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The wnattmriatical model described he re in  I.s a requirement i n  tihe devel-  
opment o f  an on-l ine d i g i t a l  compnter system for the  Hi@ Flux Isotope 
lieactor ( H F I R ) 1 - ~ 2 .  The information provided by t h i s  model, a long  wi th  
shim p l a t e  p o s i t i o n  and w o ~ t h ,  w i l l .  enable  t h e  computer t o  prevent  unsafe 
automatic shim p l a t e  withdrawal. due t o  abnormal core r e a c t i v i t y  losses ,  
This t a s k  w i 1 . l  be accompl ishd  by i s s u i n g  a shim withdrawal permit t o  t h e  
c o n t r o l  system on ly  under no -ml .  ope ra t ing  condi t ions,  and w i l l  r e l i e v e  
t h e  r e a c t o r  oper.ator of t h e  present  r e s p o n s i b i l i t y  f o r  t h e  d i f f i c u l t  t a s k  
o f  assessill8 r e a c t i v i t y  changes from 1J.nknown SO?ITCe's.  

The model w i l l  be t h e  Sasis for. an on- l ine  d ig i - ta l  computer program 
t o  c a l c u l a t e  t h e  expected. r e a c t l v i t y  balance a t  a l l  times du r ing  t h e  l i f e  
of a core.  
a s s o c i a t e d  wi.th f u e l  burnun wid burnable poison d e p l e t i o n  and of t h e  con- 
c e n t r a t i o n  of l35Xe and l49Fm and o t h e r  f i s s i o n  products,  and t h e i r  e f f e c t  
on r e a c t i v i t y .  Changes i n  reactivity due t o  temperature changes and o t h e r  
minor e f f e c t s ,  such 8s t hose  due to poisoning of h e  beryl l ium r e f l e c t o r  
and b u m i p  of . target ma te r i a l s ,  ame a1 so included. 

The computer w i l l -  keep am account of changes i n  r e a c t i v i t y  

MODEL 

In developing a model. to c a l c u l a t e  changes i n  r e a c t i v i t y  on an on- 
l i n e  d i g i t a l  computer, t y p i c a l l y  of on ly  small stopage capac i ty ,  con- 
s i d e r a t i o n  must be given t o  s i m p l i c i t y .  A t  t h e  sa.me t i m e ,  t h e  model must 
include t h e  essent ia l  phys i ca l  pherzornena. In the case o f  t h e  €€FIR it i s  
considered e s s e n t i a l  t o  incl.ude the e f f e c t  on r e a c t i v i t y  of  marked changes 
i n  the- spatial neutron flux d i s t r Y o u t b n  during t h e  l i f e  of  a core.  
Separate mul.tic;r,roup space-dependent burnup c a l c u l a t i o n s  a t  f u l l  power of 
100 Mw have al-ready been performed f o r  t h e  H F I R ,  Use rnay be made of 
t h e  r e s u l t s  o f  t h e s e  c z l c u l a t i o n s  Lo o b t a i n  c o r r e c t l y  averaged micro- 
scopic  cross s e c t i o n s  f o r  a c o n s i s t e n t  one-energy group model., 

The starLing p o i n t  will be tile one - ene rgy-g roup-ave rn~e~  pseudo -steady 
s t a t e  di-ffusion equation 

I 

1. L.C. Oaker,, A R c a c t i v i t y  Computer;* for U s e  w i th  Nuclear Reactor 
Control Systems, M. S. -thesis, IJniv.  Term., ORNL-3685 (Sept. 1 9 t ' d T  



5 

Ix w r i t i n g  Eq, 1 it, in implied that D; 
averaged the enti.ye neut:ron cx!es.gy ~ p z ~ t r u r n  f m r n  t 'nemal  t o  fission 
ene rg ie s  a t  d i f f e r e n t  poinix in the  rca.etor and are func t ions  of' p o s i t i o n .  
%e symbol T(x) r.epm::;ent;; Lhe temperstuse a-L position (x) - 2.n t h e  ren.ctor.  
Die group -uveFaged constant:; are tempe ratuxe dependent beczuse the neut ron  
energ,y spectrum i s  dependent or1 tempera-Lure. 2, and vZf can be vrikkeri as 

vG. f" and Cngn zre  cons t an t s  

and 

where t h e  t o t a l  macroscopic e . ~ , i ~ L u r ~  crosb; ;.ecition C, includes Cnzn aad 
as w e l l  as o t h e r  cspture cross sections. 

We are interesttd in chaages :in r.ea.c;t6i.vi.i;y as a result of changes i n  

D, C , ,  vCf, and Cr12,. It is  convenient to write Eq. 1. i n  t'ne f c l r m  

and K i s  t h e  neutron p.roduction u ~ ~ e r a t o r  def ined  by 



f 
where @ is.+the adjoint neutron f lxx  d i s t r i b u t i o n .  
a d j o i n t ,  @ = @ , and Eq. 3 b-comes 

Since Fq. 1 is  self- 

It i s  appropr ia te  at t h i s  s t age  to jnt roduce t h e  following assumptions: 

Changes in difl 'usion coefficient with bumup m y  be neglected,  
so that 

1. 

2 .  Cilanges in Cn2n f o r  the bery l l ium reflector may be ignored, so 
t h a t  

This assumption implies  no th ing  about; bery l l ium poiso ing, since 
t'nis occurs as a r e s u l t  o f  the buildup of the poison ki. through 
a sepa ra t e  13e (n,a) r- rRCt::LOn. 

With t h e s e  assumptions, Fq. 4 becomes 

Mow, 

v'nere w e  'nave defined a volu.rne-:ivesaged flux i n  region r 
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and a volume-averaged nuclide c:aazen'cration in region r 

and where 

That is, SrZ[x,T(x)]$ 2 (x)dX.in region r i s  veprek:ented as the product of 
- c  

the  squar  
sect ion Z ~ ' ~ ( T y ) ,  and t'ne vo l i lme  of' the re@.one '11, is the  average temp- 
erature In region I-. 

f tinecaverage neutron flux i n  region r, the e f f e c t i v e  csoss 

A change i n  ~r~acroscopic  ci.bsox-ption cross st?c.bion i n  region r its a 
result of burnu;? and temperature chxn2.e i n  -bbLat region i n  the small t i m e  
i n t e rva l  6-t is given to first  order by 

Simi lar ly ,  
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511e c o n t r i b u t i a n  to LEie r e a c t i v i t y  chmg:Fi i n  Q. 5 from changes i n  region 
r i s  Lhus: 

where the s -simmation i n  the denominator i s  over  a11 regi-ons con ta in ing  
f i s s i l e  material and beryl l ium. The coinponent 

i s  the con t r ibu t ion  t o  Llic change i n  r e a c t i v i t y  of the reactor due t o  a 
change i n  average temperature of  rcg.ion r so t'iiat 

i s  i d e n t i f i e d  as Lhe temperature c o e f f i c i e n t  C Y ( ~ I ( T , )  of t h e  r e a c t o r  for- 
t h a t  r eg ioo ,  The coiitr ibii t ion to t h e  r e a c t i v i t y  change from regio?z r 
given by JZq. 7 can tihvs be w-rit'i, or1 as 
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a_, (x t) If a t  xe 2 



Q u a t i o r i s  f o r  chrl~ig.;  i r t  c o ~ c c a t r ~ t i o a  of targcL t i ~ t t > l . ~ i a l s  are  not 
jncluded. Since the seac t i v i t y  chaage associ- t ted with the target is s m l l  
over the l i f e t i m e  of a core,  L L L  will bc- t a k e n  into accoimt by a simple 
l i n e a r  r ep resen ta t ion ,  t h e  f 'om of  whtch Is ob',dined f corn scpardte ,-extor 
physics c a l c u l a t i o n s ,  super? nqosed 911 the o tner reac ti\, 3 ty changes i n  - 
cluded i n  tile model, By regard jng  "Li as the only s i g n i f i c a n t  bery l l ium 
poison, w e  tire ignoring the  buildup of the poison 3fie,? which is funned 
from the decay of tr i t iuir .  i n  beryl l ium w i t l t  a half-llf:. of 52*5 yeaxs. 

Pntegrat ion oi' both s i d e s  01- EQ. 3 oves i-egion r and dividing by t h e  
vol-ume of  region r gives 

which implies  that 
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'&-e Be(n,%-n) r e a c t i o n  and thc Be ( n , a >  reaction both  o c c i x  ir; t h e  reflector 
wiYn fas t  neutrons (X.7 W v )  arid w i l l  'OF: relatively imaffected by  the 
p o s i t i o n  of Yne shim p3.atet between the co-tt:'? arid reflector. 
inf luence wj-l.1. be t h e  fast neutron prclductiori r a t e  in the COLY. Fi1rther.- 
more, bo th  of t h e s e  reac t ion  rate.; :ire srixi.1- compared wi ,%h IAE fit:gioLi 

neutron release rate. It w i l l  s u f f i c c  to write 

'%e imin 
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Kegiori Index Jden t i f i ca t i  on 5 (r) a (r) 
ca 

-----I-. 

a-t \=f 
_l_______ll_  ̂ ...- LI r in Fig. 3. __--.-.--- 

3 (fuel.) 

4(fue l  coolant) C,E 

7 (beryllium) G,H 

0 

0 

21 24 5 4  con FROM CORE PO CENTER 

7 

a 
3 FUEL 
4 FUEL COOLANT 
7 - BERYLLIUM 

R E F  LECTOR 
50 cm 

Fig. 2. Diagmm of BYEi Spat ial. 1kgi.om Used in l b d c l  (dimensions 
are approximate ) . 



The ratio of t h e  average flux 3.n regLon r' to the  average f l u  in the fuel 
region (r = 3 )  w i l l  be 
p o s i t i o n  s ; t h a t  is, 

assumed to IX? 1inear3-y dependen% on shirr1 p l a t e  

With a similar si rnpl i f icu ' r ion,  Eq. 26 w i t h  I' = '7 becomes 



+ C 6Ts . 
r 

(33 

Ln t h e  normal cou.rse of ope ra t ion ,  E; i s  a,pproxima-Lely equal t o  1 i n  
Eq. 33. In s p e c i a l  s i t u a t i o n s ,  such as an ac  power f a i l u r e  o r  a n  a c c i d e n t a l  
shim-plate  drop, t h e  r e x t o r  vi11 undergo t r a n s i e n t s  i n  which k wLU. depa r t  
from u n i t y  f o r  s h o r t  i n t e r v a l s  o f  t ime.  
con t r ibu t ion  t o  b p  from xenon w i l - 1  be so predominant t h a t  no s igf i i f - icant  
error  w i l l  be introduced by always us ing  k = 1 i n  Eq. 33. 

Typica l ly ,  i n  such t r a n s i e n t s  t h e  

_. 
Only two temperatures  need be included in t h e  sum CCt(r)6Tr, t hese  

r 
be ing  t h e  average f u e l  t e m p e r a t u x  T. arid +,he average fue l  coolan t  temp- 3 e r a t u r e  T4. 
sensors and w i l l  be calcula-t;;.d by t h e  o n - l i n e  computer. The foll.owLng 
equat ions,  which include (3eI.ayed hea-t,ing e f f e c t s  , w i l l  be used t o  repyesent  
t h e  behavior  of Tj and T4: 

The requi red  ternperatures  T3 and T4 are n o i  avaiI.ab1.e from 

Y = (1 - y h ) P  4- w , (35) 

d t  





Table I1 Symba 1. ard 'Lkeir Nurclestcal Values 

Mathematical Conipiit e .r b'or-Lran 
Symb o I __ Spibo I 

4 3  0 

5 
c: ( 3  

"5 
(3 
f5 

ws 

h 
P'n 

SA5 s3 

-22 
'7.200 x 10 

8.548 x LO -22 

-22 
3.929 x 1-0 

-21 3.650 x 1.0 

5.435 x 

0 .O 

2.8'7 x lo+ 

6.1 x iom2  

1 .Bo8 x 

-is 2.693 x 10 

-3 1.90 x i o  

0.0 

2.58j x 10 -6 

I .646 x IO-* 

6.339 x 10 

8.66 x 10 

-20 

-20 
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and e f f e c t i v e  c ros s  sec t ions  appearing i n  t h e  t a b l e  a r e  such t h a t ,  when 
miiltipl.ied by t h e  corresponding the:nn;iI. f lux,  t h e  c o r r e c t  r c a c t i o n  r a t e  
f o r  neutrons of all ene rg ie s  r e su l t s .  A p l o t  ( ~ ' i g .  3 )  of r e a c t i v i t y  vs 
t.i.me for a ;;ing,3.e core l i f e  give:; r e a c t i v i t y  changes due t o  burnup at f u l l -  
pover operat ion us ing  the Val-ues of  Table 12 i r i  t h e  Fortran Program SC 
(Appendix I) for the above model. , Figure 3 also shows stmilar r e s u l t s  
obtained F r o m  prel-iminary tm-ltigroup space -dependent reactor physics  c a l -  
culation:;? f o r  coniparison. Agreement i s  seen t o  be of t h e  o r d e r  of 0.5%. 

Further  work w i l l .  be aimed at the iric1usi.o.n of t h e  temperature e f f e c t s  
and t h e  modif icat ion o f  t h e  conrpilt,e:-r program t o  m k e  it compatible w i t h  the 
on - l ine  co~ ipu te s  system. Operating experience on the HFIR a long  wi th  d a t a  
from future experiments w i l l  make it, p o s s i b l e  t o  f i t  the model more ci.ose?..y 
t o  t h e  a c t u a l  r e a c t o r  once t h e  on-lirre computer system i s  in .  operation. 
Studies  w i l l  be nmde t o  a s c e r t a j h  whether o r  no t  the program, i n  i.ts 
p resex t  state of  devel.opment, can be applied t o  a l l  t r a n s i e n t  condi t ions 

'T. M. Sims  and R. D. C'neverrton, pi-ivate communication. 
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NOTATION 

1) Diffusion coci'f i c  i e n  1 

T Temperature 

X Po s it ion vector  - 
cfi Neutron f lux 

c bhcro s cop i c  cross s e c t  ion 

k blu i t ip l ica t ion  constant  

V Neu.trons per f i s s i o n  

B Microscopic c ross  sec t ion  

N Nuclide dens i ty  

J lkut ron  des t ruc t ion  opera.Lor 

K Neutron product ion ope rat, or 

P React iv i ty ,  def ined by (k-l)/k 

@+ M j o i n t  neutron flux, neutron irnportance 

v Volume 

Average temperature of region r 

Average neutron f l u x  i n  regton r 

Average concentrat ion of nucl ide i i n  region r 

*r 

@(r) 

N i  ('I 
o Effec t ive  microscopic cross section f o r  nuc l ide  i i n  region r, 

as defined by EQ. 6 i 

c Effec t ive  mcroscopic  crass  sec t ion  j.ri region s 

a (r) 

"'r (5 

i 

Tcmperaturc co t - r f i c i en t  of r e a c t i v i t y  of region r 

Effec t ive  micro:,i:opic cross s e c t i o n  for nucl ide i in region i", 
as def ined by  EQ. 18 

S Ef'i'ert<ive s h i m  p l a t e  postbion 
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c: f 
I: 
f 

P 

&at t ransfer  c o e f f i c i e n t  for h e a t  transfer. f r o m  f u r l  t,n fuel. 
e 00 l a n t  

f A 

M c 

c c 

7 
c 

in 
T 

Core t r a n s i t  t i m e  for fuel eoolant  

Temperature of  f u e l  csol;mt at i n l e t  +;o core, ar;sum~d firx_,?d 

Fr8etion of t h e m i l  power delayed 

Delayed 'thermal power 

Total. heat source 

w 

Y 

a 

Capture (3 

f 

n2n 

Fis s ion  

~e (n, 2n 1 r eac t ion  

i Nuclide I 

r 

5 

10 

1 135, 

Pseudo 3311 isotope p m 
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sup e r s c r i p t  s 

(r) Region r 

( s )  Kegion s 
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