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A B S T R A C T

The C o n so lid a te d  E dison  T h o r iu m  R eac to r C o n tro l S y stem  has been 
designed  to  p ro v id e  the o p e ra to r s  w ith  a r e l ia b le ,  sa fe  and a c c u ra te  
m ea n s  of c o n tro llin g  the p la n t. M an u a l and au to m atic  p o sitio n in g  of 
c o n tro l ro d s  c a n  be a c c o m p lish e d . T he au tom atic  p la n t c o n tro lle r  has 
been d e s ig n ed  to  m e e t the design  c r i t e r i a  under the r e p re s e n ta t iv e  
C ETR  d e m a n d ed  load  ch an g es. A d ap tab ility  has been b u ilt  in to  the 
p lan t c o n tro l le r  by provid ing  v a r ia b le  c o n tro lle r  a d ju s tm e n ts  for v a r ia tio n s  
in r e a c to r  c h a r a c t e r i s t i c s .  E x te n s iv e  analog s tu d ies  h av e  been  m ade  of 
the  v a r io u s  p la n t  p a ra m e te r s  and th e i r  effect on c o n tro l  w as c a re fu lly  
ev a lu a ted . T h e s e  analog s tu d ie s  h a v e  shown th a t the  c o n tro l  sy s tem  w ill 
p e rfo rm  in a s a t is fa c to ry  m an n e r u n d e r the m o s t a d v e r s e  p lan t co n d itio n s.



I. I N T R O D U C T I O N

I

t

T h e  C o n s o l i d a t e d  E d i s o n  T h o r i u m  R e a c t o r  ( C E T R )  c o r e  is  

c o m p o s e d  o f  120 fue l  e l e m e n t s .  T w e n t y - o n e  m o v a b l e  h a f n i u m  

c r u c i f o r m  c o n t r o l  r o d s  i n t e r s p e r s e d  on a  s q u a r e  g r i d  a m o n g  the  

f u e l  e l e m e n t s  f u r n i s h  t h e  m e a n s  f o r  a u t o m a t i c  a n d  m a n u a l  a d j u s t -  

m e e t  o f  the  r e a c t o r  p o w e r  l e v e l .

T h e  C E T R  c o n t r o l  s y s t e m  is  d e s i g n e d  to  m a i n t a i n  c o n s t a n t  

s t e a d y  s t a t e  s t e a m  p r e s s u r e  r e g a r d l e s s  of s t e a m  d e m a n d .  T h e  

m a i n t e n a n c e  of c o n s t a n t  s t e a m  p r e s s u r e  i n d e p e n d e n t  of p o w e r  

l e v e l  c a u s e s  the  a v e r a g e  r e a c t o r  c o o la n t  t e m p e r a t u r e  to  r i s e  

w i th  i n c r e a s i n g  p o w e r  l e v e l .

T h e  C E T R  h a s  a  n e g a t i v e  m o d e r a t o r  t e m p e r a t u r e  c o e f f i c i e n t  

of  r e a c t i v i t y  which o p p o s e s  a n  i n c r e a s e  in m o d e r a t o r  t e m p e r a t u r e  

a n d  t e n d s  to  d r o p  s t e a m  p r e s s u r e  with  i n c r e a s i n g  lo a d .  A n o t h e r  

n e g a t i v e  c o e f f i c i e n t  of r e a c t i v i t y ,  the  fue l  t e m p e r a t u r e  c o e f f i c i e n t  

( D o p p l e r  e f fe c t ) ,  o p p o s e s  a n  i n c r e a s e  in r e a c t o r  p o w e r  l e v e l .

S u b s t a n t i a l  r e a c t i v i t y  c h a n g e s  a r e  r e q u i r e d  w hen  c h a n g in g  

p o w e r  l e v e l  to f o r c e  the  n e c e s s a r y  v a r i a t i o n  o f  a v e r a g e  c o o la n t  

t e m p e r a t u r e  a g a i n s t  the  o p p o s i n g  a c t i o n  of t h e  tw o  n e g a t i v e  r e 

a c t i v i t y  e f f e c t s  m e n t i o n e d  R e a c t i v i t y  a d j u s t m e n t  i s  s u p p l i e d  by 

m o v e m e n t  of c o n t r o l  r o d s  t h r o u g h  the  r e a c t o r  c o n t r o l  s y s t e m .

T h e  c o n t r o l  s y s t e m  p r o v i d e s  f o r  p r o g r a m m e d  m o v e m e n t  of 

g r o u p s  of  c o n t r o l  r o d s ,  e i t h e r  a u t o m a t i c a l l y  to  m a t c h  lo a d  d e m a n d ,  

o r  m a n u a l l y  a t  the d i s c r e t i o n  of  the  o p e r a t o r .  V a r i o u s  g r o u p s  o f  

c o n t r o l  r o d s  m u s t  be  r e m o v e d  in a  p r e d e t e r m i n e d  s e q u e n c e  in o r d e r  

to  i n s u r e  a g a i n s t  too  s e v e r e  l o c a l i s e d  p o w e r  p e a k i n g  in the r e a c t o r  

c o r e .  T h e  c o n t r o l  s y s t e m  a u t o m a t i c a l l y  c a r r i e s  o u t  t h i s  s e q u e n c e  

t h r o u g h  the  s e q u e n c e  s w i t c h i n g  uni*.

M a t h e m a t i c a l  m o d e l s  o f  the  p l a n t  c o m p o n e n t s  w e r e  d e r i v e d  

to a r r i v e  a t  the  p r o p e r  c o m b i n a t i o n  of c o n t r o l  s y s t e m  p a r a m e t e r s .



T h e s e  m odels  w ere  th en  so lv e d  through  the u s e  of .m e le c tro n ic  
a n a lo g  s im u la tio n  of the  p la n t and co n tro l s y s te m . D isc re te  
p o in ts  in  the c o re  l if e t im e  w ere  c o n s id e re d  a n d  the re a c to r  co n 
t r o l  sy s te m  re q u ire m e n ts  d e te rm in e d . The p la n t resp o n se  
c h a r a c te r i s t i c s  to load  d em an d  changes w e re  d e te rm in ed .



II. D ESC R IPTIO N  OF T H E  CONTROL SYSTEM

A. EQUIPM ENT

1. C ontro l P a n e ls

S u p e rv iso ry  P an e ls

In s tru m e n ta tio n  and c o n tro ls  fo r  c o n tro l rod d r iv e  
te s tin g  an d  fo r  m anual s ta r tu p  of the  r e a c to r  and 
fo r a l te r n a t iv e  m anual o p e ra tio n  of the  re a c to r  to  
full p o w er a r e  loca ted  on c e r t a in  S u p erv iso ry  P a n e ls .
A lso lo c a te d  on th e se  p an e ls  a r e  th e  tre n d  r e c o r d e r s  
re q u ire d  to  s ta r t  and o p e ra te  th e  p lan t as w ell a s  th e  
m o n ito rs , in d ic a to rs , c o n tro ls  and  a la rm s  re la t in g  
to  s y s te m  a u x il ia ry  co n d itio n s and  effic iency .

F ligh t P a n e l

In d ic a to rs , a la rm s  and c o n tro ls  on the F ligh t P a n e l 
to g e th e r  w ith  tre n d  r e c o r d e r s  m ounted  on the S u p e r 
v iso ry  P a n e ls ,  p e rm it the  o p e ra to r  to m anually  o r  
a u to m a tic a lly  co n tro l the r e a c to r  fro m  its  low p o w er 
l im it (5- 15% of full load) to  fu ll lo ad  and to c o n tro l 
the r e m a in d e r  of the  p lan t.

S ections of a  S u p erv iso ry  P a n e l  and  of the F lig h t P a n e l  a r e  u sed  
fo r re a c to r  c o n tro l .  O pera tions below  a  p re s e t  point a d ju s ta b le  betw een 
5 and 15%pow er le v e l  m u st be c o n tro l le d  from  the S u p e rv iso ry  P an e l. 
M anual o p e ra tio n s  above the p re s e t  p o in t m ay be c o n tro lle d  fro m  e ith e r  
panel. A u tom atic  o p e ra tio n  during  e le c t r i c  pow er g e n e ra tio n  m u st be 
from  the F lig h t P a n e l.

The m a jo r  in fo rm atio n  a ffe c tin g  re a c to r  c o n tro l i s  d isp la y e d  on 
the two c o n tro l p a n e ls  a s  shown in T a b le  I.



TA B LE I
CONTROL PA N E L-D ISPL A Y  ED INFORMATION €

S u p e rv iso ry  P a n e l F ligh t P anel

R e a c to r  P e rio d  
L og Count Rate 
L og L evel
Ind iv idual Rod F >sition 
Rod G roup P o s itio n  
L in e a r  Pow er Level

Rod G ro u p  P o sitio n
Log L ev e l
R e a c to r  P e r io d
L in e a r  P ow er L evel
S team  Flow  and P r e s s u r e
R e a c to r  T e m p e ra tu re s
A u to m a tic  C ontro l D em and  Signal

2. C ontro l S y s te m  O pera tion

Any one of th r e e  conditions of r e a c t o r  op era tio n  c a n  b e  se le c te d  
b y  position ing  a  s e l e c to r  sw itch  on th e  S u p e rv iso ry  P an e l. T h e s e  con 
d itio n s  a r e  id en tifie d  a s  (1) STANDBY (2) START and (3) O P E R A T E .

STANDBY p e r m i ts  th e  m anual p o s itio n in g  of a ll  in d iv id u a l 
c o n tro l  ro d s , one a t  a  t im e , o r  a l l  g ro u p s  of co n tro l ro d s , one  g ro u p  
a t  a  t im e , from  only  th e  Su p e rv iso ry  P a n e l  fo r  te s t ,  a d ju s tm e n t o r  c o re  
load in g  o p e ra tio n s , p ro v id e d  the  log co u n t r a te  is  above 5 -1 0  C P S  but 
below  10 ^ full p o w e r. Individual ro d s  m o v e  a t the  m ax im um  ro d  velocity .

Any g roup  of ro d s  m ay be  c o n tro l le d  d ire c tly  o r th ro u g h  the  
se q u en c e  sw itching  u n it  d e sc r ib e d  in S e c tio n  3. S elec ted  s p e e d s  a r e  
fix ed  by m anual sp e e d  c o n tro l u n its  a s s o c ia te d  w ith each  g ro u p  of ro d s .

START p e rm i ts  m anual p o s itio n in g  of g roups of c o n tro l  ro d s  
in  a p re d e te rm in e d  se q u en c e  by the s e q u e n c e  sw itching  un it f ro m  the 
S u p e rv iso ry  P an e l a t  any  pow er lev e l f ro m  a  log count ra te  o f 5 -1 0  CPS 
to  100%pow er. S e le c te d  speeds a r e  f ix ed  by  m anual speed  c o n tro l  u n its  
a s s o c ia te d  w ith each  g ro u p  of ro d s . In te r lo c k s  p rev en t o p e ra t io n  in 
STA R T u n le s s  s a fe ty  co n d itio n s , such  a s  m in im u m  p r im a ry  c o o la n t 
te m p e ra tu re ,  have b e e n  sa tis f ie d  and s a fe ty  re la y  r e s e ts  h a v e  b een  m ade.

O P E R A T E  t r a n s f e r s  c o n tro l f ro m  th e  S u p e rv iso ry  P a n e l  to  the 
F lig h t P anel and p e r m i ts  m anual o r a u to m a tic  o p e ra tio n  of g ro u p s  of 
c o n tro l  ro d s in a p re d e te rm in e d  se q u en c e  a t  pow er le v e ls  a b o v e  the 
p r e s e t  m in im um .
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M anual-g roup  c o n tro l la  th rough  th e  se q u e n c e  sw itching un it 
when th e  S u p e rv iso ry  P an e l sw itc h  is  in the O P E R A T E  position  and 
when s te a m  flow is  above a  p r e s e t  5-15% full p o w er s te a m  flow.

A u to m atic -g ro u p  c o n tro l  h a s  a s  its  p r im a ry  function  the 
a u to m a tic  c o n tro l of se le c te d  g ro u p s  of ro d s , th ro u g h  the  sequence  
sw itch ing  u n it, a t speeds d e te rm in e d  by the rod  r e a c t iv i ty  co n tro l 
sy s te m  re q u ir e m e n ts .  T h is m o d e  of co n tro l is  a v a i la b le  only fro m  th e  
F lig h t P a n e l  when the s e le c to r  sw itch  on the S u p e rv iso ry  P anel is  in 
the  O P E R A T E  position  and on ly  w hen s team  flow is  above  a p re s e t  
5 -15% of fu ll  pow er s te am  flow . Rod g roups a r e  w ith d raw n  o r in s e r te d  
under c o n tro l  of the  seq u en ce  sw itch in g  unit in a c c o rd a n c e  w ith th e  ro d  
v e lo c ity  d e m a n d  s ig n a ls  r e c e iv e d  from  the p lan t c o n t r o l le r .

3. E qu ipm en t F u n c tio n s an d  O peration

T h e  c o n tro l sy s te m  i s  com posed  of th e  p la n t  c o n tro lle r ,  rod  
p ro g ra m m e r ,  and the c o n tro l ro d  s e rv o m e c h a n ism . A functional 
b lock  d ia g ra m  of the  c o n tro l s y s te m  is  shown in F ig u r e  1.

a .  P la n t C o n tro lle r

T he p lan t c o n tr o l le r  is  u sed  in A u to m a tic -G ro u p  m ode to  
c o n tro l th e  r e a c to r  pow er o u tp u t above 15% of r a te d  po w er. Its fu n c tio n s  
a r e  to  m a in ta in  a constan t s te a m  p re s s u re  d u rin g  s te a d y  s ta te  o p e ra tio n  
and to  h o ld  s te a m  p re s s u re  v a r ia t io n s  w ithin p r e s c r ib e d  lim its  d u rin g  
pow er c h a n g e s . F ig u re  2 is  a  functional b lock  d ia g ra m  of the  p lant 
c o n tro l le r .  A s te am  flow s ig n a l  is  u sed  to  c o m p u te  a  re a c to r  pow er 
dem and s ig n a l ,  augm ented  by  a  s te a m  p re s s u re  e r r o r  signa l. Two 
id e n tic a l com puting  ch an n e ls  a r e  p rov ided , to  d u p lic a te  functions. T he  
two c h a n n e ls  a r e  c o m p ared  a u to m a tic a lly  and an a l a r m  is  sounded and  
c o n tro l a u to m a tic a lly  r e v e r t s  to  m anual if th e  tw o d if fe r  by m o re  th an  
a  p r e s e t  am o u n t. T his m in im iz e s  the  p o ss ib il i ty  o f fa ls e  rod  v e lo c ity  
dem and.

S team  p re s s u re  s e n s o r s  in each  of th e  fo u r  s te a m  lin e s  
t r a n s m it  p r e s s u r e  s ig n a ls  to  a v e ra g in g  un its  in b o th  c h an n e ls . E ach 
a v e ra g e  p r e s s u r e  is  c o m p a re d  to  a re fe re n c e  p r e s s u r e  o r  se t point.
The o u tp u ts  r e p re s e n t  p r e s s u r e  e r r o r  s ig n a ls , AP, w hich  a r e  c o m 
p a re d  in  a  m ag n e tic  a m p lif ie r  c o m p a ra to r . If th e s e  tw o s ig n a ls  diXfer, 
an a la r m  i s  sounded and c o n tro l  au to m a tica lly  r e v e r t s  to  M anual-G roup

» -  — O  4  * 4
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m od*. The p re a * u r*  e r r o r  s ig n a l*  a r e  tra n s m itte d  to  th e  gain  p lus 
r e s e t  u n til sh o w n  on F ig u re  2 to  g e n e ra te  the  follow ing function :

Np -  K2 [ d P  + 1  y  AJ>dtJ (1)

W here

A P  * s te am  p r e s s u r e  e r r o r  aignal 
t » r e s e t  tim e  c o n s ta n t 

* constan t

A d ju stm en ts  a r e  p rov ided  to  se t  th e  co n s tan ts  a t  d e s i r e d  v a lu e s .
E ith e r c h an n e l 1 o r  2 output m ay b e  se le c te d  to t r a n s m i t  to  the 
to ta l iz e r s .  T h e  to ta l iz e r s  add th e  s te a m  flow s ig n a l a s  fo llow s:

NC * K 1 W.  + Np  <2>

W here W# ■ s te a m  flow sig n a l 

K j ■ c o n s ta n t

T h e  output fro m  th e  to ta l iz e r s  is  th e  d e m a n d ed  pow er. A 
m in im um  p o w e r dem and lim it is  s e t  by the  low l im it  b ia s  supply  un it. 
T h is p re v e n ts  th e  pow er dem and  s ig n a l  from  dem and ing  le s s  than  15% 
of ra te d  p o w e r. T h is low er l im it  i s  re q u ire d  to  m a in ta in  re lia b le  co n 
tro l  s in ce  th e r m a l  and n u c le a r  m e a s u re m e n ts  a r e  not a c c u ra te  below  
that lev e l. T h e  pow er dem and s ig n a l  fro m  the  low l im i t  b ia s  supply 
un it, is  l im ite d  by an  a v e ra g e  p o w e r  leve l lim it s e ttin g  p ro p o rtio n a l to  
the  coo lan t flow  ra te  in the  p r im a r y  sy s te m . Ind iv idua l c o m p a ra to rs  
co m p a re  th e  dem an d ed  pow er w ith  th e  a c tu a l r e a c to r  p o w e r a s  ind ica ted  
by the  N u c le a r  In s tru m en ta tio n  S y s te m . The ou tpu ts a r e  pow er e r r o r  
com puted  a s  fo llo w s:

«p “ Nc  - N, O)

W here * dem anded  pow er

■ in d ica ted  pow er

The e r r o r  s ig n a l  then  p a s s e s  to  a  deadband  u n it, w ith  th e  c h a r a c te r 
is t ic s  show n in  F ig u re  3. The o u tp u t o f the deadband  u n it  is  the  rod
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v e lo c ity  dem and s ig n a l, X . .  The rod  d em an d  s ig n a l is  t e r o  u n til th e  
edge of th e  deadband is  r e a c h e d . A m in im u m  ro d  speed  of a p p ro x im a te ly  
3 in c h e s  p e r  m inute  m ay  b e  c a lle d  fo r . T he d em an d ed  ro d  sp eed  m ay  
in c r e a s e  up to  a  m ax im u m  of 22 1 /2  in ch es p e r  m inu te  a s  the  e r r o r  in 
c r e a s e s .  Both com pu ting  c h an n e ls  g e n e ra te  ro d  ve lo c ity  dem and  s ig n a ls ,  •
X'j, w hich  a re  c o m p a re d  in  the  v e loc ity  d em an d  c o m p a ra to r  m a g n e tic  
a m p l i f ie r .  If an  e x c e s s iv e  d iffe re n c e  o c c u rs  a n  a la rm  is sounded  an d  
c o n tro l  is a u to m a tica lly  r e v e r te d  to  the  M an u a l-G ro u p  m ode. T h e  ro d  
v e lo c ity  sig n a l fro m  e i th e r  channel 1 o r 2 is  s e le c te d  by the  o p e ra to r  
fo r  t r a n s m is s io n  to  th e  ro d  p ro g ra m m e r  and su b seq u e n tly  g o v e rn s  th e  
m o v e m e n t of the  c o n tro l ro d  g ro u p s.

b . The Rod P r o g r a m m e r

The rod  p ro g ra m m e r  c o n s is ts  of th e  g roup  in te rc o n n e c tio n  
u n it, th e  sequence  sw itc h in g  un it and five g ro u p  dem and u n its . T h e  
in p u t to  the  rod  p ro g ra m m e r  is  the  rod  v e lo c ity  dem and  s ig n a l, X ^, 
c o m p u ted  in the p lan t c o n t r o l le r ,  o r  fro m  th e  m an u a l g roup  c o n tro l  
sw itc h e s .

(1) In te rc o n n e c tio n  Unit

The C E T R  has 21 m ovab le  h a fn iu m  co n tro l ro d s . T he 
ro d s  a r e  d iv ided  in to  fo u r  g ro u p s  of fou r ro d s  e ac h  and one g ro u p  of 
fiv e  r o d s .  Each g roup  i s  a s s ig n e d  to  a g ro u p  dem and  un it w hich m o v e s  
a ll  r o d s  of tha t g roup  in  u n iso n .

The in te rc o n n e c tio n  un it p ro v id e s  the m eans fo r 
a s s ig n in g  rods to  the  v a r io u s  g roup  dem and u n i ts .  T h is is  a c c o m p lish e d  
by a  p lu g -in  type p a tch  b o a rd  in w hich e le c t r i c a l  le a d s  to any fo u r  o r  
five  ro d s  m ay be  c o n n e c te d  to  a s in g le  g ro u p  d em an d  un it. T h e s e  a s 
s ig n m e n ts  a re  m ade by o p e ra tin g  p e rso n n e l p r i o r  to  r e a c to r  s t a r t - u p .

(2) S equence Sw itching Unit

The a s s ig n m e n t of ro d s  to  th e  five  g ro u p s is  d e te rm in e d  
on th e  b a s is  of o p tim iu m  p o w er d is tr ib u tio n  in  th e  r e a c to r  c o re . T h e  
five  g ro u p s  m u st a ls o  b e  rem o v ed  fro m  th e  c o r e  in a sp ec ified  se q u e n c e  
to  p re v e n t  lo c a lise d  o v e rp e a k in g  of the  p o w er in  the  c o re .

The se q u e n c e  sw itching  u n it a u to m a tic a lly  c a r r i e s  out 
the  se q u en c e  of rod  re m o v a l  w hich is  s e t  by th e  o p e ra to r  p r io r  to  s t a r t 
up . T he  sequence  sw itc h in g  u n it ro u te s  th e  ro d  v e lo c ity  dem and  s ig n a l
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to on* o f  th e  five g roup  d e m a n d  u n its  w hich c o n tro l  th e  se rv o  m o to r a n d  
c o n tro l ro d  d riv e  a s s e m b lie s  a s s ig n e d  to  it. O nly  one group dem and  
un it a t  a  t im e  re c e iv e s  th e  v e lo c ity  s ig n a l. T he  sequencing  is  in it ia te d  
by c a m s  in  th e  re s p e c tiv e  g ro u p  dem and u n its . W hen one g roup  r e a c h e s  
i ts  l im i t  o f t ra v e l  c o n tro l i s  a u to m a tic a lly  t r a n s f e r r e d  to  the  nex t g ro u p .
T he se q u e n c e  sw itching  u n it  h a s  a  p ro v is io n  fo r  a llo w in g  the  o p e ra to r  to  
b y p a ss  a n y  one of the g ro u p s  in  the  au to m atic  seq u en c in g  o p e ra tio n .

(3) G roup D em an d  Unit

The g roup  d em an d  u n its  g e n e ra te  th e  co n tro l rod  
p o s itio n  dem and  sig n a l fo r  e a c h  of the  s e rv o -c o n tro l le d  rod  g ro u p s. A  
s c h e m a tic  of the  g roup  d e m a n d  un it function* i s  show n on F ig u re  4 . T he  
input to  th e  u n it is  a  ro d  v e lo c ity  dem and s ig n a l e i th e r  fro m  th e  p lan t 
c o n tr o l le r  in au to m atic  m o d e  o r  fro m  the o p e ra to i  in m anual m ode. T h e  
input i s  e le c tr ic a l ly  l im ite d  to  the  m axim um  ro d  sp e e d  re q u ire d  fo r  
n o rm a l p la n t cond itions. T h e  synchronous sp e e d  of th e  in te g ra to r  m o to r  
d riv in g  th ro u g h  a g e a r  box in h e re n tly  l im its  th e  sp e e d  should the  e le c -  
t r ic a l  l im ita t io n  fa il.

The d e m a n d ed  rod  v e loc ity  is  r e c e iv e d  by the  m a g n e tic  
a m p lif ie r  w hich in tu rn  c o n tro ls  the  speed  of th e  v e lo c ity  in te g ra to r  
m o to r  show n on F ig u re  4. T h e  output of th e  m o to r  is  p ro p o rtio n a l to  th e  
in te g ra l  of the  dem anded ro d  v e lo c ity  and is  th u s  a  ro d  position  d em an d  
s ig n a l. T h e  rod  positio n  d e m a n d  is  t r a n s m it te d  m ec h an ica lly  th ro u g h  
g e a r s  a n d  sh a fts  to  tu rn  th e  r o to r s  of th re e  s y n c h ro  t r a n s m i t te r s .  Tw o 
of th e  s y n c h ro  t r a n s m i t te r s  t r a n s m i t  the  p o s it io n  dem and  signa l to  th e  
c o n tro l ro d s  s e rv o m e c h a n is m s  a ss ig n e d  to  th a t p a r t ic u la r  g roup  d e m a n d  
un it. T h e  th ird  sy n ch ro  t r a n s m i t t e r  is  u se d  to  t r a n s m i t  a  sig n a l to  th e  
g roup  p o s itio n  in d ic a to rs  on  th e  S u p erv iso ry  an d  F lig h t P a n e ls .

A nother m e c h a n ic a l  connec tion  to  th e  velocity  in te g r a to r  
m o to r  i s  u se d  to  d r iv e  a ta c h o m e te r  w hich m e a s u r e s  the  ac tu a l v e lo c ity  
t r a n s m i t te d  by th e  in te g ra to r  m o to r . The a c tu a l  v e lo c ity  is then  c o m 
p a re d  to  th e  dem anded v e lo c ity  in a dem and c o m p a ra to r .  (See F ig u re  4 . )
If the  tw o  v e lo c itie s  d iffe r  b y  g r e a te r  than  s  p r e s e t  am ount a u to m a tic  
c o n tro l is  d iscon tinued  and  a  v e lo c ity  fa ilu re  m o n ito r  sends a s ig n a l to  
th e  f a s t  in s e r tio n  n e tw ork .

(4) F a s t In s e r t io n

C e rta in  c l a s s e s  of fa i lu re s  a r e  n o t s e r io u s  enough to  
j  4
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I

1
w a rra n t  r e a c to r  s c r a m .  T hese  a r e :  th e  ro d  s e rv o m e c h a n ism  velocity  
and  position  f a i lu r e  m on ito rs^  in d ic a te d  re a c to r  pow er e x ce ed in g  115% 
of full pow er, r e a c t o r  p e riod  le s s  th a n  20 seco n d s, c o n tro l b u s  under* 
v o ltage , and tu rb in e  o r  su p e rh e a te r  t r i p .

A ll o f th e se  f a i lu r e s ,  e x ce p t a sh o rt r e a c to r  p e rio d  
w hen the r e a c to r  i s  below  0. lfo fu ll p o w e r , re su lt  in a s ig n a l to  the 
fa s t  in se r tio n  n e tw o rk . The fa s t in s e r t io n  netw osk e n e rg iz e s  the  con* 
t r o l  rod d r iv e  m o to r s  w hich d r iv e  a l l  w ith d raw n  ro d s  in to  th e  r e a c to r  
a t  the  m ax im um  s p e e d  of 22 1 /2  in c h e s  p e r  m inute. T h is d i r e c t ,  o r 
open loop, m o v em en t of co n tro l ro d s  b y p a s s e s  the  g r oup d e m a n d  un its 
and the  seq u en ce  sw itch in g  un it. T he f a s t  in se r tio n  m o to r  show n on 
F ig u re  4 is  u se d  to  r e s to r e  the  g ro u p  d em an d  unit to  i ts  s t a r t in g  position  
fo r  open loop fa s t  in s e r tio n .

D u rin g  re a c to r  s t a r t - u p ,  when the  o p e ra to r  i s  u sing  
th e  m anual g ro u p  m ode  of co n tro l r e a c to r  p e rio d s  of l e s s  th a n  20 
seconds m ay  be  o b ta in e d . In th is  e s s e  th e  sh o rt p e rio d  s ig n a l w ill 
c a u se  in se r tio n  of th e  g roup  of ro d s  b e in g  w ithdraw n. I n s e r t io n  tak es  
p lace  th rough  th e  g ro u p  dem and u n it, in  p ro p e r  seq u en ce , a n d  con tinues 
u n til the r e a c to r  p e r io d  is  again  g r e a t e r  th an  20 seco n d s.

c . C o n tro l Rod S e rv o m e c h a n ism  System

The c o n tro l  rods a r e  p o s it io n e d  by individual s e r v o  loops 
th rough  w hich e a c h  ro d  follow s the g ro u p  dem and un it posie ion  dem and 
s ig n a l. A s c h e m a tic  of the  s e rv o  m e c h a n is m  sy s te m  is  show n on 
F ig u re  5.

When th e  ve loc ity  in te g ra to r  m o to r d isp la c e s  th e  ro to r  of 
th e  synch ro  t r a n s m i t t e r  in the  g roup  d e m a n d  u n its  a p o s it io n  dem and 
s ig n a l, X ., is  t r a n s m i t te d  as & v o lta g e  to  th e  position  c o n tro l  t r a n s -  
fo rm e r  of th e  s e r v o  m ec h an ism . (See F ig u re  5. ) T h is v o lta g e  in tu rn  
induces a v o ltag e  a c r o s s  the  ro to r  of th e  p o sitio n  c o n tro l t r a n s f o r m e r  
p ro p o rtio n a l to  th e  p o s itio n  e r r o r .  T h e  induced vo ltage  f ro m  th e  con 
t r o l  t r a n s fo rm e r  r o to r  is  am p lified  in  a  m ag n e tic  a m p lif ie r  an d  c au se s  
a  c o rre sp o n d in g  ro ta t io n  of the  rod  d r iv e  m o to r. The ro ta t io n a l  m otion 
of the  d riv e  m o to r  i s  tra n s la te d  to  th e  l in e a r  m otion of th e  ro d  through  
g e a r s  and lead  s c r e w s .

A m e c h a n ic a l coupling e x is ts  be tw een  the  rod  d r iv e  m o to r 
and  the  c o n tro l t r a n s f o r m e r  ro to r . T h e  c o n tro l t r a n s f o r m e r  ro to r  is



tu rn e d  a s  the  d riv e  m o to r  ro ta te s  to  r e s to r e  th e  p ro p e r  r o to r - s t a to r  
o r ie n ta t io n . The d r iv e  m o to r  continues to  m o v e  un til the  induced 
v o lta g e  a c ro s s  the  ro to r  i s  red u ced  to  z e ro . W hen th is  o c c u rs  th e  
a c tu a l  ro d  position  c o r r e s p o n d s  to  the  d e m an d ed  rod  po sitio n . T h e  
in d u ced  voltage fro m  th e  c o n tro l t r a n s fo rm e r  r o to r ,  is  p ro p o r tio n a l to  
th e  d if fe re n c e  betw een  a c tu a l  rod  positio n  and  dem anded  rod  p o s it io n .
T h is  v o lta g e  is m e a su re d  in  a position  fa i lu re  m o n ito r . If it e x c e e d s  
a  p r e s e t  am ount a  fa i lu re  i s  ind ica ted  and a ll  w ithd raw n  ro d s  a r e  pu t

i t

on o p en  loop fa s t in s e r t io n .
A se lsy n  t r a n s m i t te r  is  d riv en  by th e  rod  d riv e  m o to r sh a f t  

to  t r a n s m i t  individual ro d  p o s itio n  ind ica tion  to  se lsy n  r e c e iv e r s  on  th e  
S u p e rv iso ry  P an e l.

B . THEORY

T h e  p rev io u s se c tio n  d is c u s s e s  the s te p s  in  com puting the  d e m an d ed  
r e a c to r  pow er, N ^ , (Eq. 2) and the  rod  v e lo c ity  dem and sig n a l X . The 
b a s i s  fo r  the sy s te m  is  d is c u s s e d  in th is  s e c t io n .

R e a c to r  pow er lev e l i s  m ade to  m atch  th e  dem anded  pow er f ro m  the 
s te a m  tu rb in e  and c o n s ta n t s te a m  p r e s s u r e  is  m ain ta in ed  th rough  m o v em en t 
of c o n tro l  ro d s . C o n tro l ro d  v e lo c ity , w hich is  dependent upon th e  m agnitude 
of th e  pow er e r r o r  s ig n a l (se e  Eq. 3), is  d em a n d ed  w henever th e  e r r o r  
s ig n a l  ex ceed s the pow er deadband . The dead b an d  se rv e s  two fu n c tio n s .
(1) i t  m in im is e s  c o n tro l ro d  d riv e  w e ar by e lim in a tin g  u n n e c e s sa ry  m otion ; 
and (2) a  sm a ll deadband i s  d e s ira b le  to  a llow  th e  in h eren t e ffe c ts  o f the  
te m p e r a tu re  co e ff ic ien ts  to  m ake sm a ll a d ju s tm e n ts  in pow er le v e l .  P r e 
c is e  c o n tro l is not d e s i r a b le  in a sy s te m  w ith  a  long loop flow t im e  b e c a u se  
o v e rc o n tro l  is lik e ly  to  r e s u l t  w ith consequen t tendency  jf  th e  c o n tro l  
s y s te m  to  "hunt" and c a u s e  cycling  of s te a m  p r e s s u r e .

T h e  pow er dem and s ig n a l  is  com posed  of th r e e  te rm s  a s  show n in  
E q u a tio n s  1 and 2. T h ese  a r e  (1) s te am  flow , W ( , (2) s te am  p r e s s u r e  
e r r o r ,  A P , and (3) in te g ra l  of s te am  p r e s s u r e  e r r o r ,  ^  A P dt. T h e  
g r e a t e s t  co n tro l e ffec t is  c a u se d  by the  s te a m  flow  sig n a l. T h is s ig n a l 
is  u s e d  to  com pute the  d e m a n d  w hich is  p ro p o r tio n a l  to  a  fac to r  K j Wg 
(bee E q. 2) (K^ lien  b e tw e e n  0. 7 and 0. 9. ) T h is  m eans th a t 100% s te a m  flow 
w ill d em an d  70% r e a c to r  p o w e r when Kj is  s e t  a t  0. 7.*̂ » S team  p r e s s u r e

^  V a lu e s  of 0. 7 to  0. 9 a r e  n o rm a liz e d  c o n s ta n ts  of the  dem anded p o w e r,
N^,, equation . The c o rre sp o n d in g  re a l v a lu e s  a r e  l is te d  in T ab le  II .
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e r r o r  and th e  in te g ra l of s te a m  p r e s s u r e  e r r o r  a r e  u s e d  to  augm ent the 
s te am  flow s ig n a l and add the  a d d itio n a l pow er d em an d  of 30% of s tead y  
s ta te  d em an d . The in te g ra l t e r m  c a l ls  fo r m o re  p o w e r  when an e r r o r  
has been  p r e s e n t  fo r a leng th  of t im e . The in te g ra l ,  o r  r e s e t  t im e , t , 
is  200 s e c o n d s .

V a r ia t io n s  in the c o n tro l c o n s ta n ts , and K^, an d  the in te g ra l 
t im e , t , h a v e  som e effec t on th e  p lan t c o n tro l c h a r a c te r i s t i c s .  V alues 
of n e a r  u n ity  w ill r e s u l t  in m o r e  rap id  r e a c to r  re s p o n s e  to  s te am  
dem and bu t c a n  cau se  e x c e ss iv e  p o w er o v e rsh o o t. P o w e r  overshoo t 
follow ing a l l  ch an g es in pow er le v e l  is  ty p ica l in a  p la n t  like  the CETR 
w ith a long lo o p  flow tim e  and l a r g e  th e rm a l s to ra g e  c a p a c ity . 
A ccord ing ly  is  se t be tw een  0 . 7 and 0. 9 fo r o p tim u m  p e rfo rm an c e  
u n d er the  c o n tro l  sy s tem  d esig n  c r i t e r i a .  The p r e s s u r e  c o rre c tio n  
te rm , K^t c a n  a ls o  cau se  e x c e s s iv e  overshoo t if it  i s  s e t  too high. If 

is  too low  th e  length  of tim e  re q u ire d  to r e s to r e  s te a m  p re s s u re  to 
n o rm a l w ill b e  too  long. A nalog s im u la tio n  s tu d ie s  in d ic a te  that v a lu es 
of th e  c o n tro l  co n s tan ts  can  be c h o se n  to  give good re c o v e ry  from  
tr a n s ie n ts  w ith o u t e x ce ss iv e  p o w e r o v e rsh o o t.



I I I .  D E S I G N  C R I T E R I A

A.  G E N E R A L

T h e  b a s i c  c r i t e r i a  fo r  p l a n t  o p e r a t i o n  a r e  a s  fo l low s :

1. R e a c t o r  p o w e r  o v e r s h o o t  s h a l l  be l i m i t e d  t o  10%.

2.  S t e a m  p r e s s u r e  fo r  n o r m a l  o p e r a t i o n  s h a l l  b e  

m a i n t a i n e d  w i th in  a  m a x i m u m  v a r i a t i o n  o f  60  p s i .

3. R e a c t o r  p e r i o d  s h a l l  b e  g r e a t e r  th a n  20 s e c o n d s  

a* a l l  t i m e s  d u r i n g  p o w e r  o p e r a t i o n .

B .  LOAD C H A N G E  R A T E S

The  r e q u i r e d  s t e a m  load  r a t e s  o f  c h a n g e  a r e  a s  f o l l o w s :

1. 15 to  100% p o w e r  a t  5 3 .  2 MWt p e r  m i n u t e  

( 9 .  1% p e r  m in u te )

2 .  100 to  15% p o w e r  a t  5 3 .  2 MWt p e r  m i n u t e

3.  A t  15% to 75% p o w e r ,  a  s t e p  s t e a m  d e m a n d  

c h a n g e  e q u iv a l e n t  to  + 1 0 6 . 4  MWt (18 .2% )

4 .  A t  30% to 75% p o w e r ,  a  s t e p  s t e a m  d e m a n d  

c h a n g e  e q u iv a l e n t  t o  - 1 0 6 . 4  MWt (18 .2% )

W h e r e :

M W t * t h e r m a l  m e g a w a t t ,  the  un i t  of m e a s u r e m e n t  

u s e d  in d e s c r i b i n g  the  t h e r m a l  o u t p u t  o f  the  

p la n t .
T h e s e  s t e a m  l o a d  c h a n g e  r a t e s  w e r e  c o m p u t e d  f r o m  a n  e l e c t r i c a l  

l o a d  c h a n g e  r e q u i r e m e n t  of 25 m e g a w a t t  e l e c t r i c a l  p e r  m i n u t e  a n d  a 

50 m e g a w a t t  e l e c t r i c a l  s t e p ,  r e s p e c t i v e l y ,  The  c o r r e s p o n d i n g  s t e a m  

l o a d  w a s  c o m p u t e d  a s  fo l lows:

(585 M W t)  * 1 0 6 .4  MWt (5)

W h e r e :  275 M e g a w a t t s  e l e c t r i c a l  i s  full  p o w e r  p l a n t  o u t p u t  Inc lud ing

th e  c o n t r i b u t i o n  f r o m  t h e  s e p a r a t e  oil  f i r e d  s u p e r h e a t e r .
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C .  PLAN T CHARACTERISTICS

T h e  im por tan t  p a r a m e t e r s  which a ffec t  th e  con tro l  sy s te m  a r e  load 
r a t e  c h an g e s ,  fuel and m o d e r a t o r  t e m p e r a t u r e  coeff ic ients  of r e a c t i v i t y ,  
w a t e r  and s teel  m a s s e s ,  sy s te m  flow t i m e s ,  a n d  c h a r a c t e r i s t i c s  o f  the 
fue l  r o d s .  The g e n e ra l  e f fe c t s  of the t e m p e r a t u r e  coeff ic ients  w e r e  
d i s c u s s e d  in Section I, a n d  the load r a t e  c h a n g e s  w ere  outlined in the  
p r e v i o u s  sec t ion .  The s y s t e m  flow t ime w a s  m ent ioned  b r ie f ly  in 
S e c t io n  II and will be d i s c u s s e d  in m o r e  d e ta i l  h e re .  Water and  s t e e l  
m a s s e s  and fuel rod c h a r a c t e r i s t i c s  a r e  a l s o  d i s c u s se d  h e re .

1. Water  and S tee l  M a s s e s

The la rg e  m a s s e s  of water and s t e e l  in the CETR p r i m a r y  loops 
c o n t r ib u te  to the i n e r t i a  of the plant and g e n e r a l l y  exer t  a s t a b i l i s i r ^  
in f lu en ce  by reducing th e  m agni tude  of t r a n s i e n t s .  In a co n s tan t  s t e a m  
p r e s s u r e  sy s tem  the r e a c t o r  m u s t  supply ad d i t io n a l  heat ,  above th a t  
r e q u i r e d  to m atch  the lo a d  demand,  to b r in g  the p r i m a r y  m a s s e s  to  the 
new  equi l ib r ium  t e m p e r a t u r e .  This  ad d i t io n a l  heat  i s  supplied by forcing 
th e  r e a c t o r  to o v e rsh o o t  t e m p o r a r i l y  the d e m a n d e d  power lev e l .  C o n 
v e r s e l y  during d e c r e a s i n g  load changes  the  p r i m a r y  m a s s e s  c o n t r ib u te  
hea t  and the r e a c to r  p o w e r  m u s t  be forced  to  undershoot  t e m p o r a r i l y  
th e  dem anded  power in o r d e r  to allow re d u c t io n  of the a v e ra g e  p r i m a r y  
m a s s  t e m p e r a tu r e  to the  nfew equil ib r ium  l e v e l .

I .  System Flow T im e

The sys tem  flow t im e  c a u s e s  a d e la y  in t r a n s fe r  of h e a t  f ro m  
the  r e a c t o r  to the b o i l e r s  when the s te am  lo ad  is  in c re ased .  T h i s  t im e  
lag  c a u s e s  s team  p r e s s u r e  to fall until  the  h e a t  r eq u i re d  f rom  the  
r e a c t o r  is avai lab le  to  c o u n te ra c t  tha c h a n g e .  Heat energy  s t o r e d  in 
th e  p r i m a r y  w a te r  p a r t l y  o ffse ts  the s t e a m  p r e s s u r e  change by c o n t r i 
b u t ing  heat im m e d ia te ly .

The r e a c t o r  c o n t r o l  sys tem  d e s ig n  p a r a m e t e r s  allow fo r  the 
loop  delay t ime and m a i n t a i n  s team  p r e s s u r e  v a r ia t io n s  within th e  l im i ts  
s e t  forth  in Section III.

3. Fuel  Rod C h a r a c t e r i s t i c s

Severa l  c h a r a c t e r i s t i c s  of the fuel  r o d s  ex e r t  an i m p o r t a n t  
in f luence  on the c o n t ro l  sy s te m  design and  p la n t  resp o n se .  T h e  m o s t
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i m p o r t a n t  o f  t h e s e  a r e  t h e  low t h e r m a l  c o n d u c t a n c e s  o f  t h e  fuel  p e l l e t s  

and  t h e  g a s  f i l l e d  gap  w h ic h  e x i s t s  b e t w e e n  th e  fue l  p e l l e t  an d  th e  c l a d d i n g .  

T h e  g a s  g a p  p r e s e n t s  a  h ig h  r e s i s t a n c e  to  h e a t  f low a n d  t h e r e f o r e  t e n d s  

t o  i n s u l a t e  t h e  fu e l  p e l l e t  f r o m  t h e  c l a d d i n g .  W hen  r a p i d  c h a n g e s  in 

r e a c t o r  p o w e r  a r e  d e m a n d e d  t h e r e  i s  a  t i m e  d e l a y  ( t h e r m a l  l a g  t i m e )  

in  c o n d u c t i n g  h e a t  f r o m  t h e  p e l l e t s  t o  th e  c l a d  a n d  t h u s  t o  t h e  coo l ing  

w a t e r .  T h i s  t i m e  d e l a y  c a u s e s  a  f u r t h e r  d e l a y ,  in a d d i t i o n  t o  th e  loop  

flow t i m e ,  i n  t r a n s f e r  of h e a t  f r o m  t h e  r e a c t o r  t o  t h e  b o i l e r s .

T h e  t h e r m a l  r e s i s t a n c e  o f  t h e  gap  a l s o  c a u s e s  a n  i n c r e a s e  in 

fuel  p a l l e t  t e m p e r a t u r e  f o l l o w i n g  a n  i n c r e a s e  in r e a c t o r  h e a t  ou tpu t .

T h i s  s h a r p  r i s e  in  fuel  t e m p e r a t u r e  c a u s e s  n e g a t i v e  a d d i t i o n  of r e a c t i v i t y  

in to  t h e  c o r e  t h r o u g h  th e  n e g a t i v e  fu e l  t e m p e r a t u r e  c o e f f i c i e n t  o f  r e a c t i v i t y .  

T h e  n e g a t i v e  r e a c t i v i t y  o p p o s e s  t h e  p o s i t i v e  r e a c t i v i t y  a d d e d  by rod  

m o t io n .  T h e  c o n t r o l  s y s t e m  m u s t  t h e r e f o r e  m o v e  t h e  c o n t r o l  r o d s  to  

o v e r r i d e  t h e  n e g a t i v e  r e a c t i v i t y  f r o m  t h e  fuel  t e m p e r a t u r e  i n c r e a s e .

T h e  t h e r m a l  c o n d u c t a n c e  of t h e  g a p  i s  p a r t l y  d e p e n d e n t  u p o n  th e  t h e r m a l  

c o n d u c t i v i t y  o f  t h e  g a s  o c c u p y i n g  t h e  g a p  When t h e  r e a c t o r  c o r e  i s  new  

t h e  gap  i s  f i l l e d  w i th  h e l i u m  g a s .  T h e  t h e r m a l  c o n d u c t a n c e  of t h e  g a p  

w hen  f i l l e d  w i t h  h e l i u m  is  f a i r l y  g o o d  and  t h e r e f o r e  t h e  t h e r m a l  lag  t i m e  

a n d  fuel  t e m p e r a t u r e  r e a c t i v i t y  e f f e c t s  a r e  m o d e r a t e .  A s  th e  c o r e  u n d e r 

g o e s  i r r a d i a t i o n  t h e  t h e r m a l  c o n d u c t a n c e  of th e  g a p  b e c o m e s  l o w e r  

b e c a u s e  low t h e r m a l  c o n d u c t i v i t y  f i s s i o n  p r o d u c t  g a s e s  s u c h  a s  xenon 

and  k r y t o n  m i x  w i th  th e  h e l i u m .  A f t e r  t h e  f i r s t  50 d a y s  of  o p e r a t i o n  it 

i s  a s s u m e d  t h a t  t h e  t h e r m a l  l a g  t i m e  a n d  fuel  t e m p e r a t u r e  r e a c t i v i t y  

e f f e c t s  a r e  m o r e  p r o n o u n c e d  c a u s i n g  s l o w e r  c o r e  r e s p o n s e .

T h e  c o n t r o l  s y s t e m  i s  p r o v i d e d  w i th  a d j u s t m e n t s  f o r  t h e  

c o n s t a n t s  K t a n d  K2 of E q u a t i o n s  1 a n d  2 t o  c o m p e n s a t e  f o r  t h e  c h a n g in g  

h e a t  t r a n s f e r  c h a r a c t e r i s t i c s .
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I V .  P L A N T  S I M U L A T I O N  S T U D I E S

A.  DESCRIPTION

The dynam ic a n a ly s i s  of the  C ETR  p la n t w as c a r r ie d  out by  f i r s t  
e s ta b lish in g  m a th e m a tic a l  m odels d e s c r ib in g  the  th e rm o d y n am ic  and 
flu id  dynam ic c h a r a c te r i s t i c s  of the  p r im a r y  loop co m p o n en ts , including  
r e a c to r  c o re , p r im a r y  p iping, b o i le r s ,  ro d  m ech an ism s and  c o n tro l 
sy s te m , and p r im a ry  flu id  and m e ta l m a s s e s .  A la rg e  n u m b e r  of 
d if fe re n tia l  eq u a tio n s  r e s u l t .  Solutior o f th e s e  equations is  d if f ic u lt  
by  any m eans ex cep t c o m p u te rs . The a n a lo g  co m p u ter w as c h o se n  to 
ob ta in  the  t r a n s ie n t  so lu tio n s  re q u ire d , fo r  the  follow ing r e a s o n s :

1. C om puta tion  is c a r r ie d  ou t a s  d e s ire d  in r e a l  
t im e  o r  a c c e le ra te d  t im e .

2. A r e c o r d  of any v a r ia b le  in  th e  sy s te m  can  b e  
o b ta in ed  a s  a  con tinuous function  of tim e .

3. N o n - lin e a r  o p e ra tio n s  m a y  be p e rfo rm ed  
c o n tin u o u sly .

An ex ten siv e  a n a lo g  study w as m ad e  of the  CETR p lan t to  (1) 
d e te rm in e  the n a tu r a l  re sp o n se  of th e  p la n t  to  n o rm al load  t r a n s ie n t s ,
(2) in v es tig a te  v a r io u s  re a c to r  c o n tro l s y s te m s ,  and (3) m ak e  a  
p a ra m e tr ic  study of th e  c o n tro l sy s te m  s e le c te d . A dditional s tu d ie s  
w e re  m ade to  d e te rm in e  the re la tio n sh ip  of sy s te m  p a ra m e te r s  to  
c o n tro l sy s te m  re q u ir e m e n ts .  C om ple te  d e ta ils  of the s im u la tio n  
m o d e ls  used  a r e  g iv e n  in Appendix B.

B . R E PR E SE N T A T IV E  PLANT PE R FO R M A N C E  CURVES

Sam ple d a ta  f ro m  the analog  s im u la tio n  s tu d ies  a r e  in c lu d ed  in th is  
se c tio n . T h ese  d a ta  have been s e le c te d  a s  ty p ica l ex am p le s  of the  
c o n tro l sy s tem  and  p lan t re sp o n se s  to  v a r io u s  load dem and c h a n g e s . 
C e rta in  c o re  c h a r a c te r i s t i c s  a r e  su b je c t to  v a ria tio n  a s  th e  c o re  u n d e r
goes ir ra d ia tio n . T h e s e  changes w e re  d is c u s s e d  in S ec t.cn  III. The
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plant w as s im u la te d  using  p a r a m e te r s  re p re s e n ta tiv e  o f th e  beginning 
and the  end o f c o re  life , and bo th  co n d itio n s  a r e  d is c u s s e d  and i l lu s tr a te d  
in th is  s e c tio n .

The c o re  p a ra m e te r s  in flu e n c in g  th e  co n tro l s y s te m  se ttin g s  a s  the  
c o re  ag es a r e  th e  fuel rod gap c o n d u c tan c e  and the  tw o te m p e ra tu re  
co effic ien ts  o f re a c t iv i ty . The v a r ia t io n  of th e se  p a r a m e te r s  from  
beginning to  en d  of c o re  life , and ty p ic a l  se ttin g s  of th e  c o n tro l sy s te m  
c o n s ta n ts , K t , Kt and t a r e  p r e s e n te d  in T able II.

T A B L E  II
CORE PA R A M E T E R S AND C O N TR O L SYSTEM CONSTANTS SETTINGS

M o d era to r T e m p e ra tu re  C o e ffic ien t 
of R e a c tiv ity , A k /F

Fuel T e m p e ra tu re  C oefficient 
of R e a c tiv ity , A k /F

Fuel Rod G ap C onductance , 
B tu /s e c - f ta - F

K | , s e c / lb
K | , i n .1 / lb

r .  sec

Beginning of £>id of
C ore  L ife C ore  Life

-1 .4  x 10’ 4 - 0 .8  x 10‘ 4

- l  x 10“ » -1 x 10“ *

0 .2  0 .1175

13.9  x 10"4 ( .8 5 )  13 .9  x 10*4 {.85)
15 x 10-4 15 x 10‘ 4

to  22. 8 x 1 0 '4 to  22. 8 x 10‘ 4
200 100 and 200

A c o m p le te  lis tin g  of p lan t p a r a m e t r ic  data  is  in c lu d e d  in Appendix A . 
R e su lts  of ty p ic a l  re sp o n se  c u rv e s  a r e  tabu la ted  in T a b le  III fo r  the  b e 
ginning of c o r e  life , and T ab le  IV fo r  the  end of c o re  l i f e .  With the  c o n tro l 
sy s te m  c o n s ta n ts  se t a t the  v a lu e s  l is te d  in T ab le  II th e  p lan t m e e ts  the  
re sp o n se  r e q u ir e m e n ts  se t  fo r th  in Section IV. The d a ta  tab u la ted  in 
T ab les  HI an d  IV a r e  i l lu s tra te d  g ra p h ic a lly  on F ig u re s  ♦  - 14.
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C . CONTROL CONSTANTS STUDIES

T he effects of v a ry in g  th e  c o n tro l s y s te m  c o n stan ts  w e re  d e te rm in e d  
in  a r r iv in g  a t the  s e t t in g s  p re s c r ib e d  in T a b le  II. T hese  e ffe c ta  a r e  
d is c u s s e d  in th is  s e c t io n .

A s the co n stan t K | i s  b rough t c lo s e r  to  u n ity  the  e ffect is  s l ig h tly  
m o r e  pow er o v e rsh o o t a n d  a  s h o r te r  tim e  p e r io d  fo r the  r e a c to r  to  re a c h  
th e  new  dem anded le v e l  and  subsequen tly  s ta b l ia e .

T he constan t K* i s  v a r ie d  over the  c o r e  l ife  b e ca u se  of i ts  g r e a te r  
in f lu e n c e  on pow er o v e rs h o o t. The h ig h e r v a lu e s  of Kt re d u c e  th e  tim e  
r e q u i r e d  to  re tu rn  s te a m  p re s s u re  to  n o rm a l  bu t cau se  in c re a s e d  pow er 
o v e rs h o o t. At the  b eg in n in g  of c o re  l ife  h e a t  t r a n s f e r  c h a r a c te r i s t i c s  
a r e  good and c o re  r e s p o n s e  to  pow er d em an d  changes r e q u ire  l e s s  co r*  
r e c t io n  from  the Kj t e r m .  E x cess iv e  p o w er o v e rsh o o t is  p o s s ib le  if Kt 
is  s e t  too  high e ith e r  e a r ly  o r  la te  in c o re  l'.fe . T h is e ffec t is  i l lu s t r a te d  
on F ig u re  15. F ig u re  16 show s th a t th e  m ax im u m  steam  p r e s s u r e  
v a r ia t io n  is  in se n s it iv e  to  th e  Ka se ttin g .

T he v a rio u s  g ro u p s  of m ovable  c o n tro l ro d s  w ill not have th e  sam e  
w o r th  in te rm s  of r e a c t iv i ty .  The ran g e  of ro d  group  w orth  l ie s  be tw een  
0. 02 A k /k  and 0. 04 A k /k . The low er w o rth  ro d  g roups add l e s s  
r e a c t iv i ty  per un it le n g th  of tra v e l  than  th e  s t ro n g e r  ones. T h e re fo r e ,  
fo r  a  dem and pow er c h a n g e  ca llin g  fo r a s p e c if ie d  re a c tiv ity  a d d itio n  
r a t e ,  th e  low er w o rth  ro d  g roups m u st m o v e  a t  a  f a s te r  speed  th a n  the 
s t r o n g e r  ones. T h is  e ffe c t is  accoun ted  fo r  in th e  CETR c o n tro l 
s y s te m  through  the  u s e  o f v a ria b le  sp eed  c o n tro l  rod  d r iv e s .  T h e  rod  
d r iv e s  a r e  con tinuously  v a r ia b le  fro m  3 to  22 1 /2  in c h e s /m in u te . A 
c o m b in a tio n  of the  lo w e s t w orth  rod  g roup  a n d  the  pow er d em an d  need ing  
th e  g r e a ^ s t  re a c t iv i ty  ad d itio n  ra te  w ill no t r e q u ir e  the  d r iv e s  to  
e x c e e d  the  m ax im um  sp e e d . The pow er d e m a n d  changes c o m b in ed  w ith 
2% A k /k  rod g roups a r e  th e  m ost d ifficu lt fo r  th e  co n tro l s y s te m  to  
m e e t .  M ost of the  s tu d ie s  have u sed  2% A k / k  g ro u p s.
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T A B L E  III
TY PICA L PL A N T  RESPONSES AT BEGINNING O F C O R E  L IF E

P ow er D em and
In itia l P ow er, 

% of F u ll P o w er
F ina l P o w er,

% of F ull P ow er

O vershoo t o r  
U ndershoo t,

% of F u ll P ow er

M in im um
R e a c to r
P e r io d ,

s e c

9team
P r e s s u r e
V aria tio n ,

p si R e fe re n c e

• + 18. 2% Step* 80 98 .2 7 89 -36 F ig . 6

s - 18. 2% Step 75 56 .8 9 .8 78 +58 F ig . 7
1 + 9. 1% p e r  m in u te

Ram p
20 97. 5 6 240 -21 F ig . 8

- 9. l% p e r m in u te
Ram p

100 20 4 265 +50 F ig . 9

•  A s te p  c h an g e  of IS. 2% is  e q u iv a le n t to  106.4 MWt r e a c t o r  pow er, o r  50 M W e g e n e ra to r  d e m a n d . 

* • A ra m p  c h a n g e  of 9. l% p er m in u te  is  equ ivalen t to  53. 2 MWt per m inu te  r e a c to r  pow er, o r  
25 MWe p e r  m in u te  g e n e ra to r  d e m a n d .
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T A B L E  IV
TY PIC A L PL A N T  RESPONSES AT END O F CO RE L IF E

P ow er D em and
In itia l P o w e r, 

%of Full P o w e r
F inal P ow er, 

% of Full P ow er

Overshoot, o r  
U ndershoot, 

% of Full P ow er

M inim um
R e a c to r
P e r io d ,

see

Steam
P r e s s u r e
V aria tio n ,

* See no te  T a b le  III. 
*+ See no te  T a b le  III.

R eferen ce
_ 4""

+ 18. 2% Step 80 98. 2 4 87 -40 . 5 F ig . 10
to + 18. 2% Stepe— 80 98. 2 9 .8 4 7 -41 F ig . 11
• >1 8 .  2% Step 80 6 1 .8 8 .8 199 +43.6 F ig . 12

_ ** + 9. l% p e r  m in u te
Ram p

20 97. 5 6. 5 265 -47 F ig . 13

- 9. l% p e r  m in u te 100 20 5 280 +53 F ig . 14
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V . C O N C L U S I O N S

The  c o n tro l s y s te m  p ro v id es  s  sa fe  a n d  re l ia b le  m ean s to  c o n tro l  
th e  p lan t in a c c o rd a n c e  w ith  the  d esig n  c r i t e r i a  se t fo rth  in S e c tio n  III 
o f th is  re p o r t .  T he c o n tro l  sy s te m  and c o m p o n e n ts  have b een  d e s ig n ed  
to  p ro v id e  enough f le x ib il i ty  to allow  fo r  v a r ia t io n s  in r e a c to r  c h a r a c te r i s  
t i c s  d u rin g  its  l i f e t im e . Analog s im u la tio n  s tu d ie s  v e rify  th a t  in ten d ed  
d e s ig n  re q u ire m e n ts  h a v e  been  m et.
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a p p e n d i x  a

PLA N T P A R A M E T E R S

Beginning 
of Life*

End of 
Life

REACTOR K IN ETIC S

1. N eu tron  l i f e t i m e ,  eec
2. T o ta l  d e la y e d  n e u tro n  f r a c t io n

2. 3 x  10"* 
0 .0 0 7 5 5

J . Decay c o n s ta n t  for de layed  
p r e c u r s o r s ,  sec"

4 . D i f fe re n t ia l  ro d  w orth , i n . " 1

0 .0 8 1 4
v a r i a b le

5. M o d e ra to r  t e m p e r a tu re  
c o e f f ic ie n t ,  A k / F - 1 .4  x  10 -4 - 0 . 8  x 10"

6. Fuel T e m p e r a tu r e  C oeffic ien t 
of R e a c t iv i ty ,  A k / F -1 x 10"* -1  x  10'*

AVERAGE F U E L  ROD 

1. Fue l d e n e i ty ,  lb /ft*
581

2. Specific  h e a t  of fuel (C f) ,
B t u / l b - F

3. T h e r m a l  conduc tiv ity  of fuel (K^),  
B tu /s e c  - f t - F

4. V olum e of fuel in c o re  (V^), f t 5
5. R ad ius  o f  fuel pe lle t  ( r^ ) ,  ft

0.001181 
(818 F)

0 .0 5 7
0 .0 0 0 8 3 3  
(1257 F)
7 2 .6
0 .0 1 0 8 3

(>. Gap c o n d u c ta n c e  (h ), 
B t u / s e c - f t * -  F

7. C lad in n e r  ra d iu s  (*c i )»

.312 .0782
0 .0 1 0 9 6

8. Specific  h ea t  of c la d  (Cc l ), 
Btu/ se c  - f t - F

0 . 120

9 , T h e r m a l  conduc tiv ity  c lad  (Kc ) , 
B tu / sec  - f t - F

0 .003333

.  P a r a m e t e r s  a t  the  beginning of c o r e  l ife  a r e  equal to  t h o e .  a t the 
end o '  c o re  l i f e  excep t w h e re  n o te d .
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JO. C la d  o u te r  ra d iu s  ft 0 .01267

11. C la d  d e n s ity  (c lad ), lb / f t* 507

12. F u l l  co o lan t m a s s  flow  r a t e  (w ), 
l b / a e c  CO 14,700

13. F i lm  conductance  a t  fu ll  flow ra te
(h^o ), B tu /s e c - f t* - F 2 .5 3

14. 100% re a c to r  p o w er, B tu /s e c 554,000

A V E R A G E  COOLANT C H A N N EL

1 . T o ta l  w eigh t of c o o la n t in  c o re
<MC), lb 6540

2. S p e c if ic  h ea t of c o o la n t (C ),
B t u / l b - F  C 1. 155

3. T o ta l  e ffec tiv e  o u te r  c la d  a re a
(A ) .  ft>

C O
15,600

4. F i lm  conductance  a t  fu ll  flow
(h j) , B tu /s e c - f t* - F 2. 53

IV. P IP E  SIM ULATION

1. W eig h t of coo lan t in p ip e  (M . )
(ho t le g ) (M p ip e # l) .  I b /Io o p plpe
(c o ld  leg ) ( h i ,  #2), lb / lo o p

2. C o o la n t m a n  (w ), l b / s e e - lo o p

V. B O IL E R S

1. W eigh t of p r im a ry  c o o la n t  in  b o ile r
(M ). lb  /b o ile r

P
2. S p e c if ic  hea t of p r im a r y  co o lan t (C ). 

B t u / l b - F
3. M a a a  flow r i t e  of p r im a r y  coo lan t

(w ). l b / s e c /b o i l e r  c
4. E ffe c tiv e  b o ile r  h e a t t r a n s f e r  a re a  (A) 

ft* /b o i le r
5. W eig h t of se co n d a ry  (M s >. lb /b o i le r
6. S te a m  flow ra te  (W ), l b / s e c - b o i l e r  

(fu ll flow)
7. O v e ra l l  b o ile r  c o n d u c ta n c e  (U). 

B tu /s e c - f t*  - F

■

13, 200 
18,580 
3 ,680

17 , 000

1. 155

3. 680

13,800
20 ,420

153.4

0.2000

-  28  -



::

■

1
}

&
A PPEN D IX  B

P L A N T  S I M U L A T I O N  D E T A I L S

1.  R EA CTO R K IN ETIC S

T h e  s ta n d a rd  n u c le a r  k in e tic  eq u a tio n s  u s e d  in  C E T R  s tu d ie s  a r e :

ar * “ + £  xi ci

dCi <*iar *-!*■ " * xi ci
w h e re ,

n n o rm a lis e d  n e u tro n  d e n s ity  
t im e , sec

* r e a c t iv i ty

1 *

P

Pi

n e u tro n  l i f e t im e , sec

* to ta l  d e la y ed  n e u tro n  f r a c t io #
i

decay  c o n s ta n t  fo r  i**1 g roup  of d e la y e d  n eu tro n  p r e c u r s o r s ,  
s e c ' 1

n o rm a lis e d  d e n s ity  of p r e c u r s o r s  in the  i*k g roup
th* f ra c tio n  of d e la y e d  n e u tro n s  in  th e  i g roup

In  eq u a tio n s (1) and  (2), th e  follow ing a s s u m p tio n s  a r e  m a d e : (1) 
th e r e  is  a  u n ifo rm  flux  d is t r ib u t io n , (2) th e  n e u tro n s  a r e  m o n o e n e rg e tic , 
and  (3) in te g ra tio n  o v e r  sp a c e  is  p e rfo rm e d , i . e . ,  sp a tia l v a r ia t io n s  in 
n e u tro n  d e n s ity  a r e  n e g le c te d .

A lthough the  v a r ia b le s  in  equations (1) a n d  (2) a r e  d efined  in  t e r m s  
of n e u tro n  c o n c e n tra tio n s , no a p p re c ia b le  e r r o r  is  in tro d u ced  by a s su m in g  
th a t  r e a c to r  pow er is  d i r e c t ly  p ro p o rtio n a l to  n e u tro n  c o n c e n tra t io n .
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T he eq u a tio n *  m ay  th e n  b e  r e s ta te d  w ith ,,n "  re d e f in e d  a s  th e  p o w e r  p r o 
d u c tio n  in  B tu /sec  and  "C ^" a* the  p o te n tia l p o w e r  s to re d  in d e la y e d  
n e u t r o n s .

T h e  re a c tiv ity , p, i s  c o m p u ted  by the  e q u a tio n

*£ . £̂_ £  + S t. 1

w h e re ,
t
x
a
£  -

*c
®£_ *

8T ^c
=— ar-•  T f

tim e , sec
c o n tro l ro d  d isp la c e m e n t, in . 

c o n tro l ro d  w o rth , in .~*  

a v e ra g e  m o d e r a to r  te m p e ra tu re ,  F

m o d e ra to r  t e m p e r a tu r e  c o e f f ic ie n t  o f re a c tiv ity , A k /F

Af  * a v e ra g e  fu e l  te m p e ra tu re ,  F

fuel t e m p e r a tu r e  c o effic ien t of r e a c t iv i ty ,  A k/F

It is  a ssu m e d  th a t r e a c t iv i ty  changes due to  v a r ia tio n s  in fu e l 
te m p e r a tu r e  a re  t r e a te d  in  th e  sam e m a n n e r  a s  re a c tiv ity  c h a n g e s  due 
to  v a r ia t io n s  in m o d e ra to r  te m p e r a tu re .  M o d e ra to r  and fuel t e m p e r a 
tu r e  c o e f f ic ie n ts  a r e  c o m p u te d  and u sed  in e q u a tio n  (3).

F o r  s im u la tio n  of th e  n u c le a r  k in e tic s , e q u a tio n  (4) is  a d d e d .

N « n + n . (4)

w h e re
N * n o rm a lis e d  r e a c to r  pow er le v e l (N * 1 at 100% of fu ll 

reactOT p o w e r)

« n o rm a liz e d  d e c a y  heat
n  a n o rm a liz e d  n e u tro n  d en sity
C o m p u ta tio n s  in d ic a te  th e  re sp o n se  o f a  k in e tic  m odel w ith s ix  

d e la y e d  n e u tro n  g ro u p s i s  no t s ig n ific an tly  d if f e r e n t  fro m  th o se  o f  a  m odel 
w ith  o n e  equ iva len t g ro u p . T h e re fo re , e q u a tio n s  (1) and (Z), w h ich  u se d  
a  s ix - g r o u p  m odel, a r e  r e p la c e d  by e q u a tio n s  (5) and  (6), u s in g  a  o n e -  

g ro u p  m o d e l .

Q
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ar * n ♦xc (5)

n - X C (6)

w here  0 and  X a r e  defined  as

pt r pii (7)
i

< • >

T he c o m p u te r  a r ra n g e m e n t f o r  g e n e ra tin g  the  t e r m  A N , the  change 
in pow er leve l, ia  show n s c h e m a tic a l ly  in  F ig . 17. A m p lif ie r s  l and 2, 
in co n ju n c tio n  w ith  the  function  g e n e r a to r  ( F .G .)  and  th e  m u ltip ly in g  
p o te n t io m e te rs , s im u la te  th e  e ffe c t o f th e  c o n tro l r o d s .  C a lc u la te d  

. d if fe re n tia l ro d  w o rth  c u rv e s  a r e  r e p ro d u c e d  by the  fu n c tio n  g e n e ra to r . 
T hese  c u rv e s  (o f  th e  fo rm  show n in  F ig .  18) a r e  d e r iv a t iv e s  of the 0 .0 2  
Ak and 0 .0 4 ‘A k c u rv e s  in F ig . 19 T he fuei te m p e ra tu re  c o e ffic ien t 
e ffect is  in tro d u c e d  by m ean s of a m p l i f ie r  3 and c o e f f ic ie n t  p o te n tio m e te r  
b . The e ffe c t o f  th e  m o d e ra to r  t e m p e r a tu r e  is  in s e r te d  th ro u g h  co e ff ic ien t 
p o te n tio m e te r  c  . A m p lif ie r  4 s u m s  th e  th re e  re a c t iv i ty  t e r m s  and 
g e n e ra te s  th e  t e r m  p, o r

(9)

which is  a  r e s ta te m e n t  of eq u a tio n  (3 ) .
P a r a m e te r s  u se d  fo r  r e a c to r  k in e t ic s  a re :  
1* * 2 .3  x  10®  sec
0 = 0 .0 0 7 5 5
X * 0 .0 8 1 4  sec  **

* S e e  F ig .  18
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E quations (5), (6 ) , an d  (9) a r e  s im u la te d  by  th e  follow ing c o m p u te r  
eq u a tio n s .

n * 13 .04  [ 105 pn/30] - [ AC] ( 10)

IB 3. 283  ( 50 - 0. 0814 [ AC/2] (ID

105 p/15  * 3. 333 ( 104 /5  g £  x]  . - (^ 5 3 3 )  [ T J  (Self hfcte)

2. THERM AL M O D E L  O F REACTOR

The th e rm a l m o d e l of th e  c o re  ie  a s s u m e d  to  c o n s is t  o f a n  
"average** fuel ro d  a n d  i ts  a s s o c ia te d  " a v e ra g e "  coo lan t c h a n n e l. O ther 
a s su m p tio n s  p e r ta in in g  to  th is  m odel a r e :

1. The d e n s i t i e s ,  sp ec ific  h e a ts ,  th e r m a l  c o n d u c tiv it ie s , and 
d im e n s io n s  o f fuel and c lad  m a t e r i a l s  a r e  c o n s ta n t.

2. Only r a d ia l  h e a t  conduction  i s  c o n s id e re d . (A xial a n d  p e r i 
p h e ra l c o m p o n e n ts  of co n d u c tio n  a r e  n e g le c te d .)

3. V o lu m e tric  h e a t  g e n e ra tio n  w ith in  th e  fuel is  in d ep en d en t of 
p o sitio n  in  th e  fuel.

4. H eat s to r a g e  in the  h e liu m  gap  i s  n eg lig ib le .
5. Flow  in  th e  a v e ra g e  coo lan t c h a n n e l is  tu rb u le n t.
6. H eat s to r a g e  in the  su p p o rtin g  s t r u c tu r e  is  n e g lig ib le .

a . A v erag e  F u e l  Rod

-  0 .5333  [ATf /8 ] ( 12)

T he e q u a tio n s  d e sc r ib in g  th e  a v e r a g e  fuel ro d  a r e

0 < r  < r f (13)

w ith  th e  b o u n d ary  c o n d itio n s

*  0 (14)

a n d

N ote: Top n u m b e rs  a r e  beginning  of c o r e  l ife  c o n stan ts
N u m b ers  in p a re n th e s is  a r e  end o f c o re  life  c o n s ta n ts
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V p Aci  l W > - Tc U 4 < rc i - ‘>l (If)

j — ^  V Tj ( r, t) r dr dS »  ̂ ^  Tf (r, t) rdr (1

Tc l .d  . _  [ ^ c U d ,  l - c u d  >  _  .
■55-------- KcU d  L l ^ - f F “ T T - J  * rc i i r i r<Pc la d  ^ c l a d

w ith the  b o u n d a ry  co n d itio n s

hgap A c o   ̂T£ ~ T c la d  ^r «4»tW " “Kc la d  A.fcH (18)

and
-K c la d  co L dr

h |  ** h-feT
V c o  tT cu d < r co -* > -Tc “ »J «*’ >

<*>)

w here

pf fuel d e n s ity , lb / f t3 
sp ec ific  h ea t of f u e l ,  B tu /lb -F  

Tf ( r , t )  = fuel te m p e r a tu r e ,  F  
t im e , sec

th e rm a l c o n d u c tiv ity  o f fue l, B tu /s e c - f t^ - F / f t  
ra d ia l  d is ta n c e , f t
n o rm a liz e d  (N s 1 a t  fu ll pow er) r e a c to r  pow er lev e l 
100% re a c to r  p o w e r , B tu /sec

3
to ta l  volum e of fu e l  in  c o re , ft 
ra d iu s  o f fue l p e l le t ,  f t  

Afg * to ta l  fuel s u r fa c e  a r e a ,  f t2 
Acq * to ta l  o u te r  c la d  s u r f a c e  a re a ,  f t 2

Ac i = to ta l  in n e r  c la d  s u r f a c e ,a r e a ,  f t2
h g a p 15 co n d u ctan ce , r e f e r r e d  to o u te r  c la d  r a d iu s ,  B tu /6 ec-ft2 - F  
* I |_ d  (T i t)  = c la d  t e m p e r a tu r e ,  F  
r c i * in n e r  ra d iu s  of c la d ,  f t
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I

? f (t) = a v e ra g e  fuel t e m p e r a tu r e ,  F #  1
^ c lad  “ c la d  d en sity , lb/fct^ t

C c la d = sp e c if ic  heat of c la d , B tu ^ b -F 1
K , .= c la d th e rm a l  co n d u c tiv ity  o f  c lad , B tu /s e c - f t  - F / t t
r  -

CO
o u te r  rad iu s  of c la d , ft 1
a v e ra g e  te m p e ra tu re  o f w a te r  in  a v e ra g e  c o o la n t 1
c h a n n e l, F 1

hf = f i lm  conductance  r e f e r r e d  to o u te r  c la d  ra d iu s , 1
B tu /sc c  - f t^ -F

W =■ c c o o la n t m a s s  flow r a t e ,  lb /sec 1
W =

CO
fu ll  coo lan t m a i s  flow  r a te ,  lb /sec

h- = fo f i lm  conductance  a t  fu ll  flow , B tu /s e c - f t^ - F I
By s im u la tin g  th e rm a l s y s te m s  on an in c re m e n ta l  b a s is  r a th e r

<■ i
than  on to ta l  q u a n tity , the  n eed  f o r  c o n s id e r in g  in it ia l  co n d itio n s  is

® 1
e lim in a te d  w h en  dea ling  w ith l in e a r  s y s te m s . F o r  n o n - l in e a r  sy s te m s , 
in itia l c o n d itio n s  a r e  co n v en ien tly  in s e r te d .  In e i th e r  e v e n t, the  d ifficu lty  
of ex ac tly  b a la n c in g  in itia l c o n d itio n s  on the  c o m p u te r  is  e lim in a te d . F o r  
exam p le , d e fin e

T f ( r ,  t) = Tf( r ,  0 ‘ ) + A T f ( r ,  t) (21)

N(t) = N(0~) ♦ AN(t) (22)

T c i .d < r -*> *  Tc U d ( ' - # ‘ > * AW r -*> <23> f |
|

N(t) is  r e la te d  to  n(t) = n + n^, w h e re  n^ r e p re s e n ts  p o w e r due to  decay  ®
h e a t. T h is f a c to r  is  a ssu m e d  c o n s ta n t  in m o st of th e  s tu d ie s  (AN = A n).

S u b s titu tin g  equations (21) and  (22) into e q u a tio n  (13), the a
follow ing is  o b ta in ed :

« a2 A a I
>f l  W ATf ■ Kf f r -  + 7 K£ 1 F9r f

♦ Kf i - j - A T f ( r ,  t) * ;  K , ,7  A T f ( r , t )  + $ - N  (O ') + AN(t) (24)
9r f  f  ^

w here  t im e  t  * d* c o rre sp o n d s  to  a  s te a d y -s ta te  c o n d itio n .
G
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A t t  * 0, th e  s y s te m  is  su b je c t to  d is tu rb a n c e s , i . e . ,  th e  c o m 
p u te r  is  p laced  in th e  " o p e ra te "  co n d itio n . A t th is  po in t, the  s u m  of the 
f i r s t ,  second , and f if th  t e r m s  on the  r ig h t-h a n d  side  of e q u a tio n  (24) is
z e r o  and

8
pfCf i r  ATt * Kf  [ ~ r  ATf + 7  h  AT(1 ♦ v ^ AN <25»

E q u a tio n s  (14) and (15), govern ing  b o u n d a ry  co n d itio n s , beco m e

[ I ?  ATf]  r=0 * 0

l

I -“ A . ( I t ATf ) r . r ,  -  V p Ac.  lATf(rf * ' - ATcUd<'ci-'»l

(26)

(27)

A n a lo g  so lu tion  of th e s e  e q u a tio n s  is b e s t  a p p ro a c h e d  by a p p ro x im a tin g  
a l l  sp a c e  d e riv a tiv e s  b y  f in i te -d if fe re n c e s , i . e . ,  the in te rv a l (0 , r^) is 
d iv id e d  in  J equal s u b - in te r v a ls .  To s im p lify  no tation ,

F * -K£ f c  ATf

9 = AT,

(28)

(29)

T he q u a n tit ie s  9 and F  a r e  e v a lu a ted  a t th e  p o in ts  shown in F ig .  2 2 .
rf

E a c h  su b - in te rv a l  is  o f le n g th  A = - y  . W ith  ap p ro x im atio n s

. = - k £ ^ r ’A v ,  j .  i , ---------- , J - l ; (30)

F.  + F.
j + l /2  = j ;  I*1 ; j * 0 , ----------, j - l i

= - Kf  V  ~ 190 
A /I

9 - 9  ,y J J - l / 2  _ .
K f  — a ji - -  ht t e T - 6 T J

(31)

th e  s y s te m  of eq u atio n s to  be so lved  by th e  c o m p u te r  b eco m es:

= 0 (32)

( 33)
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j = 0 , ------- , J - l (34)

It ia  o b se rv e d  th a t if o n e  of the two unknow ns (0 o r  F) could  be
e lim in a te d  f ro m  th ese  e q u a tio n s , the  co m p u ter s e tu p  would re q u ire  

few er a m p l i f i e r s  and m o re  p o te n t io m e te r s .
T h e  p ro b le m  of d e te rm in in g  the m in im um  a llo w ab le  J can  be 

a p p ro a ch e d  by any of the fo llo w in g  m ethods:
1. C o m p are  t r a n s f e r  fu n c tio n s  fo r s u c c e s s iv e  va lues of J 

if the sy s te m  is  l i n e a r .
2 . Solve the  o r ig in a l  s y s te m  a n a ly tic a lly  f o r  a  r e p re s e n ta t iv e  

d is tu rb a n c e , th en  c o m p a ris o n  of r e s p o n s e  w ith co m p u te r 

re s p o n se s  fo r s u c c e s s iv e  va lues o f J  .
3. C o m p are  c o m p u te r  re s p o n s e s  fo r  s u c c e s s iv e  va lues of J  

fo r  a given d is tu rb a n c e .
M ethod 3 i s  c h o se n  b ecau se  it p ro v id e s  a good c h e c k  on  the  re s u lt  and 
re q u ire s  l e s s  tim e  to  e x e c u te . A  value of J  = 5 p ro v e d  qu ite  s a t is f a c to ry  

fo r  the C E T R  s tu d ie s .
S im i la r  a p p ro x im a tio n s  ap p lied  to  the  c la d  a r e  re p re s e n te d  by

equations (17 ), (18), and (19). T e m p e ra tu re s  c o m p u te d  a t the  c lad  
s u r fa c e s  a n d  halfw ay  betw een  s u r f a c e s  a re  show n in  F ig .  23.

T he  f in ite -d if fe re n c e  a p p ro x im a tio n s  y ie ld

A -K
(35)

2

-Kc la d (36)

(37)
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To c o m p u te  AT^, equations (It) and  (21) give

2*  Tf T, Tf/J

Pf .  - i _  j* ce  . J a Tj rdr j  ATf rdr .  f  ATf
* rf 0 0 r{ 0 Ti 0

r d r  4

* y j
( j ^ l ) r . / J  
C  1

\  A T .  r d r  +■ - 
j

- - - 4  \ A T ,  r d r  4- - - - 4
r f / J

J
j r f / J

rf\  A T f r d r  
( J - l ) r f / J

( 38)

By defin ition ,

d.j 4 l / 2

( j 4 l ) r f / J  ( j 4 l ) r f / J

y  r d r  ■ y  A T j r d r ,  j* 0 ,  - - - J - 1
j r f / J j r f / J

E quation  (34) then  b e c o m e s

9 1 /2  + “ J I  0 3 /2  + '  ' 4 ^ t * ej T " e j + i / 2  +

(39)

J - l e J - l / 2 (40)

F o r  co ns tan t  flow, eq u a tio n  (20) is  not c o n s id e r e d  in the  c o m p u te r  se tup  
S ince  the film  c o n d u c ta n c e ,  h^, is  c o n s ta n t  th roughout a  ru n ,  a n d  the 
on ly  need  fo r  (20) i s  to  c a lc u la te  the  c o n s ta n t  h ,, if / W ^ .

The c o m p u te r  se tup  for so lu t io n  of equations (32), (33), (34),
(30), (35). (36), (37), and (40), fo r J » 5, i s  shown in F ig . 24 and  F ig . 25. 
T h e  a p p ro p r ia te  c o m p u te r  equations a r e :

t l / 2  20 * °* 2304[50AN] - 3 .040  f~ T l / 2  * T 3/2
(2*144) I 4

(41)

(See Note Pg . 32)
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* 0 .2 3 0 4  ( 5 0 A N )  ♦ 1.013 
3 /Z / Z0 (0.7146)

T l / 2 ‘ T 3/2^

2.027
(1.429)

T 3 / 2 ' T 5 / 2 j

T t / - / , n ■ 0 . 2304 [ 50AN1 + 1.216 
5 / Z / Z0 (0.8575)

T 3 / 2 " T 5 / 2 j

1.824
(1.286)

|̂ T 5 / 2  ” T 7 / 2 ~j

T 7 / ? /p o  * °* 2 304^ 50AN ] 4 1.303
7 / Z / Z0 (0.9188)

1.737
(1.225)

NN
T 7 / 2  ” T 9 /2  1

T « / 2 / > o “ 0 - 2304 ( 5 0 A N ) + I - 3 S I .9 / 2 / 2u (0.9528)
T̂ 7 / 2 ' T 9 /2  j

3. 378 
(2. 382)

! » * / « *  * » / * j

(See N o te  P g .  32)

(42)

(43)

(44)

(45)

‘f / 8  * 0 2
♦ 0.6

1.8 ilLL
20

T 5 / 8  

T

7 .6 5 6  ♦ 0.
(9 068) L ZUJ (0.

f T ci22456 
09328) L ■ ]

c i  « 9 .270  ♦ 0 .3434
2 (9.773) L 20 J (0.09074) L 8 J

♦ 1.4 +

(46)

(47)

(48)

i

£
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Tc lad * 4 .0 1 5 j Tco ‘ T c i a d l  +
20 (4.C15) 1 2

T
—£2 =

T
— - 2.051 co  ^ c l a d l

2 2 lL 2 J

2. 222 
(1.567)

ĵ / Z ' T 5 / 2 j (49)

(50)

T he p a r a m e t e r s  used for the a v e r a g e  fuel ro d  s im u la t io n  a r e  l i s te d  in 
Appendix A , Section II, A v e r a g e  F u e l Rod.

b . A v e ra g e  Coolant C h a n n e l

T h e  a v e ra g e  co o la n t  c h an n e l  a s s o c ia te d  w i th  the  A verage  F u e l  
Rod of th e  t h e r m a l  m odel is  r e p r e s e n te d  by the e q u a t io n s :

Mc Cc T T  ♦ Wc Lc Cc *  -  hf Ac o l T c L d < ' c o ’* - t> - V * ' “ l <*“

Tc<«> i r cit T‘,x”
w here

M * total weight o f  c o o la n t  in c o r e ,  lb

* specific  h ea t  o f  c o o la n t ,  B t u / l b - F

T c ( x , t )  « coolant t e m p e r a t u r e ,  F

t
x
W

T c la d * r co 
T ( t )

= t im e ,  sec
* d is tan c e  in d i r e c t io n  of coo lan t f lo w ,  ft
■ coolant m a s s  f lo w , lb / s e c

*  to tal e ffe c t iv e  c o r e  leng th , ft

* film c o n d u c ta n c e .  B t u / s e c - f t ^ - F

■ to ta l e ffe c t iv e  o u t e r  c la d  s u r f a c e  a r e a ,  ft*

, x , t )  * t e m p e r a t u r e  of o u te r  c la d  s u r f a c e ,  F

* a v e ra g e  t e m p e r a t u r e  of coo lan t in  c o r e ,  F

-  39 -
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In  equations (51) and  (52) it  is  a s su m e d  th a t :
1. F low  in  th e  a v e ra g e  c o o la n t ch an n e l is  tu rb u le n t .
2 . T h e re  i s  no boiling  in the  a v e r a g e  channe l.
3 . H eat s to r a g e  in su p p o rtin g  s t r u c tu r e  is n e g lig ib le .

4 . The c o o la n t  is  in c o m p re s s ib le  .

To s im p lify  n o ta i ion, Tcia<j ( r^ 0 , * , |)  * ^ co (x » • S in c e  flow is
c o n s ta n t  and a ll  o c c u r r e n c e s  of " T "  in  th e  eq u a tio n  m ay  be r e p la c e d  by 
" T " ,  th en  e q u a tio n s  (51) and (52) b e co m e :

M c C c f  AV  Wc L c C c ‘ST ATc ■ hf A c o  [ A Tc o -A I «J <»>

* t c W * X -  f CATc (K ,t) d* (54)

F ro m  th is  p o in t, the  ap p ro ach  to  th e  s im u la tio n  p ro b le m  depends 
p r im a r i ly  on two f a c t o r s :  (1) the am o u n t o f  equ ipm en t a v a i la b le ,  and  (2) 
th e  p a ra m e te r s  of th e  p r im a r y  loop . T he  c o r e  t r a n s i t  t im e  is  a  sm a ll  
f r a c t io n  of the  to ta l  lo o p  t im e . M odel s tu d ie s  show th a t fo r  c o n s ta n t

i
flo w , equations (53) a n d  (54) m ay  be r e p la c e d  by eq u a tio n s :

2W 2Wc _ cA T ' . ♦ A T ' •  - i r A T  ,n  M r i  M r ic c
(55)

“ c Cc A* c  * Wc C c <A T ‘r o - A T W  -  hf  Ac o < A T c o ’A Tc> (56)

2W 2W
a t  ♦ a t  * w l  AT*ro  M r o  M coc c

(57)

A t c * i/Z  (A T ’r i  ♦ A T 1 ro ) (58)

w h e re

A T r j (t) ■ A Tc (0 , t) (59)

A T ro (t) ,  A TC{LC, t) (60)

In th is  m o d e l i t  is  a ssu m e d  th a t  th e  co o lan t e n te r s  th e  c o re  a t  
te m p e ra tu re  T ^ ,  i s  d e la y e d  (the d e la y  b e in g  a p p ro x im a te d  by  a  f i r s t -  
o r d e r  lag) by h a lf  th e  c o re  t r a n s i t  t im e , a n d  a r r iv e s  a t th e  c e n t e r  o f the



c o re  a t  te m p e ra tu re  T ^ .  A ll h ea t t r a n s f e r  f r o m  fuel ro d  to c o o la n t  is  
a s s u m e d  to  o c c u r  a t  the  c e n t e r  o f the  c o re , c a u s in g  the  flu id  te m p e r a tu r e  
to su d d e n ly  in c re a s e  to  T* . T hen the c o o la n t is  de lay ed  (aga in  a p p r o x i 
m a te d  by  a  f i r s t - o r d e r  le g )  by h a lf  the  c o re  t r a n s i t  t im e , and e m e rg e d  
f ro m  th e  c o re  a t t e m p e r a tu r e  T .

In th is  m o d el, s in g le  s la b  ra d ia l  d if fu s io n  is  a s s u m e d . T h e  
c o re  in le t  w a te r  t e m p e r a tu r e  is  d e lay ed  by a  t im e  equal to o n e -h a lf  th e  
c o re  p a a s  t im e  fo r  th e  o u t le t  te m p e ra tu re .

T(te equations

M Cc c ♦ W L  C c c c * hf Ac o l TcU d , r c « - t) - Te (x' , , l
Lc

Tc (t> * rr f 1T c (x f t)d x

(61)

(62)

a r e  s im u la te d  in th e  a n a lo g  by  th e  c ir c u i t  show n in  F ig . 26.
The c o m p u te r  e q u a tio n s  d e sc r ib in g  th e  a v e ra g e  c o o lan t c h a n n e l

a re :

Pc/10  * ° - 3925 l Tc o - * c J - 0 -4 l 0 l V * U J  c /1 °  (0 .3925) CO C (0 .450) c rx

r  « 2? - T ' .

(See Note P g . 32)
(63)

(64)

. * 4 .5 0  (T  - T ' l 
r l  (4.50) rx

T  .  4 .5 0  (T* -T  1 
r o  (4 .5 0 ) ro

T J O )

ro
p 2- l .6728 p ♦ 0 .9 3 2 1  # 1
p * + 1 .67*8  p  4 0 .9 3 2 8  ^

* r i  p 2 -  1 .1884  p ♦ 0 .4 7 0 8  1
p ♦ 1. 1884 p 4 0 .4 7 0 8  i + p

(65)

( 66)

(67)

(6 8 )

The p a r a m e te r s  u se d  in  th e  A v e ra g e  C oolan t C h a n n e l S im u la tio n  a r e  
te s te d  in  A ppendix A, S e c tio n  in.



l i

c . P ip e a

F o r  the  p ipea  c o n n e c tin g  r e a c to r  and  b o i le r* , the fo llow ing  
a « su m p tio n a  a re  m ade:

1. The p ip es  a r e  p e r f e c t ly  in a u la te d .
2 . H eat a to ra g e  in  th e  pipe w a lls  i s  n e g lig ib le .
3 . Flow  in the  p ip e s  is  tu rb u le n t.
4 . The co o lan t i s  in c o m p re s s ib le .
T h e re fo re  th e  e q u a tio n s  d e sc r ib in g  th e  p ip e s  becom e

8T 8T
M c -gPiP* + W L  . C DXDe p ip e  c ot c p ipe

BT .
(69)

i r pip*
I  T

p ip e (*. t)dx

w h e re :

M p ip e  * w ei*ht °* co o ^xnt in p ipe, lb  
C c * spec ific  h e a t o f  c o o la n t, B t u ^ b - f

T p i e (x »t) * t e m p e r a tu r e  of coo lan t in  p ip e , F  
t *• tim e , sec

£ coo lan t m a s s  flo w  ra te ,  lb /sec  

L p ip e  * len *th  of P iP * ’ f t
x * d is tan c e  in d i r e c t io n  of coo lan t flow , ft 
T ( t ) p .pe * a v e ra g e  t e m p e r a tu r e  of co o lan t in  p ipe, F

S ince
M . = p A L .p ip e  r c pipe p ip e

(70)

(71)

whe re
9.

f * p„ Ac c pipe c

p ip e '

d en s ity  o f c o o la n t ,  lb / t t3 
c r o s s - s e c t io n a l  a r e a  o f p ip e , f t ' 
v e loc ity  o f c o o la n t  flow , fps

E q u a tio n  (69) then  is  w r i t te n

8T . 8T .
_£! E« ♦ v c — .  0

(72)

( 73)
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E q u a tio n  (73) im p lie s  th a t

I

^  P*Pe <LP1P«’ °  pip® 0 , t  )

$

if Vc is c o n s tan t; o r ,  in  te rm s  of L a p la c e  t r a n s fo rm s
L  .

- 7 p ip e  *L p ip e ’ S > pipe^®’ *^e

(74)

(75)

w h e re

JVpe**' *> ' * (  p lpe<-' J  <7‘>
T h e re fo re , w ith r e g a r d  to  coo lan t t e m p e r a tu r e s ,  the p ipe r e p r e s e n t s  a 
p u re  tim e  d e lay  of 

L
T = se c  (77)

_
(It should  be no ted  th a t  the  above e q u a tio n s  app ly  fo r  A T s a s  w e ll a s
to ta l  T s s in ce  g~- T (x , 0~) * 0 .ax p

S ta n d ard  e le c t ro n ic  analog  < im p u te r  com ponen ts w e re  re g a rd e d  
a s  adequate  to  a p p ro x im a te  p u re  d e la y s  a n d  th e  use  of d i r e c t  a n a lo g s  of 
t r a n s p o r t  de lay , s u c h  a s  m agne tic  ta p e  eq u ip m en t o r  c u rv e  fo llo w e rs , 
w e re  not d eem ed  n e c e s s a r y  .

S e v e ra l a p p ro a c h e s  to  th e  p ro b le m  o f tim e  “d e lay  s im u la t io n  
have  been m ade  on th e  b a s is  of a p p ro x im a tin g  the t r a n s f e r  fu n c tio n  e ”T>. 
T he  c irc u it  w hich h a s  been  u sed  fo r  th e  C E T R  s tu d ie s  is  ta k e n  f ro m  the 
a r t i c l e  by W. J .  C u n n in g h am , " T im e -D e la y  N etw orks fo r  a n  A nalog  
C o m p u te r" , p u b lis h e d  in I R . E .  T ra n s a c t io n s ,  D e ce m b er, 1955 . 
C u n n in g h am 's  a p p ro a c h  is  b a se d  on th e  f a c t  th a t fo r  the  t r a n s f e r  function  
e~T>, with e*T* r e p la c e d  by jw , the  p h a s e  p lo t is  l in e a r  w h ile  th e  
a m p litu d e  ra t io  is  u n i ty . He d e r iv e s  2 - ,  4 - ,  6 - , and  8 - ro o t  n e tw o rk s  
and  an index of a c c u r a c y  (figu re  of m e r i t )  f o r  e a c h . The 4 - r o o t  ne tw ork , 
show n in F ig . 27, i s  ad eq u a te  fo r  th e  C E T R  s tu d ie s .

The p o te n t io m e te r  se ttin g s  a r e  c o m p u ted  f ro m

Mw L
V (78)
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b rr
•— r
a ~T~

w here:
M = w eight of co o lan t in  p ip e , lb
W * coo lan t m a s s  flow  r a t e ,  lb /sec
L * to ta l  leng th  of p ip e , ft
V * v e lo c ity  of c o o la n t flow , f t/s e c
T * tim e  de lay , sec

d . B o i le r s

( 79)

F o r  th e  b o i le r* , it  is  a*B urned th a t
1. F low  in  the  p r im a r y  tube* i* tu r b u le n t .
2 . T he coo lan t i* in c o m p r e s s ib le .
3 . H eat s to ra g e  in th e  tu b e  w alls  is  n e g lig ib le .
4 . H eat s to ra g e  of th e  w a fe r  only is  c o n s id e r e d  on the 

se co n d a ry  s id e .
5 . A ll of the s e c o n d a ry  w a te r  m a s s  is  a t  o n e  te m p e ra tu re  (th e  

s te a m  te m p e ra tu re )  a t any  in e ta n t.
T h e  b o i le r  eq u a tio n s  c o n s is te n t  w ith the  a b o v e  a ssu m p tio n s  a r e

M PC C T * *  ♦ W « L , C c  ~ S x ~  ♦  U A T  «VT.> * 0 (80>

c .  n ~ =  u a t  <*p  -  T .»  -  <w . h . -  w f . « d W

T p (t) p.***
(81)

(82)

= W - W .it c s (83)

w here
* w eigh t of p r im a r y  c o o la n t in b o ile r , lb

C » sp e c ific  h e a t of p r i m a r y  coo lan t, B tu / lb -F  c
T (t)= p r im a r y  c o o lan t te m p e r a tu r e ,  F  

P
t = t im e , sec
Wc = m a s s  flow  r a te  o f p r im a r y  co o lan t, lb /s e c  
L p = to ta l  e ffec tiv e  b o i le r  leng th , ft
x  = d is ta n c e  in  d i r e c t io n  of p r im a ry  c o o la n t flow , ft

: 48



u = 
a t  s
T ,(t)*

c. =

M.  = 
Tp(t)=
W =

h .  “
Wfeed<
^feed

b o i le r  conductance , B tu /s e c - f t  -F  
to ta l  e f f e c t i v e  b o ile r  h e a t  t r a n s f e r  a re a ,  f t^  
• e c o n d a ry  w a te r  (and s te a m )  te m p e ra tu re , F  
s p e c if ic  heat of s e c o n d a ry  w a te r , B tu /tb -F  
w e ig h t o f se co n d a ry , lb
a v e ra g e  te m p e ra tu re  o f p r im a r y  coo lan t, F  
s te a m  flow ra te ,  lb /s e c  
s te a m  en thalpy , B tu /lb  
= fe e d w a te r  flow r a t e ,  lb /sec
* fe e d w a te r  en th a lp y , B tu ^ b

F o r  th e  m a jo r i ty  of a p p lic a tio n s  the v a r ia tio n  o f s e c o n d a ry  
w a te r m a s s  i s  n e g lig ib le . In su c h  c a s e s ,  equation  (83) m a y b e  ig n o red  
and equation  (82) b e co m es

M .C ,  ^ -  = UA (T - T .)  -  P  (M>

w here

P (.)  = w , h ,  -  w 4eedhle e d (85)

is  the s te a m  p o w e r  dem and  in B tu /se c  .
F o r  a m o re  g e n e ra l type  of h e a t  e x ch a n g er ( e . g . ,  p a ra l le l  flow 

o r  co u n te r flow) b o th  T p and T g a r e  fu n c tio n s  of x . The f a c t  th a t the  T g 
h e re  is  in d ep en d en t o f x  m ak e s  the  s im u la tio n  p ro b lem  m u c h  s im p le r  
than  o th e rw is e . T o  s im p lify  n o ta tio n , le t

W
A s ( 86 )

u a t
B s STTT 

P c
(87)

C = UAT
( 88 )

s s

D = 1
T

8  S
(89)

' «*>• ■ /
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The t im e  vary ing  q u a n ti t ie s  T p(x ,t) ,  T g(t), T p (t), and P (t) m ay  
each be b ro k e n  up  into s te a d y - s ta te  a n d  tra n o ie n t c o m p o n e n ts . If the 
s te a d y -s ta te  i s  a s s u m e d  to hold u p  to  tim e  t  = 0, th en

T p(x, t) = T p ( x , 0 )  + ATp (x , t )  (90)

T g(t) = T g (0 “) + A T g(t) (91)

T p(t) = T p (O ') + ATp(t) (92)

P(t) == PfO ") ♦ A P(t) (93)

With th e se  d e f in it io n s , equations (80), (84), and (82) b e c o m e , re s p e c tiv e ly ,

9AT
____E
"5t

8AT
+ t t * - ♦ B A T P -  B A T .

+ |^ A L p Tp (x, 0 ”) + B T p (x, 0") - B T g(0 ’ ) (94)

8ATg
~ 5 t -  C A T  + C A Tg r  D A P  + [ -C T p (0“) + C T g(0 ‘ ) +

D P(O ')] = 0 (95)

Lp
f  AT dx +i p ( x ,0 “) dx - T p (96)

The b ra c k e te d  q u a n titie s  in  equations (94), (95), and  (96) a re  
id en tica lly  z e r o  by defin itio n  of s te a d y - s ta te  and the  b o i le r  equations on 
an in c re m e n ta l  b a s is  a re

9AT 0AT
-sr* + AS  “Bit ♦ BATP - BAT. ■ 0 '97>
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8 AT
K ' " - C A T  + C A T + DAP = 0 (98)vt  p i

AT « - J -  V ? A T  dx (99)
P *7 t. p

in  w h ich  the in itia l v a lu e s  of AT , A T ., A T  . and  A P a r e  a l l  z e r o .  H e re , 
--------- P •  P

a s  b e fo re , s c r ip t  l e t t e r s  w ill be u sed  to  d e n o te  the  L ap lace  t r a n s f o r m s  of 
th e  c o rre sp o n d in g  fu n c tio n s  of t im e ; i . e . :

v* J
“  AJp (x. •) (100)

cC ( A T .  <*>} * A  7 ,  (•) (101)

* 7 p <•> (102)

A(^V.) (103)

The L ap lace  t r a n s f o r m s  of (97), (98 ), and (99) a re

*ALp + BA -  B A ^  = 0

SAy t  -  C & y  + C A _ /^  t  0

L

E q u a tio n  (104) m ay  be w r i t te n

8AJ
*  (x, •)

S + Bu r
p

(X, •) = n r  A j ’’’.  ( .)
p

an d  th e  so lu tio n s of (106) a r e

(104)

(105)

(106)

(107)
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^  r s+B .
a 4 <x> •>  ^

q

S + B
* e

C ^  S + B *1
| ' \ 7 p (0 ' , )  + X T pA- ^ , ( * ) ^ * e X L p q dq I

-  K f -  U / p(» . . )  ♦ ^  ( • & ? “ -» )

_  S + B „  S+B
A 7 > .  •)  * a 7 p( 0 , . i . *  s i r  ( i - « " n r x )

(108)

(109)

f t

-  -  S + B  tj . S + B
A -7 p (L p ’ >) * p(0, s) e A” + -gr^ ,(*> (l-« A ) ( 110 )

In te g ra tio n  of (104) w ith  re g a rd  to x f r o m  0 to  L p and s u b s ti tu t io n
of (106) g iv es

s  + A  [A 7  (L , . )  A ,7  (0, •)] ♦ B A _ ?  - B * J ,  = o
P * ^  P P 

fro m  w h ich

-  A  [ u 7 A 0 ,>) - . ) ]  + B A .T
A 7 =. _____—P .__________B—E— -----------1J  ~ S+B (111)

Solv ing  e q u a tio n  (105) fo r

C A ?  - D A ^
A x 7 s = — s t e  r n * )

The b o i le r  s im u la to r  is  r e q u i r e d  to  tak e  a s  inpu t th e  q u a n titie s  A T p (0, t) 
(b o ile r  p r im a r y  in le t te m p e r a tu r e )  and A P(t) ( s te a m  pow er dem and); an d  
to c o m p u te  and fu rn ish  a s  o u tp u t th e  q u a n titie s  A T p (L , t) (b o ile r  p r im a r y  
o u tle t te m p e ra tu re ) ,  A T p(t) (a v e ra g e  p r im a ry  c o o la n t  te m p e ra tu re ) , and

‘ • -r.* * '* * .
t
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A T g(t) (s te a m  te m p e r a tu r e ) .  T h e re  a r e  th re e  "unknow ns", and  th re e  
equations (110), (111), and  (112) a r e  a v a ila b le  fo r  c o m p u tin g  th e se  
unknow ns.

A c o m p u te r  com ponent h av in g  th e  follow ing t r a n s f e r  function  is  

a s su m e d .

S+B  S B
e ” X” * * e ' X “ e T (113)

and the  c o m p u te r  c i r c u i t  fo r  the  s o lu tio n  of th e se  e q u a tio n s  i s  d e r iv e d . 
F ig u re  28a sh o w s th e  c ir c u it  fo r  (110 ).

F ig u re  28b  show s the c i r c u i t  f o r  (111). ‘
The c i r c u i t  fo r  (112) is  show n in  F ig .  28c.
The c o m p le te  b o ile r  s im u la to r  c ir c u i t  is  o b ta in e d  by  com bin ing  

the  th re e  c i r c u i t s  a s  show n in F ig . 2 9 .
It sh o u ld  be  no ted  th a t the  c o m p u te r  c ir c u it  of F i g .  29 r e p re s e n ts  

an  exac t so lu tio n  o f  equations (110), (111), and (1 1 2 ) .^ T h e  o n ly  p ra c t ic a l  
d ifficu lty  is  the  r e a l iz a t io n  of the  t r a n s f e r  function  e~ , a s  show n in 
F ig . 30. T h is s im u la t io n  was te s te d  a n d  found as good a s  a n  e ig h t-s e c tio n  
b o ile r  s im u la to r  b a s e d  on f in i te -d if f e r e n c e  m e th o d s .

If the  a s s u m p tio n  of c o n s ta n t s e c o n d a ry  w a te r  m a s s  (M g) is not 
ju s tif ie d , then  e q u a tio n  (81) m u s t be u s e d  a s  w ritte n , and  (83) m u s t be 
c o n s id e re d . M o re o v e r ,  su p p le m e n ta ry  in fo rm a tio n  is r e q u i r e d  reg a rd in g  
the  m an n e r in w h ic h  Wfee<j v a r ie s  w ith  s te a m  pow er d e m a n d . Ideally , 
th is  in fo rm a tio n  w ou ld  be in  the  fo rm  o f  equations d e s c r ib in g  th e  b o ile r  
feed w a te r r e g u la to r

T h e re  i s  one  ad d itio n a l d if f ic u lty  in  connec tion  w ith  v a r ia b le  
M g . If the  q u a n ti t ie s  U, h g, and  b |ce(j a r e  c o n s ta n ts , th e n  w ith  the 
defin itio n s (91), (92), and

M g(t) * M g(0~) ♦ AM t,(t)

w 8(t) = W#(0 - )  ♦ AWg(t)

Wfeed (t) * Wfe e d fe e d '

(113)

(114)

(115) *



Equation (SI) becom es

c ,  [ M ,<0*) ♦ A M ,(t)]
dA T .

♦ Cg f T #(0~) ♦ A T ,(t)]

.  U A j t y o " )  - T ,(0*)J ♦ U ^lA T pC ) - 4 1 ,(1 ) )

-  [ W ,(0-) h ,  -  Wf„ d (0-)1 -  [ 4 f , | . |  h ,  -  4 * „ A , d ] (116)

The f i r s t  and th ird  te rm s  on  the right side of equation (109) m ust cancel, 
so the equation reduces to

dAT «>au

c .  ♦ *»*,<»)) —a r *  ♦ C , [T ,(0 " )  ♦ A T ,(t)  ] - j f - l

* B * t 1 6 T M . 4 T ( ( . |)  • U » , W  h , - A W f i o d W ]
(117)

dAT dAM
The te rm s  C #M b(0 “) and 0 ^ ( 0 * )  —g- - , which did

not ap p e a r  fo r constant M | f  mustj be accounted fo r in the sim u la tion .
Thus, even for sim ulation  on an increm ental b a s is , some in itia l conditions 
m u st be considered if a d iffe ren tia l equation has variable co e ffic ien ts .

The boiler s im u la tio n  is shown in F ig .  30 using the follow ing 
com pu ter equations:

Tp(L) * 0.527
s 1 f  0.1657T  1 0.165

[ y o )  - 7 - o ,  n S 7J  ♦ pTTT
165TT,

1557 ( 118)

,-Trhn.  » • “ »»
p ♦ 1 .5 5 1 p + 0.8016

-T  * 0.105T  -0 .1 0 5 ?  +0s s p

0.1657 T T (0) - T (L)
* ♦ 0 .2585" .1 6 5 7  j p  + 0 .1657

(119)

(120)

( 121)

The values of p a ra m e te rs  u sed  fo r the B o iler S im ulation a re  lis te d  in 
Appendix A, Section V .
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FIG. 2: CETR REACTOR PLANT CONTROLLER
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FIG. 3: DEADBAND CHARACTERISTIC
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FIG. 5: ROD SERVOMECHANISM SYSTEM
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F IG . 6: PLA N T RESPONSE T O  + 18. 2% S T E P  STEA M  LOAD 
CHANGE -  BEGINNING O F CORE L IF E

= 0 .8 5  s e c / lb  
= 0 .0015 i n . 2 / lb  
= 200 sec
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FIG . 8: PLA N T RESPO N SE TO + 9 .1%  P E R  MINUTE STEAM  
LOAD CHANGE -  BEGINNING O F  CORE L IF E
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FIG . 9: PLANT RESPONSE TO -9 .1 % PER MINUTE STEAM 
LOAD CHANGE -  BEGINNING OF CORE L IF E
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FIG. M. PLANT RESPONSE TO + 18.2%  STEP STEAM LOAD 
CHANGE — END O F CORE LIFE



FIG. 12: PLANT RESPONSE TO -18.2% STEP STEAM LOAD 
CHANGE -  END O F CORE LIFE
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FIG . 14: P L A N T  RESPONSE TO -9 .1 %  PE R  M IN UTE STEAM  
LOAD CHANGE -  END O F  CORE L IF E
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FIG. 16: P R E S S U R E  ERRO R V s  K 2 SETTIN G  
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FIG. 18: DIFFERENTIAL ROD WORTH CURVE
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F IG . 19: C ETR  C O N T R O L  ROD WORTH C U R V E



ef
r 

e£
f *

F IG . 20: CHANGE IN C O R E  R EA C TIV ITY  V i T E M P E R A T U R E
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FIG . 21: CH A N G E IN CO RE R E A C T IV ITY  Va F U E L  
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FIG . 22: AVERAGE F U E L  P IN  FIN ITE  D IF F E R E N C E  MODEL
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FIG. l \ :  FUEL ROD SIMULATION
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( S im u la tio n  o f E quation*  30, 32, 33. 34, A ppendix  B )
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FIG. 26: COOLANT SIMULATION
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FIG. 27: TIME DELAY SIMULATION



FIG. 28: BOILER SIMULATION DEVELOPMENT
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( S im u la tio n  o f E q u a tio n  110, A ppendix  B)
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(S im u la tio n  o f E q u a tio n  112, A ppendix  B)
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FIG . 29: B O IL E R  SIM ULATION
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sSSBSSssws

—  Appendix B)

w  ■ ■

r • '

■ ■ i ?  ■

'
■

, .

-


