu la-  

t i o n  can be done ( i n  about t he  same amount of  machine t L m e  as an eige3- 

value ca lcu la t fon)  which enables the  use r  t o  det,ermine a poiso2 cross  

sec t ion  i n  specified regfons reqzirad t o  p r o d x e  a glver, muLtLplication 

f ac to r ,  k .  
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Cross sec t ions  may be spec i f ied  macroscopically, microscopically,  

F r D m  cards and/or tapes ,  and mater ia l  region s p e c i f i c a t i o n s  may overlay 

previously spec i f ied  regions.  The code therefore  a f fords  the  u s e r  con- 

s iderable  f l e x i b i l i t y  and ease ic  Lnput preparat ion,  d-etai ls  of which may 

be found i n  the appropriate  sectfon below. 

The r a t e  of  computation depends up03 the  problem and va r i e s  from 

(O.CC18 t o  0.0933 see p e r  po in t  p e r  i t e r a t i o n  p e r  group. 

f a s t e r  than TWENTY GRAND2 but  not as fast as the  two-group code EQUIPOLSE-J3 

EXTERMIfiTATOR i s  

Deta i l s  of the  Met,hod 

The Five Poic t  Difference EqLiatiois 

The difference-equat ion analogs of the  neutron difyusion equations 

used i n  the  present  program a r e  the  same as those which have been used 

i n  the  EQUIPOISE and TWENTY GFMJD, prcgrams2J374 and wi:Ll not be repeated 

i n  d e t a i l  here .  It i s  s u f f i c i e n t  t o  note f o r  prese3t  p1irpos.2s t h a t ,  r e -  

gardless  of the  geometry employEd, thcy take ?he form 

a @ + b  m + c  Q, I , J , K  I + l , J , K  I , J , K  ' I - i , J , K  I , J , K  I , J + l , K  

where a'' = 0 i f  P = K .  Ii? t h i s  equation, the  subscr ip ts  1 and J I , J ,P ,K 
i d e n t i f y  the  mesh poin t  i n  two dimensions and subscr ip t  K r e f e r s  t o  the  

neutron energy group. Ir, constant source d i s t r i b u t i o n  problems the  value 

01: A. i s  f i x e 5  a t  some p r e - s e t  Level. Ln eigenvalue problems, h i s  the  

e:tgenvalue and the  las t  term i n  Eqo (1) i s  zero.  

no ta t ion ,  page 38, f o r  d e f i n i t i o n s  of symbols.) 

I 

(Eke the tEihL(2 of 



and M may be 0 1  
1 A =  

Basic I t e r a t i v e  Technique Employed 

0 1  i n  which case there  w i l l  be two 

The f ive-poin t  d i f fe rence  equations may be c a s t  i n t o  matrix form 

where A i s  a matrix with p o s i t i v e  diagonal elements ami a11 negative o r  

zero off-diagonal elements. The sum of the  elements of  each column of 

A i s  g r e a t e r  than o r  equal t o  zero. M I s  a coc-negative matrix.  W e  may 

assume t h a t  the  eigenvalue problem represented by Eq. ( 2 )  i s  i r reducib le  

and t h a t  A i s  non-singular. Because of the  proper t ies  of  A, A-' i s  non- 

negative.  It may then be concluded t h a t  the  problem 

has a p o s i t i v e  value of I/X equal t o  the  s p e c t r a l  radius of' A--M and assoc i -  

a ted  with it w i l l  be a unique a l l - p o s i t i v e  vec tor  It i s  t h i s  value of X 
and the corresponding vector  which we seek. Usually, t h i s  value of  X w i l l  

be the  eigenvalue of l a r g e s t  modulus, but  exceptiona; cases may be c i t e d  

where it i s  not .  (For instance 

values of h of equal modulus.) 

used here does not,  however, depend u p o ~  the  des i red  value o f  1/X being 

l a r g e s t  and i s  therefore  capable of deal ing with even these exceptional 

cases.  The technique cons i s t s  of p a r t i t i o n i n g  the matrices so  t h a t  the  

i t e r a t i v e  procedure becomes 

The nature  of the  i t e r a t i v e  procedure 

n (",M - A ) @  + @ n+i  = @(V - @L - pxnw)-l 9, n 



. 

The over-relaxat ion procedure described by Eq. (4) i s  used only when 

When the  chaage n the  percentage change from 0 

i s  g rea t e r ,  an important modification, which w e  c a l l  t he  "exponential - f3" 

method, i s  used t o  prevent negative f luxes from occurring. It i s  described 

mor;: f u l l y  below. 

t o  On+L i s  less than 0.1%. 

These q u a t i o n s  express the  simple idea  t h a t  the  7vralues of the  f luxes  

most recent ly  comput,eY are t o  b? usc-i.3. immediately f o r  compu.tation of ne'; 

fluxss and t h a t  es t imat ion of X i s  done by add.ing up a l l  equations l i k e  

Elq. (1) and solving f o r  X .  

th?  a lgebraic  sum of the  inbalances In  Eq. (I) zero.  Ic t h a t  way, a t  the  

end of each sweep,, we force the  -balance betwe:i neutron production arc? 

l o s s e s .  We may f i r t h e r  force a neutron baleice on each group separa te ly  

by the  group rebalancing technique described l a t e r .  

The va-Lue of X w i l l  then be t h a t  which makes 

Eq. ( 4 )  and (3)  ar? used whether t he  option of po in t  o r  l ize  re- 

laxa t ion  i s  used. If poin t  re iaxa t ion  i s  used v ,  L, m d  w a r e  matrLces 

whose e l e m a t s  a r e  p o i n t  c o e f f i c i e n t s  such as appear i n  Eq. (1). 
relaxatio.., the  e l emmts  a r e  i r s t e a d  submatrices corresponding t o  l k e s  

of po in ts  taken e i t h e r  hor izonta l ly  o r  v e r t i c a l l y  a t  the u s e r ' s  opt ion.  

The convergence of t he  procedure depends c r i t i e a l . l y  upon us l .cg  an ap- 

p:ropriate over-relaxat ion c o e f f i c i ? n t  p 

I n  15ne 

Llncs Rr.? i.a.xation Method 

n ihe i t e r a t i v e  techeique is irrprxed by the  use of l i n e  re laxa t ion .  

In the  prese' l t  program it. m.ay be c a r r i e d  out  e f t h e r  by rows o r  colunins 

of the  mesh poin t  network. One should choose the l i n e s  i n  the directLon 

of smallest  leakage. Thus, i n  R-€3 geometry, re laxa t ion  by columns, i - e . ,  

along c i r c l e s  r a t h e r  than r a d i i ,  i s  riUch preferab le .  If one r e l a e s  along 

columns, Eq. (1) becomes 

. 

where C includes the  most r e w n t l y  compted values of the  f luxes 

@I , J* I . ,K  @I , J ,P  

L,<T,Y 
Solu t ion  or" Eg. (6) irvolves %he veU-known problem 
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of inverting a tri-diagonal matrix. 

device of writing a recursion expression (the subscripts J and K are 
dropped for simplicity) : 

The technique used is based on the 

which is substituted into Eq. (6). it follows that 

C, b- m- _I 

1 1-1 
f-- . i m = -  

I 91-1 a I I a  

i - 
q l - a -  a I I 91-1 

Values of m 
by boundary conditions at the top-end of the c o l m  of mesh points. 
(8) and (9) are used up to I = IMAX - 1. 
the fluxes starting with @ 

boundary conditions at the bottom-end of the column of mesh points. 

boundary conditions may be zero flux, symmetry,? or either or both ends 

of the column may terminate on a rod region. 

hold according to the type of condition which exists at the ends: 

and qI are determined recursively, with w and q2 determined 

Then Eq. (7) is used to compute 

I 
Eq. 

the computation depending upon the IMAX-1’ 
The 

The following relations will 

Zero flux at top end (O1 = 0) o r  rod at top end, 

Symmetry at top end (Q1 = @2, symmetry axis must be midway between 

points 1 and 2) 

I 

CX2 - bz . c2 q2 = , m 2 = - .  
a2 a2 

= 0 )  or rod at bottom end, IMAX - Zero flux at bottom end ( 9  
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IMAX-1 m 

. 

- 

- @IYNx)9 Symmetry a t  bottom ($IIMAx-l 

For thz  per iodic  bour?_dary conciit,i.or?_, a i? i f ferent  method of Line r e -  

i a x a t l o c  i s  usecl. I m t e a d  of EquatLoa 7, tht.? formula 

and qI a r e  determined by rccu.rslon fo r -  1: np i s  used. The constants  m 

nulas l i k e  (8) and (19). 
process which leads  t o  two simultaneous l i n e a r  equation:; i n  @ -  and 

i s  found by a back s u b s t i t u t i o n  IMAX-1 The f l u x  Q, 

LMAX-1 

@IMAx a 

Group ReSalancfng 

A t  t he  u.ser 's  optiog, group ye-ba-laclining may bz emp:loyed a t  the  end 

3f each m,?sh sweep. This proce3u.re cons i s t s  of f inding a set of numbers 

'by which each group f lux  i s  mu.itI.pI.Eed (one m u l t i p l i e r  t o  a group) which 

insure t h a t  a neutron 'oalanw i s  achieved i n  each energy. group as wel l  as 

3ver a l l  groups;. Group rebalanc:ing i s  four?d t o  be u s e f u l  p r h a r i l y  for 

those  c e l l  ca lcu la t ions  i n  which the  groups a r e  poorly coupled, i n  which 

Case a powerful a c c e l e r a t i v e  eff ,?ct  may be obtained. Because of round 

~ f f  e r ro r s ,  rebalancing i s  discontinued when the group rebalancing f a c t o r s  

&re within a s p e c i f i e d  amount c f  m i t , y .  Furt,hnr d e t a i l s  of t,he group 

re.balancIng method may be found elsewher,z!e5'6 

SelectLon of Over-Relaxation Coeff ic izLt ,  [3 

.. 

The most c r i t i c a l  f e s t u r e  i n  the  program I s  t,he over-relaxat ion 

c o e f f i c i e n t  (3. if i_t i s  too  l a rge  or too  ma l l  the  i te . ra t ive  procedure 
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! 

! -  

I -  

w i l l  e i t h e r  converge too slowly o r  not a t  a l l .  There has not ye t  been 

found any proof t h a t  an over-relaxat ion c o e f f i c i e n t  can be found which 

w i l l  make the  i t e r a t i v e  procedure expressed by Eq. (4 )  and ( 5 )  converge 

i n  every case.  Further,  we have not ye t  discovered any r a t i o n a l  method 

f o r  obtaining an optimum value of f3 .  ins tead ,  the  following empir ical  

procedure i s  used which has proved highly successfu: i n  the most d i f f i c u l t  

cases which have come up i n  ac tua l  p r a c t i c e  as wel l  as f o r  cases s p e c i a l l y  

designed t o  o f f e r  awkward f ea tu res .  (It i s  curious t o  note t h a t ,  wi th  one 

o r  two exceptions, the  most s t r i ngen t  t e s t s  of t he  method have been cases 

constructed by users  i n  the  ordinary course of t h e i r  work. More has been 

learned from r e a l i s t i c  problems than from any the  authors have been able  

t o  devise as t e s t s . )  

The technique of f3 s e l e c t i o n  r e s t s  upon determining whether o r  not 

the  problem appears t o  be converging. The problem i s  normally s t a r t e d  

with a f3 = 1.9.  
f l u x  convergence E(@) at  i t e r a t i o n  20 t o  t h a t  a t  i t e r a t i o n  10 i s  examined. 

I f  ~ELO(@)/E~O(@)( 3 1.5  the  i t e r a t i o n s  continue with f3 = 1.9 f o r  another 

20 i t e r a t i o n s .  I f  t h i s  r a t i o  i s  l e s s  than 1.7 and i f  

A t  t he  end of 20 i t e r a t i o n s ,  t he  r a t i o  of the  pointwise 

(an event we have nicknamed a "bump") 3 times o r  more between n = 10 and 

n = 19, f3 i s  reduced by 0.1. 

more i t e r a t i o n s  a t  the  end of which the  same t e s t s  a r e  appl ied and f3 i s  

reduced again i f  necessary. It i s  p a r t i c u l a r l y  t o  be noted t h a t  i f  the  

ove ra l l  convergence r a t e  equals o r  exceeds 1.5, f3 i s  l e f t  alone regardless  

of any "bumping" which may have occurred. 

and the  convergence r a t e  i s  < 1.5, the f luxes a r e  extrapolated by a t,ech- 

nique described t n  the  next sec t ion .  

reduced as low as 0.1. A s  a general  ru l e ,  i t  i s  r a r e l y  necessary t o  r e -  

duce f3 below 1. 

The i t e r a t i o n s  a r e  then contLnued f o r  20 

If fewer than 3 "bumps" occur 

I f  it appears necessary f5 may be 

The philosophy behind the  empirical  procedure &scr ibe& i s  as follows. 
- 

Let us suppose t h a t  Ea,. ( 4 )  and (5)  a r e  l i n e a r i z e d  by wr i t ing  Qn = 9 + En(@)  

and h 
- - 

= X + E,(X) where and X a r e  the desEred so lu t ion  vec tor  and n 
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eigenvalue respectively and En(@) and E (A) are the errors in these 
quantities at step n. Neglecting second order quantities, the resulting 

equations in E(@) and E(X) as functions of ? and 
eigenvalue problem by writing E = pEn. 
process is justified, the p s s  for this eigenvalue problem are asymptotically 

the decay rates for the modes of the original problem. It is easy to see 

that one solution to the new problem is IJ. = 1, E(h) = 0 and E(@) = z, and 
it is hoped that a p can be found which will make a l l  other eigenvalues 

less than 1 in moddus. We have speculated that if p is too large the 
largest eigenvalue of modulus less than 1 is complex, and that a lower 

value of f3 would correspond to the point where the eigenvalue changes from 

imaginary to real. 

values, and by cautiously reducing p, we hope to eliminate it and arrive 
(at the optimum p. Regardless of the merits of these suppositions (and it 

is admitted that the arguments are no more than that, and may indeed pre- 

sent an erroneous picture), the basis of p selection is whether of not the 
(case appears to be converging on the basis of the observed behavior E ( @ ) .  

If E(@) is not going down the problem is not converging, and if E ( @ )  is 

steadily being reduced then it seems safe to assume that the calculated 

fluxes are coming ever closer to the desired answer. There is more to be 

said on this point in the section on convergence criteria. 

n 

may be written as an 

Assuming that the linearization 
r,+l 

"Bumping" would certainly be produced by complex eigen- 

"Exponent i al-g Over -Relaxat ion 

A useful  modification has been made in the over-relaxation scheme to 

prevent negative fluxes from appearing and, at the same time, permit the 

iterative procedure to go on in a smooth and consistent manner. The 

"extrapolated-Liebmann" scheme is : 

or what is the same thing: 
r / *  \l 
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where @n+l i s  the  f lux  a t  a poin t  calculated i n  e i t h e r  the  point-or  l i n e -  

re laxa t ion  schemes before over-relaxat ion i s  applied.  ( I n  poin t  relaxa- 

t i on ,  each poin t  f l ux  i s  over-relaxed as soon as it  i s  computed; i n  l i n e  

relaxat ion,  a l l  the  flux3s on a l i n e  a r e  computed and a r e  then over- 

relaxed t o g e t h e r . )  

negative.  A l s o ,  i f  

wildly extrapolated.  

f o r  extrapolat ion s ince 1 + x 2 ex i f  x i s  s m a l l .  

t i v e ,  the  program ca lcu la tes  @n+l as 

* 
I f  (@n+l/@n) - 1 i s  la rge  aid negative,  @n+l may be 

- 1 i s  la rge  and p o s i t i v e  @ n+l may be too 
* 

The expression Eq. (13) suggested * exponential  forms 

I f  o ~ + ~ / @ ~  - 1 i s  nega- 

* 
~f - 1 i s  pos i t i ve ,  i s  ca lcu la ted  as 

Thus 

cessive extrapolat ion i s  avoided. 

expressions tend towards the  o r i g i n a l  extrapolated Liebmam formula. 

f a c t ,  the  following formulas a r e  used: 

can never be l e s s  than e-' @ n nor g r e a t e r  tha3  2@n so  t h a t  ex- 

In  

A s  (@n+l/@n) - 1 becomes small, both 

Let 

Then 
-A 1. I f  A 0.1, e i s  calculated from the  exponential  subroutine.  

2 .  I f  0.001 < A << D . : ,  e 

3. I f  A < 0.001, e 

-A i s  ca lcu la ted  as (1 - A / 2 ) / ( 1  + A / 2 ) .  
-A i s  calculated as 1 -A. 

Thus i f  A < 0.001, Eq. (16) becomes 



and Eq.  (17) becomes 

Ex.t rap o l a t  i on of Fluxes 

It must f irst  be poin t& out t h a t  f lux  extxapolation has z o t  been 

foucd necessary in the  majori ty  of rases  we have t r i e d .  

found t h a t ,  L k e  group reba'ancizg, i t  i s  a v a h a b i e  technique for dealing 

with a minority of cases which a r e  o t k r w i s e  i n t r a c t a b l e .  As  has beer, 

s a i d ,  it occurs automatfcaily whet t h e  rate of decay of E ( @ )  i s  less than 

I. 5 and no "bunpFug" has occ urrzi e After  extrapolat ion,  the c a l c u l a t i o n  

proceeds f o r  40 i t e r a t i o n s  before apy attempt i s  made e i t h e r  t o  change p 
cor t o  ex t rapola te  again.  

in  E (  @) followed by a rapid decay t o  a poin t  weil below the  l e v e l  o f  E ( @ )  
he f o  re ext rapola t ion  

The ex t rapola t ion  procedure .fs c l o s e l y  r e l a t e 2  t o  the  Aitken4j2 

However, w e  have 

Extrapolat ion usua l ly  produces a sudded rise 

process a 

cle,:ay rate of  the  e r r o r  i s  a real. an? unique quaintity. 

::upposed t h a t  

It i s  assumed (admitte2,ly incor rec t ly ,  i n  genera l )  t h a t  the  

That I s ,  it Fs 



- 
= 0 + Run . 

@n 

It i s  easy t o  show t h a t  

The decay parameter u i s  estimated by the  co6e from successive values of 

E ( @ )  as follows. We observe from Eq. (20) t h a t  
n 

- = R U  n-x ( u -  1) , 
@n @n-i  

and 

Dividing Eq. (22) by Eq. (23) gives 

- 
@n On-i 

Eow 

s o  t h a t  

, 
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Original ly ,  1 0 1  w a s  used t o  check f o r  "bumps", but  t o  make doubly c e r t a i n  

t h a t  convergence w a s  occurring, the  c r i t e r i o n  

a.s noted previously.  

was modified t o  

3 1  

The ex t rapola t ion  procedure expressed by Eq. (21)  i s  based on the 

nat ion t h a t  0 i s  r e a l  agd unique, and s i g n i f i c a n t l y  l a r g e r  t h m  any o t h e r  

decay eigenvalue. None of these  a s s e r t i o n s  i s  necessal-i ly t r u e .  Extra- 

po la t ion  nevertheless  proves usefu l  i n  c e r t a i n  cases; when it i s  used it 

i s  used with d i sc re t ion .  

i t e r a t i o n s .  

0 .1  ins tead .  

the  o r i g i n a l  f l ux  i s  used. 

b,? very l a rge  indeed. 

It cannot occur more than once every f o r t y  

It cannot occur i f  101 3 1, f o r  i n  such a case p i s  cu t  by 

If a given f lux  should ex t rapola te  t o  a negative quant i ty ,  

If 0 i s  p o s i t i v e  and c lose  t o  1, 0/(1 - 0) may 

Convergence C r i t e r i a  

The program repor t s  severa l  convergence c r i t e r i a .  A t  each s tep ,  

the  following are reported 

En(  0 )  
"Absolute" convergence = - 1 - 0  



F 

The l a t t e r  c r i t e r i o n  comes out  of Eq. (21).  
1, w e  note t h a t  

Assuming t h a t  u i s  c lose  t o  

Thus, i f  a problem i s  coxverging very slowly (1 - cr s m a l l )  Eq. (29) w i l l  

give a b e t t e r  idea  of convergence t h a t  Eq. (27) even i f  E ( @ )  i s  small. 
n 

In  addi t ion,  neutron balances are reported f o r  each group so  t h a t  

the  use r  can check productions aga ins t  l o s ses .  Estimates of k, based on 

ind iv idua l  group balances,  a re  a l s o  given. With these  checks, pseudo- 

convergence i s  q u i t e  un l ike ly .  

E(k) about lo-" and E ( @ )  about Further,  a t  the  conclusion of t he  

ca lcu la t ion ,  t he  "absolute" convergence and the  neutron balances should 

be checked. 

The u s e r  i s  advised t o  m a k e  t he  required 

I n  constant source and poison search ca lcu la t ions  c r i t e r i o n  Eq. (28) 

i s  replaced by an equivalent  c r i t e r i o n .  (See following sec t ion) .  

Constant Source and Poison Search Calculations 

The program can be used t o  ca l cu la t e  t he  f l u x  d i s t r i b u t i o n  due t o  

(The spec i f ied  an a r b i t r a r y  source d i s t r i b u t i o n  f o r  a given k ( inpu t ) .  

value of k ( inpu t )  i s  normally 1 .0 . )  The source i s  spec i f ied  by material 

and group as a given number of  neutrons p e r  cubic centimeter p e r  second. 

The computation i s  acce lera ted  by a dr iv ing  f a c t o r  computed a t  t h e  end 

of each mesh sweep. 

(31) 
Absorptions f Leakages - [ l / k ( inpu t ) ]  (F iss ion  Source) 

In tegra ted  Fixed Source (FA)n = 

The f ixed source d i s t r i b u t i o n  a t  t he  next mesh sweep i s  (FA) 

spec i f ied  source; il? t h i s  way the  source and f lux  l eve l s  move t o  match 

one another.  The converged f luxes reported are normalized. t o  the  spec i f ied  

f ixed source d i s t r i b u t i o n .  The eigenvalue convergence c r i t e r i o n  (Eq. (28))  

times the  
n 

I 
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i s  replaced by a corresponding convergence c r i t e r i o n  on the  dr iv ing  

f ac to r ,  namely 

The o ther  convergence c r i t e r i a  remain the  same. 

The poison search ca lcu la t ion  i s  qu i t e  similar. The user  may specify 
by mater ia l  and group a cross  sec t ion  which i s  t o  be mul t ip l ied  by a 

dr iving f a c t o r  t o  be found, which w l l l  make the  assembly j u s t  c r i t i c a l  

f o r  a given k-ef fec t ive .  The dr iv ing  f a c t o r  i s  ca lcu la ted  as 

- ( 3 2 )  
- [ l / k ( i n p u t ) ]  (F iss ion  Source) + Absorptions + Leakages (FA) = 

n In tegra ted  Poison Absorptions 

may be p o s i t i v e  o r  negative at  convergence. I f  negative,  a poison 
has been used; i f  pos i t i ve ,  a f i s s i o n  source has been added. 

i s  reported i n  the  output as wel l  as the  following quant i ty :  

k( e f f e c t i v e )  = 

(F iss ion  Source) 

(Absorp.) - (FA) In tegra ted  Poison Absorp.) + . ( 3 3 )  
n 

n n-1 ( n 

.As the  c a l c u l a t i o n  proceeds, k( e f f e c t i v e )  should approach k(  input ) .  



Procedure f o r  the  Use of the  Code 

Code Limitations 

. 

I f  IMAX = maximum number of  rows 

JMAX = maximum number of columns 

KMAX = maximum n m b e r  of groups 

MMAX = maximum number OS d i f f e r e n t  compositions 

T\sMAx = maximum numlber o f  nuclides 

Then the  ca lcu la t ions  which may be made with EXTERMINATOR a r e  r e s t r i c t e d  

by the following 1Lmltations 

3 G IMAX G 250 

3 s JMAX G 250 

1 d K M A x ~ ~ O  

1 MMAX d 400 

9 
3 d IMAX * KMAX d 2000 

18 d JMAX * ( 5  + KMAX) d 2000 

o d MMAX * NMAX G 6300 
1 6  KMAX * MMAX d 1000 

1 Q KMAx ** 2 * Mblm d 10,000 

IMAX * JMAX d 20,000 

Rmning Time 

The ca lcu la t ion  r a t e  va r i e s  from 0.0018 t o  0.0035 see p e r  p o i n t  p e r  

i t e r a t i o n  p e r  group. 

running time of some t y p i c a l  problems were: 

Using magnetic tapes  with a dens i ty  of  800 BPI, the  

Points Groups I t e r .  Time (min) Rate 
-- 

2500 2 100 15 0.0018 
198 4 140 4 0 e 0022 

1044 6 191 40 0 0020 
io85 16 86 81 0.0032 
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Input 

The input  required f o r  EXTERMINATOR i s  described below. The number 

formats a r e  shown i n  FOR'I'FW nomenclature and a r e  given i n  parentheses 

inunediately following the  input  number symbol. 

Li.ne I: T i t l e  Card 

Columns 2-72 TITLE ( 1 2 ~ 6 ) :  The informat.ion punched i n  t h i s  card i s  

p r i n t e d  a t  t he  top  of each page of oI;Ltput. 

Line 2: Control Card - 
Columns 1-3 IaTMAX (13): The maximum n-Jmber of i t e r a t i o x  a problem 

i s  allowed t o  run. If the  number of i t e r a t i o n s  reaches t h i s  number before  

convergence, t he  case i s  terminated automatical ly  with a l l  output.  Nor- 

mally problems w i l l  reach convergence i n  fewer than 300 i t e r a t i o n s .  

Tota l  number of rows i n  the  mesh. The rows, Columns 4-6 +IMAX (13): 
which l i e  along r a d i i  i n  RZ and RQ geometry, a r e  numbered from top  t o  

bottom beginning with 1 and ending with IIMAXl. 
t i v e ,  the  c a l c u l a t i o n  of the  f luxes i s  done from l e f t  t o  r i g h t  of the  mesh 

along each row. If IMAX i s  input  negative,  the f luxes a re  ca lcu la ted  

from top t o  bottom of the  mesh along each column. 

d i f fe rence  i n  which d i r e c t i o n  the  c a l c u l a t i o n  i s  done. However, when 

the re  i s  an appreciable  d i f fe rence  i n  the mesh increments along the  rows 

a s  opposed t o  the  mesh increments along t h e  columns, it i s  recommended t h a t  

t he  ba lcu la t ion  of t he  f luxes be done i n  the  d i r e c t i o n  i n  which t h e  buckl- 

ing i s  smal les t .  IMAX should always be input negative f o r  R 8  geometry 

problems and f o r  problems which have a per iodic  boundary condi t ion.  If a 

negative IMAX i s  spec i f ied ,  the  code l i m i t a t i o n s  (page 17) should be a l -  

t e r e d  by interchanging the  symbols IMAX and JMAX, and a f u r t h e r  r e s t r i c t i o n  

on the  s i z e  of a problem i s  IIMAXl * JMAX < 10,000. 
Columns 7-9 JMAX (13): Total  number of columns i n  the  mesh. The 

If IMAX i s  input  pos i -  

Normally i t  makes no 

columns a r e  numbered from l e f t  t o  r i g h t  beginning with 1 and ending with 

nm. 
Columns 10-12 MMAX (13): Total  number of d i f f e r e n t  compositions f o r  

which cross  sec t ions  a r e  t o  be supplied.  

Columns 15-14 KMAX (12):  Total  number of groups. 
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Columns 15-16 GI (12): Geometry indicator. A zero for this number 
specifies XY geometry, +1 specifies RZ geometry, and -1 specifies Re 
geometry . 

Columns 17-18 BI (12): 
a constant buckling and the value is written in columns 1-9 of line 3 .  
If BI is +1, this specifies group dependent buckling and the group values 
are given on lices 5 +. A -1 for SI specifies composition-group dependent 
bucklings which are given with the macroscopic data on lines 9 +. 

Buxkling indicator. A zero for BI specifies 

Columns 19-20 MI (12): Cross eection input indieator. If MI is 0 ,  

the code expects only macroscopic cross section data which is specified 
on lines 9 + aad no cuclide densities or microscopic data should be written. 
If MI is +1, the code will expect macroscopic data (if any) plus micro- 
scopic cross sections from tape only (see Cross Sections for the format 
of this tape). 

MI is -1, the code will expect macroscopic data (if any) plus microscopic 
cross sections from cards only, and written on lines 11 +. Nuclide den- 

sities must be given. If this option is used, no previously made cross 
section tape should be used as it will be writtell on. If MI is +2, the 
code will expect macroscopic data (if any) plus microscopic cross sections 

from tape as well as cards; nuclide densities must be specified. For this 

option, the cross sectloii tape is not altered by the microscopic data 

input from cards. 

Nuclide densities must be specified on lines 10 +. If 

Columns 21-22 CS (12): Problem type indicator. A zero for this 
number specifies an eigznvalue or k-effective problem. A +1 specifies 
a constant source probiem in whi,ch case the desired k-effective is written 

on line 3 and the values of t he  source are input on lines 9 +. The code 

holds the specified k-effective constant and solves f o r  the flux distri- 
bution. A -1 for CS specifies a poison search for the specified k- 
effective. For this calculation the code finds a factor FA with which 
to multiply a11 of the search cross sections (specified on lines 9 +) to 
obtain the specified k-effective. 

For the cocstant soiiree calculation, the ceutron balance equation is 
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Leakage + Absorption c c 
- 6 L Fiss ion  Source - ,,)- Constant Source = o . (34) 

The k-ef fec t ive  reported i n  the  outpiit i s  the  above equation solved f o r  

l r ( input) .  If a l l  vCf = 0, then k-ef fec t ive  would be reported as 0. Other- 

wise k-ef fec t ive  output should approach k ( inpu t )  a t  convergence. 

For the  search ca lcu la t ion ,  t he  b a l a x e  eqcat ion i s  the  sam? as shown 

above except t h a t  the constant source term i s  replaced by FA z [ ( S e a r c h  C) 

$I]* For a polson search 

( F A  < 0) ,  the  t r u e  k-ef fec t ive  i s  reported.  I f  FA i s  ca lcu la ted  t o  be 

pos i t ive ,  a f i s s i o n  source has been added and the  k-ef fec t ive  reported 

i n  the  output i s  not  a t r u e  value s ince  it i s  not  appl ied t o  the  l as t  term 

i n  the  above equation. 

The reported k-ef fec t ive  i s  ca lcu la ted  as above. 

Columns 23-24 F I ( I2 ) :  Previous f lux  ind ica to r .  I f  t h i s  number i s  

0, the code suppl ies  a f l a t  i n i t i a l  f l ux  guess.  

informs the  code t o  use the  f lux  d i s t r i b u t i o n  on tape 5 as the  i n i t i a l  

guess. This tape 5 could have been saved from a previous c a l c u l a t i o n  

( f o r  instance t o  continue a case from a previous run ) ,  or i f  t h i s  i s  not  

the  f i r s t  case i n  a s e r i e s  of stacked cases the  tape w i l l  contain the 

f i n a l  f l u x  d i s t r i b u t i o n  from the  p r e c e d i n g  case.  To use t h i s  option 

however, the  case must have the  same number of  rows and columns and the  

same boundary conditions as the  previous case.  

A +1 f o r  t h i s  number 

Colwnns 25-26 AX( 12):  Microscopic cross  sec t ion  e d i t  option. If 

A!: > 0, the  microscopic cross  sec t lons  from the cross  sec t ion  tape a r e  

included in the  output .  Any microscopic d a t a  t h a t  a r e  input from cards 

a r e  automatically ed i t ed .  

CoLum-s 27-28 SI(I2): Output source ind ica tor .  If t h i s  number i s  0, 

the source e d i t  i s  skipped. Lf t h i s  number i f  +I, the  output w i l l  include 

the  source ca lcu la ted  as 



21 

( 
- 1 @q- 

. 

< E(k) , 

a t  the  four  quadrants of each mesh po in t .  This source does not include 

any spec i f ied  constant source. 

Columns 29-30 GI(I2) :  Convergence ind ica to r .  If C I  i s  0, the ca l -  

cu la t ion  s tops when 

( 3 5 )  

where n i s  the i t e r a t i o n  number. I f  C I  i f  +I, the  eal.cuLat,ion s tops when 

the above coiidition i s  s a t i s f i e d  as vel1 as the  f l u x  convergence condition 

It i s  recommended t h a t  +1 always be spec i f ied  f o r  C I .  

A s  noted under Convergence C r i t e r i a  i t  i s  our p r a c t i c e  t o  spec i fy  

respect ively.  We have seen a few E(k) and E ( @ )  as about lo-' and 

problems i n  which the f l u x  convergence could not be reduced beyond a 

c e r t a i n  l e v e l  because of  round o f f  e r r o r .  Or,e of these w a s  a on?- 

dLmensional, 2 group problem with down s c a t t e r  only i r z  which the  f lux  

convergence "stuck" a t  8 .4  X lom5.  
i t e r a t i o n s  arrd the  f l a x  convergence could not  be ma& smaller no matter 

how many m o r e  iterations were run. However, the  -KEFF convergence wa,s 

zero and the groups were wel l  balmced indica t ing  t h a t  the problem w a s  

wel l  converged. 

The problem reached t h i s  I-evel i n  13 

C o l m s  31-32 CY(I2): Rebalance cycle.  The group f luxes a r e  re-  

balanced a t  every CYth i t e r a t i o n  u n t i l  the  rebalancing f ac to r s  a re  within 

EXTRA (see  belo-w) of unity,, a t  which time the rebalancing procedure ceases.  

If a c e l l  problem i s  Scing run and CY i s  zero,  the code w i l l  s e t  CY t o  10. 

Sirxe group rebalancing does not help most problems; we recommend a zero 

be input f o r  CY except fcr cases i n  which the  groilps a re  not we1.l c o q l e d .  

c 
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The code w i l l  not  attempt t o  rebalance constant  source o r  search 

pr3blems, o r  problems i n  which the re  a r e  mixed rod and non-rod groups 

r;piecified f o r  t he  same composition. 

Columns 33-34, 35-36, 37-38, 39-40 L B ( I 2 ) >  TB(12), FB(I2), BB(I2): 
Lef t ,  top,  r i g h t ,  bottom boundary condl t ion i n d i c a t o r .  A 0 f o r  a r y  of 

these numbers s p e c i f i e s  t h a t  boundary i s  a zero f l u x  boundary. 

<dny of these  number s p e c i f i e s  t h a t  a symmetry boundary e x i s t s  midway 

between columns 1 and 2,  rows I and 2,  columns JMAX-1 arid JW, o r  rows 

L M A X - 1  and IMAX. Note t h a t  i n  Figure 1, which i s  f o r  Re geometry, no 

point J = 1 i s  shown, thTs po in t  being a pure ly  f i c t i t i o u s  convenience 

i n  Re and RZ geometry. 

way between J = 1 and J = 2. 
J = 1 have merely been s e t  equal  t o  those a t  column J = 2 and may be 

ignored. 

A +1 f o r  

The axis of the  cy l inde r  i s  supposed t o  l i e  ha l f  

Fluxes reported i n  the  output f o r  column 

No f luxes  a r e  ca l cu la t ed  f o r  the  a x i s  of symmetry i t s e l f .  

One o the r  boundary condi t ion,  t he  pe r iod ic  boundary condi t ion,  i s  

I f  both TB and BB a r e  spec i f i ed  as -1, t h e  code ca l cu la t e s  permit ted.  

a r eac to r  i n  which the  f luxes  along the  top  row a r e  equal  t o  the  f luxes  

along the  bottom row. 

a c t o r  must be descr ibed i n  a somewhat pecular  way which i s  b e s t  explained 

To use t h i s  boundary condi t ion however, t he  r e -  

3 

Figure 1. I l l u s t r a t i o n  of Perodic Boundary Condition 
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with the  use of f igures .  

however, t h i s  boundary condition i s  appl icable  i n  any geometry. ) 
(The f igures  a r e  drawn assuming RQ geometry; 

With reference t o  Figure 1, suppose AOD, which repeats  around the  

c i r c l e ,  i s  the  reac tor  t o  be ca lcu la tedo  The f luxes along OA a r e  equal 

t o  the  f luxes along OD. The input t o  be w r i t t e n  must be f o r  t he  reac tor  

C'OD; i.e., an e x t r a  row a t  the  top, which is i n  the  next c e l l  ard cor- 

rcspcnds t o  C ,  must be ircludr-cl. in t he  mesh. C '  must be rov 1. a d  D i s  

row I W .  The output f o r  the  above f igure  would include the  f luxes f o r  

rows 1. through 4 and the  neutron b a h z c e  would be f o r  rows 1 through 4; 
i . e . ,  reacf,or C ' O C .  

Figure 2 represents  a reac tor  which includes a f u l l  c i r c l e .  

Suppose row OB i s  chosen as the  top aid bottom rows of the  reac tor .  

Then, t o  descr ibe t h i s  reac tor ,  OA would be rows 1 and 5 and OB would be 

rows 2 and 10. The f luxes would be output f o r  rows 1 through 9; row 2 

f luxes  would be f o r  OB and the  f luxes  f o r  rows 1 and 9 would be the  same. 

The neutron balance would be f o r  reac tor  AOA. 
When the  per iodic  condi t ion i s  spec i f ied ,  t he re  must be a minimum 

of 3 rows i n  the  mesh i f  the  ca lcu la t ion  i s  t o  be performed along columns, 

i.e., IMAX < 0 .  

Figu-re 2 .  Ful l  Ci rc le  Reactor 
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Columns 41-30 NORM. FACTOR (ElO.7): Normalization f a c t o r .  If t h i s  

number i s  pos i t i ve ,  a l l  f luxes  are mul t ip l ied  by 

NORM. FACTOR (3'0 

f o r  output .  

bY 

If t h i s  number i s  input  negat ive,  t he  f luxes  are mul t ip l ied  

I NORM. FACTOR 1 
r-l 1 

If M I  (columns 19-20) i s  input  zero, specifying only macroscopic da ta ,  

then NORM. FACTOR should be input  p o s i t i v e .  

the f luxes are normalized t o  the  spec i f i ed  constant SOU IT^. 

FACTOR i s  input  0 or l e f t  blank, t he  code w i l l  use 1.0. 

For constant  source problems, 

If NORM. 

Columns 51-56 ~ ( k ) ( ~ 6 . 3 ) :  

Columns 57-62 E (  ~ ) ( ~ 6 . 3 ) :  
Columns 63-68 R I ( E ~ . ~ ) :  

k - e f f ec t ive  convergence c r i t e r i o n .  

f l ux  convergence c r i t e r i o n .  

re laxa t ion  ind ica to r .  If R I  i s  0, t he  code 

w i l l  use l i n e  re laxa t ion  t o  solve f o r  the  f lux  d i s t r i b u t i o n .  

1.0, po in t  re laxa t ion  i s  used. Even though the  po in t  re laxa t ion  calcu-  

Lation rate i s  s l i g h t l y  fas ter ,  it i s  recommended t h a t  l i n e  re laxa t ion  

be used s ince  problems solved by l i n e  re laxa t ion  usua l ly  converge i n  

fewer i t e r a t i o n s .  For one-dimensional problems, l i n e  re laxa t ion  should 

always be used. 

If R I  i s  

Columns 69-72 p (E4 .3 ) :  ex t rapola ted  Liebmann c o e f f i c i e n t .  If t h i s  

number i s  0 or blank, the  code w i l l  s t a r t  with p = 1.9 (1.0 f o r  one- 

dimensional problems using l i n e  re laxa t ion)  and ad jus t  p during the  

coiirse of the  ca l cu la t ion .  

pu t  value.  

a cont inuat ion ca l cu la t ion  i n  which case p should be given the  value t h a t  

t h e  code w a s  las t  using. 

Otherwgse the  code w i l l  s t a r t  with the  i n -  

It i s  recommended t h a t  t h i s  number be input  zero except f o r  
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1 .  

Line 3: Miscellaneous Data Card 

Columns 1-12 ADDR(E12.8): A number which i s  added t o  the  radius  of 

each column of t he  mesh. Normally t h i s  number i s  input  zero.  

Columns 13-24 SCATU(E12.8): The maximum number of groups f o r  up- 

s c a t t e r .  

5.0 would be spec i f ied .  If no microscopic da t a  a re  t o  be used from tape 

and t h i s  number i s  0 o r  blank, the  code assumes m a x i m u m  u p - s c a t t e r i n g  t o  

group 1 from any group. 

For example if group K i s  allowed t o  s c a t t e r  t o  group K-?, then 

Columns 25-36 SCATD(E12.8): The maximum number of groups f o r  down- 

s c a t t e r .  If t h i s  number i s  input 0 o r  l e f t  blank, and no microscopic 

da t a  i s  t o  be used from tape,  t he  code assumes maximum down-scattering 

t o  group KMAX from any group. 

If microscopic d a t a  are t o  be used from tape,  t he  numbers SCATU and 

SCATD are a l s o  read from the  cross  sec t ion  tape.  

w i l l  be used i f  both SCATU and SCATD are zero, otherwise the spec i f ied  

values w i l l  be used. 

The numbers from tape 

Columns 37-48 ~ ~ ~ x ( ~ 1 2 . 8 ) :  Largest  nucl ide number. I f  M I  ( con t ro l  

card)  i s  not  zero, NMAX must be a t  l eas t  as l a rge  as the  l a r g e s t  nucl ide 

number on the  microscopic cross  sec t ion  tape o r  t he  microscopic cross  

sec t ion  cards .  

Columns )tg-60 SICEFF(E12.8): k -e f f ec t ive  f o r  which the  code Fs t o  

search f o r  a poison-search problem, o r  t he  k-ef fec t ive  the code i s  t o  

assume i n  a constant source problem. 

Columns 61-72 EXTRA( E12.8): 

(See CS above). 

Rebalancing convergence c r i t e r i o n .  

If the rebalanciEg option ( C Y  con t ro l  card)  i s  being exercised, o r  i f  

a c e l l  problem i s  being run, t he  code s tops  rebalancing the  groups when 

a l l  rebalancing f ac to r s  are wi th in  EXTRA of 1.0. Because of  poss ib le  

l o s s  of s ign i f icance  i n  solving the  KMAX by KMAX matrix f o r  the  re- 

balancing f ac to r s ,  it i s  recommended t h a t  a value of 0.01 be used f o r  

EXTm f o r  cases where KMAX >, 10. 

of 0.001 should s u f f i c e .  

Lines 4+: Fission Spectrum Cards 

When KMAX < 10, a number of t he  order  

I_ 

Columns 1-8, 9-16, 17-24, e t c .  ~ ( ~ ) ( g E 8 . 4 ) :  The number of neutrons 

produced from f i s s i o n  t h a t  arc. born i n  gro’p K;  spec i f ied  f o r  groups 1, 

2, 3, . 0 7 m y ”  
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I f  microscopic d a t a  a r e  t o  be used from tape,  these numbers may be 

input  as zeros i n  which case the  f i s s i o n  spectrum i s  read from the  cross  

sec t ion  tape.  

Line - 5+: Buckling Cards 

Columns 1-8, 9-16, 17-24, e t c .  B2(CONST), o r  B2(K)(9E8.4) :  The 

constant buckling o r  the  group dependent buckling. 

i s ,  0, the constant buckling i s  spec i f ied  i n  Columns 1-8. 
the bucklings f o r  groups I, 2,  3, . . . , KMAX a r e  spec i f ied .  I f  B I  = -1, 

these cards should not  be included with the  input  deck. 

Lines - 6+: Mesh Spec i f ica t ions  

I f  131 ( con t ro l  card)  

If B I  = +I, 

Coiumns 1-6, 7-9; 10-15, 16-18; e t c .  A, ROW (8(E6.3,13)): Specify 

a value of AY, @Z, o r  @f3 f o r  XY, Rz, o r  R 8  geometry respec t ive ly  and the  

row number up t o  which t h i s  value appl ies ,  going from the  top t o  the  

bottom of the  mesh. Use cm f o r  XY o r  RZ geometry and radians f o r  R e  

geometry. The las t  number on these cards should be IMAX.  

- Lines 7+: Mesh Spec i f ica t ions  

Columns 1-6, 7-9; 10-15, 16-18; e t c .  A, COL (8(~6.3, 13)): Specify 

a value of AX, o r  aR f o r  XY o r  RZ-R@ geometry respec t ive ly  and the  column 

number up t o  which t h i s  value appl ies ,  going from the  l e f t  t o  t he  r i g h t  

of the  mesh. The las t  number on these  cards should be JMAX. 
Lfnes - 8+: Composition Spec i f ica t ions  

Columns 1-3 C O W .  NO. (13): Composition number. ?'he compositions 

should be numbered from 1 t o  MMPX; however,they do not  have t o  be specif ied 

i n  order .  

Columns 4-6, 7-9, 10-12, 15-15 ROW l(I3), ROW 2(131), COL 1 (I3) ,  
Cl3L 2 (13): Top row, bottom row, l e f t  column, r i g h t  column descr ibing 

the mesh boundaries enclosing the composition specified. above. A com- 

p o s i t i o n  s p e c i f i c a t i o n  may overlay any number of previously spec i f ied  

compositions; t he  las t  one spec i f ied  replacing previous spec i f i ca t ions .  

Continue t h i s  s p e c i f i c a t i o n  i n  Columns 20-34, 39-53, and 58-72 using as 

many cards as necessary.  If the  las t  e n t r y  fa l l s  i n  Columns 58-72, one 

blank card must follow; otherwise no blank card i s  necessary. 

Lines 9+: Macroscopic D a t a  

Columns 1-3 M( 15): Composi-tion number. 
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Columns 6-10 K ( I 5 ) :  Group number. The composition numbers and 

group numbers may be spec i f ied  i n  any order .  

Columns 11-20 D(E10.6): Diffusion coe f f i c i en t  f o r  the  composition 

and group spec i f ied  above. I f  D i s  input  zero, t h i s  spec i f i e s  a rod 

group f o r  t h i s  composition. The rod group constant C i s  input i n  the  

p lace  of CA (below) and CR, vCf,  S, and B2 must be lnput  zero.  There 

a re  two r e s t r i c t i o n s  which apply i n  specifying rod groups. I n  a 

composition with rod groups, there  should be no non-rod groups which have 

f i ss ionable  material, i . e . ,  a value of v C f .  2 ) .  Except a t  the  boundaries 

of the  reac tor ,  rod regions must have a t  ieast  one i n t e r n a l  mesh poin t .  

1). 

Columns 21-50 CE(ElO.6) :  Macroscopic removal cross  sec t ion .  I f  

t h i s  number has a value, the  s c a t t e r i n g  f r ac t ions  spec i f ied  below, 

F(K + L ) ,  are assumed t o  be f r ac t ions  of CR s c a t t e r i n g  from group K t o  

each group L .  If CR i s  input  as zero, t he  code assumes the  s c a t t e r i n g  

matrix below t o  be input  as CR(K + L), the  macroscopic values of t he  

sca t t e r ing  cross  sec t ions  specifyirrg s c a t t e r i n g  from group K t o  each group 

L and w i l l  compute CR(tota1) and F(K L). 
Columns 31-40 ZA(E10.6) : Macroscopic absorption cross  sec t ion ,  o r  

C i f  D above i s  zero.  

Columns 41-50 vCf(E10.6): I/ times the  macroscopic f i s s i o n  cross  

sec t ion .  

columns >1-60 ~(~10.6): Constapt source, input  as neutrons p e r  em3 

pe r  sec,  f o r  a constant source problem or a value of t he  macroscopic 

poison o r  f u e l  cross  sec t ion  f o r  a search ca lcu la t ion .  

ca rd )  i s  0, S may be  ignored. 

Columns 61-70 I B2( EIO. 6) : 

If CS ( s e e  cont ro l  

Composition-group dependent buckling. B2 

may be ignored unless  BI ( see  con t ro l  card)  i s  -1. 

Following the  above card, t he  s c a t t e r i n g  matrix f o r  t he  composition 

and group spec i f ied  i n  Columns 1-5 and 6-10 above i s  wr i t t en .  

columns 1-10, 11-20, 21-30, e t c .  F(K + L) o r  CR(K L) ( 7 ~ 1 0 . 0 ) :  

The f r ac t ions  of the CR spec i f ied  above designat ing the  Sca t te r ing  from 

group K (given above) t o  each group L, L = 1, 2, 3 ,  . . ., M; o r  the  

macroscopic removal cross  szc t ion  specifyicg the  sca t t e r igg  from group K 

t o  each group I,. There must be KMAX e n t r i e s  on these cards,  and i f  the  

f r ac t ions  are spec i f ied  then sum must be 1 .0 .  
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Repeat the above set of cards (beginning with a new card specif’ying 

a composition number, group number, and macroscopic cro:js sections, 

followed by the scattering matrix) for as many compositions and groups 

as are to be input here. If less than MMAX and KMAX coinpositions and 

gi?oups are to be specified, thes, a blank card must folhw these data. 

Otherwise no blank card is included. 

one blank card is needed. 
If no macroscopic data are written, - 

Lines lo+: Nuclide Concentrations - 
If MI (sze control card) is zero. these cards should not be in- 

c.Luded with the input deck. 

For each composition for which nuclide concentrations are to be 

specified, the composition number is given on the first card followed 

by the nucliae numbers and concentrations on additional cards. 

C o l m s  1-3 (first card) M(L3): 
Colurins 1-3, 4-12; 13-13, 16-24, etc. (next cards) N, CONC. 

Composition number. 

(Is(T-3, E 3 . 5 ) ) :  Nuclide number mid concentration. A nuclide number and 
its concentration are specified for as many nuclides as are required for 

tiis composition. 

Data Card). 

No nuclide number may exceed NMAX (see Miscellaneous 

A blank nuclide number signals the end of the concentrations for 
that composition and the code Loops to fir,d the next cornposition number. 

If the last concentration for a cornposition falls in Columns 64-72, a 
blank card must be inserted. 

signals the end of the concentration specifications. 
A z8ero composition number (bla22k card) 

- 
Sines 11+: Mfcroscopic Data - 

These cards are present only if MI (control card) is -1 or +2. 
For each nuclide and group for which microscopic cross sections are 

to be specified, the nuclide number and group number are give2 on the 

first card, oa, of, otr, and v are given on the second card and the micro- 
scopic removal cross sections are given on additional cards. 

C o l u m s  1-3, 4-6 (first card) I!J, K(213): Nuclide number and group 

number. The nuclide number specified here must not be the s m e  as any 

nuclide number that is on the microscopic cross section tape. 



29 

Columns 1-9, 10-18, 19-27, 28-36 (second card)  oa, o f ,  a t r ,  v(4E9.5): 
The microscopic absorption, f i s s i o n ,  and t r anspor t  c ross  sec t ions ,  and v 
f o r  nucl ide N and group K. 

Columns 1-9, 10-18, e t c .  (next cards)  o r ( K  +. L ) ,  L = 1, KMAX)(8E9.5): 
The microscopic s c a t t e r i n g  c ross  sec t ions  deslgnat ing t h e  s c a t t e r i n g  from 

group K t o  each group L .  KMAX e n t r l e s  must be made. 

A zero nucl ide number (blank card)  s igna l s  t he  end of  t h i s  series of 

It should be noted t h a t  if CR (Input  Form 3) 5s spec i f i ed  f o r  a 

composition, then t h e  F ( K  -+ L )  values must be spec i f i ed  and no micro- 

scopic s c a t t e r i n g  c ross  sec t ion  da ta  will be used from tape  o r  cards .  

The same holds t r u e  i f  CR = 0 and the  CR(K + L )  values are spec i f i ed  on 

Input F o r m  3. 
zero, then the  s c a t t e r i n g  d a t a  are taken from tape and/or cards .  

cards .  

If CR i s  zero and the  F ( K  + L )  or CR(K + L )  values are 

output 

The output f o r  a problem cons i s t s  of  the. following: 

1. Reactor desc r ip t ion  

2 .  Material p i c t u r e  

3 .  Nuclide concentrat ions i f  input  

4 .  Ed i t  of microscopic cross  sec t ion  tape (op t iona l )  i f  micro- 

scopic d a t a  are spec i f i ed  

5 .  Macroscopic cross  sec t ions  

6. 
7. 

Convergence l e v e l s  a t  each i t e r a t i o n  

Reaction rates f o r  each nuclide,  i f  microscopic d a t a  are speci-  

f i ed  

8. Complete neutron balance 

9 .  Source (op t iona l )  

10. Group flux d i s t r i b u t i o n s  

I n  the  output of  t he  convergerce l eve l s ,  t h e  column of numbers headed 

by REL FLUX COiWR gives  the  poi.ctwise flux convergezce (Ego (2';)). The 

columq of numbers headed by ABS FLUX CONVR i s  ca lcu la ted  from Eq. (29). 



Cross Sect ions 

Macroscopic -- Cross Sect ions 

The macroscopic c ross  sec t ions  t h a t  EXTERMINATOR uses a r e  ca l cu la t ed  

;is follows, where M i s  the  composition index, K i s  the group index, and 

I? .is t h e  nucl lde index. 

1 

& + 1 3atr(N,K) COKC(R)  

D(M,K)  = 

ii 

CR(M,K) = C R ' ( M , K )  +I C O N C ( N ) C  or(N,K + L) 
N L 

m(M,K) = m'(M,K) + aa(N,K) CONC(N)  . 
N 

(39) 

vCf(M,K) = v C f ' ( M , K )  + L  v ( N , K )  of(N,K) CONC!(N) . (42) 
N 

F(M,K 3 L )  = CR(M,,K -+ L)/CR(M,K) . 

'The primes ind ica t e  input  macroscopic values. 

Yieroscopic Cross Sec t ion  Tape Format 
7 

.- 
The code TONG produces a microscopic c ross  sec t ion  tape  f o r  

EXTERMINATOR. However, any t ape  w r i t t e n  with t h e  following format may 

be  used: 

Record 1 Tape t i t l e  (72 Hol le r i th )  

Record 2 KMAX, LIONUC, SCATD, SCATU 

The next two records are repeated f o r  NOnTLJC nucl ides .  

Record 1 NUCNO, EXTA 

(43) 
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. 

Next t o  l a s t  record NEG, EXTA 

L a s t  record 

where 
( X W ,  K = 1, m) 

KMAX i n  the  t o t a l  number of groups (columns 13-14 above) 

NONUC is the  number of nuclides f o r  which cross  sec t ions  are 

wr i t t en  on the  tape 

SCATD i s  the  m a x i m u m  number of  groups f o r  down s c a t t e r  

SCATU i s  t h e  maximum number of groups f o r  up s c a t t e r  

NUCNO i s  the  nuclide number 

EXTA i s  any number (Not used but must be wr i t t en  on tape)  

XEG i s  a negatfve number ( i n t e g e r )  

The cross  sec t ions  and x ( K )  are defined elsewhere. 

If SCATD and SCAT5 are zero on the  tape,  values f o r  these numbers 

a re  taken from the  Miscellaneous Data Card (Line 3 ) *  Also i f  the  x ( K )  

a r e  zero on the  tape,  values are taken from the  F iss ion  Spectrum Cards 

(Lines 4+). 
This tape i s  l o g i c a l  tape 1.3. 

Code Operation 

Data Transmission 

I O  Subroutines 

EXTERMINATOR w a s  programmed mostly i _ r ,  FORTW. However, FAP coded 

sub-routines are used t o  permit buffered tape operations during the  

i t e r a t i v e  p a r t  of t he  ca lcu la t ion .  To gain e f f i c i e n t  use o f  tape  opera- 

t i o n  and t o  be able t o  recover from tape e r r o r s ,  t he  tapes  contalnizg 

constants a r e  dupl icated.  k r i n g  the  i'lux ca lcu la t ions ,  two tapes  (one 

from each of two channels) are being read i n t o  core bu f fe r  regions, two 

tapes  are being rewound, and ca lcu la t ions  are being done with previously 

read da ta ,  a l l  simultaneously. Since the  "compute t i m e "  i s  approximately 

equal t o  the  "tape t i m e " ,  EXT3FWNATOR runs a t  computer speed p lus  a small 

f r ac t ion  of the  time required t o  read and w r i t e  the f luxes .  

I O  channel woiJld e L i m i r _ a t e  t h i s  t i m e ) .  

(An add i t iona l  
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Tape Errors  

When tape  e r r o r s  a r e  de tec ted  by the  code, on-l ine comments t o  t h e  

[operator a r e  p r in t ed  and the  machine s tops .  

genera l  form 

These comments have the  

LOGICAL TAPE I WILL NOT READ (WRITE), OPERATOR DO THE FOuu TTOWIXG - - 

1. DETERMINE ACTUAL TAPE NO. OF LOGICAL TAPE r 
2. C W G E  TAPE AN3 PUSH E A R T  

vhere 1 i s  a l o g i c a l  t ape  number. 

Xo provis ion  was made in t he  FAP coded I O  sub-rout ines  t o  sk ip  bad 

spots  on magnetic tape ,  o r  t o  sk ip  noise  records.  To avoid having t o  

zhange tapes  excess ive ly  af ter  a problem has been s t a r t e d ,  it i s  ad- 

vantageous t o  s tar t  with a s e t  of tapes  t h a t  a r e  f r e e  from bad spo t s .  

3ur p r a c t i c e  i s  t o  have t h e  machine opera tor  "scan" the  tapes  on u n i t s  

Ab, A6, A7, B1, B3, and B7 ( see  Tapes below) from the  console p r i o r  t o  

running a problem. This i s  done by using t e d a t a  channel console i n  

nanual and wr i t i ng  one continuous record wi th  the  "stop on e r r o r "  switch 

fiown. In  t h i s  way tapes  wi th  bad spo t s  can be replaced. The amount of 

tape t h a t  should be scanned depends upon t h e  s i z e  of t h e  problem, however 

scanning each tape  f o r  approximately 30 seconds should s u f f i c e  f o r  most 

problems L) The e r r o r  recovery procedure programmed i n t o  EXTERMINATOR i s  

such t h a t  a f t e r  a problem has run at  l e a s t  10 i t e r a t i o n s ,  t h e o r e t i c a l l y  

the  worst  t h a t  can happen i s  t h a t  t h e  problem i s  terminated with tape  5 
saved f o r  a r e s t a r t .  However, w e  have had a few, as yet, unexplained, 

tape e r r o r s  t h a t  have caused the  ca l cu la t ion  t o  s top i n  such a way that 

no recovery w a s  p o s s i b l e +  

FORTRAN Monitor System 

Chain Links 

EXTERMIHATOR i s  a "chain job" and runs under t h e  FORTRAN-2 monitor 

system. 

tape  B2 a t  execution time. Af t e r  an i n i t i a l  execute run, t ape  B2 may 

be save? and t h e r e a f t e r  t he  code can be run with t h i s  tape  mounted and 

a previously compiled two word program 

The code cons i s t s  of 6 chain l i n k s  t h a t  are w r i t t e n  on a c t u a l  
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CALL CHAIN (4, 2 )  

END 

together with the case data. 

The chain links comprising the code are: 

INPT(4, 2) 
CNST(5.5 2) 

FLm(6, 2 )  

nm(66, 2 )  

m N 7 ,  2 )  

POUT(8, 2) 

reads input and calculates cross sections 

generates group constants on tapes 

line relaxation flux and eigenvalue cakuiation 

point relaxation flux and eigenvalue calculation 

computes and writes out neutron balanze 

writes out, flux distriSution 

Tapes 

In order to make the most efficient use of LO operations, an IOU 
sub-routine is included with each chain link which relates the actual 

and logical tape numbers as shown below. This correspondence should not 

be changed. 

- 

Logical No. 

1 

7 
8 

9 
10 

11 

12 

13 

Sense Switches 

Actual No. 

A1 
B2 

I33 
All. 

A 5  
B6  

B7 
R1 

A3 
A2 
A6 
A7 
B5 

us e - -  ~~ ~ 

Sys tem 

Program 

Group constants 

Group constants 

Flux save tape 
Scratch 

Group constants 
Sc rate h 

output 

Input 

Group constants 

Scratch 

Previously written micro- 
scopic cross section tape 
( optional ) 

Tf sense switch 1 is depressed, the case will end normally as if 
convergence had been met. 

gence and k-effective at each iteration are printed on line. 

If sense switch 6 is depressed, the conver- 
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Res ta r t  

If l o g i c a l  tape  5 i s  saved from a run, a problem ma;y be r e s t a r t e d  by 

mounting t h i s  tape  and spec i fy ing  +1 f o r  FI (columns 23-24 of the  con t ro l  

card) ,  a l l  o t h e r  d a t a  remaining t h e  same. 

Sample Problem 

Figure 3 shows the  diagram of the  sample problem. :Four groups were 

considered i n  RZ geometry. 

f'or t he  problem and Figure 5 gives  the  output .  The problem requi res  

zbout 7 minutes t o  run. 

Figure 4 shows the  input  shee ts  f i l l e d  out  
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Fig. 3 .  Diagram of Sample Problem. 
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Figure 5 

E X T E R M I N A T O R  SAMPLE PROBLEM 

REACTOR S P E C I F I C A T I O N S  

2 5  ROWS I O  COLUMNS 4 GXOUPS 3 COMP RZ GEOM B . C . I L I T , R T B )  I t  0, 0, I NORM FACTOR IO.OOOOOOE I I  

F I S S I O N - S O U R C E  C H I I K )  
0.6000 0.2000 0.1000 0.1000 

MESH S P E C I F I C A T I O N S  

I DELTA 
I 2.000 25 

J D E L T A  
I k.000 3 2.000 5 4.000 IO 

O I M E N S I C N  S P E C I F I C A T I O N S  

I O I S T .  
2 2.000 3 4.000 4 6.000 5 8.000 6 10.000 7 12.000 8 14.000 9 16.000 IO 18.003 

I I  20.000 12 22.000 13 24.000 14 26.000 I 5  28.000 16 30.000 17 32.000 I 8  34.000 I9 36.000 
2 0  38.000 2 1  40.000 22 42.000 2 3  44.000 2 4  46.000 25 $8.000 

J O I S T .  
2 2.000 3 6.000 4 8.000 5 10.000 6 14.000 7 18.000 8 22.000 9 26.000 IO 30.000 
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Figure 5 .  (Contd) 

EXTERMINATOR SAMPLE PROBLEM 

REACTOR MATERIAL P I C T U R E  

I 
J- I 2 3 4 5  

I 

3 3 2 2  
3 

3 3 2 2  

3 3 2 2  
4 

6 

2 2  1 I 

I I 2 2  

I 1 2 2  

8 

9 

10 
I I 2 2  

1 I 2 2  

I I 1 1 

I I 1 1 

I I 1 1 

I I 1 1 

I I 1 1 

1 I 1 1 

I I 1 1 

I I  

12 

13 

14 

15 

16 

17 

18 

I 9  
f I 1 1 

I I 1 1 
20  

2 1  

22  

2 3  

24  

25 

I I 1 1 

I t 1 1 

I I 1 1 

I I 1 1 

3 3 3 3 3  

3 3 3 3 3  

3 3 3 3 3  

3 3 3 3 3  

1 1 1 3 3  

1 1 1 3 3  

1 1 1 3 3  

1 1 1 3 3  

1 1 1 3 3  

1 1 1 3 3  

1 1 1 3 3  

1 1 1 3 3  

1 1 1 3 3  

1 1 1 3 3  

1 1 3 3  

1 1 1 3 3  

1 1 1 3 3  

1 1 1 3 3  

1 1 1 3 3  

1 1 1 3 3  

1 1 1 3 3  

1 1 1 3 3  

1 1 1 3 3  

1 1 1 3 3  

G 



E X T E R M I N A T O R  S A M P L E  PROBLEM 

N U C L I D E  C O N C E Y T R A T I O N S  FOR EACH C O M P O S I T I O N  

COMPOS I T  I O N  I 

N U C  C C N C E N T R A T I C N  
I l O ~ O O O O O E - 0 5  2 10.00000E-04 -0  -0.  -0 -0. 

COMPOS I T  I O N  3 

N U C  C C N C E N T R A T I C N  
2 I.00OOOE-06 -0 -0. -0 -0. -0 -0. 

M I C R O S C O P I C  CROSS S E C T I C N S  L I S T E D  A S  
SIG A 8 r  S I G  F I S S I  S I C  T R v  NU,  S I G  S C A T I G R P  K T O  G R P  KKI KKX1,KMAXI  

N U C L I D E  I 

GRP C R O S S  S E C T I O N S  
I 3.00000E 01 2 . 0 0 0 0 0 E  01 

N U C L I D E  I 

G R P  CROSS S E C T I O N S  
2 6.00000E 01 4.00000E 01 

N U C L I D E  I 

G R P  CROSS S E C T I O N S  
3 1.00000E 02 5.0OOOOE D l  

N U C L I D E  I 

GRP C R O S S  S E C T I O N S  
4 3 . 0 0 0 O O E  02 2.00000E 0 2  

N U C L I D E  2 

G R P  C R O S S  S E C T I O N S  
I 2 . 5 0 0 0 0 E  01 0. 

N U C L I D E  2 

G R P  CROSS S E C T I O N S  
2 3 . 0 0 0 0 0 E  01 0. 

N U C L I D E  2 

G R P  CROSS S E C T I O N S  
3 5.00000E 01 0. 

3 . 3 3 3 3 0 E  03 

3.33330E 03 

3.33330E 03 

3.33330E 03 

2.00000f 00 

2.00000E 00 

2 . O 0 0 3 0 E  00 

2.0000OE 0 0  

3.33300E 02 0. 

3.33300~ 02 0. 

3.33300E 02 -0. 

0. 

2.000OOE 00 

I.OOOOOE 00 

0. 

0.  

0. 

0. 

-0 -0.  

-0 -0.  

-0 -0 .  

-0  -0. 

I .00000E 01 5.00000E 00 2.50000E 00 

0. 

2 . 0 0 0 0 0 E  00 

0.  

1.00000E 01 

0. 

0. 

1.OOOOOE 01 0. 

0. 

0. 

5.00000E 00 

2.0000OE 31 

0. 

0. 

I.50000E 01 -0. 

0. 2.00000E i l l  

N U C L I D E  2 
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FigJre j. (Contd) 

E X T E R M I N A r O R  SAMPLE PROBLEM 

COHPOSIT7ON S P E C I F I C A T I O N S  

COMP GRP 0 SIGR S I G A  
1 I 5.00028E-01 1.1 7500E-02 2-80JOOE-02 

2 5.00028E-01 1.67000E-02 3.609OOE-02 
3 5.00028E-01 2.23000E-02 6.00300E-02 
4 5.00028E-01 0- 9.00100E-02 

2 t -0. -0. 2.00000E-01 
2 -0. -0. 2.00!IOOE-01 
3 -0. -0. 2.00300E-01 
4 I.OOOOOE 00 0. 10.00SOOE-05 

3 I 9.99OOIE-Ol 10.00000E-04 1.25303E-04 
2 9.99001E-01 2.00000E-03 2.30dOOE-04 
3 9.99001E-01 3.00000E-03 3.0500OE-03 
4 9.99001E-01 2.00000E-03 4.06000E-03 

F R A C T I O N  REMOVALS 

COMP GRP TO GRP 3 2 3 4 
I I  0. 0.936 0.043 0.021 

2 0.012 0. 0.958 0.030 
3 0.004 O.OC9 0. 0.987 
4 -0. -0. -0. -0. 

2 1  -0. -0. -0. -0. 
2 -0. -0. -0. 0. 
3 -0. -0. -0. -0. 
4 -0. -0. -0. -0. 

3 1  0. 0.500 0.300 0.200 
2 0.200 0. 0.600 0.203 
3 0.100 0.200 0. 0.700 
4 0.100 0.400 0.500 0. 

N U S I G F  SOURCE 
4.00000E-03 0.  
8.00000E-03 0. 

IO.OOOO0E-03 0.  
4.00000E-02 0. 

0. -0. 
0. -0 .  

-0. -0. 
0. -0. 

0. -0. 
0 .  -0. 

-0. -0. 
0 .  -0.  

BSQ 
10.0000OE-04 
1O.OOOOOE-04 
IO.OOOOOE-04 
10.00000E-04 

IO.OOO0OE-04 
IO.OOOOOE-04 
10.00000E-04 
IO.OOOOOE-04 

IO.OOOOOE-04 
10.00000E-04 
10.0000~E-OC 
10.00000E-04 

, I 
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Figure 3. (Contd) 

EXTERMINATOR SAMPLE PROBLEM 

CONVERGENCE DATA AND K-EFFECTIVE EVERY ITERATION - BETA IS I-POOOE 00 

I T  NO 
I 
2 
3 
4 
5 
6 
7 
8 
9 
IO 
II 
12 
13 
I 4  
15  
16 
17 
18 
19 
20 

2 1  
22  
23  
24  
25 
26 
27  
28  
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41  
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52  
53 
54 

REL FLUX CQNVR 
-7.2773247E-01 

8.8456467E-01 
6.6917846E-01 

-5.5436568E-01 
7.2444392E-01 

-4.7031817E-01 
-4.9804958E-01 
-3.5809656E-01 
-3-3004976E-01 
-3.2283138E-01 
-3.1533926E-01 
-3.2541 441 E-01 

3.6825080E-0 1 
4.6581537E-01 
5.3701046E-01 
3-6759676E-01 

-3.3055102E-01 
-3.8509609E-01 

2.1573913E-01 
2.8275827E-01 

2.5562230E-01 
-2.7395623E-01 
-3.2418867E-01 
-4.39 I4062E-0 I 

6.5691752E-01 
6.5063207E-0 I 
3.6893468E-01 
I .5086432E-01 

-1.3682268E-01 
-8.7297976E-02 
-1.3241754E-01 
- I .  0 77 I 368E-0 I 
-1.1865617E-01 
-7.3700987E-02 
-6.5346643E-02 

3. I503439E-02 
-3.4654833E-02 

2.339 68 50E-02 
3.8757697E-02 
2.5749058E-02 
2.4303809E-02 

-2.3028836E-02 
2.4391919E-02 
2.8716192E-02 

-5.7105161E-02 
4.50 19999E-02 

-2.820 I506E-02 
2.7774155E-02 
1.5246987E-02 

-1.9245632E-02 
-1.9346826E-02 
-9-7837448E-03 

7.4732006E-03 
4,7078580E-03 

ABS FLUX CONVR 
-2.9637258E-01 

6.6461 48 IE-01 
- I. 5720060E 00 
-2.3265374E-01 

4.5782672E-01 
-2.2 I89730E-0 I 
-1.1342857E 00 
-5.6031 491 E - O l  
-8.0820926E-01 
-9.3655223E-01 
-9.31 44948E-01 
- I .  I088725E 00 

2.0883169E-01 
-6.374431 9E-Ol 
-7.7844507E-01 
-7.0527393E 00 
-1.4824426E-01 
-I. 7497725E 00 
I .6046259E-01 

-4.7649955E-01 

-1.6011067E 00 
-I. I679187E-01 
-2.3019970E 00 
-5.1934187E 00 

3.5721481E-01 
-1.0149254E 00 

5.7623601E 00 
3.4270450E-3 I 

-6.694694OE-02 
-1.9431476E-01 

3.444535 I E-Ol 
-3.6603198E-01 
-6.9521618E 00 
-I -6284979E-01 
-3.6567543E-0 I 

2. I 7 1  761 5E-02 
- I  .6234143E-02 

I .4164948€-02 
-5.5743008E-02 

7.6368432E-01 
-I. l686389E-02 
I. I987389E-02 

-I .3939956€-01 
- I  .8749375€-02 

2.5823843E-02 
- I .  7044065E-02 

1.41 91 685E-JZ 
3.498701 5E-02 

-8.4355035E-03 
- I  -3732044E 00 
- I  .9409076E-02 

4.2549239E-03 
I .2886706E-02 

8. 3 a 9 0 6 6 3 ~ - 0 2  

KEFF CONVERGENCE K - EFFECTIVE 
6.4915666E 00 1.3348343E-01 
I .  3548557E-01 1.5440277E-01 
4-3237805E-02 I.6138051E-01 
4-0754706E-02 1.6823696E-01 
2-5050148E-02 1.7255960E-01 
1.9060664E-02 1.75912616-01 
2.1624990E-02 1.7980080E-01 
I -4453441E-02 1.8243766E-01 
9.2912688E-03 1.8414863E-01 
5 -  9491 545E-03 I. 852507 I E-0 I 
3-6426336E-03 1.8592798E-01 
2-4450421E-03 1.8638370E-01 
1.6218573E-03 1.8668647E-01 
1.7010048E-03 1.8700457E-01 
6-5877289E-04 I .8712784E-01 
4.8664212E-04 1.8703682E-01 
1-1530817E-03 1.8682140E-01 
1.6908348E-03 I.8650604E-01 
2.0375848E-03 1.8612680E-01 
2.0104498E-03 1.8575335E-01 

1.1218786F-03 1.8554519E-01 
BETA ADJUSTED TO I.800000E 00 

7.0275366€-04 
1-1807680E-04 
3.694891 9E-04 
3.20851 EO€-04 
4.2 502582E-04 
2.1649897E-04 
3.5858899E-04 
4.441142lE-04 
4.63 522 97E- 04 
5.2678585E-04 
5.2923709E-04 
2.6980788E-04 
8.09 I3305E-06 
1.7306209E-04 
2 -  0846725E-04 
1.335591 I E - 0 4  
6.79641 966-05 
6.52521 8%-05 
7.2777271E-05 
7.1227551 E-05 
5.2526593E-05 
5.0216913E-05 
2.8759241 E-05 
2.2813678E-05 
4 .Q278140€-05 
3.6209822E-05 
3.3207238E-05 
5.871 0575E-06 
2.6598573E-06 
I .  8648803E-05 
1-5489757E-05 
0.2477927E-06 
4.3585896E-06 

1.854 I488E-0 I 
I .8543678€-01 
1.8550532E-01 
1.8544582E-01 
1.8536703E-01 
1.8540717E-01 
I .8547368E-0 I 
1.85556096-01 
1.8564214E-01 
1.8573998E-01 
1.8583833E-01 
I .  8588849E-0 I 
1.8588698E-01 
I .a585481 E-0 I 
I .  858 I607E-0  I 
1.8579126E-01 
1.8577863E-01 
1.8576651E-01 
1.8575299E-01 
I -8573976E-0 I 
I .8573000€-0 I 
I -8572067E-01 
1.8571533E-01 
I .8571957E-01 
I .8572872E-01 
I .8573544€-01 
1.8574161E-01 
I -8574270E-01 
1.8574319E-01 
1.8574665E-01 
1.8574953E-01 
1.8575106E-01 
1.8575 187E-01 



Figure 5 .  (Contd) 

55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 

-9.727 I949E-03 
-5.2198619E-03 
4.0428787E-03 
4.2843968E-03 
2 -0548552E-0 3 

- I  -9376203E-03 
-2.IJ65535E-03 
1-51 71 915E-03 
1.5145093E-03 
I. 204878JE-03 

-5.7467818E-04 
-8.36901 37E-04 
7.7119470E-04 

-4.5631 826E-04 
-7.0053339E-04 
-4-7957152E-04 
3.292fl35E-04 
2.2986531E-04 
3.2976270E-04 

-6.1295927E-04 
-5.1734596E-04 
2.5564432E-04 
3.0942261E-04 
1.1077523E-04 

- I  .6420335€-04 
1.2214482E-04 
2.1798909E-04 
I .  5240908E-04 

-7.0802867E-05 
-8.51 67587E-05 
-4.7042966E-05 
8.21 35201 E-05 
6.4402819E-05 

-3.0383468E-05 
-3.6031008E-05 
-2.621 8593E-05 
I .2770295E-05 

- I  -3686717E-05 
-2.258 2 7 IO E- 05 
1~1608005E-05 
I -3768673E-05 
1.16080C5E-05 

-9.2089176E-06 

-3.1624014E-03 
- 1 .  I I39406E-02 
2.2834989E-03 

-6.69191 33E-02 
3.9643650E-03 

-9.9626472E-04 
2.3457240E-02 
8.84 50 272E- 04 
5.9772406E 00 
5.9283978E-03 

- 3.8894 406E-04 
I .8374908E-03 
4.0151 397E-04 

-2.8660 338E-04 
I .3106688€-03 

-1-5181 164E-03 
I. 9524 55OE-04 
7.6230471 E-04 

-7.5821 341~-04 
-2.1436625E-04 
-3.3056461 E-03 
1-71 l2659E-04 

- I  .4687332€-03 
I -7257855E-04 

- 6.6 I45009E-05 
7.0047568E-05 

-2.7773015E-04 
5.068671 6E-04 

-4.8341 849E-05 
4.1996242E-04 

- I  .0507947E-C4 
2.991 2 I68E-OS 
2.9839853E-04 
-2.0643710E-05 
I -9388252E-04 

-9.6264925E-05 
8.587627~-06 

-6.6062735E-06 
3.4745293E-05 
7.6670585E-06 

-7.3965544E-05 
7.3976475E-05 

-5. I350823E-06 

2.0861 626E-07 
3. I I43427E-06 
9.9539 757E-06 
1.3425946E-05 
1.0386109E-05 
5.2005053E-06 
2.2351 742E-08 
1.8700957E-06 
7.3760748~07 
I .  7881 393~-07 
l.34llO45E-07 
7.2270632E-07 
1.0579824E-06 
1.5795231E-04 
2.3394823E-06 
1.9371510E-06 
5.36441 8OE-07 
2.0861626E-07 
6.55651 09607 
5.3644 I 80E-07 
8.1956387E-08 
5.9604645E-08 
3.1292439E-07 
2.9802322E-07 
3.8743019E-07 
2.9802322E-07 
2.6822090E-07 
1.6391 277E-07 
7.4505806E-08 
2.2351 742E-07 
2. I606684E-07 
2.01 l6568E-07 
0. 
4.4703484E-08 
1.4901 161E-08 
2.2351 742E-08 
8.1956387E-08 
2.255i i k 2 i - 0 8  
0. 
I .490116l E-08 
2.98023226-08 
5.9604645E-08 
2.9802322E-08 

1.8575183E-01 
1.8575125E-01 
1.857494OE-01 
1.8574691E-01 
1.8574498E-01 
1.85744OIE-01 
1.8574401E-01 
1.8574436E-01 
1.8574450E-01 
1.8574446E-01 
1.8574449E-01 
1.8574462E-01 
1.8574482E-01 
1.8574511E-01 
1.8574554E-01 
1.8574590E-01 
1.8574600E-01 
1.8574596E-01 
1.8574584E-01 
I .8574574€-01 
1.8574575E-01 
1.8574574E-01 
1.8574568E-01 
1.8574562E-01 
I.8574555E-01 
1.8574549E-01 
1.85745*4E-01 
I .8574541E-01 
1.85745436-01 
I .8574547~-01 
I.8574550E-01 
1.8574554E-01 
1.8574554E-01 
I. 8574555~-0 I 
1.8574555E-01 
1.8574555E-01 
1.8574557E-01 
:.85?$55?€-0! 
I .8574557~-01 
I -85745575-0 I 
1.8574556E-01 
I. 8574555E-0 I 
1.8574554E-01 

, 



Figure 5 .  (Contd) 

EXTERMINATOR SAMPLE PROBLEM 

REACTION RATES FOR EACH N U C L I D E  

NUC ABSITOT.LOSSE5 F I S / T O T . L O S S E S  CAP/TOT.LOSSES P R O D I T O T . P R 0 0 .  SUMIREGV*CONC) 
I 1 . h 4 9 0 9 2 3 E - 0 1  9 . 2 8 7 2 7 7 0 E - 0 2  5 . 2 0 3 6 4 6 5 E - 0 2  9 . 9 9 9 9 9 9 9 E - 0 1  2 . 2 5 9 4 3 0 3 E  01 
2 7 . 0 7 7 7 4 0 2 E - 0 1  0. 7 . 0 7 7 7 4 0 2 E - 0 1  0. 2 . 2 6 2 3 0 9 5 E  02 

TOTAL 8.5268325E-01 9 . 2 8 7 2 7 7 0 E - 0 2  7 . 5 9 8 1 0 4 8 E - 0 1  9 . 9 9 9 9 9 9 9 E - 0 1  



Figure 3. (Contd) 

EXTERMINATOR SAMPLE PROBLEM 

NEUTRON BhLANCE 

2 1.159519E 12 5.289370E I1  0. 
3 7.429414E 1 1  2.738854E I I  0. 
4 7.940945E I I  2.408963E 09 0. 

GROUP AESORPTICNS OUT SCATTEQ L F T  LEAKAGE TOP LEAKAGE R I T  LEAKAGE EOT LEAKAGE AXIAL LEAK TOTAL LOSSES 
1 2.039960E 12 8.301109E I I 0. 1.011313E I O  3.154882E I I  0. 4.443256E IO 3.240105E 12 

1.983746E I O  1.854080E 12 
7.680030E 0 9  1.081066E 12 
5.720913E 0 9  8.43800ME I I  

4.508508E 09 I.4127ASE I I  0. 
1.758495E 09 5.480051E 10 0. 
1.92564OE 09 3.965086E 10 0. 

TOTAL J+.736514E 1 2  1.635342E I2 0. 1.830577E 10 5.512181E I I  0. 7.767097E I O  7.019051E 12 

GROUP PRODUCTIONS F I S S  SOURCE CONST SOURCE IN SCATTER KEFFECTIVE 
1 2.793496E I t  3.230226E 12 0. 9.878656E 09 1.857455E-01 
2 2.493020E I I  1.076742E 12 0. 7.773383E I 1  1.857455E-01 
3 1.205968E I I  5.383709E I 1  0. 5.426949E I I  1.857455E-01 
4 3.507515E I 1  5.383709E I I  0. 3.054298E I1 1.857455E-01 

TOTAL 1O.OOOOOOE I I  5.383709E 12 0. 1.635342E 12 

COMPOS I T  ION A8SORPT IONS 

COMP I VOLUME 5.64858E 04 

GRP AESORPT IONS A V E R A G E  P H I  
I 1.9554% 12 1.23637E 09 
2 l .12186E I 2  5.51692E OR 
3 7.23585E II 2.13500E 08 
4 7.89191E I I  1.552396 08 

COMP 2 VOLUME 4.42336E 03 

GRP ABSORPTIONS AVERAGE PHI 
I 8.33225E 10 0. 
2 3.66801E I O  0. 
3 l.4323UE 10 0. 
4 1.32999E 07 3.00675E 07 

COMP 3 VOLUME 7.19801E 04 

GRP AESORPT IONS AVERAGE P H I  
I 1.19018E ( 9  1.32279E OR 
2 9.79681E 08 5.91758E 07 
3 5.03710E C9 2.29439E 07 
4 4.89019E C9 1.67335E 07 

TOTAL GAINS 
3.240104E 12 
1.654080E 12 
I.OE1066E 12 
8.438007E I 1  

7.319051E 12 

wl 
0 

I 



Figure 5 .  (Contd) 

EXTERHIYATOR SAMPL E PROBLEM 

POINT SOURCE A T  EACH QUADRANT 

I I s  J )  
I 5, 2 )  
I 5, 3) 
I 5. 51 
( 5. 6 )  
I 5r 71 
I 5, 81 
I 61 21 
1 61 3) 
I 6 ,  51 
I 6, 6 )  
I 6 ,  7) 
I 6 ,  8 )  
I 7, 2 )  
1 71 31 
[ 71 5) 

7. 61 
I 71 7) 
I 7, 81 
I 8 .  2 )  
f 8. 31 
I 8 ,  5) 
I 8 ,  61  
I 8 ,  7) 
I 8. 8 )  
I 91 2 )  
f 9. 3) 
I 9. 5) 
I 9, 6 )  
I 91 7) 
I 9, 8 )  
I I O .  2) 
I I O ,  3) 
I 101 5) 
I 10. 6 )  
I I O .  7) 
I IO, 8 )  
1 1 1 ,  2 )  
I l l ,  3) 
I I l r  51 
I 1 1 ,  61 
I 1 1 .  71 
f I f .  81 
I 12. 2) 
I 12, 31 
I 12. 4) 
I 12, 5) 
I 12, 61 
I 12. 7) 
I 12. 8 )  
I 13, 21 
I 13, 3) 
I 131 4) 
I 13, 51 
I 13. 61 
I 13, 71 
I 13, 8 )  

TOP RfT 
0. 
0. 
0. 
0. 
0. 
0. 
1.21620E 06 
0. 
i.19920.E 06 
1.69009E 06 
1.51255E 06 
0. 
I.91794E 06 
0. 
1.73579.E 06 
2.50056E 06 
2.20034,E 06 
0. 
2.90@72E 06 
0. 
2.42779E 06 
3.47884E 06 
3.00047E 06 
0. 
4.35483E Ob 
0. 
3.35199E 06 
4.70120E 06 
3.95?23E 06 
0. 
6.49291E 06 
0. 
4.65279E 06 
6.26265E O b  
5.09603E 06 
0. 
9.63280E 06 
0. 
6.64199E O b  
8.2750IE 06 
6.45689E 06 
0. 
l.40753E 07 
0. 
0. 
1.0094lE 07 
l.08362E 07 
8.04071E O b  
0. 
1.97133E 07 
1.73381E 07 
1.64465E 07 
1.56388E 07 
1.38988E 07 
9.81037E 06 
0. 

TOP L F T  
0 .  
0. 
0. 
0 .  
0.  
0. 
1.21620E 06 
9.27965E 05 
0. 
1.69009E 06 
1.51255E O b  
8.87653E 05 
1.9l794E 06 
1.3761bE 06 
0. 
2.50056E Ob 
2.20034E 06 
1.21195E 06 
2.90872E 06 
2.00003E 06 
0. 
3.47884E 06 
3.00047E 06 
1.59395E 06 
4.35483E Ob 
2.90134E 06 
0. 
4.70120E 06 
3.95323E 06 
2.04058E Ob 
6.49291E 06 
4.26895E 06 
0. 
6.26265E 06 
5.09603E 06 
2.55793E 06 
9.63280E 06 
6.51013E 06 
0. 
8.27501E Ob 
6.45689E 06 
3.14830E 06 
l.40753E 07 
1.06491E 07 
0. 
0. 

8.04071E 06 
1.a8362~ 07 

3.80730E 06 
1.97133E 07 
1.73381E 07 
1.64465E 07 
1.56388E 07 
1.38988E 07 
9.81037E 06 
4.52189E 06 

B O T  LFT 
6.8860IE 05 
5.9348IE 05 
0. 
9.84925E 05 
8.95273E 05 
6.16495E 05 
1.21620E 06 
9.27965E 05 
0. 
1.69009E 06 
1.5125% O b  
3.87653E 05 
I.91794E Ob 
1.37616E 06 
3. 
2.50056E 06 
2.20034E 06 
1.21195E 06 
2.90872E 06 
2.00003E Ob 
0.  
5.47884E O b  
3.00047E 06 
1.59395E 06 
4.35483E 06 
2.90134E 06 
0. 
4.70120E 06 
3.95323E 06 
2.04058E 06 
6.49291E 06 
4.26895E 06 
0. 
6.26265E 06 
5.09603E 06 
2.55793E 06 
9.63280E 06 
6.51013E 06 
s. 
R.27501E 06 
6.45689E 06 
3.l4830E 06 
l.40753E 07 
I.06491E 07 
1.01438.E 07 
I.OO94lE 07 
1.08362E 07 
8.04071E 06 
3.80730E 06 
I.97133E 07 
1.73381E 07 
1.64465E 07 
I .5638BE 07 
1.38988E 07 
9.81037E Oh 
4.52189E Ob 

BOT R I T  
6.88601E 05 
0. 
7.75777E 05 
9.84925E 05 
8.95273E 05 
0. 
1.21620E 06 - U. 
1.19920E 06 
1.69009E 06 
1.51255E 06 
0. 
1.91794E 06 
0. 
1.73579E 06 
2.50056E 06 
2.20031tE 06 
0. 
2.90872E 06 
0. 
2.42779E 06 
3.47884E 3.00047E 06 06 

0. 
4.35483E 06 
0. 
3.35199E 06 
4.70120E 06 
3.95323E 06 
0. 
6.49291E 06 
0. 
4.65279E 06 
6.26265E 06 
5.09603E 06 
0. 
9.63280E 06 
0. 
6.64199E 06 
8.27501E Ob 
6.45689E 06 
0. 
l.40753E 07 
I.0649IE 07 
I.01438E 07 
I.OO94lE 07 
1.08362E 07 
8.04071E 06 
0. 
1.97133E 07 
1.73381E 07 
I.64465E 07 
1.56388E 07 
1.38988E 07 
9.81037E 06 
0. 



2.56926E 07 

2.35442E 0 7  
2.22497E 0 7  
2.07779E 07 
1.71327E 07 
1.16850E 07 
0. 
3.15765E 0 7  
2.928166 0 7  

2.55377E 07 
2.03499E 0 7  
1.35841E 0 7  
0. 
3.71 380E 0 7  
3.45449E 07 
3.24749E 0 7  
2.99189E 0 7  
2.34361E 0 7  
1.54395E 0 7  
0. 
4.22525E 0 7  
3.93168E 07 
3.69037E 0 7  
3.39060E 0 7  
2.63156E 0 7  
1.71968E 0 7  
0. 
b.68443E 0 7  
4.35730E 0 7  
4.08557E 07 
3.74750E 07 
2.89334E 0 7  
1.88129E 07 
0. 
5.08618E 07 
4.7286% 07 
4.43063E 07 
4.05982E 0 7  
3.12476E 0 7  
2.02537E 0 7  

2 . 7 5 8 8 0 ~  07 

0. 
5.42663E 0 7  
5.0430IE 07  
4.72294E 0 7  
4.32487E 0 7  
3.32245E 07 
2.14920E 0 7  
0. 
5.70269E 07 
5.29785E 07 
4.96008E 0 7  
4.54Ol4E 0 7  
3.48374E 07 
2.25068E 0 7  
0. 
5 .91191E 0 7  
5.49101E 0 7  
5.13990E 07 
4.70353E 0 7  

2.56926E 07 

2.35442E 0 7  
2.22497E 0 7  
2.07779E 07 
1-71327E 0 7  
1.16850E 0 7  
5.27135E 06 
3.15765E 07 
2.92Al6E 0 7  
2.75880E 0 7  
2.55377E 07 
2.03499E 0 7  
1.3584lE 07  
6.03187E 06 
3.71380E 07 
3.45449E 0 7  
3.24749E 0 7  
2.99189E 0 7  
2.34361E 07 
1.54395E 07 
6.77998E 06 
4.22525E 07 
3.931168E 0 7  
3.69037E 0 7  
3.39060E 0 7  
2.63156E 0 7  
1.71968E 07 
7.49432E 06 
4.68443E 07 
4.35730E 07 
4.08557E 0 7  

2.89334E 0 7  
1.88129E 07 
8.15636E 06 
5.08618E 07 
4.72865E 0 7  
4.43063E 0 7  
4.05982E 07 

3 . 7 4 7 5 0 ~  07 

3.12476E 07 
2.02537E 0 7  

5.42663E 07 
5.043CIE 07  

8 . 7 5 0 5 3 ~  06 

4.72294E 07 
4.32487E 0 7  
3.32245E 0 7  
2. i4920E 07 
9.26401E 06 
5.70269E 07 
5.29785E 07 
4.96008E 07 
4.54014E 0 7  
3.48374E 0 7  
2.25068E 07 
9.68654E 06 
5.91191E 0 7  
5.49101E 0 7  
5.13990E 07 
4.70353E 0 7  

2.56926E 0 7  

2.35442E 0 7  
2.22497E 07 
2.07779E 0 7  
1.71327E 0 7  
1.16850E 0 7  
5.27135E 06 
5.15765E 07  
2.92816E 0 7  
2.75880E 0 7  
2.55377E 0 7  
2.03499E 0 7  
1.35841E 07 
6.03187E 06 
3.7 I380E 0 7  
3.45449E 0 7  
3.24749E 0 7  
2.99189E 0 7  
2.34361E 07 
I.54395E 0 7  
6.77998E 06 
4.22525E 0 7  
3.93168E 07 
3.69C137E 07 
5.3906UE 0 7  
2.63156E 0 7  
1.71968E 07 
7.49432E 06 
4.68443E 0 7  
4.35730E 0 7  
4.08557E 07 
3.7475OE 07 
2.89334E 0 7  
1.88129E 0 7  
8.15636E 06 
5.08618E 0 7  
4.72865E 0 7  
4.43063E 0 7  
4.05982E 0 7  
3.12476E 07 
2.02537E 0 7  
8.75053E 06 
5.42663E 0 7  
5.04301E 0 7  
4.72294E 0 7  
4.Z3bR7E 0 7  
3.3224% 07 
2. l4920E 07 
9.26401E 0 6  
5.70269E 0 7  
5.29785E 07 
4.96UOe.E 0 7  
4.54014E 0 7  
5.48374E 0 7  
2.25068E 07 
9.68654E 06 
5.91191E 0 7  
5.49IOIE 0 7  
5.13990E 07 
4.70353E 0 7  

2.56926E 07 

2.35442E 07 
2.22497E 0 7  
2.07779E 07 
1.71327E 07 
1.16850E 07 
0. 
3.15765E 07 
2.92816E 07 
2.75880E 07 
2.55377E 07 
2.03499E 07 
1.35841E 07 
0. 
3.71380E 07 
3.45449E 07 
3.24749E 07 
2.99189E 07 
2.34361E 07 
1.54395E 07 
0. 
4.22525E 07 
3.93168E 07 
3.69037E 07 
3.39060E 07 
2.63156E 07 
1.71968E 07 
0. 
4.68443E 07 
4.35733E 07 
4.08557E 07 
3.74750E 07 
2.89334E 0 7  
1.88129E 07 
0. 
5.08618E 07 
4.72865E 07 
4.43063E 07 
4.05982E 07 
3.12476E 07 
2.02537E 0 7  
0. 
5.42663E 07 
5.04301E 07 
4.72294E 0 7  
4.3ZI?8?E 07 
3.32245E 07 
2. l4920E 07 
0. 
5.73269E 07 
5.29785E 07 
4.96008E 07 
4.54014E 0 7  
3.48374E 07 
2.25068E 07 
0. 
5.91191E 07 
5.49101E 07 
5.13990E 07 
4.70353E 07 



8 Y t 1 

Figure :. (Contd) 

( 22, 6 )  3-60652E 07 3.60652E 0 7  5-60652E 0 7  3 . 6 0 6 5 2 ~  07 
f 22. 7 )  2.32816E 0 7  2.32816E 07 2-32816E 0 7  2-32816E 07 
( 22, 8) 
I 23. 2 )  
I 23. 3 )  
I 23, 4) 
I 23. 5 )  
I 23. 61 
I 23, 71 
I 23, 8) 
I 24, 2) 
I 24, 31 
I 24, 41 
f 24, 5 )  
I 24, 6 )  
t 24, 7 )  
( 24, 8 )  

0. 
6.05244E 0 7  
5.62577E 0 7  
5.26375E 07 
4.81339E 0 7  
3.68924E 0 7  
2.38046E 0 7  
0. 
6.12302E 07 
5.68595E 0 7  
5.32147E 07 
4.86861E 07 
3.73085E 07 
2.40680E 07 
0. 

1.00102E 07 1.00102E 07 
6.05244E 0 7  6.05244E 0 7  
5.62077E 07 5.62077E 0 7  
5.26075E 07 5.26075E 07 
4.81339E 07 4.81339E 0 7  
3.68924E 0 7  3.68924E 0 7  
2.38046E 0 7  2.38046E 07 
1.02291E 07 1.02291E 0 7  
6-12302E 07 6.12302E 07 
5.68595E 07 5.68595E 0 7  
5.32147E 0 7  5.32147E 0 7  
4.86861E 07 4.86861E 0 7  
3.73085E 07 3.73085E 07 
2.40680E 0 7  2.40680E 0 7  
1.03J95E 07 1.03395E 0 7  

0. 
6.05244E 07 
5.62077E 0 7  
5.26075E 07 
4.81339E 07 
3.68924E 07 
2.38046E 07 
0. 
6.12302E 07 
5.68595E 07 
5.32147E 07 
4.86861E 07 
3.73085E 07 
2.40680E 07 
0. 



Figure 2 .  (Contd) 

EXTE~MIN,,TOR S A M P L E  PROBLEM 

N 0 . I T . R  9 7  K-EFF I I -85746E-01 

GROUP 1 FLUX 

1 

2 

3 

4 

5 

6 

7 

8 

9 

I O  

I t  

12 

13 

I 4  

15 

16 

17 

18 

I9  

20  

2 1  

22  

23  

24 

25 

I 

0. 

5.193E 06 

I. 153E 0 7  

2.04SE 07 

3.409E 07 

7.036E 07 

1 . 1 6 l E  08 

1.806E 08 

2.765E 08 

4.220E 08 

6.423E 08 

9.625E 08 

I .369E 0 9  

1.79SE 0 9  

2.212E 0 9  

2 

0. 

5.J93E 06 

1.153E 07 

2.045E 07 

3.409E 07 

7.036E 07 

1.161E 08 

1.806E 08 

2.765E 08 

4.220E 0 8  

6.423E 08 

9.625E 08 

I .369E C9 

1.795E e9 

2.212E 0 9  

3 

0. 

2.983E 06 

6.537E 06 

1.128E 07 

1.785E 07 

3.372E 07 

5.4lSE 07 

8.359E 07 

1.296E 08 

2.080E 08 

3.570E 08 

6.809E 08 

l.190E 09 

1.641E 09 

2.059E 0 9  

4 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

6.494E 08 

1.128E 09 

1.550E 09 

1.931E 09 

5 

0. 

8.286E 06 

1.713E 07 

2.697E 07 

3.782E 07 

6.175E 07 

9.116E 0 7  

1.287E 08 

1.796E O R  

2.55RE 08 

3.862E 08 

6.502E 08 

I -074E 09 

I.449E 09 

1.788E 09 

6 

0. 

1.291E 0 7  

2.696E 07 

4.348E 07 

6.424E 07 

1.136E 08 

l.693E 08 

2.362E 08 

3.199E 08 

4.277t 08 

5.686E 08 

7.509E 08 

9.697E 08 

I . I99E 09 

1.426E 09 

2.604E 09 2.604E 0 9  2.422E 0 9  2.276E 0 9  2.097E 09 l.645E 09 

2.963E 09 2.963E c 9  2.757E 09 2.588E 09 2.378E 09 1.846E 09 

3.286E 0 9  3.286E C9 3.056E 09 2.866E 09 2.629E 09 2.030E 09 

3.548E 0 9  3.568E i9 J . 3 i 7 i  09 3.:288: 09 2.8k8E 00 2.!92E 09 

3.807E 09 3.807E C 9  3.538E 09 3.313E 09 3.034E 09 2.331E 09 

7 

0. 

1.271E 1 7  

2.640E 07 

U.214E 07 

6.121E 3 7  

1.048E 08 

1.530E 08 

2.089E 08 

2.754E 08 

3.554E 08 

4.508E 08 

5.623E 08 

6.869E 08 

8.188E 08 

9.523E 08 

N.F. / ITOT PROD)# 4.5134IE 06 

8 

0. 

9.365E 06 

1.927E 07 

3.020E 07 

4.255E 07 

6.162E 07 

8.433E 07 

I . I I O E  08 

l.423E 08 

1.784E 08 

2.198f 08 

2.659E 08 

3.160E 08 

3.685E OB 

4.218E 08 

9 10 

0. 0. 

4.872E 06 0. 

1.006E 0 7  0. 

1 . 5 9 0 ~  or 0. 

2.283E 07 0. 

3.154E 07 0. 

4 . 2 0 3 ~  ur  0. 

5.039E 07 0. 

6.874E 0 7  0. 

8.513E 07 0- 

1.035E 08 0. 

1.238E 08 0. 

l.455E 08 0. 

1.682E 08 0. 

I . 9 I I E  08 0. 

.083E 09 4.74lE 08 2.137E 08 0. 

- 2 0 6 ~  09  5 . 2 4 1 ~  08 2 . 3 5 3 ~  oa 0. 

. j I P E  09 5.705E 08 2.554E 08 0. 

.*2OF 09  6.120E 08 2.736E 08 0. 

.507E 09  6.480E 08 2.892E 08 0. 

4.001E 0 9  4.001E C9 3.717E 09 3.48OE 09 3.185E 09 2.444E 09 1.578E 09 6.775E 08 3.022E 08 0. 

4.147E 09 4.147E C9 3.852E 09 3.616E 09 3.300E 09 2.530E 09 1.633E 09 7.002E 08 3.121E 08 0. 

4.246E 0 9  4.246E C 9  3.943E D9 3.690E 0 9  3.377E 09 2.588E 09 1.669E 09 7.155E 08 3.I88E 08 0. 

4.295E 09 4.295E C9 3.989E 09 3.733E 0 9  3.415t 09 2.617E 0 9  1.688E 0 9  7.232E 08 3.222E 08 0. 

4.295E 09 4.295E C9 3.989E 09 3.753E 09 3.41SE 09 2.617F 09  1.68RE 09 7.232E 08 3-222E 08 0- 



Figure 5 .  (Contd) 

EXTERMINATOR SAMPLE PROBLEM 

N0.IT.W 97 K-EFF 11 1.85746E-01 

GROUP 2 FLUX 

I 

2 

3 

4 

5 

6 

r 
8 

9 

I O  

II 

12 

13 

I 4  

15 

16 

i r  

18 

19 

20 

21 

22 

23 

24 

25 

1 

0. 

2.2296 06 

4.943E O b  

8.755E 06 

1.459E 07 

3.030E 07 

5.030E 07 

7.867E 07 

1.211E 08 

1.858~ 08 

2.802E 08 

4.276E 08 

6.096E 08 

8.004~ 0 8  

9.868E 08 

I. 1 b 2 E  09 

1.323E 09 

l.A67E 09 

I .593E 09 

1.699E 09 

1.186E C9 

1.851E 09 

1.895E 09 

1.917E 09 

1.917E 09 

2 

0. 

2.229E 06 

4.943E 06 

8.755E 06 

1.459E 07 

3.030E 07 

5.030E 07 

7.867E 07 

1.211E 08 

1.858E 08 

2.842E 0 8  

4.276E 08 

6.096E 08 

8.004E 08 

9.868E 08 

1.l62E C9 

1.323E 09 

l.467E 09 

1.593E 09 

1.699E 09 

1.78bE C9 

1.851E 0 9  

1.895E C9 

1.917~ 0 9  

I.917E 09 

3 

0. 

1.277E 06 

2.788~ 06 

4.78IE 06 

7.49IE 06 

l . 4 l I E  07 

2.283E 07 

3.555E 07 

5.567E 07 

9.032E 07 

1.568E 08 

3.019E 08 

5.293E 08 

7.313E 08 

9.143E 08 

I .08IE 09 

1.231E 09 

1.364E 09 

I.481E 09 

1.579E 09 

1.659E 09 

1.720E 09 

1.760E 09 

1.781E 09 

1.781E 09 

4 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

2 . a ~ ~  0 8  

5.020E 0 8  

6.911E 08 

8.614E 08 

I . O l 6 E  09 

I .l55E 09 

1.279E 09 

1.387E 09 

1.479E 09 

1.553E 09 

I.610E 09 

l.647E 09 

1.666E 09 

1.66bE 09 

5 

0. 

3.679E 06 

7.591E 06 

I.I9IE 07 

1.6bOE 07 

2.692E 07 

3.975E 07 

5.617E 07 

7.858E 07 

I. 123E 08 

1.704E 08 

2.885E 08 

4.782E 08 

6.457E 08 

7.97bE 08 

9.360~ oa 
1.061E 09 

1.173~ 09 

1.271E 09 

I. 354E 09 

1.422E 09 

l.473t 09 

1.507E 09 

I .525E 39 

1.525E 09 

6 

0. 

5.742E 36 

1.198E 07 

1.930E 07 

2.848E 07 

5.031E 07 

7.504E 07 

I.047E 08 

I .420E 08 

I.903E 08 

2.529E 08 

3.344E 08 

4.323E 0 8  

5.349E 08 

6.364E 08 

7.335E 08 

8.239E 08 

9.059E 08 

9.785E 08 

I.04OE 09 

I.09IE 09 

I. t 29E 09 

1.155E 09 

1.168E 09 

I. 168E 09 

7 

0. 

5.6b9E 06 

I.177E 07 

1.878E 07 

2.72bE 07 

4.665E 37 

6.811~ or 
9.302E 37 

1.227E 08 

1.584E 08 

2.010E O R  

2.508~ 08 

3.065E 38  

3.654~ oa 

4.251E 08 

4.833E 08 

5.384E 08 

5.89OE 08 

6.34IE 08 

6.729E 08 

7.047E 08 

7.290~ oa 
7.453E 08 

7.536E 08 

7.536E 08 

N.F. / (TOT PROD)# 4.51341E 06 

8 

0. 

4.187E 06 

8.611E Ob 

I .349E 07 

l.9OIE 07 

2.751E 07 

3.766E 07 

4.959E 07 

6.354E 07 

7.971E 07 

9.8I9E 07 

I .  I88E 08 

I.412E 38 

1.647E 08 

1.886E 08 

2.120E 08 

2.343E 08 

2.55lE 08 

2.737E 08 

2.897E 08 

3.029E 08 

3.131E 08 

3.199E 08 

3.234E 08 

3.234E 08 

9 IO 

0. 0. 

2 . 1 8 1 E  06 0. 

4.502E 06 0. 

7.1 15E 06 0. 

I.022E 07 0. 

I.4IIE 07 0. 

I . 8 8 1 E  07 0. 

2.434E 07 0. 

3.076~ 07 0. 

3.810E 07 0. 

4.635~ or 0. 

5.543E 07 0. 

6.515E 07 0. 

7.530E 07 0. 

8.558E 137 0. 

9.570~ 07 o. 
1.054E 08 0. 

1.144~ 08 o. 

1.225E 08 U. 

1.295E 08 0. 

1.353E 08 0. 

1.398E 08 0. 

1.428E 08 0. 

1.443E 08 0. 

l.443E 08 U. 
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E ~ ~ E R M I N ~ T O R  *AMPLE 

N O S I T - #  97 K-EFF X 1.85746E-01 

GROUP 3 FLUX 

I 

2 

3 

4 

5 

6 

7 

8 

9 

I O  

1 1  

12 

13 

I4 

15 

I 6  

17 

18 

I 9  

20 

21 

2 2  

2 3  

2 4  

2 5  

I 

0. 

9.022E 0 5  

I.994E 06 

3.513E 06 

5.820E 0 6  

1 . 1 9 7 ~  or 
1 . 9 7 8 ~  o r  
3 . 0 8 ~  or 
4.732E 07 

7.242E 07 

I .  105E 08 

1.658E 08 

2.361E 08 

3.098E 08 

3.818E 08 

4.495E 08 

5.117E 08 

5.674E 08 

6. l 6 l E  08 

6.573E 08 

6.908f 08  

7.161E 08 

7.332E 08 

7.4l7E 08 

7.417E 08 

2 

0. 

9.022E 05 

1.994E 06 

3.513E 06 

5.820E 06 

I .  197E 07 

I .9i"dE 07 

3 . 0 8 4 ~  or 
4.732E 07 

7 . 2 4 2 ~  o r  
I. I O S E  08 

1.658E O R  

2.361E 08 

3.098E 08  

3.8iaE 08 

4.495E 0 8  

5.117E 08  

5 . 6 7 4 ~  08 

6.161E 08 

6.573E 0 8  

6.908E 08 

7.161E 08 

r . 3 3 2 ~  08 

7.417E 08 

7.417E 08 

3 

0. 

5.215E 05 

1.136E 06 

I.944E 06 

3.044E 06 

5 . m ~  06 

9.167E 06 

l.419E 07 

2 . 2 0 9 ~  or 
3.559E 07 

6 . 1 3 0 ~  o r  
1.173E 08 

2.051E 08 

2.831E 08  

3.538E 08 

4.181E 08 

4.761E 0 8  

s.zrrE 08 

5.728E 0 8  

6.lD9t 08 

6.417E O d  

6.651E 08 

6.809E 08 

6.88PE 08 

6.888E 08 

4 

0. 

0. 

0. 

0 .  

0. 

0. 

0. 

0. 

0. 

0. 

0. 

I . I I 9 E  0 8  

I.94SE 08 

2.675E 08 

3.333E 0 8  

3.950E 08 

4.469E 08 

4.948E 08 

5.367E 0 8  

5.721E 08 

6.0IUBE 0 8  

6.226E 08  

6.373E 0 8  

6.446E 0 8  

6.446E 0 8  

5 

0. 

1.442E 06 

2 . 9 7 5 ~  06 

4.670E 06 

6.520E 06 

1 . 0 5 9 ~  or 
1.562E 07 

2 . 2 0 5 ~  or 
3.081E 07 

4 . 3 9 3 ~  o r  
6.642E 07 

1.120E 08 

1.853E 08 

2.50OE 08 

3.086E 08 

3.621E 08 

4.106E 08 

4.539E 08 

4.918E 08 

5-239E U8 

5.500E 08 

5.698E 08 

5.831E 08 

5.898E 08 

5.898E 08 

6 

0. 

2.242E 06 

4.676E 06 

7 . 5 2 5 ~  06 

I .  I OPE or 
1.955E 07 

2.914E 0 7  

4.066E 07 

5.510E 07 

7 . 3 6 9 ~  or 
9.801E 07 

1.295E 08 

1.673E 08 

2 . 0 7 0 ~  08 

2.462E 08 

2.838E 08 

3.187E 08 

3.505E 0 8  

3.785E 08 

4.025E 08 

4.220E 08 

4.369E 08 

4.469E 08 

4.519E 08 

4.519E OB 

r 
0. 

2.208E 0 6  

4.58IE 06 

7 . 3 0 2 ~  06 

I.059E 07 

i.8oat o r  
2.639E 07 

3.603E 07 

4 . 7 5 2 ~  o r  
6.133E 37 

7 . 7 8 2 ~  37 

9 . 7 0 7 ~  or 
1.186E 08 

I .414E 08 

1.645E 08 

1-870E 08 

2.083E 08 

2.279E 08 

2.453E 0 8  

2.603E 08 

2 . 7 2 6 ~  08  

2.820E 08 

2.884E 08 

2.916E 0 8  

2.9I6E 08 

N . F . / ( T O T  P R O D ) #  4.51341E 06 

8 

0. 

1.629E 06 

3.350E 06 

5.246E 06 

7.382E 06 

I.068E 07 

I .461E 07 

1 . 9 2 3 ~  or 
2.463E or 
3.090E 0 7  

3 . 8 0 5 ~  o r  
4.605E 07 

5.472E 07 

6.382E 07 

7.305E 07 

8.212E 07 

9.078E 07 

9.881E 07 

I .060E OS 

I .  122.5 08 

I .  174E 08 

1.213E 08 

1.239E 08 

1.253E 08 

1.253E 08 

9 19 

0. 0. 

8.489E 05 0. 

1.751E 06 0.  

2.767E 06 0. 

3 . 9 7 1 ~  06 0. 

5.482E 06 0. 

7.303E G6 0. 

9.449E 06 0. 

i . 1 9 ~  or 0. 

1 . 4 7 9 ~  07 0. 

1.799E 0 7  0. 

2.150E 0 7  U. 

2.528E 07 0. 

2.921E 0 7  0. 

3.319E 0 7  0. 

3.712E 0 7  0. 

4.088E 0 7  0. 

4.437E 07 0. 

4 - 7 5 i t  07 0. 

5.024~ or u. 
5.248E 0 7  0. 

5.42lE 0 7  0. 

5.537E 0 7  0. 

5.596E 07 0. 

5.596E 07 0. 
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Figure 5 .  (Contd) 

EXTERMINATOR SAMPLE PROBLEM 

NO-IT-# 97 K-EFF I 1.85746E-01 

GROUP 4 FLUX 

I 

2 

3 

4 

5 

6 

7 

8 

9 

I O  

II 

12 

13 

I 4  

15 

16 

17 

18 

19 

20 

2 1  

22 

23  

24  

25 

I 

0. 

2.430E 06 

4.857E 06 

7.238E 06 

9.432E 06 

l.432E 07 

2.133E 07 

3.121E 07 

4.518E 07 

6.486E 07 

9.214E 07 

1.287E 08 

1.750E 08 

2.252E 08 

2.754E 0 8  

3.233E 08 

3.675E 08 

4.073E 08 

4.422E 08 

4.718E 0 8  

4.958E 08 

5.139E 08 

5.262E 08 

5.323E 08 

5.323E 08 

2 

0. 

2.430E 06 

4.857E 06 

7.238E 06 

9.432E 06 

I.432E 07 

2.133E 07 

3.i21E 0 7  

4.518E 07 

b.486E 0 7  

9.214E 07 

1.281E 08 

1.750E 08 

2.252E 08 

2.754E 08 

3.233E 08 

3.675E 08 

4.073E oa 

4.422E 08 

4.718E 08 

4.958E 08 

5.139E 08 

5.262E 08 

5.323E 08 

5.323E 08 

3 

0. 

2.544E 06 

5.157E 06 

7.901E 06 

1.079E 0 7  

1.558E 0 7  

2.213E 0 7  

3.C98E 0 7  

4.292E 0 7  

5.89bE 0 7  

8.038E 07 

1.084E 0 8  

1.574t 08 

2.075E 08 

2.558E 08 

3.008E 08 

3.420E 08 

3.789E 08 

4 . l l l E  08 

4.384E 08 

4.606E 08 

4.774E 08 

4.886E 0 8  

4.943E 0 8  

4.943E 08 

4 

0. 

2.545E 06  

5.189E 06 

8.069E 06 

I . I S 0 E  07  

I .6%E 0 7  

2.336E 07 

3.242E 07 

4.437E 07 

6.ODOE 07  

7.983E 07 

I.030E 08 

1.493E 08 

1.961E 08 

2.410E 08 

2.828E 0 8  

3.210E 08 

3.553E 08 

3.852E 08 

4.lC6E 08 

4.312E 08 

4.468E 08 

4.573E 0 8  

4.626E 08 

4.626E 08 

5 

0. 

2.469E 06 

5.023E 06 

7.742E 06 

I.066E 07 

1.577E 07 

2.242E 07 

3.  l 0 8 E  07 

4.242E 07 

5.730E 07 

7.67bE 07 

1.016E 08 

l . 4 1 6 E  08 

1.833E 08 

2.230E 08 

2.605E 08 

2.949E 08 

3.259E 08 

3.530E 08 

3.760E 08 

3.947E 08 

4.089E 08 

4. 185E 08 

4.233E 08 

4.233E 08 

6 

0. 

2.221E 06 

lr.527E 06 

7.003E 0 6  

9.731E 06 

1.594E 07 

2.329E 0 7  

3.223E 0 7  

4.337E 07 

5.737E 0 7  

7.495E 07 

9.657E 07 

1.222E 08 

l.497E 08 

1.773E 08 

2.039E 08 

2.289E 08 

2.516E 08 

2.717E 08 

2.889E 08 

3.029E 08 

3.136E 08 

3.207E 08 

3.244E 08 

3.244E 08 

7 

0. 

1.824E 06 

3.730E 06 

5.806E 06 

8.163E 06 

I .348E 0 7  

I.949E 07 

2.651E 07 

3.487E 07 

4.486E 0 7  

5.668E 07 

7.037E 0 7  

8.562E 0 7  

I.018E 08 

1 . 1 8 2 ~  08 

1.343E 08 

I.496E 08 

1 .636E 08 

I .76 l  E 08 

1.869E 08 

1.957E 08 

2.025E 08 

2.070E 08 

2.093E 08 

2.093E 08 

N . F . / { T O T  PROD)# 4.5134lE 06 

8 

0. 

I -262E 06 

2.572E 06 

3.978E 06 

5.510E 06 

7.858E 06 

1.068E 07 

1.402E 0 7  

1.792E 0 7  

2.244E 0 7  

2.758E 07 

3.331E 0 7  

3.952E 07 

4.603E 07 

5.265E 07 

5.9I6E 0 7  

6.538E 07 

7.115E 0 7  

7.632E 0 7  

8.080E 07 

8.448E 0 7  

8.731E 0 7  

8.921E 0 7  

9.018E 07 

9.OI8E 0 7  

9 I O  

3. 0. 

6.424E 05 0. 

1.319E 06 0. 

2.068E 06 0. 

2.943E 06 0. 

4.035E 06 0. 

5.350E 06 0. 

6.90iE 06 0. 

8.700E 06 0. 

I.076E 0 7  0. 

1.306E 07 0. 

1.559E 07 3. 

1-830E 0 7  0. 

2.113E 07 0. 

2.400E 07 0. 

2.682E 07 0. 

2.953E 07 0. 

3.205E 0 7  0. 

3.431E 07 0. 

3.628E 0 7  0. 

3.790E 0 7  0. 

5.914E 07 0. 

3.998E 0 7  0. 

4.04lE 07  0. 

4.041E 0 7  0. 
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Not a t  ion 

A 

C 

FA 
f 
I, JYP 

k 
L 

M 

R 
v 
W 

a,,b:c,d 

a’ 

a’’ 

I n  Eq. ( 2 )  the  matrix whose elements a r e  constants involving 

absorption, leakage, and group-to-group sca t , te r ing  p r o p e r t i e s .  

I n  Eq. (6)  a quant i ty  involving the  proper t ies  of l i n e s  and 

groups o ther  than the  one considered. 
- 

(Pn - 0 

xn - x - 
In  Eq. (>), a row matrix a l l  of whose elements a r e  1 and having 

as many elements as there  a r e  f luxes t o  be calculated.  

A dr iv ing  f a c t o r  defined by Eq. (31) o r  Eq. (32) .  

I n  Eq. (L), t he  product of the volume of a mjesh quadrant and 

the  VC appropriate  t o  the  group and the quadrant. 

The e f f e c t i v e  mul t ip l ica t ion  constant = l/X. 

I n  Eq. (4), a matrix whose elements a r e  zero except f o r  those 

below the diagonal which are the  negative of the  corresponding 

elements of A.  

I n  Eq. (2) ,  t he  matrix whose elements a r e  constants  involving 

f i s s i o n  p rope r t i e s .  

I n  Eq. (7), ca lcu la ted  constants  used t o  determine f luxes by 

the  l i n e  re laxa t ion  method. 

I n  Eq. (14), an a r b i t r a r y  constant .  

A diagonal matrix composed of the diagonal elements o f  M. 

A matrix whose elements a r e  zero except f o r  those below the  

diagonal which a r e  the same as the  correspond-ing elements of M. 

I n  Eq. (l), a number equal t o  the  input  source s t rength  i n  

neutrons per  cubic centimeter p e r  second times the appropriate  

quadrant volume. 

I n  Eq. (l), 
quadrant surface areas;  subscr ipted I, J , K .  

I n  Eq. (I), a constant involving quadrant volumes and absorp- 

t i o n  and removal cross sec t ions ;  subscr ipted I , J , K .  

I n  Eq (l), a constant involving quadrant vol-umes and i n -  

s c a t t e r i n g  cross  sec t ions  from groups o ther  tnan the  one 

considered; subscr ipted I, J,P,K. 

f 

constants  involving d i f fus ion  proper t ies  and 



f3 In Eq. (4), the over-relaxation coefficient. In point re- 
laxation, it is applied to the computation of each new flux 

as soon as it is calculated. In line relaxation, all the 

fluxes on a line are calculated, and then the fluxes of that 

line are all over-relaxed simultaneously. 

The eigenvalue of the problem, equal to l / k ;  h, is the estimate 
of h at iteration n. 

h 

- 
X The exact eigenvalue of the problem, the smallest positive 

eigenvalue of Eg. (2) - 
p In the Linearized form of the iteration problem, the decay 

rate o f  the error (T - Qn) or (x - h,) . 
Neutron flux; @ is the neutron flux associated with x; @* is 
the calculated neutron flux before over-relaxation. 

- - 
@, 0, @* 

CT The estimated largest error decay rate. 

The fraction of fission neutrons which appear in group K. XK 

Subscripts 

I, J Integers denoting row and column positions respectively of a 

mesh point. 

K Group number 

P A dummy index in Eq. (l), denoting group number. 

n Iteration number; this appears also as an exponent in Eqs. (14), 
(1% and (17). 

. 



60 

Bibliography 

1. M. L.  Tobias and T. B. Fowler, "The Equipoise Method - A  Simple 

Procedure f o r  Group-Diffusion Calculat ions i n  Two and Three Dimensions," 

_- TJuel. Se i .  Eng., 12(4) :  pl3-518 (1962). 
2 *  M. L. Tobias and T.  B. Fowler, "The TWENTY GRAND Program f o r  the  

l'iurnerical Solut ion of Few-Group Neutron Diffusion Equatiom i n  Two- 
Ilirnensions, '' USAEC Report OR?&-32OO, Oak Ridge National Laboratory, 

December 1961. 
3. T.  B .  FoLwer and M .  L. Tobias, "EQUIPOISE-3: A Two-Dimensional 

'I'wo-Group, Neutrop Diffusion Code f o r  t h e  IBM-7090 Computer," USAEC Report 

ORNL-3199, Oak Ridge National Laboratory, February 7, 1962. 

4. M. L. Tobias and T. B.  Fowler, "EQUIPOISE - An IBM-704 Code f o r  

the Solut ion of  Two-Group, Two-Dimensional, Neutron Diffusion Equations 

i n  Cyl indr ica l  Geometry," USAEC Report OR?&-2967, Oak Ridge National 

Laboratory, October 17, 1960. 

5 .  M. L. Tobias, D. R. Vondy, and T.  B.  Fowler, "A Hote on a Simple 

Met,hod f o r  Acceleration of Fini te-Difference Group-Diffusion Calculat ions,"  

-- Aluc:l. Se i .  Eng., 13(1): 98-99 (1963). 
6. M. L .  Tobias, "On Group Rebalancing as Used i n  the Equipoise 

PCl'[et,hod, USAEC Report ORNL-TM-788, Oak Ridge National Lal3oratory, Feb. 9, 
1964 a 

7. D. R. Vondy and T.  B. Fowler, "Computer Code TONG f o r  Zero- 

Diniensional Reactor Depletion Calculat ions,"  USAEC Report t o  be issued.  

8. Richard S .  Varga, Matrix I t e r a t i v e  Analysis, Prent ice-Hal l ,  Inc.  

(1962). 
9. F. B. Hildebrand, Introduct ion t o  Numerical Ana:Lysis McGraw-Hill 

-9 

Eook Co., Inc . ,  (1996). 

. 



61 

I n t e r n a l  D i s t r ibu t ion  

1. 
2 .  
3 .  
4 .  
5 .  
6. 
7 .  
8. 
9. 

10. 
11. 
12. 
1.3 - 

14-38 - 
39. 
40. 
41. 
42. 
43 * 
44. 
45 - 
46. 
47 ' 
48. 
49 * 
50 - 
51 - 
52. 
53 

H. F. Bauman 
S .  E. Beall  
L .  L .  Bennett 
M. Bender 
E. S .  B e t t i s  
A.  L .  Boch 
R .  5. a r i g g s  
R .  S .  Carlsmith 
R .  D.  Cheverton 
H. C .  Claibornc 
R.  R. Coveyou 
C .  W .  Craven, Jr. 
J. G .  Delene 
T.  B. Fowler 
A.  P. Fraas 
E. H. G i f t  
L.  Jung 
T. W .  Kerlin,  Jr. 
W .  E. Kinney 
J. L .  Lucius 
M. I,. Lundin 
R .  N.  Lyon 
H. G .  MacPherson 
H. C .  McCurdy 
B.  Maskewitz 
A. J. Mi l l e r  
E. A. Nephew 

' C .  W .  Nestor, Jr. 
R .  C .  Olson 

54 * 
55 
56.  
37 0 

58 * 
59 * 
60 
61. 
02. 
63 - 
64. 
65 - 
66. 
67 - 
68. 
69. 
70. 
71 * 
72 * 

73 - 
74 * 
75 
76 - 
77 * 

78-79 * 

80-81. 

85 
86 e 

82 -84. 

A .  M. Perry 
P. H. Pitkanen 
C .  M. Podeweltz 
C .  A.  P r e s k i t t  
B, E. Prince 
M. W .  Rosenthal 
H, W. Savage 
A. W .  Savolainen 
M. J. Skinner 
E.  G .  S i l v e r  
0. L. Smith 
I. Spiewak 
W .  E. Thomas 
M. L .  Tobias 
M. E.  Tsagaris 
D. B. Trauger 
R.  Van Winkle 
D. R.  Vondy 
F. G .  Welfare 
G.  D. Whitman 
G. E. Whitesides (K-25) 
J. V.  Wilson 

CDP Library (K-2>) 
Cen t ra l  Research Library ( C R L )  
Document Reference Section (DRS) 
Laboratory Records Department (LRD) 
Laborat,ory Records Department (LRD-RC ) 
Reactor Division Library 

K.  J. Yost 

External D i s t r ibu t ion  

87-101. Division of Technical Informatior1 Extension (DTIE) 
102. Research and Development Division, OR0 

103-104. Reactor Division, OR0 

4 


