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1. SUMUAHY. 

In  making t r ans i en t  s tudies  on the behaviour of  g a s  
cooled graphi te  moderated thermal r eac to r s ,  one o f  the  s e t s  o f  
mathematical equations involved i s  t h a t  f o r  r eac to r  heat 
t r a n s f e r  . 

These equations have f o r  inputs :  r eac to r  power, 
reac tor  gas flow and reac tor  i n l e t  gas temperature; and produce 
as output,  reac tor  ou t lo t . gas  temperature, the uranium and 
graphi te  r e a c t i v i t y  a f fec t ing  var iab les ,  and the maximum f u e l  
element temperatures. 

The paper considers the der iva t ion  of such equations. 
Prom the  cpnsideration of a un i t  length o f  one f u e l  element 
channel i n  the core,  p a r t i a l  d i f f e r e n t i a l  equations of  the 
system a r e  determined. These a r e  integrated i n  space, t o  give 
the form required f o r  analogue computer studies, i . e .  simultan- 
eous ordinary non-linear d i f f e r e n t i a l  equations. 

m o d e r a t o r  design, viz:  a solid-block type o f  moderator, and a 
moderator involving i n  p a r t  a graphi te  f u e l  element supporting 
sleeve . 

The f i n a l  equations a re  given f o r  two va r i an t s  i n  

Account i s  taken of hegt t r a n s f e r  by conduction i n  
the  s o l i d s ,  and by convection and thermal r ad ia t ion  i n  and 
between the  gas spaces. 

2. SYMBOLS. 
, 

bl a constant equal tou1/wc 

* General E l e c t r i c  Co. L t d .  of England, E r i t h ,  Kent. 1 
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a constant equal t o  v2/wc 

heat capacity per un i t  length o f  can 

heat capacfty per un i t  length o f  gas ins ide  sleeve 

heat capacity per un i t  length of gas outside sleeve 

heat capacity per un i t  length of sleeve 

heat capacity per un i t  length of main moderator 

heat capacity per un i t  length of surface region of 
s o l i d  moderator 

hea’c capacity per un i t  length of bulk region of 
s o l i d  moderator 

heat capacity per un i t  length o f  uranium 

va r i a t ion  o f  heat t r a n s f e r  coef f ic ien t  of convection 
with gas flow 

heat generated per u n i t  length of channel a t  the point 
of maximum cafi temperature 

maximum value of heat generation per u n i t  length i n  
the channel 

- .  
U L  3 (  I++; S &  T,) a constant; equal t o  

k2,  k g s  k55s k7 a re  defined by equation ( 2 9 )  

k8, kg constants defined by equations (23 ) ,  ( 2 6 )  

1 
L 

L1 
m the  r a t io  W/Wc , 

length along channel from cold end 

t o t a l  length o f  uranium i n  channel 

e f f ec t ive  extrapolated length of a x i a l  flux 

n the  ra t io  P/Pc 

P reac tor  power production 

Pc channel power production 

“r 

RA 

radius  i n  uranium at  point ‘k 
I heat t r a n s f e r  coef f ic ien t  f o r  rad ia t ion  between can 

and sleeve 

1 
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heat t r a n s f e r  coef f ic ien t  f o r  r a d i a t i o n  between 
sleeve and main moderator RB 

R a m l  = R f i  (Ta4  - T m 1 4 )  1 
R m l m 2  

RmamL 

Rmac L 

Raml , 
T a  

T m 1  

Tm2 

TU 

Tc1 

Tc 2 

Tc i 

TclO 

Tc20 

TcO 

Tma 

TmU 

T U 2  

- 

TCQ 

TmQ 

T 

U 1  

u2 

u3 

u4 

= R~ ( ~ ~ 1 4  - ~ ~ 2 4 )  1 A l l  temperatures i n  
= Rc) ( T m a 4  - Tmg4) 

= R A  (Tma4  - Tct4) 

absolute degrees 

e tc .  are  defined by assumption 1 6  

can temperature at  point 4 

mean sleeve temperature a t  point 4 
mean main moderator temperature a t  point a 
mean uranium temperature a t  point 4 

gas tempe,rature inside sleeve a t  point 1 

gas temperature outside sleeve a t  point J? 

gas i n l e t  o r  cold duct temperature 

o u t l e t  temperature of  gas ins ide  sleeve 

o u t l e t  temperature of gas outside sleeve 

mixed gas ou t l e t  o r  hot duct temperature 

maximum can temperature i n  the reac tor  

maximum uranium temperature i n  the reac tor  

l o c a l  value of TU a t  point where Tma occurs 

loca l  value of T c l  a t  point where Tma occurs 

l o c a l  value of T m l  a t  point where Tma occurs 

s t a t i s t i c a l l y  weighted mean value of temperature T 

heat t r a n s f e r  coe f f i c i en t  f o r  conduction i n  uranium 

heat t r a n s f e r  coe f f i c i en t  for  convection .between can and gas I 

heat t r ans fe r  coef f ic ien t  f o r  convection between 
sleeve and gas inside sleeve 

heat t r ans fe r  coeff ic ient  f o r  convection between 
sleeve and gas dutside sleeve 

L 
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heat t r a n s f e r  coef f ic ien t  f o r  convec,tion between main 
moderator and ga.s 

heat t r a n s f e r  coef f ic ien t  f o r  conduction i n  uranium 
where Tm occurs 

heat t r a n s f e r  coef f ic ien t  f o r  convection between can 
and gas a t  point where Tma occurs 

heat t r a n s f e r  coef f ic ien t  f o r  conduction i n  s o l i d  
moderator between surface and bulk regions 

gas v e l o c i t i e s  ins ide  and outside s leeve,  respect ively 

r eac to r  gas flow 

channel t o t a l  gas flow 

proportions of power generated i n  f u e l ,  sleeve and main 
moderator respect ively d + p +'rl = 1. 

the  r a t i o  
PC 

3. INTRODUCTION. 

1. ' I n  simulating the t r ans i en t  behaviour of  a nuclear 
r eac to r  and i t s  heat removal and power generation system, 
the  various components a re  t r ea t ed  as  separate  blocks w i t h  
appropriate interconnecting var iables .  Typical blocks a re  : 
Reaptor Neutron Kinetics,  Reactor Heat Transfer,  Steam Raising 
Unit Heat Transferp Steam Turbine and Generator. 

2. I The Neutron Kinetics block accepts r e a c t i v i t y  a s  a 
var iab le ,  and produces reac tor  power as output. 
Heat Transfer block simulates the remaining important 
var iab les  i n  the  r eac to ro  

3 .  7, Three important t y p e s  of information a r e  provided by 
t h e  equations comprising the  Reactor Heat Transfer block: 

The r e l a t ionsh ip  between the  nuclear power 
produced and the heat removed f rom the  reac tor .  
The heat removed i s  given by the gas f l o w  r a t e  
multiplied by the. enthalpy gain. I n  prac t ice  , 
t he  temperature r i s e  and a mean spec i f i c  heat i s  
used f o r  enthalpy gain. 

The Reactor 

( a )  

( b )  The temperature va r i a t ions  which a f f e c t .  r e a c t i v i t y o  
F o r  a C02 cooled r eac to r ,  only the uranium and 
graphi te  temperature changes produce s ign i f i can t  
r e a c t i v i t y  changes. 
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4. 

The per turbat ion theory of neutrons ind ica t e s  
t h a t  i n  general  the overa l l  r e a c t i v i t y  i n  a 
r e a c t o r  should be obtained by weighting the l o c a l  
r e a c t i v i t y  by the square of  the l o c a l  flux. 
This i s  known as s t a t i s t i c a l  weighting. Thus t o  
ob ta in  a s i k l e  temperature t o  ind ica te  r e a c t i v i t y  
change, i t  i s  neceqsary t o  weight the l o c a l  
temperatures i n  the same way, along the channel and 
across  the core rad ius ,  although ar i thmet ic  mean 
values a r e  appropriate across  a s ingle  f u e l  element. 

The appropriate temperature f o r  the uranium e f f e c t  
i s  not known exact ly ,  but as it i s  probably between 
the mean uranium surface and the ove ra l l  Sulk mean 
uranium temperature, both these cases a r e  always 
considered. 

The r e a c t i v i t y  change i n  the moderator i s  more 
complex, s ince the temperature coe f f i c i en t  va r i e s  
with temperature, and with d is tance  f r o m  the f u e l  
element. Experiments have been car r ied  out by 
the  U.K.A.E,A.  on a moderator system cons is t ing  
of  two concentric graphi te  cyl inders  per f u e l  
element, and r e l a t i v e  r e a c t i v i t y  coe f f i c i en t s  have 
been measured f o r  t h i s  system. 

Thus t o  de-fermine the r e a c t i v i t y  changes due t 6  . 
temperature i n  the r eac to r ,  it i s  necessary t o  
produce:- 

For the uranium, a constant coe f f i c i en t  operating 
on e i t h e r  the s t a t i s t i c a l l y  weighted mean uranium 
temperature, o r  the s t a t i s t i c a l l y  weighted surface 
uraaium temperature; and f o r  the graphi te ,  two 
appropriate  s t a t i s t i c a l l y  weighted mean temperaturcs, 
w i t h  separate  non-linear temperature coe f f i c i en t s .  

The m a x i m u m  temperatures which occur i n  the core. 
The important temperatures a r e  the m a x i m u m  uranium 
and maximum can temperature, and the  gas  o u t l e t  
temperature. Other temperatur.es a r e  not i n  
general  of s u f f i c i e n t  importance t o  warrant t h e i r  
de l ibe ra t e  inc lus ion  i n  the  equations. 

It has been found that represent ing the maximum 
temperatures as simple ratios of  other  appropriate 
temperatures does not  give an adequate accuracy 
f o r  these temperatures and separa te  equations 
have t o  be obtained for the m a x i m u m  temperatures. 

The required form of outputs from the r eac to r  heat  
t r a n s f e r  equations i s  obtained f rom the above considerations.  
It i s  found convenient t o  use the mean can temperature instead 
of  the mean surface uranium temperature, with l i t t l e  e r r o r ,  

L I 
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considering the  uncertainty of the  uranium coe f f i c i en t ,  This 

any reduced accuracy of the simulation. The f i n a l  block 
diagram for t he  equations i s  then as i n  f ig .  1. 

50 The input var iab les  a re  the reac tor  power ( € ’ ) 9  the 
gas f l o w  (W), and the cold duct temperature (Tci) .  

6, I The outputs a re  the h o t  duct temperature ( T c o ) ,  of 
the mixed gas;  the r e a c t i v i t y  a f f ec t ing  temperatures, mean 
uranium (Tu) ,  mean can (Ta) and the  t w o  moderators (Tm1) 
(Tm2); 
the can ( T m a ) .  

saves introducing mothe r  var iab le ,  and does not r e s u l t  i n  e 

P 

and the maximum temperatures of the uranium (Tmui and 

7. The object of the  present paper i s  t o  present 
equations which w i l l  enable the  various output var iab les  
mentioned above t o  be determined as time-varying functions o f  
P9 ‘JV and T c i o  

8, r ,  Two cases a re  considered, one w i t h  a reac tor  having 
graphite s leeves t o  support the f u e l  element, and the other 
f o r  a r eac to r  w i t h  a s o l i d  moderator and no sleeves.  

- 

4 BASIC PRINCIPLES 

96 ’ A s  the  r eac to r  heat t r a n s f e r  equations are  only one 
p a r t  of the  complete reac tor  simulation, i t  is  des i rab le  that 
these equations a re  Rot more complicated o r  extensive than 
necessary. Because of t h i s ,  i t  i s  e s sen t i a l  t o  reduce the  
three-dimensional time varying basic par t ia l  d i f f e r e n t i a l  
equations t o  a s e t  of ordinary d i f f e r e n t i a l  equations which 
eliminate spa t ia l  e f f e c t s ,  

10. ” This i s  accomplished by considering f i r s t  a uni t  
length of one channel of the reac tor ;  producing the par t ia l  
d i f f e r e n t i a l  equations f o r  t h i s  point ;  and in tegra t ing  these 
along the length of that  channel; then the  r e su l t i ng  equations 
a re  extended t o  include the  e n t i r e  core. 

110, The numerical values of the various parameters a r e  
then determined from a knowledge of the steady s t a t e  f u l l  
power value of these parameters. I n  order t o  make the best  
use of the f u e l  element cans, it is  e s s e n t i a l  that the 
specif ied maximum can temperature shall be a t ta ined  i n  each 
channel. A s  the  reac tor  power output per channel is l e s s  
a t  the edges of the core than the centre ,  it is necessary 
e i t h e r  t o  f i t  a gas t h r o t t l e  t o  each channel, o r  t o  vary the  
channel dimensions across  a core, o r  both. 

120 0 

ou t l e t  temperature f rom the channels va r i e s  only s l i g h t l y  
across the core,  being higher at  the edges. 

One r e s u l t  of t h i s  design fea ture  is  t h a t  the gas 
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Assumption 1, 

Reactor heat t r a n s f e r  equations applying satis-  
f a c t o r i l y  t o  one channel w i l l  apply equally t o  
the e n t i r e  core ,  provided t h a t  su i t ab le  mean 
values a re  used f o r  the parameters i n  the 
equations 

I n  a power producing reac tor  the radial  f l u x  
shape i s  usual ly  f la t tened  i n  the cen t r a l  regions 
by the introduct ion of  absorbing mater ia l ;  thus 
a la rge  number of the channels w i l l  behave ident ic -  
a l l y .  To take the overa l l  behaviour of a l l  
channels i n t o  account i t  i s  usual ly  adequate t o  
use the s t a t i s t i c a l l y  weighted parameters f o r  the  
e n t i r e  reac tor  t o  define a s ingle  "e f f ec t ive  
channel" representat ive o f  the whole core 

14.3 The steady s t a t e  temperature d i s t r i b u t i o n s  of the 
gas and f u e l  elements i n  one channel a r e  indicated i n  f i g ,  2. 
The pos i t ions  along the  channel where the  maximum uranium and 
maximum can temperature occur a re  not the same, but the 
difference i s  small. 

15. ,. Consider a un i t  length of a s ingle  channel. The 
arrangement of the components i s  shown i n  f i g .  3. 

bar and can) the cy l ind r i ca l  graphite-supporting sleeve f o r  
the  f u e l  element, and the  main graphite.  The l a t t e r  i s  
arranged f o r  convenience of  ca lcu la t ion  i n  a cy l ind r i ca l  
geometry, and the r e su l t i ng  "ce l l t '  i s  i d e n t i c a l  with t h a t  
taken for nuclear physical calculat ions.  

The steady s t a t e  temperature p r o f i l e  a t  one sect ion 
of the channel i s  indicated on the f igu re ,  and a l s o  the l o c a l  
mean temperature o f  the components. 

The channel cons i s t s  of a f u e l  element (uranium 

1. 

16. _1 Assumptions 2 - 15. 

2. The heat generation along the  channel i s  equivalent 
t o  a cosine d i s t r i b u t i o n  based on a length  equal 
t o  the t o t a l  uranium length  p lus  the f l u x  extrapol- 
a t ion  dis tance a t  each end o f  the  channel. 

It can be shown f rom a consideration of the aotual  
discontinuous heat production t h a t  t h i s  i s  very 
nearly cor rec t  f o r  heat t r ans fe r .  The f lux  d i s -  
to r t ions  due t o  temperature, poisoning, cont ro l  
r o d s  and end e f f e c t s  w i l l  no t  i n  general have a 
l a rge  e f f e c t  on the averaged temperatures. 

3 .  The heat generation i s  divided between the  uranium 
and the moderator i n  a r a t i o  which is  constant 
along the  channel. 

L 
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5 0  

6 .  

7 .  

8. 

9. 

10. 

11 . 

12 . 

The r a d i a l  heat flow out of the graphi'te surface 
o f  a c e l l  i s  zeroo This w i l l  be t r u e  i n  the 
f l a t t ened  f l u x  region, and near ly  t r u e  elsewhere, 
i n  view o f  assumption 1. 

All ax ia l  heat conduction i n  the s o l i d s  i s  
negl ig ib le  compared t o  the r a d i a l  heat t r ans fe r .  
This may be demonstrated numerically t o  be 
reasonable 

The convective heat t ransfer*from the  can and the  
moderators t o  the gas is proportional t o  the  
difference between the mean temperatures o f  the 
s o l i d  concerned and the gas. 

The r ad ia t ive  heat t r a n s f e r  between the can and 
the moderators i s  p r o p o r t i o n a l  t o  the d i f fe rence  
o f  the four th  powers o f  the appropriate absolute 
mean temperatures, a t  a point i n  the  channel. 
Provided t h a t  the surface temperatures are close 
t o  the  mean temperatures, t h i s  w i l l  be reasonable. 

The r ad ia t ion  absorption i n  the gas i s  negl igible .  

The uranium temperature d i s t r i b u t i o n  at  a point 
i n  the channel r e t a i n s  i t s  steady s t a t e  shape 
throughout any t rans ien t .  The e f f ec t ive  time- 
constant f o r  t he  change i n  temperature p r o f i l e  
i s  of  the order of 10  seconds, and consequently 
f o r  most t r ans i en t s ,  t h i s  assumption w i l l  hold 
reasonably, 

The can temperature i s  subs t an t i a l ly  uniform 
throughout i t s  thickness. The e r r o r  produced 
by t h i s  assumption i s  small. 

The gas temperatures ins ide  and outside the 
graphi te  sleeve a r e  each uniform i n  the  r a d i a l  
d i rec t ion ,  Experimental checks have been made 
on t h i s  assumption, 

The temperature d i s t r i b u t i o n s  of  the moderators 
a t  .a point i n  the channel each r e t a i n  t h e i r  steady 
s t a t e  shape during a t r ans i en t .  

F o r  the s leeve,  the  shape w i l l  be very near ly  
l i n e a r  under a l l  conditions. F o r  the main 
moderatorp the shape w i l l  probably change somewhat 
during t r a n s i e n t s ,  and the assumption could be 
eliminated a t  the  expense of complexity by consider- 
ing  a "many-regioned" moderator i n  the same way 
that the  "two-regionedn system i s  devised ( see  
Section 8) .  



- 9 -  A/CQNF .15/P/a 
UNITED KINGDOM 

A l l  spec i f ic  hea ts ,  thermal conduct iv i t ies ,  heat 
t r a n s f e r  coe f f i c i en t s ,  gas d e n s i t i e s  and v e l o c i t i e s  
a re  independent of heat r a t e  and temperature. 

The change with temperature of most of these 
parameters i s  not l a r g e ,  and su i t ab le  average 
values taken along the  channel w i l l  give 
reasonable simulation. For t r a n s i e n t s  
involving l a rge  temperature changes, the constants 
( p a r t i c u l a r l y  spec i f i c  hea t s )  need adjustment t o  a 
new average value,  o r  should'be included a s  
temperature varying functions.  

The heat content of each component i s  adequately 
.represented by the  appropriate mean temperature, 

As arithinetic mean temperatures across the c e l l  
a r e  usedo and the  r a d i a l  change i n  spec i f i c  heat 
is small, t h i s  assumption i s  j u s t i f i e d .  

There i s  no gas leakage through the sleeve. 

Some leakage w i l l  occur, but not s u f f i c i e n t  t o  
a f f e c t  t h e  heat t r a n s f e r  c h a r a c t e r i s t i c s .  

From assumption 9, ,and noting t h a t  the heat l o s s  
f r o m  the  uranium i s  proportional t o  the temperature-radius 

a t  the edge, then t h i s  loss i s  also proportional 

5 e DERIVATI Ofl OF AVERAGE EQUATIONS. 

18. L1 

channel d i s t ance& from the cold. end may now be w r i t t e n  down, 
The heat b a l d c e  equations at  a sec t ion  of  the 

thus :.- 

Heat gain i n  uranium = heat produced - heat l o s t  
by conduct ion 

Heat gain i n  can ,= heat transferred'  i n  by 
conduction - heat,_lost- to. 
gas by convection - heat 
l o s t  t o  sleeve by radiat ion 

Heat gain i n  sleeve = Beat produced + heat gained 
from can by r ad ia t ion  - heat 
l o s t  t o  both gas streams by 
convection - heat l o s t  t o  
main moderator by r ad ia t ion  

Heat gain i n  main = heat produced + heat gain by 
moderator r ad ia t ion  from sleeve - heat 

l o s t  by convection t o  gas 
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Heat ga i z  i n  each gas stream = heat t ransfer red  t o  
each stream by 
convection 

19, 3 0 ,  symbolically:- 

2c. The axial s t a t i s t i c a l l y  weighted mean values a r e  
determiried by multiplying each term by the  ( f l u x  shape f a c t o r )  
i e e e C,?K (a- 2) 
chamel .  ht 

m t ? m  -mli;e, X, 5 s  given by 

and in tegra t ing  along the length of the. 

T h g 9  f o r .  a var iab le  X ,  the  s t a t i s t i c a l l y  weighted 

L 

( 7 )  

21. ' Performing the operation on equations (1) t o  ( 6 )  
above, using the  values o f  the  r e su l t i ng  i n t e g r a l s  f rom 
Appendix 1, gives:- 
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'22.0 Assumption 16 .  

The rad ia t ion  average Ram1 which by d e f i n i t i o n  i s  
given by Rtq [ W-Wj] , i s  equal t o R R  

This  assumption, which has no physical basis,  was 
determined numerically i n  a var ie ty  o f  cases,  and 
found qui te  accurate 

The sLeady s t a t e s  of the equations (1) t o  ( 6 )  may '23.0 
be found as outlined i n  Appendix 11, and introducing the  
normal design requirement t h a t  TclO = Tc20 i n  any steady s t a t e ,  
then, neglecting the rad ia t ion  terms:- 

2 4 a  c 

( c )  The in t eg ra l s  i n  equations ( 1 2 )  and (13)  b o t h  
va'1 i she 

17. The presence o f  rad ia t ion  has a negl ig ib le  e f f e c t  
on the above steady s t a t e s .  The e r r o r  i s  usually 
about 3% at  f u l l  power. 

18. I n  any t r ans i en t  s t a t e ,  the  in t eg ra l s  i n  equations 
( 1 2 )  and (13)  bo th  vanish, and the  temperatures 
TclO and Tc20 w i l l  be given by: - Tcl = Tci + TclO 

2 

Tc2 = Tci + Tc20 
2 

Assumption 18 i s  probably the most  important  o f  the 
assumptions necessary, s ince without i t  the ax ia l  
averaging would not be readi ly  possible. Consider- 
able  ana ly t i ca l  and computer work hag establ ished 
t h a t  f o r  a wide range of conditions the r e a c t i v i t y  
controlling,mean temperatures remain accurate,  even 
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i f  sometimes the ou t l e t  gas and- maximum temperatures 
su f fe r  reductions i n  accuracy. In  general , 
provided that the  gas t r a n s i t  t i m e  up the channel 
remains small compared t o  the time taken f o r  
s ign i f i can t  changes i n  the var iab les ,  the  assumption 
w i l l  be reasonable. 

25. r. 

i n  t he  channel may be wr i t t en  i n  terms of the channel gas flow, 
thus: 

From assumption 13, the gas v e l o c i t i e s  at  any point 

\ (18) 

The mixed gas temperatures Tco w i l l  r e s u l t  from Tc10 

6, = b,% 

.\r,= b&C 

26. n 

and Tc20, such t h a t  

o r 9  using equations (16) and (1719 - 
2 CCc,b,Tc\ + Cczb&r) - Tc; 

- G o  = (19)  
CCIL, 4- C c t b z  

27. Using equations (16)  t o  (18) i n  ( 1 2 )  and (13)  gives: 

and the  requirement t o  ensure t h a t  TclO = Tc20 i n  the  steady 
s t a t e :  

This las t  equation, as noted above, neglects  t he  
e f f e c t s  of  radiation. 

6. DERIVATION OF MAXIMUM EQUATIONS. 

20.0 Equations (8) t o  (11) and (19)  t o  (22.) a r e  
su f f i c i en t  t o  produce the  r e a c t i v i t y  cont ro l l ing  temperatures, 
and the  gas o u t l e t  temperature. 

P 
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I n  order t o  f ind  the maximum urmium and can 
temperatures f u r t h e r  equations a re  necessary. 

29. n Assumption 19  . 
The maximum uranium and maximum can temperatures 
occur a t  the  same point along the channel. The 
e r r o r  here i s  very small.. 

Consider a u n i t  length of channel a t  the point 30.1 
where the maximum temperatures occur, which i s  shown i n  
f ig .  (4). 

From assumption 9 ,  following the method used before, 
the  heat loss f r o m  the uranium i s  p r o p o r t i o n a l  t o  (TI& - T m a ) ,  
and a l s o :  

31. 0 

equations, 
Following the method used f o r  deriving the mean 

the maximum equations may be wr i t t en  down: 

32.0 Assumptions 20 - 23. 
The ra-kiozd-Tci i s  constant i n  any t r ans i en t ,  

n T C ,  - T G t  
20. 

= *9+, say (26 1 
This i s  equivalent t o  assuming that equation (14) 
holds i n  the t r ans i en t  s t a t e ,  and t h a t  the point 
where the maximum temperatures occur does not 
vary with time. The accuracy of the  assumption 
w i l l  f a l l  with decrease i n  both power and gas 
f low.  

The sleeve temperature TmL may be taken equal t o  
Tc4 f o r  r ad ia t ion  purpodes. The e f f e c t  of small 
changes i n  the lower temperature of the rad ia t ion  
term i s  not l a rge ,  i n  general. This assumption 
eliminates t h e  need f o r  another equation t o  
represent Tm4,  and s o  a v o i d s  a complete dupl icat ion 
o f  mean and maximum equations. 

The convective heat t r a n s f e r  coe f f i c i en t s  a r e  
functions o f  l oca l  gas f l o w  only. 

The dependence on f low is  usually measured f o r  
heat t r a n s f e r  coe f f i c i en t s  based on surface 

21. 

I 

22. 
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temperatures, and t h e  assumption w i l l  only be - t rue  using such functions i f  t h e  mean temperatures 
Ta, Tma, T m l ,  Tm2 are  c lose t o  t h e i r  appropriate 
surface temperatures. 

The r a t i o  of gas flows inside and outside the 
sleeve i s  constant. 
turbulent flow i n  both regions. 
bl/bz9 t h i s  ensures t h a t  i f  equation ( 2 2 )  h o l d s  
f o r  one power and flow, it w i l l  hold very nearly 
f o r  a l l  powers and flows, a s  U 3  and U4 are  generally 
the same functions of flow. 

From assumption 1, the re la t ionship  W = mWc may be 

This i s  s o ,  i n  general. 

23. 
This w i l l  be s o  f o r  

As the  r a t i o  i s  

33.2 
wri t t en ,  where m i s  a constant. 
assumptions 22 ,  239 t h e  convective heat t r a n s f e r  coe f f i c i en t s  
m a y  be wr i t t en  

Hence, with t h i s  and 

u,=aRsficw,, m. = 2 ,  3, 4 ,  5, 7 ( 2 7 )  

$ 2  e $ 7  w3-11 be iden t i ca l ,  and i n  general f 3, 4 4, $5 
w i l l  a l s o  be i d e n t i c a l ,  t h e  l a t t e r  being closely represented 
by W 0 - 8 ,  as the  moderator surfaces a re  smooth. 

34. ' From asstunptlon 2 ,  HQ may be wr i t t en  i n  terms of P,: 

From assumption 1, Pc may be wr i t t en  i n  terms of I?: 

p = k ? C  

where both 

35." 
f i n a l  set : -  

and 'k a re  constants. 

Collecting a l l  the  relevant equations gives  the 

- 
7LL 

c' 
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7, CALCULATION OF PAJUhlXTERS. 

36.. The most straightforward method o f  obtaining the 
various constants i n  t h e  equations (30)  t o  (40 )  i s ,  where 

' p o s s i b l e ,  t o  determtne the a p p r o p r i a t e  f u l l  power s t eady  s t a t e  
values of  the var iab les ,  and solve the steady s t a t e  equations 
f o r  the constants w i t h  these values of the var iab les  sub- 
s t i t u t e d .  

37.1 The mean values t o  apply t o  t he  equations a re  
determined f rom the r eac to r  as a whole, Since s t a t i s t i c a l l y  
weighted mean temperatures a r e  required,  the temperatures, 
power and flow must a l l  be weighted approgriately.  The 
temperatures must be a r i thmet ica l ly  averaged across  the c e l l ,  
and s t a t i s t i c a l l y  weighted along the channel and across the  
core . 
3Q. e The value of- i s  determined by ca lcu la t ing  the 
s t a t i s t i c a l l y  weighted mean channel power Pc, and r e l a t i n g  
t h i s  t o  the t o t a l  power produced, P, 

39. . The constant i s  found by ca lcu la t ing  f rom the 
steady s t a t e  data the ac tua l  heat output Ha, i n  the centre  
channel, and r e l a t i n g  t h i s  t o  Pc f o r  the mean channel, 

49. 4 

nuclear physical  considerations.  
The constants d ,  ,y and a a re  determined from 
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41.0 Equation ( 2 2 )  gives the r a t i o  bl/b2. 

4%. , The thermal capac i t i e s  Cu, Ca, C m l ,  C m 2 ,  Ccl, Cc2 
must be calculated from the u n i t  length o f  the channel. 

43. J 

( o r  measured) heat r ad ia t ion  between the  elements a t  the 
specif ied mean temperatures i n  the  f u l l  power s t a t e ,  

44.0 All the o t h e r  constants may be determined from the 
above, by s u b s t i t u t i n g  the s t a t i s t i c a l l y  weighted mean 
temperatures a t  f u l l  power in to  the  equations. 
reasonable and more straightforward t o  neglect the r ad ia t ion  
terms a t  t h i s  s t a g e p  the e r r o r  being s m a l l .  

45. 0 

equations (36)  and (37) removes the necessi ty  of  ca lcu la t ing  
m9 the  term 2 being found as a whole. 

46. 0 I f  the u n i t s  o f  temperature a r e  degrees cent igrade,  
power,  megawatts and time seconds, then the u n i t s  of t he  
equations a re  M W / f t ,  The various terms are :  f o r  t he  mean 
equations, the statistically weighted mean MW/ft. f o r  the 
reac tor  as  a whole; and f o r  t he  maximum equations,  t h e  
ac tua l  Md/ft. a t  the  maximum point i n  the centre  channel. 

The values RA and RB a r e  found from the  calculated 

It i s  usual ly  

It should be noted t h a t  using the r a t i o  bl/b2 i n  

m L  

8. EXTENSION OF EQTJATIONS FOR A SOLID MODERATOR REACTOR, 

470 3 If the r eac to r  core does not include graphi te  
f u e l  element s leeves,  somewhat d i f f e r e n t  problems a r i s e ,  
The surface of t h e  moderator w i l l  d isplay the same r e a c t i v i t y  
behaviour and temperature t r a n s i e n t s  as a s leeve,  p a r t i c u l a r l y  
when, under high i r r a d i a t i o n ,  the  graphi te  thermal conduct- 
i v i t y  has f a l l e n  considerably. 

48. '1 Since moderator r e l a t i v e  r e a c t i v i t y  coe f f i c i en t s  a r e  
known a t  present only i n  terms of two cy l ind r i ca l  regions o f  
moderator, it i s  necessary t o  produce two mean temperatures 
o f  the  moderator f o r  such regions. 

49.0 The uni t  length of moderator i n  a channel i s  shown 
i n  Fig. 5. 

Two cy l ind r i ca l  regions ar.e defined - the inner  
diameter i s  t h a t  o f  the channel, t h e  outer  diameter i s  t h a t  
of t he  c e l l ,  t o  give the correct  graphi te  volume, and the 
in t e r f ace  i s  arranged s o  that the  r a t i o  of the two regions 
i s  within the range f o r  which experimental r e s u l t s  a r e  
ava i lab le ,  

50. 
f o r  the "surface" region, and Tmb f o r  the "bulk" region 
a re  defined, both for  heat t r a n s f e r  and thermal capaci ty ,  
making use o f  assumption 14 .  

F o r  the regions,  ar i thmetic  mean temperatures Tms 
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51.c The heat input t o  t he  surface region i s  iden t i ca l  
t o  t ha t  o f  the s leeve,  and the heat production i n  each 
region i s  the  same as that  f o r  the sleeve and main moderator, 

52. Assumption 24. 

The heat t r a n s f e r  between the  regions i s  
proportional t o  (Tms-Tmb) Analytical  checks 
on the  f i n a l  equations show that t h i s  assumption 
i s  va l id  over a wide range of  operating conditions. 

53. r' 

54.0 

5 5 .  

Then the par t ia l .  d i f f e r e n t i a l  equations become: 

These equations a re  then averaged exact ly  as f o r  
equations (1) t o  ( 6 )  giving, f i n a l l y  

The f i n a l  heat t r a n s f e r  equations a re  then (30) t o  
(381, (39>-and (43) t o  (461, withaam1 i n  

changed t o  Rams. 
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C 

56 !Pwo sets of equations have been produced, one for 
a reactor having graphite eleeves supporting the fuel elements, 
and the other for a reactor with a solid moderator and no 
sleeves. 

57. 
detailed, and briefly discussed. 
physical rather than mathematical nature, and most may be 
shown to be at least reasonable. 

The assumptions involved in each case have been 
They are in general of a 

I 

58 
reduced or modified, and work is still proceeding in the 
development of these equatione. 

59. 
the full power steady state, become large in certain fault 
conditions, and their inclusion is essential. 

Certain of the assumptions are capable of being 

The radiation terms, while of little importance in 
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Integrating by parts gives 
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Now f r o m  Appendix 11, the steaay s t a t e  value o f  Tcl 
i s  given by 

The integral in (51 )  can be modified by forming an 
i d e n t i t y  with the above expressiono 

Thus, multiplying by sin c ( 4 -  k) ‘ z‘ic and in t eg ra t ing  gives 

a re  constant f o r  the in t eg ra t ion  

and the i d e n t i t y  is:-. 

P 

h 
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Subs t i tu t ing  ’( 5 2 )  i n  ( 5 1 )  gives 
as 

. -  + 

the  in tegra l  expression 

x 
3” 

which reduces t o  

.. . 
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1 2 .  APPENDIX 11, 

Steady S ta t e  Solution - out l ine  o f  approach 

Taking the steady s t a t e s  o f  equations (1) t o  ( 6 ) ,  
and eliminating d i r e c t l y  a l l  terms except Tcl and Tc2 gives 

Multiplying ( 5 4 )  by CCZ% and u3tu' (55)  by cC\?r; 
and dividing by C c i ~ c r ? r , v ,  
terms 

, subtract ing 
gives ,  neglecting the  r ad ia t ion  

and the  boundary conditions a re  Tcl-Tc2 = 0 at  4 = 0 and 1 = L 

(57) 

and the on ly  legi t imate  solut ion of  equations (57)  i s  F = A = 0 
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Thus: ( a )  Tc l  = T c 2  everywhere 
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G L V L  8+ ""(3 
U 3 W 4  

Then, adding ( 5 4 )  and (55 )  gives f i n a l l y  

L 2 S & X 5  
2LI' 

the  last r e s u l t  including r ad ia t ion  i f  (a) h q l d s  i n  that  
caae. 
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