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P R E L I M I N A R Y  A N A L Y S E S  FOR F F T F  

H E A T  T R A N S P O R T  C O N T R O L  S Y S T E M S  

R .  A .  Harvey and S .  A .  Hunt 

A B S T R A C T  

A s t udy  was conducted t o  de te rmine  t h e  e f f e c t  of t h e  

F a s t  Flux T e s t  F a c i l i t y  main h e a t  t r a n s p o r t  c o n t r o l  system on 

t h e  p l a n t  behav io r .  A h igh-speed  s i m u l a t i o n  of  t h e  f a c i l i t y  

was used i n  t h e  s t u d y .  The s t udy  was conducted t o  g a t h e r  

d a t a  concern ing  p l a n t  s t a b i l i t y ,  c h a r a c t e r i s t i c s  of  s e v e r a l  

c o n t r o l  c o n f i g u r a t i o n s  and e f f e c t s  of  v a r i o u s  o p e r a t i n g  cond i -  

t i o n s .  T r a n s i e n t  r esponses  and f requency a n a l y s i s  were used 

t o  de te rmine  t h e  c o n t r o l l e d  p l a n t  behav io r .  This  r e p o r t  p r e -  

s e n t s  t h e  d a t a  ga the r ed  and draws some conc lu s ions  on t h e  

b a s i s  of  t h e  d a t a .  
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P R E L I M I N A R Y  A N A L Y S E S  FOR F F T F  

H E A T  T R A N S P O R T  CONTROL S Y S T E M S  

R .  A .  H a r v e y  and S .  A .  H u n t  

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

A s t u d y  o f  c o n t r o l  sys t ems  f o r  t h e  F a s t  F lux  T e s t  F a c i l i t y  

h e a t  t r a n s p o r t  sys t em was s t a r t e d  i n  o r d e r  t o  deve lop  a  capa-  

b i l i t y  f o r  a u d i t i n g  c o n t r o l  sys t em d e s i g n s ,  deve lop  i n f o r m a t i o n  

u s e f u l  f o r  s a f e t y  c o n s i d e r a t i o n s ,  and deve lop  i n f o r m a t i o n  u s e f u l  

d u r i n g  t h e  o p e r a t i o n a l  p h a s e  o f  t h e  f a c i l i t y .  A l s o ,  some o f  

t h e  i n f o r m a t i o n  should b e  u s e f u l  i n  making d e s i g n  d e c i s i o n s  

f o r  t h e  f a c i l i t y .  

The F a s t  F lux  T e s t  F a c i l i t y  (FFTF) i s  b e i n g  d e s i g n e d  f o r  

t h e  Atomic Energy Commission's L i q u i d  Meta l  F a s t  Breede r  

R e a c t o r  Program, a  program aimed a t  d e v e l o p i n g  e f f i c i e n t  e n e r g y  

s o u r c e s  f o r  t h e  g e n e r a t i o n  o f  e l e c t r i c  power.  The FFTF i s  

b e i n g  d e s i g n e d  w i t h  a  4 0 0  MW sodium-cooled  r e a c t o r  c a p a b l e  o f  

p r o v i d i n g  a  s u i t a b l e  envi ronment  f o r  t e s t s  on r e a c t o r  m a t e r i a l s  

and f u e l s .  The h e a t  t r a n s p o r t  sys t em has  t h r e e  h e a t  removal 

c i r c u i t s ,  e a c h  w i t h  a  p r i m a r y  sodium c o o l e d  l o o p  t h a t  s u p p l i e s  

h e a t  t o  a  secondary  sodium c o o l a n t  l o o p  th rough  an i n t e r m e d i a t e  

h e a t  exchanger .  The h e a t  i s  removed from e a c h  secondary  l o o p  

th rough  a  number o f  s o d i u m - t o - a i r  h e a t  exchanger s .  

The r e s u l t s  i n  t h i s  r e p o r t  a r e  from a  s t u d y  o f  c o n t r o l  

sys t ems  f o r  t h e  h e a t  t r a n s p o r t  sys t em.  The s t u d y  was made w i t h  

a h i g h - s p e e d  h y b r i d  computer model of  t h e  h e a t  t r a n s p o r t  s y s -  

tem u s i n g  an  AD-4 a n a l o g  computer and a  PDP-9 d i g i t a l  computer .  

The s t u d y  i n c l u d e d  t h r e e  p h a s e s  a s  f o l l o w s :  

Comparison o f  t h e  dynamic r e s p o n s e s  t o  d i s t u r b a n c e s  f o r  

t h e  f o l l o w i n g  s i x  c o n t r o l  c o n f i g u r a t i o n s :  



Configuration Controlled Manipulated 
Number Variables Variables 

I (Figure 2) 2: Pri. Cold Leg Sodium Temp Air Flow 

3. Pri. Hot Leg Sodium Temp Pri. Flow 

I1 (Figure 3) 1. Sec. Cold Leg Sodium Temp Air Flow 
2. Pri. Cold Leg Sodium Temp Setpoint of 1 
3. Pri. Hot Leg Sodium Temp Pri. Flow 

I11 (Figure 4) 1. Sec. Cold Leg Sodium Temp Air Flow 
2. Pri. Cold Leg Sodium Temp Setpoint of 1 
5. Reac. Sodium Temp Rise Pri. Flow 

IV (Figure 5) 1. Sec. Cold Leg Sodium Temp Air Flow 
4. Reac. Avg. Sodium Temp Setpoint of 1 
5. Reac. Sodium Temp Rise Pri. Flow 

V (Figure 6) 1. Sec. Cold Leg Sodium Temp Air Flow 
2. Pri. Cold Leg Sodium Temp Sec. Flow 
3. Pri. Hot Leg Sodium Temp Pri. Flow 

VI (Figure 7) 2. Pri. Cold Leg Sodium Temp Air Flow 
3. Pri. Hot Leg Sodium Temp Reactivity 

Comparison of the dynamic responses to disturbances for a 

single control configuration for various different operating 

condition assumptions for: 

Power Level (full, 2/3, and 1/3) 

Primary flow (full, 2/3, and 1/3) 

Secondary flow (full, 2/3, and 1/3) 

Air temperature (100 OF, 32 OF, and -25 OF). 

Investigation of trends associated with controller adjust- 

ments for a single control configuration. 

The purpose of this report is to present the results of the 

FFTF control systems study along with recommendations relevant 

to the control system performance. The report includes a sum- 

mary of results with recommendations; a discussion which includes 

a description of the performance measures, the model, 

* The numbers a r e  c o n t r o Z Z e r  numbers  a s s i g n e d  a c c o r d i n g  t o  t h e  
c o n t r o l Z e d  v a r i a b l e s  and a r e  c o n s i s t e n t l y  used  t h r o u g h o u t  
t h e  r e p o r t .  



control configuration effects, operating condition effects, and 

controller adjustment effects; and an appendix that describes 

the model in detail. 

C O N C L U S I O N S  A N D  S U M M A R Y  O F  R E S U L T S  

Six different control system configurations, shown in Fig- 

ures 2 through 7 (pages 14-19), were analyzed for performance 

in reducing the effects of disturbances. This included a one- 

third power setback disturbance (other control configurations 

not considered in this study may merit consideration). On the 

basis of equal weighting between reactor inlet and outlet tem- 

perature transients, Configuration I1 appears equal to or better 

than the others for most disturbances. This configuration: 
Controls the secondary cold leg temperature by manipulat- 

ing air flow. 

Controls the primary cold leg temperature by manipulating 

the setpoint of the secondary cold leg temperature 

controller. 

Controls the primary hot leg temperature by manipulating 

the setpoints of primary flow controllers. 

While most of the controllers performed about equally for most 

disturbances, Configuration I1 gives equal or superior per- 

formance for power setbacks. Configurations 111 and IV might 

be considered superior depending upon the desirability of 

reducing reactor inlet temperature variations at the expense 

of fuel cladding and reactor outlet temperature variations. 

The performance of the controlled system is limited by the 

large time constants and distance/velocity delays in the secon- 

dary loop. A control or operating mode that reduces the secon- 

dary sodium flow increases the distance/velocity delays even 

more and th.us degrades the performance of the system. Hence, 

it is recommended that full secondary sodium flow be main- 

tained even at reduced power in order to provide a control 

system that most effectively reduces transients caused by 

disturbances. 



S e v e r a l  o f  t h e  c o n f i g u r a t i o n s  a u t o m a t i c a l l y  r e d u c e  t h e  

p r i m a r y  f l o w  i n  o r d e r  t o  m a i n t a i n  t h e  p r i m a r y  h o t  l e g  tem- 

p e r a t u r e  a t  i t s  s e t p o i n t  v a l u e  d u r i n g  a  s e t b a c k .  T h i s  a p p e a r s  

t o  be  t h e  most  e f f e c t i v e  way t o  r e d u c e  t h e  r e a c t o r  o u t l e t  

n o z z l e  and p r i m a r y  h o t  l e g  t e m p e r a t u r e  t r a n s i e n t s  d u r i n g  t h e  

power s e t b a c k .  

Power l e v e l  changes  and a i r  t e m p e r a t u r e  changes  c a u s e  

p r o c e s s  g a i n  changes ,  b u t  do n o t  a f f e c t  t h e  p h a s e  c h a r a c t e r i s -  

t i c s .  Compensating g a i n  changes  can  b e  made by a d j u s t i n g  t h e  

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

t h e  a i r  f low.  Thus,  t h e  c a p a b i l i t y  e x i s t s  t o  m a i n t a i n  t h e  

sys t em pe r fo rmance  f o r  most c o n d i t i o n s  o f  power and a i r  tem- 

p e r a t u r e  by a  r e l a t i v e l y  s i m p l e  a d a p t i v e  approach .  

Most of  t h e  c o n f i g u r a t i o n s  a n a l y z e d  a r e  r e l a t i v e l y  e a s y  

t o  c o n t r o l ;  s t a b i l i t y  seems t o  be  no problem.  There  a r e  no 

p rominen t  d i f f e r e n c e s  i n  e a s e  o f  c o n t r o l  between c o n t r o l l i n g  

t h e  p r i m a r y  h o t  l e g  t e m p e r a t u r e  o r  t h e  r e a c t o r  t e m p e r a t u r e  

r i s e .  A l s o ,  c o n t r o l l i n g  t h e  r e a c t o r  a v e r a g e  t e m p e r a t u r e  i s  

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

A l l  c o n f i g u r a t i o n s  r e q u i r e  t h a t  t h e  c o n t r o l l e r s  be  a d j u s t e d  

i t e r a t i v e l y  t h e  f i r s t  t ime  i n  o r d e r  t o  compensate  f o r  t h e  

i n t e r a c t i o n s  between c o n t r o l l e r s .  T r a n s i e n t s d u e  t o  s e t p o i n t  

changes  r e q u i r e  a b o u t  10 min t o  s e t t l e  o u t .  

The optimum c o n t r o l l e r  s e t t i n g s  a r e  f u n c t i o n s  o f  b o t h  

t h e  p l a n t  v a r i a b l e  b e i n g  o b s e r v e d  and t h e  t y p e  o f  d i s t u r b a n c e .  

While t h e  d a t a  a r e  n o t  comple te ,  i t  seems t h a t  p r i m a r y  c o l d  l e g  

t e m p e r a t u r e  c o n t r o l l e r  s e t t i n g s  which most e f f e c t i v e l y  r e d u c e  

r e a c t o r  i n l e t  t e m p e r a t u r e  t r a n s i e n t s  a r e  n o t  t h e  most e f f e c t i v e  

s e t t i n g s  i n  r e d u c i n g  p r o c e s s  t u b e  o u t l e t  t e m p e r a t u r e  t r a n -  

s i e n t s .  P r imary  h o t  l e g  t e m p e r a t u r e  c o n t r o l l e r  s e t t i n g s  t h a t  

a r e  optimum i n  r e d u c i n g  t u b e  o u t l e t  t e m p e r a t u r e  t r a n s i e n t s  
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due to setpoint changes are not optimum in reducing the tube 

outlet transients caused by power level changes. It is 

recommended that a study be made to determine the best con- 

troller adjustment policy, taking into account the likelihood 

of the disturbances and the affected plant variables. 

The following conclusions are made in terms of the spe- 

cific performance measures and configurations: 

Primary Cold Leg Temperature - Configurations I11 and IV 

result in lower primary cold leg temperature transients 

than do I, 11, and V during most transients including 

power setback. Comparison can be seen in Table 2 

Fuel Coolant Tube Outlet Temperature - Configurations I, 

11, and V are superior to I11 and IV in their ability to 

reduce tube outlet temperature transients. Configurations 

I1 and V are better than I for the slow power setback (one- 

tenth as fast as the fast power setback). 

Primary Hot Leg Temperature - Configurations I, 11, and V 

are superior to 111 and IV in their ability to reduce 

tube outlet temperature transients. Configurations I1 and 

V are better than I for the slow power setback (one-tenth 

as fast as the fast power setback). 

a Secondary Hot and Cold Leg Temperatures - Configurations 11, 
111, and IV are superior to I and V in reducing the 

secondary hot and cold leg temperature transients due to 

power setbacks. Configuration V is particularly bad in 

this respect (Table 2). 

IHX Mean Tem~erature Difference - Sufficient data were not 

taken to define the IHX mean temperature difference at 

reduced power levels. The most satisfactory control sys- 

tem performance for low power operation, however, is for 

an operating mode that has full secondary and full primary 



flows as can be seen from Table 5 by comparing run 9 with 

runs 6, 7, and 8. The low power operating mode that results 

in the least satisfactory control system performance is to 

have both primary and secondary flow rate reduced (run 7 

for 1/3 power and run 3 for 2/3 power). 

Simplicity - Configuration I is probably easier to operate 
than all the others. Configuration I1 appears slightly 

simpler to operate than Configurations 111, IV and V. Con- 

figuration V results in the most plant variables changing 
during a transient. 

Control Rod Motion - Configuration VI, which manipulates a 
control rod, results in more control rod manipulations than 

any of the other configurations. All of the other configu- 

rations maintain constant reactor inlet and outlet sodium 

temperature by manipulating flow, and thus no rod manipula- 

tion is necessary in order to maintain steady state power. 

a Effects on Experiments - A good system is considered as one 

that holds power level and primary hot and cold leg tem- 

peratures constant. Since Configuration I1 best reduces 

transient effects from disturbances, it is judged to be 

the best system. 

Ability to Reduce the Number of Scrams - Configuration I1 

is the most effective system in reducing transients caused 
by disturbances; Therefore, Configuration I1 is judged to 

be the best in reducing the number of scrams. 

Costs - It is assumed that variable flow pumps will be used 
even if the control system does not require sodium flow 

manipulation; therefore, no cost penalty is assumed to 

arise from a requirement for flow manipulation. An operating 

mode that requires the primary cold leg components to be 

designed for higher temperatures might impose added 



c o s t s .  Hence, t h e  mode o f  c o n t r o l l i n g  a v e r a g e  r e a c t o r  

t e m p e r a t u r e  migh t  add t o  t h e  c o s t  ( C o n f i g u r a t i o n  I V ) .  The 

o t h e r  c o n f i g u r a t i o n s  a r e  a b o u t  e q u a l  w i t h  each  o t h e r .  

P E R F O R M A N C E  M E A S U R E S  

A number of  per formance  measures  were e s t a b l i s h e d  f o r  u s e  

i n  e v a l u a t i n g  s p e c i f i c  c o n t r o l  modes and c o n t r o l  c o n f i g u r a t i o n s  

f o r  t h e  F a s t  F lux  T e s t  F a c i l i t y .  Some r e l a t e  t o  t h e  d e g r e e  t o  

which t h e  sys t em p r e v e n t s  o p e r a t i n g  t e m p e r a t u r e s  from exceed ing  

t h e  d e s i g n  v a l u e s  and t h e  d e g r e e  t o  which t e m p e r a t u r e  t r a n -  

s i e n t s  a r e  p r e v e n t e d  o r  r educed .  The t e m p e r a t u r e s  of s p e c i f i c  

i n t e r e s t  a r e :  

The p r imary  c o l d  l e g  t e m p e r a t u r e  i s  i m p o r t a n t  because  o f  

t h e  d i f f i c u l t y  i n  r e p a i r i n g  t h e  lower  c o r e  s u p p o r t  s t r u c -  

t u r e  and because  o f  e x p e r i m e n t a l  n e e d s .  

The f u e l  and f u e l  c l a d d i n g  t e m p e r a t u r e  must remain  low 

enough t o  p r e v e n t  f u e l  f a i l u r e s .  The f u e l  c o o l a n t  t u b e  

o u t l e t  t e m p e r a t u r e  was used  t o  p r o v i d e  an  i n d i c a t i o n  of  

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

The p r imary  h o t  l e g  t e m p e r a t u r e  i s  i m p o r t a n t  b e c a u s e  of  

t h e r m a l  s t r e s s e s ,  p a r t i c u l a r l y  a t  t h e  r e a c t o r  o u t l e t  

n o z z l e s  and b e c a u s e  o f  e x p e r i m e n t a l  n e e d s .  

The secondary  h o t  and c o l d  l e g  t e m p e r a t u r e  t r a n s i e n t s  a r e  

o f  i n t e r e s t  because  t h e y  g i v e  an  i n d i c a t i o n  o f  t h e r m a l  

s t r e s s e s  on a l l  s econdary  l o o p  components and t h e  margin  

t o  b l o c k a g e  due t o  f r e e z i n g .  

The i n t e r m e d i a t e  h e a t  exchanger  [IHX) mean t e m p e r a t u r e  

d i f f e r e n c e  between p r i m a r y  and secondary  s i d e s  p r o v i d e s  a  

measure of s t r e s s  on t h e  IHX. 

Othe r  per formance  measures  r e l a t i n g  t o  t h i n g s  o t h e r  t h a n  

t e m p e r a t u r e  a r e :  



The s i m p l i c i t y  which i s  i m p o r t a n t  t o  p r o v i d e  e a s y  o p e r a t o r  

u n d e r s t a n d i n g  of  what i s  happening  d u r i n g  a  t r a n s i e n t  and 

t o  p r o v i d e  h i g h  r e l i a b i l i t y ,  e a s y  ma in tenance ,  and easy  

a d j u s t m e n t s .  

The d e g r e e  t o  which c o n t r o l  r e q u i r e s  r e a c t i v i t y  a d j u s t m e n t  

by c o n t r o l  rod  mot ion .  

The e f f e c t  t h a t  t h e  c o n t r o l  mode and c o n t r o l  c o n f i g u r a t i o n  

have on e x p e r i m e n t s .  Neutron f l u x  and power s h o u l d  be  

h e l d  c o n s t a n t .  

The d e g r e e  t o  which t h e  number of scrams i s  r educed  by 

a c t i o n  o f  t h e  c o n t r o l  s y s t e m .  

The c o s t  of  t h e  c o n t r o l  equipment  and t h e  a d d i t i o n a l  c o s t  

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

An a d d i t i o n a l  index  of per formance  ( I P )  t h a t  was used  

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

of  t h e  e r r o r  ( o r  d e v i a t i o n  from s t e a d y  s t a t e )  s q u a r e d .  T h i s  

p e n a l i z e s  f o r  l o n g  t ime  d e v i a t i o n s  and s low r e t u r n  t o  s t e a d y  

s t a t e  a s  w e l l  a s  f o r  l a r g e  d e v i a t i o n s  from s t e a d y  s t a t e .  

T H E  M O D E L  

A s i m p l e  model of t h e  r e a c t o r  and h e a t  t r a n s p o r t  sys tem was 

deve loped  f o r  u s e  on a  h y b r i d  computer which c o n s i s t e d  of an  

AD-4 a n a l o g  and a  PDP-9 d i g i t a l  computer .  The s i m u l a t i o n  u s i n g  

t h e  model i s  c a p a b l e  o f  o p e r a t i n g  a t  s p e e d s  up t o  1000 t i m e s  

f a s t e r  t h a n  t h e  r e a l  t ime  sys t em.  While t h e  s i m u l a t i o n  i s  s u f -  

f i c i e n t l y  a c c u r a t e  f o r  c o n t r o l  s t u d i e s ,  i t  i s  n o t  i n t e n d e d  f o r  

u s e  i n  d e f i n i n g  shutdown t r a n s i e n t s .  The phase  and magni tude  

c h a r a c t e r i s t i c s  of t h e  model were a d j u s t e d  t o  p r o v i d e  a  

r e a s o n a b l e  match w i t h  t h o s e  from more d e t a i l e d  i n f o r m a t i o n  

( s e e  Appendix A).  

I n  o r d e r  t o  g a i n  s i m p l i c i t y  and r e l i a b i l i t y  f o r  t h e  h i g h  

speed  s i m u l a t i o n ,  a  noda l  approach  was adop ted  ( s e e  F i g u r e  1) 



FIGURE 1. Diagram Showing the Yodel Nodes and Components in One Heat Removal 
Circuit. The reactor is common to all heat removal circuits. 
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which uses as few nodes as possible while maintaining acceptable 

accuracy. It was determined that two axial nodes would simulate 

the heat exchange surfaces of the reactor, the IHX, and DHX with 

sufficient accuracy. Inlet and outlet plena complete the 

simulation for each of these major components. The reactor 

kinetics are calculated with three delayed neutron groups and 

assuming instantaneous prompt neutrons. Doppler feedback from 

the fuel temperature as well as fission product heat is included. 

Primary and secondary loop flow dynamic characteristics are 

simulated by fitting a first order lag that approximates the 

characteristics from more detailed information. One heat 

transport system representing all three circuits was simulated. 

The reactor vessel inlet plenum model simulates a volume 
3 of 975 ft with a first order system time constant that is a 

function of reactor sodium flow. This inlet volume yields a 

mixing time constant of about 10 sec at full reactor flow. 

About 80% of the flow from the inlet plenum passes through the 

two similar fuel nodes. Approximately 15% of the flow is for 

vessel and shield cooling and hydraulic holddown where little 

heat is transferred to the sodium. The remaining 5% of the flow 

is for radial reflector cooling. The heat from these three flow 
paths aid in the vessel outlet plenum which has a simulated 

3 volume of 1000 ft . The outlet plenum is simulated also by a 

first order system with a time constant that is a function of 

reactor flow (approximately 10 sec at full flow). 

The hot and cold leg pipes are simulated as pure distance/ 

velocity lags on the digital computer with no heat transferred 

to or from the sodium. The number of nodes are: 

Full Flow 
Leg No. of Nodes Time Delay, sec 

Primary hot 
Primary cold 
Secondary hot 
Secondary cold 



The first order approximation for the intermediate heat 

exchanger ( I H X )  primary inlet plenum has a full flow time con- 

stant of 1.5 sec. The IHX primary outlet plenum, also simulated 

with a first order approximation, has a full flow time constant 

of about 2 sec. 

The heat transfer between the primary and secondary side of 

the I H X  is simulated as two nodes for each side. The first no2e 

(in direction of flow) calculation uses a central difference 

technique while the second node uses the three point back 

technique. This method of representing the heat transfer process 

was found to give good dynamic as well as steady-state results 

under balanced flow conditions. The steady-state results under 

widely unbalanced flows were not as satisfactory, however. It 

is not felt that this inaccuracy in steady state is an indication 

of inaccurate dynamic results. The secondary side of the I H X  is 

similar to the primary side. The only thing that distinguishes 

one side of the I H X  from the other is a small difference in 

parameters. The time constant for the I H X  secondary inlet plenum 

is about 4 sec, while that for the outlet plenum is about 2 sec. 

I H X  bypass flows of 5% for the primary and 2.5% for the secondary 

sides are assumed. 

The dump heat exchanger ( D H X )  sodium side calculation has 

the same form as the IIiX primary side calculation, except that 

the DHX has no bypass flow. However, parameters for the DHX, 

such as the heat transfer coefficient, are significantly different 

from those of the I H X .  The full flow time constants for the DHX 

sodium plena, both inlet and outlet, are about 1.5 seconds. 

The air side of the DHX uses 100 O F  air directly in the heat 

transfer calculations, unless air temperature is varied as a 

parameter. No air plena are simulated. The heat transfer calcu- 

lation for the DHX uses the same finite differencing method as 



is used for the IHX and the sodium side of the DHX. The param- 

eters are such that the air sid.e of the DHX has very short time 

constants in relation to the rest of the process. These time 

constants are so short in fact that an algebraic solution 

could be used with no appreciable loss of accuracy. 

The frequency response of the primary coolant, coolant 

pump, and motor were determined from a more detailed simulation. 

This frequency response demonstrated that a first order lag 

with a 2.27 sec time constant is sufficiently accurate for the 

representation of primary flow response from pump motor signal 

changes. Flow rate of change limitations were not included 

in the model. 

C O N T R O L L E R  C O N F I G U R A T I O N  E F F E C T S  

Five different controller system configurations, as 

described in the introduction, were studied in order to 

attain information on control system configurations. A series 

of computer runs was made to determine if it is desirable to: 

Control the primary cold leg with a cascade system which 

includes a fast inner loop to control the secondary cold 

leg temperature (Configurations I and 11). 

Control the reactor temperature rise instead of the primary 

hot leg temperature (Configurations I1 and 111). 

Control the reactor average temperature instead of the 

primary cold leg temperature (Configurations I11 and IV). 

Control the primary cold leg temperature by manipulating 

the secondary flow instead of manipulating the setpoint 

of controller number 1 (Configurations I1 and V). 

A sixth control configuration was studied to determine if 

it is desirable from the transient response viewpoint to con- 

trol the primary hot leg temperature by manipulating the 

reactivity instead of the primary flow. 



The controller configurations are shown in Figures 2 

through 7. Figure 2 indicates that the temperature measurement 

for the primary cold-leg sodium temperature is measured at the 

primary outlet of the intermediate heat exchanger (IHX). In 

some of the controller configurations the phase shift added by 

the primary cold leg distance/velocity lag has noticeable 

effects, hence for consistency, the IHX primary outlet sodium 

temperature is used for the primary cold leg temperature for all 

configurations. 

In this preliminary stability study, the use of flow con- 

trollers for directly controlling the sodium and air flow rates 

were not given consideration. They may or may not be used on 

the actual system. If they are used, the controllers shown in 

the diagrams simply manipulate the flow controller set points 

instead of manipulating directly the actuators. It is reasonable 

to expect, however, that at least the primary flows will be con- 

trolled individually by flow controllers. 

A consistent method was used to adjust the controllers for 
all configurations. Controller number one was adjusted first 

with controller loops two and three open. When proportional 

action only was used in controller number one, with control 

loop number one closed, the controller gain* was adjusted 

until a 10" step increase in setpoint resulted in about a 20% 

overshoot in response. If a proportional plus integral action 

controller was used, the integral action was first set at zero, 

and the proportional gain was adjusted for a 10% overshoot in 

response. Then the integral action was increased until the 

* Throughou t  t h e  r e p o r t ,  t h e  c o n t r o l l e r  g a i n s  i n c l u d e  a m p l i t u d e  
s c a l e  f a c t o r s  f o r  t h e  s i m u l a t i o n .  S i n c e  t h e  s c a l e  f a c t o r s  
r e m a i n  unchanged ,  t h e  c o n t r o Z Z e r  g a i n s  ( p r o p o r t i o n a l  a c t i o n )  
a r e  u s e f u l  f o r  compar i son  p u r p o s e s .  
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r e s p o n s e  t o  t h e  s t e p  s e t p o i n t  change r e s u l t e d  i n  a  20% 

o v e r s h o o t .  Nex t ,  l e a v i n g  c o n t r o l l e r  l o o p  one c l o s e d  and 

a d j u s t e d ,  c o n t r o l l e r  l o o p  two was c l o s e d  and t h e  c o n t r o l l e r  

p r o p o r t i o n a l  and i n t e g r a l  a c t i o n  s e t t i n g s  were a d j u s t e d  i n  a  

manner s i m i l a r  t o  t h a t  f o r  c o n t r o l l e r  l o o p  one .  Next ,  w i t h  

c o n t r o l l e r  l o o p s  one and two c l o s e d  and a d j u s t e d ,  c o n t r o l l e r  

l oop  t h r e e  was c l o s e d  and a d j u s t e d  i n  t h e  same manner.  I n t e r -  

a c t i o n s  between c o n t r o l l e r  l o o p s  r e q u i r e  t h a t  w i t h  a l l  l o o p s  

c l o s e d ,  r e a d j u s t m e n t s  be  made u n t i l  t h e  l o o p s  r e s p o n d  t o  s e t -  

p o i n t  changes  w i t h  a  20% o v e r s h o o t .  I n  t h e  power s e t b a c k  t r a n -  

s i e n t s ,  t h e  f i n a l  power l e v e l  and p r i m a r y  f l o w  were  a t  two- 

t h i r d s  o f  f u l l  power.  P r i o r  t o  t h e  power s e t b a c k  t h e  con-  

t r o l l e r s  were r e a d j u s t e d  t o  g i v e  20% o v e r s h o o t  t o  s e t p o i n t  

s t e p  changes  a t  t h e  r educed  power l e v e l  i n s t e a d  of  a t  f u l l  

power ( f o r  c o n f i g u r a t i o n  compar ison  p u r p o s e s  o n l y ) .  The con-  

t r o l l e r  s e t t i n g s  t h u s  d e t e r m i n e d  were :  

TABLE 1. Controller Settings 

C o n t r o l l e r  
C o n f i g u r a t i o n  Number 

C o n t r o l l e r  S e t t i n g s  
F u l l  Power 2 / 3  Power 
F I P T 



The f o l l o w i n g  d i s t u r b a n c e s  were a p p l i e d  t o  each  c o n f i g u r a t i o n :  

A i r  t e m p e r a t u r e  s low 32 OF d e c r e a s e .  (Th i s  d i s t u r b a n c e  i s  

an a i r  t e m p e r a t u r e  d e c r e a s e  w i t h  a  t ime  c o n s t a n t  o f  

1000 s e c  t o  approx ima te  r e a l i s t i c  ex t r emes  i n  r a t e  and 

magni tude  of  t e m p e r a t u r e  change . )  

A i r  t e m p e r a t u r e  s t e p  32 OF i n c r e a s e .  

A i r  f l ow s t e p  8 %  d e c r e a s e  ( t o  approximate  sudden l o s s  o f  

one b l o w e r ) .  

Pr imary  f low s t e p  10% d e c r e a s e .  

Power 15  MW i n c r e a s e  ( caused  by a  s t e p  change i n  r o d  

r e a c t i v i t y )  . 
C o n t r o l l e r  number 2 o r  4 s e t p o i n t  10" s t e p  i n c r e a s e .  

C o n t r o l l e r  number 3  o r  5  s e t p o i n t  10' s t e p  i n c r e a s e .  

F a s t  1 / 3  power s e t b a c k  ( r o d  r e a c t i v i t y  d e c r e a s e  r a t e  of  

one c e n t  p e r  s e c o n d ) .  

Slow 1 / 3  power s e t b a c k  ( r o d  r e a c t i v i t y  d e c r e a s e  o f  one-  

t e n t h  c e n t  p e r  s e c o n d ) .  

The i n i t i a t i n g  e v e n t s  a r e  shown on s t r i p  c h a r t  r e c o r d i n g s  

i n  F i g u r e  1 3 .  The r e s u l t i n g  t e m p e r a t u r e  t r a n s i e n t s  f o r  p r o c e s s  

t u b e  o u t l e t  t e m p e r a t u r e  and b o t h  p r imary  and secondary  loop  h o t  

and c o l d  l e g  t e m p e r a t u r e s  a r e  shown i n  F i g u r e s  8 t h r o u g h  1 2 .  

A d d i t i o n a l  p a r a m e t e r s  f o r  power s e t b a c k  i n c l u d i n g  power l e v e l ,  

r e a c t i v i t y ,  p r i m a r y  f l o w s ,  and a i r  f low a r e  a l s o  shown i n  

F i g u r e s  8 t h rough  1 2 .  T a b l e  2 summarizes peak t e m p e r a t u r e  

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

C o n f i g u r a t i o n s  I and I1 c a n  be compared t o  d e t e r m i n e  i f  

t h e r e  i s  an advan tage  i s  u s i n g  t h e  c a s c a d e  c o n t r o l  sys t em.  

I n  g e n e r a l ,  t h e  c a s c a d e  sys t em r e s u l t s  i n  b e t t e r  pe r fo rmance ,  

p a r t i c u l a r l y  i n  t h e  power s e t b a c k  t r a n s i e n t s  (Table  2 ) .  While 

C o n f i g u r a t i o n  I 1  i s  a l r e a d y  s u p e r i o r  t o  I f o r  t h e  f a s t  power 

s e t b a c k ,  t h e  improvement i n  per formance  i s  even  g r e a t e r  i n  

go ing  t o  t h e  s l o w e r  power s e t b a c k ,  p a r t i c u l a r l y  i n  t h e  t u b e  
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o u t l e t  and t h e  primary c o l d  l e g  tempera tures .  Table 2 shows 

t h a t  a l l  of t h e  c o n f i g u r a t i o n s  (11,  111, IV and V) employing 

c o n t r o l l e r  one ( c o n t r o l s  secondary c o l d  l e g  temperature  by 

manipula t ing a i r  flow) a r e  b e t t e r  t han  Conf igura t ion  I  f o r  a i r  

d i s t u r b a n c e s ,  b u t  n o t  n e c e s s a r i l y  f o r  t h e  o t h e r  d i s t u r b a n c e s .  

The improvement i s  expected s i n c e  t h e  c o n t r o l  loop one i s  

f a s t e r  a c t i n g  due t o  t h e  r e l a t i v e l y  smal l  t ime de l ays  a s  com- 

pared w i t h  c o n t r o l  loop two. Conf igura t ions  I and I 1  a r e  easy  

t o  s t a b i l i z e  and easy  t o  a d j u s t .  Conf igura t ion  I i s  s impler  

than  I 1  s i n c e  i t  has  one l e s s  c o n t r o l l e r  t o  a d j u s t  i n  each of 

t h e  t h r e e  h e a t  t r a n s p o r t  c i r c u i t s ;  however, Conf igura t ion  I1 

i s  cons idered  g e n e r a l l y  s u p e r i o r  t o  Conf igura t ion  I because 

of t h e  g r e a t e r  e f f e c t i v e n e s s  i n  reducing t r a n s i e n t s  due t o  t h e  

c o n t r o l l e d  power r educ t ion .  

A comparison can be made between r e s u l t s  from Configura-  

t i o n s  I 1  and 111 t o  determine t h e  d e s i r a b i l i t y  o f  c o n t r o l l i n g  

t h e  r e a c t o r  temperature  r i s e  i n s t e a d  of t h e  primary ho t  l e g  

temperature  by manipula t ing t h e  primary f low. I n  Table 2 ,  t h e  

expected tendency of Conf igura t ion  I11 t o  i n c r e a s e  primary ho t  

l e g  temperature  t r a n s i e n t s  (and tube o u t l e t  temperature  t r a n -  

s i e n t s )  over Conf igura t ion  I 1  and dec rease  primary co ld  l e g  

temperature  t r a n s i e n t s  i s  e v i d e n t .  Close comparison of t h e  

t r a n s i e n t  t iming i n  F igures  9 and 1 0  a l s o  r e v e a l s  t h a t  some 

of t h e  Conf igura t ion  I11 t r a n s i e n t s  a r e  slower than  comparable 

Conf igura t ion  I 1  t r a n s i e n t s .  Weighting r e a c t o r  i n l e t  and 

o u t l e t  temperature  v a r i a t i o n s  e q u a l l y ,  a  deg rada t ion  i n  o v e r a l l  

system performance appears  t o  r e s u l t  from c o n t r o l l i n g  t h e  

r e a c t o r  temperature  r i s e  i n s t e a d  of t h e  primary h o t  l eg  tem- 

p e r a t u r e .  The power s e tback  peak t r a n s i e n t  i n c r e a s e  i n  t h e  

primary ho t  l e g  i s  g r e a t e r  than  t h e  dec rease  i n  t h e  pr imary 

co ld  l e g .  Both a r e  e a s i l y  s t a b i l i z e d .  Conf igura t ion  I 1  i s  



p r o b a b l y  s i m p l e r  f o r  s e t p o i n t  a d j u s t m e n t s  t h a n  I 1 1  because  p r i -  

mary c o l d  l e g  and h o t  l e g  t e m p e r a t u r e s  can  be  s e t  i n d e p e n d e n t l y .  

I n  C o n f i g u r a t i o n  111, an o p e r a t o r  may b e  concerned  w i t h  t h e  o u t -  

l e t  t e m p e r a t u r e  i n  a d d i t i o n  t o  t h e  t e m p e r a t u r e  r i s e ,  s o  t h a t  t h e  

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

A compar i son  o f  C o n f i g u r a t i o n  I 1 1  and IV t r a n s i e n t  

r e s p o n s e s  r e v e a l s  t h e  e f f e c t s  o f  c o n t r o l l i n g  t h e  r e a c t o r  a v e r a g e  

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

There  a p p e a r s  t o  b e  a  t r e n d  f o r  C o n f i g u r a t i o n  IV t o  r e s u l t  i n  

s l i g h t l y  lower  s e t b a c k  t r a n s i e n t s  t h a n  111. The t r a n s i e n t  

r e s p o n s e  t i m e s  a r e  n o t  n o t i c e a b l y  d i f f e r e n t .  

The e f f e c t i v e n e s s  o f  m a n i p u l a t i n g  t h e  secondary  l o o p  sodium 

f low i n s t e a d  o f  t h e  number one c o n t r o l l e r  s e t p o i n t  c a n  b e  

d e t e r m i n e d  by comparing C o n f i g u r a t i o n  V w i t h  11. A major  d i f -  

f e r e n c e  e x i s t s  i n  t h e  secondary  loop  t e m p e r a t u r e  t r a n s i e n t s  t h a t  

r e s u l t  f rom t h e  power s e t b a c k s ;  C o n f i g u r a t i o n  I 1  a p p e a r s  con-  

s i d e r a b l y  b e t t e r  t h a n  V.  The re  a r e  s m a l l  d i f f e r e n c e s  i n  t h e  

r ema in ing  r e s p o n s e s  e x c e p t  t h a t  i n  V ,  t h e  secondary  c o l d  l e g  

t r a n s i e n t s  a r e  r educed  a t  t h e  expense  o f  t h e  h o t  l e g  t e m p e r a t u r e  

t r a n s i e n t s .  C o n f i g u r a t i o n  I 1  i s  s i m p l e r  because  fewer  p r o c e s s  

v a r i a b l e s  change d u r i n g  a  t r a n s i e n t .  Comparison o f  t h e  improve-  

ment t h a t  C o n f i g u r a t i o n  I 1  g i v e s  o v e r  V i n  go ing  from f a s t  s e t -  

back t o  s low s e t b a c k  i n d i c a t e s  t h a t  I 1  h a s  a  g r e a t e r  p o t e n t i a l .  

A compar ison  was made between C o n f i g u r a t i o n  I and VI,  

where VI i s  s i m i l a r  t o  I e x c e p t  t h a t  t h e  r e a c t i v i t y  i n s t e a d  o f  

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

l e g  t e m p e r a t u r e  ( F i g u r e  7 ) .  No l i m i t a t i o n s  were p u t  on t h e  

c o n t r o l  r e a c t i v i t y  magni tudes  o r  r a t e s  of change .  When Conf igu-  

r a t i o n  VI c o n t r o l l e r s  were a d j u s t e d  i n  t h e  manner o f  t h e  o t h e r  

c o n f i g u r a t i o n s ,  v e r y  l a r g e  t u b e  o u t l e t  t e m p e r a t u r e  t r a n s i e n t s  

r e s u l t e d .  Hence, t h e  a d j u s t m e n t  was made f o r  2 0 %  o v e r s h o o t  i n  

t h e  t u b e  o u t l e t  t e m p e r a t u r e  i n s t e a d  of t h e  p r imary  h o t  



l e g  temperature  i n  response  t o  a  s e t p o i n t  s t e p  change i n  

number t h r e e  c o n t r o l l e r .  I n  o rde r  t o  p rov ide  a  f a i r  com- 

p a r i s o n ,  Conf igura t ion  I c o n t r o l l e r s  were a d j u s t e d  a l s o  f o r  

20% overshoot  i n  tube o u t l e t  temperature  response .  The con- 

t r o l l e r  s e t t i n g s  used f o r  t h e  t r a n s i e n t s  summarized i n  Table 3  

were : 

The t r a n s i e n t s  f o r  Conf igura t ion  VI a r e  shown i n  F i g u r e 1 3 .  

Although t h e  two c o n f i g u r a t i o n s  a r e  comparable, t h e  r e s u l t s  

s l i g h t l y  f avo r  Conf igu ra t i on  VI. I f  r e a c t i v i t y  v a r i a t i o n s  a r e  

p e r m i s s i b l e  f o r  c o n t r o l ,  and i f  t h e  r a t e s  and magnitudes of 

r e a c t i v i t y  v a r i a t i o n s  a r e  no t  c o n s t r a i n e d ,  t hen  r e a c t i v i t y  i s  a  

s l i g h t l y  b e t t e r  v a r i a b l e  t o  manipula te  than t he  primary f low. 

Although t h e  d i f f e r e n c e  does n o t  appear g r e a t ,  i t  seems e a s i e r  

t o  s a t i s f y  s a f e t y  c r i t e r i a  by manipula t ing t h e  primary sodium 

flow r a t h e r  t han  t h e  r e a c t i v i t y .  
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O P E R A T I N G  C O N D I T I O N  E F F E C T S  

A series of computer runs were made to gain understanding 

of the effects of operating conditions on control system per- 

formance. Control Configuration I was used for this series of 

runs because it is a simple configuration and because it is 

relatively straightforward to interpret the effects for other 

configurations. 

The performance of the controlled system is affected by 

power level, primary and secondary sodium flow rates, and by 

the cooling air inlet temperature. The controlled system 

performance was studied to define the process gain and. phase 

changes as well as the effects on transient responses caused 

by disturbances for the various operating conditions. Table 4 

lists the set of eleven runs that include combinations of three 

operating power levels (full, two-thirds, and one-third)primary 

flow rates, secondary flow rates, and air inlet temperatures. 

Also included in Table 4 are the controller settings that 

resulted in approximately 20% overshoot to 10' setpoint step 

changes when both control loops are closed. 

Three kinds of information obtained in order to study the 

overall operating condition effects include: 

Open loop frequency responses 

Controller settings for 20% overshoot 

Transient responses. 

The frequency responses for each run include a primary cold leg 

temperature controller open loop frequency response (Figure 14-1 

through 14-11), and a primary hot leg temperature controller 

open loop frequency response (Figure 15-1 through 15-11). The 

frequency response for the primary cold leg controller was 

taken in all runs with the hot leg control loop open. The 



TABLE 4. Operating Conditions with Controller Settings 
for 20% Overshoot to Setpoint Changes for Con- 
figuration I 

Power P r i  Ai r  in C o n t r o l l e r  S e t t i n g s  
Secon Temp., -. 

Run Leve l  Flow Flow OF P 2  I 2  F3 I 3  - 

f u l l  

2 /3  

2 /3  

2 /3  

2 /3  

1 / 3  

1 / 3  

1 / 3  

I/  3  

f u l l  
f u l l  

f u l l  

2 /3  

2 /3  
f u l l  

f u l l  

I/  3  

1 / 3  
f u l l  

f u l l  

f u l l  
f u l l  

f u l l  

f u l l  

2 /3  

2 /3  
f u l l  

f u l l  

1 / 3  

1 / 3  
f u l l  

f u l l  

f u l l  

s i n e  wave o u t p u t  from a  s i g n a l  g e n e r a t o r  was a p p l i e d  t o  t h e  

a i r  f l o w ,  and t h e  p r i m a r y  c o l d  l e g  t e m p e r a t u r e  was r e c o r d e d .  

The f r e q u e n c y  r e s p o n s e  f o r  t h e  p r i m a r y  h o t  l e g  t e m p e r a t u r e  

c o n t r o l l e r  was t a k e n  i n  a l l  r u n s  w i t h  t h e  p r i m a r y  c o l d  l e g  

c o n t r o l  l o o p  c l o s e d  and a d j u s t e d  f o r  20% o v e r s h o o t  t o  s e t -  

p o i n t  changes  and w i t h  t h e  h o t  l e g  c o n t r o l  l oop  open.  

I m p o r t a n t  i n f o r m a t i o n  on t h e  e f f e c t s  o f  o p e r a t i n g  con-  

d i t i o n  changes  i s  c o n t a i n e d  i n  t h e  c o n t r o l l e r  s e t t i n g s ,  

(Tab le  4 )  t h a t  were found t o  r e s u l t  i n  2 0 %  o v e r s h o o t  when 

10' s t e p  s e t p o i n t  changes  were made. The method o f  

r e p e a t e d l y  a d j u s t i n g  t h e  c o n t r o l l e r s  f o r  20% o v e r s h o o t  when 

b o t h  c o n t r o l  l o o p s  were c l o s e d  was t h e  same a s  f o r  t h e  r u n s  

on c o n t r o l l e r  c o n f i g u r a t i o n  e f f e c t s .  

The t h i r d  k i n d  o f  i n f o r m a t i o n  i s  t h e  t r a n s i e n t  r e s p o n s e s  

i n  t h e  p r o c e s s  t u b e  o u t l e t  t e m p e r a t u r e ,  t h e  p r imary  h o t  and 



c o l d  l e g  t e m p e r a t u r e s ,  and t h e  secondary  c o l d  l e g  t e m p e r a t u r e  

when v a r i o u s  d i s t u r b a n c e s  a r e  i n t r o d u c e d  i n t o  t h e  sys t em.  The 

t r a n s i e n t  r e s p o n s e s  f o r  b a l a n c e d  I H X  f lows  o n l y  a r e  shown i n  

F i g u r e s  1 6 - 1  th rough  6 .  The peak  magni tudes  f o r  a l l  r u n s  

a r e  g i v e n  i n  T a b l e  5 .  

POWER LEVEL EFFECTS 

The e f f e c t s  on t h e  c o n t r o l l e d  sys t em o f  changing  t h e  power 

l e v e l  o n l y  i s  s e e n  by comparing Runs 1, 5 ,  and 9 which a l l  have 

f u l l  f lows  and 100 O F  a i r  t e m p e r a t u r e .  The c o l d  l e g  c o n t r o l  

open loop  f r e q u e n c y  r e s p o n s e s  f o r  t h e s e  r u n s  show t h a t  l i t t l e  

phase  d i f f e r e n c e s  o f  s i g n i f i c a n c e  a p p e a r s ,  b u t  t h e r e  i s  an  

i n c r e a s e  i n  t h e  p r o c e s s  g a i n  (db) a s  t h e  r e a c t o r  power l e v e l  

d e c r e a s e s .  One would e x p e c t  t h a t  a  compensa t ing  d e c r e a s e  i n  

p r i m a r y  c o l d  l e g  c o n t r o l l e r  p r o p o r t i o n a l  a c t i o n  ( P Z )  would 

r e s u l t ,  s i n c e  f o r  each  r u n  t h e  c o n t r o l l e r s  were a d j u s t e d  t o  

g i v e  a p p r o x i m a t e l y  t h e  same o v e r s h o o t  f o r  s t e p  s e t p o i n t  changes .  

The f r e q u e n c y  r e s p o n s e s  f o r  t h e  p r i m a r y  h o t  l e g  c o n t r o l l e r  

open l o o p  were t a k e n  w i t h  t h e  c o l d  l e g  c o n t r o l l e r  l o o p  c l o s e d .  

S i n c e  i n t e r a c t i o n  e x i s t s  between t h e  two c o n t r o l  l o o p s ,  t h e  h o t  

l e g  c o n t r o l l e r  f r e q u e n c y  r e s p o n s e s  have some phase  and mag- 

n i t u d e  changes t h a t  o c c u r  a t  a b o u t  t h e  c u t o f f  f r e q u e n c y  f o r  

t h e  p r i m a r y  c o l d  l e g  c o n t r o l l e r .  These v a r y  w i d e l y  depending  

upon t h e  p r i m a r y  c o l d  l e g  c o n t r o l  l o o p  c h a r a c t e r i s t i c s .  A 

p r imary  h o t  l e g  c o n t r o l  open l o o p  f r e q u e n c y  r e s p o n s e  t a k e n  

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

d i d  n o t  show any s h a r p  phase  and magni tude  changes o c c u r r i n g  

j u s t  below t h e  f r e q u e n c y  o f  0 . 0 1  H Z .  For most r u n s ,  t h e  phase  

and magnitude e f f e c t s  due t o  t h e  i n t e r a c t i o n  a r e  i g n o r e d  and 

t h e  c h a r a c t e r i s t i c s  a t  h i g h e r  and lower  f r e q u e n c i e s  a r e  

c o n s i d e r e d .  



TABLE 5. Transient Peaks - Configuration I - Varying Operating Conditions 
D i s t u r b a n c e s  

c d  e  f 
A i r  F l o w  P r i  F low P r i  C o l d  

S t e p  S t e p  Power  Leg  10 '  
8  % 1 0  % 1 5  MW S e t p o i n t  

D e c r e a s e  D e c r e a s e  I n c r e a s e  I n c r e a s e  

- 2O 1 8  O 4O -3O 
- 5  1 9  5 . 5  - 3  
- 8 1 9  7  - 3  
- 4  1 2  3  - 2 . 5  
- 6 1 3  3 . 5  - 2 . 5  
- 3  1 9  5  - 2 . 5  

1 9  6 - 2 . 5  
- 3  8 - 3  - 3  
- 3  6 2  - 2 . 5  
- 4  1 7  3 . 5  - 2 . 5  
- 3 . 5  1 7  3 . 5  - 2 . 5  

0  5  1 0  
1 4 . 5  1 0 . 5  

- 1 4 . 5  1 . 5  0 . 5  
- 1 4  1 . 0  0  
- 2  4  1 . 0  0  
1 4  1 0 . 5  
1 . 5  4  1 . 5  0  
3  3 . 5  3 . 5  3  
0 . 5  2  0 . 5  0 . 5  

a 

A i r  Temp. 
S l o w  
32  O F  

D e c r e a s e  

0  O 

0  
1 

b 
A i r  Temp. 

S t e p  
32  O F  

I n c r e a s e  

- 3 "  
- 2 . 5  
- 3  
- 6 . 5  
- 2 . 5  
- 1 
- 3 
- 3 . 5  
- 1 . 5  
- 3 . 5  

2 . 5  
0  

k! 
P r i  H o t  
Leg  10 '  
S e t p o i n t  
I n c r e a s e  

35O 
46 
44 
34  
3 1  
5  2  
5  6 
1 5  
34  
3  7  
3  6  
1 2  

A i r  
M e a s u r e d  
P a r a m e t e r  

P o w e r  
L e v e l  

f u l l  
2 / 3  

P r  i 
Flow - 
f u l l  
2/  3  
2 / 3  
f u l l  
f u l l  
1/ 3  
I /  3  
f u l l  
f u l l  
f u l l  
f u l l  

S e c  Temp.,  
F low OF -- Run 

1 
2  
3  
4 
5  
6 
7  
8  
9  

1 0  
11 

f u l l  1 0 0  
f u l l  1 0 0  
2 / 3  1 0 0  
2 / 3  1 0 0  
f u l l  1 0 0  
f u l l  1 0 0  
1 / 3  1 0 0  
1 / 3  1 0 0  
f u l l  1 0 0  
f u l l  32 
f u l l  - 2 5  
f u l l  1 0 0  
f u l l  1 0 0  
2 / 3  1 0 0  
2 / 3  1 0 0  
f u l l  1 0 0  
f u l l  1 0 0  

T u b e  

O u t l e t  

Temp. 
1 / 3  
1 / 3  
f u l l  
f u l l  
f u l l  
2/ 3  
2 / 3  

f u l l  
2 / 3  
2/ 3  
f u l l  
1 / 3  
1/ 3  
1 / 3  
f u l l  
f u l l  
f u l l  
f u l l  
f u l l  

P r i m a r y  

H o t  L e g  

Temp. 

2 / 3  
2/  3  
I /  3  
1 / 3  
1/ 3  
1 / 3  
f u l l  
f u l l  
f u l l  
2 / 3  
2/ 3  

f u l l  1 0 0  
f u l l  32 
f u l l  - 2 5  
f u l l  1 0 0  
f u l l  1 0 0  
2 / 3  1 0 0  

P r i m a r y  

C o l d  L e g  

Temp. 

f u l l  2 / 3  1 0 0  
f u l l  1 0 0  
f u l l  1 0 0  
1 / 3  1 0 0  
1 / 3  1 0 0  
f u l l  1 0 0  
f u l l  32  
f u l l  - 2 5  
f u l l  1 0 0  
f u l l  1 0 0  
2 / 3  1 0 0  
2 / 3  1 0 0  
f u l l  1 0 0  

f u l l  
1 / 3  

f i l l  
f u l l  

f u l l  
f u l l  
f u l l  
2 / 3  
2 / 3  
2 / 3  
2 / 3  
1 / 3  
1 / 3  
I /  3  
1 / 3  
f u l l  
f u l l  

f u l l  
f u l l  
f u l l  
2 / 3  
2 / 3  
f u l l  
f u l l  

S e c o n d a r y  

C o l d  Leg  

Temp. 

f u l l  1 0 0  
1 / 3  1 0 0  

f u l l  
f u l l  
f u l l  
f u l l  

1 / 3  1 0 0  
f u l l  1 0 0  
f u l l  32  
f u l l  - 2 5  



Comparison o f  t h e  open l o o p  f r e q u e n c y  r e s p o n s e s  f o r  t h e  

p r imary  h o t  l e g  c o n t r o l  sys tem shows t h a t ,  a s  w i t h  t h e  c o l d  l e g ,  

t h e  phase  d i f f e r e n c e s  a r e  n o t  s i g n i f i c a n t .  However, p r o c e s s  

g a i n  d e c r e a s e s ;  one would t h e r e f o r e  e x p e c t  a n  i n c r e a s e d  c o n t r o l l e r  

g a i n  a s  power d e c r e a s e s  i n  o r d e r  t o  compensate f o r  t h e  p r o c e s s  

g a i n  change.  

F i n a l l y ,  s i n c e  a l l  e f f e c t s  o f  power l e v e l  change o c c u r s  i n  

p r o c e s s  g a i n  and n o t  i n  t h e  p h a s e ,  we would e x p e c t  t o  s e e  l i t t l e  

d i f f e r e n c e  i n  t r a n s i e n t  r e s p o n s e s  t o  d i s t u r b a n c e s ,  p rov ided  t h a t  

c o n t r o l l e r  g a i n  a d j u s t m e n t s  a r e  made t o  compensate  f o r  p r o c e s s  

g a i n  changes .  

Comparison o f  t h e  c o n t r o l l e r  s e t t i n g s  showed t h a t  t h e  

p r imary  c o l d  l e g  c o n t r o l l e r  p r o p o r t i o n a l  a c t i o n  d e c r e a s e d  a s  

e x p e c t e d ,  and t h e  p r imary  h o t  l e g  c o n t r o l l e r  p r o p o r t i o n a l  a c t i o n  

i n c r e a s e d ,  a s  e x p e c t e d .  Al so ,  comparison o f  t h e  t r a n s i e n t s  

show t h a t  t h e r e  a r e  no major  d i f f e r e n c e s .  There  a p p e a r s  t o  be  

no d e g r a d a t i o n  o f  t h e  c o n t r o l l e d  sys tem performance  a s  a  f u n c -  

t i o n  o f  t h e  power l e v e l  o n l y ,  p rov ided  t h a t  compensat ing 

p r o p o r t i o n a l  a c t i o n  a d j u s t m e n t s  a r e  made. 

P R I M A R Y  S O D I U M  F L O W  R A T E  E F F E C T S  

The e f f e c t s  o f  d e c r e a s i n g  o n l y  t h e  p r imary  sodium f low 

r a t e  can  be compared a t  v a r i o u s  c o n d i t i o n s  o f  power l e v e l  and 

secondary  f low a s  f o l l o w s :  

Run 5 v e r s u s  Run 2 f o r  2/3 power and f u l l  s econdary  f low.  

Run 4 v e r s u s  Run 3  f o r  2/3 power and 2 / 3  s econdary  f low.  

* Run 9 v e r s u s  Run 6 f o r  1 / 3  power and f u l l  secondary  f low.  

* Run 8 v e r s u s  Run 7 f o r  1 / 3  power and 1 / 3  secondary  f low.  

I n s p e c t i o n  o f  t h e  f r e q u e n c y  r e s p o n s e s  show t h a t  i n  t h e  p r imary  

c o l d  l e g  c o n t r o l  loop  t h e r e  a r e  no e f f e c t s  on t h e  phase  and 

o n l y  s l i g h t  i n c r e a s e  of  t h e  p r o c e s s  g a i n .  The p r imary  h o t  l e g  

c o n t r o l  loop  shows an i n c r e a s e d  p r o c e s s  g a i n  and an  i n c r e a s e d  

phase  l a g  a s  t h e  p r imary  f low d e c r e a s e s .  The i n c r e a s e d  phase  



l a g  i n  t h e  h o t  l e g  loop  i s  e x p e c t e d  s i n c e  lower f low c a u s e s  

l o n g e r  mixing and t r a n s p o r t  t i m e s .  A l s o ,  t h e  h o t  l e g  l o o p  

p r o c e s s  g a i n  i n c r e a s e  r e s u l t s  f rom t h e  l o n g e r  t ime  t h a t  t h e  

sodium i s  i n f l u e n c e d  by t h e  r e a c t o r  h e a t .  The c o n t r o l l e r  

s e t t i n g s  f o r  t h e  20% o v e r s h o o t  a r e  summarized i n  T a b l e  6 .  

TABLE 6. Controller Settings to Show the Effect 
of Primary Flow Changes 

P r i  
Run Flow - P 2  I 2  '3 I 3  

5  f u l l  2.75 0 .085 1 3  2 /3  power,  f u l l  
2 2 /  3 2 . 6  0.0035 10 0.075 s e c  f l o w  

4 f u l l  1 . 6 5  0.0035 15 2 /3  power,  2 /3  

3  2 /3  1 . 5  0.003 1 0  0 . 0 7  s e c  f low 

9 f u l l  2 0.002 2 5  1 / 3  power,  f u l l  

6  1 / 3  1 . 5  0.0035 5 . 5  0.05 s e c  f low 

8 f u l l  0 . 8  0.0026 1 2  1 / 3  power,  1 / 3  

7 1 / 3  0 . 5  0.002 6  0.045 s e c  f low 

T a b l e  6  shows t h a t  i n  a l l  c a s e s ,  a s  t h e  p r imary  f l o w  

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

a c t i o n  ( P Z )  d e c r e a s e s  s l i g h t l y  t o  compensate  f o r  t h e  p r o c e s s  

g a i n  i n c r e a s e ,  and t h e  p r imary  h o t  l e g  c o n t r o l l e r  g a i n  (P3)  

d e c r e a s e s  t o  compensate  f o r  t h e  p r o c e s s  g a i n  i n c r e a s e .  There  

i s  no c o n s i s t e n t  e f f e c t  on c o l d  l e g  c o n t r o l l e r  i n t e g r a l  a c t i o n ,  

b u t  t h e  h o t  l e g  c o n t r o l l e r  i n t e g r a l  a c t i o n  was r educed  a s  a  

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

There  a p p e a r s  t o  be  a  minor d e g r a d a t i o n  of  t h e  t r a n s i e n t  

pe r fo rmance ,  a s  i s  e x p e c t e d  due t o  t h e  i n c r e a s e d  phase  l a g  

e f f e c t s .  I n  summary, t h e  p r imary  h o t  l e g  c o n t r o l  sys t em 



c h a r a c t e r i s t i c s  and per formance  a p p e a r  s l i g h t l y  degraded  when 

t h e  p r i m a r y  f low i s  reduced .  T h i s  m o s t l y  r e s u l t s  from t h e  

l e n g t h e n i n g  of  t r a n s i t  and mixing t i m e s .  The p r o p o r t i o n a l  

a c t i o n  i n  t h e  p r i m a r y  h o t  l e g  c o n t r o l l e r  must be  i n c r e a s e d  a s  

t h e  f l o w  i s  d e c r e a s e d  i n  o r d e r  t o  r e t a i n  sys tem pe r fo rmance .  

SECONDARY SODIUM FLOW RATE EFFECTS 

The r u n s  t h a t  d e m o n s t r a t e  t h e  e f f e c t s  o f  changing  o n l y  

t h e  secondary  f l o w  a r e :  

Run 2 v e r s u s  Run 3  f o r  2/3 power and 2/3 p r imary  f low 

Run 5 v e r s u s  Run 4 f o r  2/3 power and f u l l  p r imary  f low 

Run 6 v e r s u s  Run 7 f o r  1 / 3  power and 1 / 3  p r i m a r y  f low 

Run 9 v e r s u s  Run 8 f o r  2/3 power and f u l l  p r imary  f low.  

The f r e q u e n c y  r e s p o n s e s  show t h a t  t h e  p r o c e s s  p h a s e  and 

g a i n  f o r  t h e  p r i m a r y  h o t  l e g  c o n t r o l  sys tem a r e  e s s e n t i a l l y  

unchanged a s  t h e  secondary  f low i s  changed.  The p r i m a r y  c o l d  

l e g  c o n t r o l  sys t em,  however,  shows i n c r e a s e d  phase  l a g  a s  t h e  

secondary  f low i s  d e c r e a s e d .  T h i s  i s  a s  e x p e c t e d  because  o f  

t h e  long  d i s t a n c e / v e l o c i t y  d e l a y s  i n h e r e n t  i n  t h e  secondary  

l o o p .  The p r o c e s s  g a i n  f o r  t h e  p r i m a r y  c o l d  l e g  sys tem open 

loop  remains  e s s e n t i a l l y  unchanged a s  t h e  secondary  f l o w  i s  

reduced .  

Tab le  7 p r e s e n t s  t h e  c o n t r o l l e r  s e t t i n g s  t o  show t h e  

e f f e c t s  o f  t h e  secondary  f l o w  r a t e .  

The c h a r a c t e r i s t i c s  o f  t h e  p r imary  c o l d  l e g  c o n t r o l  s y s -  

tem open l o o p  a r e  such  t h a t  t h e  i n c r e a s e d  phase  l a g  caused  by 

r educed  secondary  f low r e q u i r e s  t h a t  t h e  o v e r a l l  c o n t r o l  l oop  

g a i n  must be d e c r e a s e d ,  t h u s  c a u s i n g  a  d e g r a d a t i o n  i n  c o n t r o l  

sys t em pe r fo rmance .  S tudy  o f  t h e  t r a n s i e n t  peaks  from Tab le  5 

r e v e a l s  t h a t  t h e  sys tem pe r fo rmance  i s  degraded  a s  t h e  secon-  

d a r y  f low d e c r e a s e s .  The secondary  f low i s  a  major  f a c t o r  i n  

e s t a b l i s h i n g  t h e  per formance  of t h e  p r imary  c o l d  l e g  tempera-  

t u r e  c o n t r o l l e r .  We e x p e c t  t h a t  t h e  same e f f e c t  i s  p r e s e n t  on 

o t h e r  c o n t r o l  c o n f i g u r a t i o n s .  



TABLE 7.  C o n t r o l l e d  S e t t i n g s  t o  Show t h e  E f f e c t  
o f  Secondary Flow Changes 

Sec.  

-- P 2  Run Flow - I2 - P3 I 3  

2 f u l l  2.6 0.0035 10 0.075 

3  2 /3  1 . 5  0.003 1 0  0.07 

5  f u l l  2.75 0 .005 

4 2 /3  1 .65  0.0035 15 0 . 1 1  

6  f u l l  1 . 5  0.0035 5 .5  

7 1 / 3  0 .5  0 . 0 0 2  6  0.045 

9 f u l l  2 0.002 25 

8 1 / 3  0 .8  0.00026 1 2  0 . 01  

2/3 power, 2/3 
pr imary f low 

2/3 power, f u l l  
pr imary f low 

1 / 3  power, 1 / 3  
pr imary f low 

1 / 3  power, f u l l  
pr imary f low 

I t  appears  t h a t  t h e  secondary  f low produces  t h e  most 

s e v e r e  o f  t h e  e f f e c t s  w i t h  r e g a r d  t o  t h e  c o n t r o l  sys tem p e r -  

formance. The o p e r a t i n g  ph i losophy  t h a t  g i v e s  t h e  b e s t  c o n t r o l  

sys tem performance a t  reduced power i s  t o  ma in t a in  f u l l  pr imary 

and secondary  f l ows .  Table  8 shows a  comparison o f  t h e  t r a n -  

s i e n t  r esponses  i n  an o r d e r  t h a t  demons t ra tes  t h e  e f f e c t  t h a t  

c o o l a n t  f lows have on t h e  system performance.  The b e s t  c a s e s  

o f  f u l l  p r imary  and f u l l  secondary  f lows f o r  reduced power a r e  

shown on t o p ,  and t h e  wors t  c a s e  of  low pr imary and low secon-  

da ry  f lows  a r e  n e x t .  The unbalanced c a s e s  of  pr imary and 

secondary  f lows (no t  i nc luded )  a r e  i n  between t h e  b e s t  and 

wors t  c a s e s  on Tab le  8 .  A l l  c a s e s  w i t h  low secondary  f low 

appear  un favo rab l e ,  however, r e g a r d l e s s  of  what t h e  pr imary f low 

i s .  
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A I R  T E M P E R A T U R E  E F F E C T S  

Runs 1, 1 0 ,  and 11 d e m o n s t r a t e  t h e  e f f e c t s  o f  t e m p e r a t u r e  

v a r i a t i o n s  i n  t h e  c o o l i n g  a i r .  I n s p e c t i o n  of t h e  f r e q u e n c y  

r e s p o n s e s  show t h a t  a s  t h e  a i r  g e t s  c o l d e r ,  t h e  p h a s e  does  n o t  

change ,  b u t  t h e  p r o c e s s  g a i n  i n c r e a s e s  f o r  t h e  p r i m a r y  c o l d  l e g  

t e m p e r a t u r e  c o n t r o l  sys t em.  N e i t h e r  t h e  phase  n o r  t h e  magni tude  

of  t h e  p r i m a r y  h o t  l e g  t e m p e r a t u r e  c o n t r o l  l o o p  a r e  a f f e c t e d  by 

t h e  a i r  t e m p e r a t u r e  change .  

I n s p e c t i o n  o f  t h e  c o n t r o l l e r  s e t t i n g s  on T a b l e  4 r e v e a l s  

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

d e c r e a s e d  t o  compensate  f o r  t h e  i n c r e a s e d  p r o c e s s  g a i n .  None 

o f  t h e  o t h e r  c o n t r o l l e r  s e t t i n g s  a r e  a p p r e c i a b l y  changed.  The 

t r a n s i e n t s  i n  Tab le  5 show no s i g n i f i c a n t  d i f f e r e n c e s  e x c e p t  

f o r  t h e  a i r  f l o w  d i s t u r b a n c e .  

The u s e  o f  c o n f i g u r a t i o n s  t h a t  c o n t r o l  t h e  secondary  c o l d  

l e g  by m a n i p u l a t i n g  t h e  a i r  f low (such  a s  I 1  and V) would show 

t h e  open l o o p  p r o c e s s  g a i n  change i n  t h e  sys tem t h a t  m a n i p u l a t e s  

a i r  f l o w .  I n  C o n f i g u r a t i o n  11, one would e x p e c t  no a p p r e c i a b l e  

e f f e c t  i n  t h e  p r i m a r y  c o l d  l e g  c o n t r o l  l o o p .  



h 

CONFIGURATIOr4 I 

- - 

- - 

- 

- 

- 1 .  FULL POWER - 
FULL PRIMARY FLOW 

FULL SECONDARY FLCW - 9 

A I R  I N  T E M P .  1 0 0  OF 4 d b 

P r i  C o l d  L e g  Temp. 

- 

, 

\ 

- 

0 . 0 0 1  0.01 

F r e q  - Hz  

FIGURE 14-1. Primary Cold Leg Controller Open Loop Frequency Response 



C O N F I G U R A T I O N  I 

- - 

- - 

- 

- - 

2 .  2 1 3  P O W E P  

- 2 1 3  P R I N P , R Y  FLOW - 
F U L L  S E C P N D A R Y  F L O b !  

P I P  I N  T E M P .  100 O F  - - 

- 

0.0001 0.001 0.01 0.1 

Freq - tlz 

F I G U R E  1 4- 2 .  P r i m a r y  C o l d  L e g  C o n t r o l l e r  Open  L o o p  Frequency R e s p o n s e  



asuodsaa A~uanbaa doo? uado xaTToxquo3 ha? p~o3 Lxemyxd 'E-PT 3xn31d 

ZH - bad4 

1'0 LO '0 LOO '0 100'0 

OP- 

a 
oz- 

0- 

OOP 



Freq - Hz  

F I G U R E  1 4- 4 .  Primary Cold Leg C o n t r o l l e r  Open Loop Frequency Response 



oooz- 

OE- 

a 
OZ- 

OL- 



C O N F I G U R A T I O N  I 

- - 

- - 

- 

- 

6 .  1 1 3  P O W E R  - - 
1 1 3  P R I P A A P Y  FLO!4! 

F U L L  S E C O N C A P Y  FLOW 

A I R  I N  T E M P .  1 0 0  O F  - 
P r i  C o l d  L e g  Temp 

- - 

I 

0 . 0 0 0 1  0 . 0 0 1  0 . 0 1  0 . 1  

F r e q  - tlz 

FIGURE 14-6. Primary Cold Leg Controller Open Loop Frequency Response 



ZH - bad4 

10'0 LOO'O LOOO'O 

I 

- - 

- - 

- - 

- - 

- 

- [ 
Mold JLW 

'dual 6al PLo3 LJd 

A0 OOL 'dW31 NI dIW 

Mold AdWQN033S E/L 

Mold AdWWIdd E/L 
83MOd E/L 'L 

I NOIlVdfl3IdNU3 



C O N F I G U R A T I O N  I 
- - 

8 .  1 1 3  P O W E R  

F U L L  P R I M A R Y  F L O W  

1 1 3  S E C O N D A R Y  F L O W  - 

- - - 

- 

- - - 

0 . 0 0 1  0 . 0 1  

Freq - t i z  

FIGURE 1 4- 8 .  P r i m a r y  C o l d  Leg C o n t r o l l e r  O p e n  L o o p  F r e q u e n c y  R e s p o n s e  



Freq - Hz  

FIGURE 1 4- 9 .  Primary Cold Leg C o n t r o l l e r  Open Loop Frequency Response 



















CONFIGURPTION I 
- - 

- 

- 

- 
7 .  1 1 3  P O W E P  

1 / 3  PPIRPRY F L n b J  

- 1 1 3  SECONDPRY FLOW 

A I R  I N  TEMP. 1 0 0  O F  

P r i  t l o t  L e p  T e m p .  - 

- = 0 . 0 0 2 8  IPC 

I I 

0 . 0 0 1  0 . 0 1  

F r e q  - tlz 

FIGURE 15-7. Primary Lot Leg Temperature Controller Open Loop Frequency Response 





F r e q  - t iz  

FIGURE 15-3. Primary Kot Leg Temperature Controller Open Loop Frequency Response 



0 . 0 0 1  0 . 0 1  

Freq - t l z  

CONFIGURATION I 

- - 

FIGURE 15-10. Primary Hot Leg Temperature Controller Open Loop Frequency Response 

4 0 "  

- 0 "  

- - 4 0 "  

- 
1 0 .  FULL POWER 

FULL PRIMARY FLOlJ 

FULL SECONDP,RY FLOW - 
A I R  I N  TEMP. 3 2  OF 

P P C  = 5 

- I P C  = 0 . 0 0 4  

i I I 

- - 2 0 0 "  





Tube  

0 

P r i  
H o t  
L e g  
Temp 

P  r i 
C o l d  
L e g  
Temp 

Sec  
C o l d  
L e g  
Temp 

A 
A i r  Temp 

S l o w  
32'  Dec 

\- 
LL 

- 
> i 1 ,  

.P --j--~ - 1-- 1 

u \+ 0 -- -- - - 
I I _  

-7- - t- 

B 
A i r  Temp 

S t e t ,  

C 
A i r  F l o w  

S t e p  

D 
P r i  F l o w  

S t e p  

(Run  1 )  

FIGURE 16-1. Controller Configuration Number I ~ransients. 
Full power, full primary and secondary flows, 
air in at 100 OF. 



T u b e  

0 

P  r i 
H o t  
L e g  
Temp 

P r i  
C o l d  
L e g  
Temp 

Se c  
C o l d  
L e g  
Temp 

E F G 
P r i  C o l d  L e g  P r i  H o t  L e g  

C o n t r o l  1  e r  C o n t r o l  1  e r  
Power  1 5  MW S.P. S.P.  

50  s e c / d i v  50 s e c / d i v  1 0  s e c / d i v  

(Run  1 )  

FIGURE 16-1. (contd) 



T u b e  

To 

P r i  
H o t  
L e g  
Temp 

P  r i 
C o l d  
L e g  
Temp 

S e c  
Cold 
Le  g. 
Temp 

A 
A i r  Temp 

Slow 
32' Dec  

. . . . . . . . . . . . . . . . . . .  

. . . .  

0 ::..t--:.:- ::. ... - 
. . . .  . .  <.. 

. . I .  I . . ~  .~-- , .I- j. : i. .: 

. . . 1 .  ;' . i ~ 

$iJ-+-.:i[ : I - :~ .:- .!.. 
1 I : . . . . . . .  > :  : . I  . ; - 1  1~ ..! 

-.--- 7- -- .I / I , I 
,--- 0 - 

-- +.. - - - - -L 

I i " '  
- c ,  , , . / 

, : j 7  -- - , . 
.... - .. 

i I .  I 1-3 . ; :  

2 0 0  s e c / d i v  

B 
A i  r Temp 

S t e p  
3 2 "  I n c  

C 
A i  r F l o w  

S t e p  
8% Dec 

?,+? 1; I 
~. . . . .  - 1.:- --i ; '1, .f; -.' 

t I 

I - ! - - I 
- ..- 

1 /~ ~:.:,- :: . ;.: - 
. . ,. :I... 1 :: 1.. 

*::.:/.. - 1 :  .::. 
- - 
. . . .  

.: !. 1 - : . I  .:.:--- . +;g-p-- I.... . 
,_ . /. 

- 
:. j>,-&i -:.i-...+. 
. I / .. 

- 1  I -  
s .  

'7 t ;  
-- 

... 

: , t i : .  
' ,  , ! I . '  .---....- 4..- . . 

! 7--:. 
. , -- 1 , :  

I 

- : : I ,  

i -. 

... 

1 0 0  s e c / d i v  

(Run 3 )  

D 
P r i  F l o w  

S t e p  
1 0 %  Dec 

. . .  

- ,~ 
': ----. 1 . -  i : . i : . . k : i -  -L- 

1 .  

- 1  - i . ;  ..-r 
-. 

I ! 4 .  

L-L-L-: :~.  - !  I ! I / 

L - L  -2 

-: - va 1 ,  

' , .  
-. --.-. 

* !  
L L-. .!. . .!.__L 

! I ; : '  : 1 .  

5 sec /d i - v  

FIGURE 16-2. Controller Configuration Number I Transients. 
2 / 3  Power, 2 / 3  primary flow, 2 / 3  secondary flow, 
air in at 100 O F .  



T u b e  

0 

P r i  
H o t  
L e g  
Temp 

P r  i 
C o l d  
L e a  
Temp 

S  e  c  
C o l d  
L e g  
Temp 

E F G 
P r i  C o l d  L e a  P r i  H o t  L e g  

C o n t r o l  1 e r  C o n t r o l l e r  
P o w e r  1 8  MW S.P.  S.P. 

I n c  1 0 "  S t e p  I n c  1 0 °  S t e p  I n c  
;C:F-:';![ fi{ : : . I : . :  
1 , : .  * . .  . . .  r-; .7:. -7:- "7 T. , . . . . . . . , , , . . . . . . , . , . , . ' :. : .:.  . .r . . . I  rn +.- ;+.,f:-[-~, 

\ 
LL . -  

" T L - y - y  
7 - + . I . - : ;  ...- 

j ! . i  
-- I / rjyj-- -ir - 
I , ------ 

. I . !  : I 
--.A : 4 

I t ,  

' ! I /  
-c_--_:. 

t , - .  
,i-i___L :-i_-_. 

> .,: ! .: ' - . , : ~ l  3 

-7 -7- 
g - : - ~ ,  8 

1 0 0  s e c / d i v  50  s e c l d i v  20  s e c / d i v  

(Run  3 )  

FIGURE 16-2. (contd) 



Tube 

To  

P r i  
H o t  
L e g  
Temp 

P  r i 
C o l d  
L e g  
Temp 

Sec 
C o l d  
L e g  
Temp 

A  
A i r  Temp 

S l o w  
3 2 "  Dec 

- - 

I I ----- 
f 4 /  

> 
.r _ ---, -L_- - 
-0 
\ 
0 ---1__L,.- 
7 , ; . , I  

1 --- 

- 
4 1 , 
; __. -* _ 
1- 

> I  .-- --- - -- 
-a 
\- 
0 -.-- - - 
7 '  --- 

+ - -  A- - - 

I- 

--- -- 
I I I I  ----- 
I l l  

I r - - - -  - I '  

l 1  >LA 4-4 --' 
.r I 1 I '  q - 
\- 

0 -i- i -' L - - I - -  -- iLL- .+- -  

I 

B 
A i  r Temp 

S t e p  

C 
A i  r F l o w  

S t e p  
8% Dec 

D 
P r i  F l o w  

S t e p  
1 0 %  Dec 

.. 

- , ! - ;  .:I;;; 
i t 

. , i. I*.- 

i j i  
G 

I  

; . x :TEq I .  

! ' <  - -- 
I. , . 
+-. : . . , 

- .  1 
1 . .  I '  I 1:. .'-i.-i.-I--7- 

2 0 0  s e c l d i v  1 0 0  s e c l d i v  1 0 0  s e c l d i v  5 s e c l d i v  

( R u n  5 )  

FIGURE 16-3. Controller Configuration Number I Transients. 
2/3 Power, full primary and secondary flows, 
air in at 100 OF. 



T u b e  

T o  

P r i  
H o t  
L e g  
Temp 

P r i  
C o l d  
L e g  
Temp 

Se c  
C o l  d 
L e g  
Temp 

E F G 
P r i  C o l d  L e g  P r i  H o t  L e g  

C o n t r o l l e r  C o n t r o l l e r  
Powe r  1 7  MW S.P.  S.P. 

I n c  1 0 "  S t e p  I n c  1 0 "  S t e p  I n c  

I . ,  

--.,.--- 
i . --..- .- . - - - 

50  s e c / d i v  5 0  s e c / d i v  20  s e c / d i v  

(Run  5 )  

FIGURE 16-3. (contd) 



Tube 

0 

P r i  
H o t  
Leg  
Temp 

P r i  
C o l d  
Leg  
Temp 

Sec 
C o l d  
Leg  
Temp 

A 
A i r  Temp 

Stow 
32" Dei: 

.- 

- 
1 7 .  : '  : 1 .  
0 --!.: -&-- 1 ! , 

B 
A i  r Temp 

S t e ~  

C 
A i r  F l o w  

S  t e ~  

(Run 7 )  

D 
P r i  F l o w  

S t e ~  

FIGURE 16-4. Controller Configuration Number I Transients. 
1/3 Power, 1/3 primary and secondary flows, 
air in at 100 O F .  



Tube 

0 

P r  i 
Hot 
Leg 
Temp 

Pri 
Col d 
Leg 
Temp 

Sec 
Cold 
L e  !3 
Temp 

E F G 
Pri Cold Leg Pri Hot Leg 

Contro l l er  C o n t r o l l e r  
Power 15 MW S . P .  S . P .  

Inc 10" Step  Inc 10" Step  Inc 
. . . . . . . . . . .  . , . I  

. . ,  . , .  , . . ,  @ . . . . . . . . . . . .  . . . . . . . . . . . .  
- -  -- . . . . .  4 .  . . - . . .  . . . . .  , , ,  . . . .  . . . . . .  

. . . . . . . . .  . . . . .  . . . . . .  :I  - -- ~ . -  -- . . . .  7 , . . , , . .  .. :"I 

' : : ::! ---- -+ ... !, I< ;: :.: . . ,  . . . .  
. 1.. , '::. : : 

, -. :- . - -. -- . ,--. iJ 
:-. i . .: . I. ' 1  

' I  3 - 1 . .  ;. i-:. 
~ - - q - r -  -I-+*: 
+--- 

: i 
--: :- , .  --:L-!A:L . , i 

. , I  * -  
I .: ! I .  

. I 
- -1-. --&.+ Lj-* - . -. , 2- 1 .  

.. 
. ,. . 

, , . . I  
' I 1 .  j.:-k.-!: < 
1 -- 

; I . I -.  i - i -  n - 7  F].~;~: 7 ; ; ,  

- - -- . . . . . . .  
. . . . . . . . . .  .-- - -. - ....-.. .--4 ...... - .. 

, .  . ~ - . -  - . . . . . .  1;::; . .  , . . . .  - - + - - .q-q :;+xj 12 . - + .:!:.:.,; . r.7- 

. / . I . . , . .  ..! !: 

; . . I  1 ;;:;.I -- .y--- . , .  ; 1:. . .; I 
1 ' ;  - ~ ! -  .!. . 
.. -- I-.--;-, : , - -  m; 
!-.-.I.- :;:: : :: ;.:: 
,: : 1 -. i;:;: . : ;. :: qL . .  1,: .. , i . . . 

--. --., -.;+ 
, , , .  I ,  .! I---:: .L , .;:: 

1 , i-.-.; . - -  
: I., . I  . /  .. : . . ,  1:- I / , ,  1 .:;. 

.;. . 1 ,: 1:: I::,: - 

' ' I I 50 s e c / d i v  100 s e c / d i v  100 s e c / d i v  

( R u n  7 )  

FIGURE 16-4. (contd)  



T u b e  

T o  

P r i  
H o t  
L e  g  
Temp 

P  r i 
C o l d  
L e  g 
Temp 

S e c  
C o l d  
L e g  
Temp 

A  B C  C  D  
A i r  Temp A i r  Temp A i r  F l o w  P r i  F l o w  

S l o w  S t e p  S t e p  S t e p  
3 2 "  D e c  32' I n c  8% D e c  1 0 %  D e c  

-l--C-L-. 
i i .  1-1 

; i 
1 ,  ib - i : : : l  
' I  .-.L:./ 

- j I - :  I - - 

I !  .;--+- 
iL . ~ i  r--i-i---l : - 

1 '  ----- 
l ! i : I  
! ---- + i .  I.. - - 
L L L A  . , 

1 3 . 1  i - - i . i . . ~ i  . +  ~- 

I -. - 
. , 
!-.~. I  
; . i  4- -- I*-- 
! , !-vq-5 

I ..I.-./. ..I -L-- 1~ 

' i j ; : ~  
-* L 

' I : )  - 1  -...! 1 L- 
' ! I ; ; ;  --7 

>k -.----PJ .-;. T---r 
i I _ L + -  ;.-t..;-. 

.7-- 
1 ,  11 ...I. -..- 

i . j i .  1 .  1: 
1 0 0  s e c / d i v  1 0 0  s e c / d i v  1 0 0  s e c / d i v  1 0  s e c / d i v  

( R u n  9 )  

FIGURE 16-5. Controller Configuration Number I Transients. 
1/3 Power, full primary and secondary flows, 
air in at 1 0 0  OF. 



E F G 
Pri Cold Leg  Pr i  H o t  Leg  

C o n t r o l l e r  Control 1 e r  
Power 15 M W  S . P .  S.P. 

> 
.F 

Tube ? 
LL 

To O 

Pri , 
H o t  ; 
L e g  o\ 
Temp , 

Pri -2 
Cold -0 

\ 
L e g  0 

Temp - 

Sec .Z 
Cold -0 

\ 
Leg  
Temp ' 

Inc O 0  Step I n c  

1 i ' 

1 .  i ! I / .  

! 1 . I : . ~ -  . 

. , . I  
. , . . . . . . . . . !  - .  1 -  ; -  ! : : 

. . I - :  , . . 
1 -  ! -; i .  1.:- 
. . #  . . 
! ! :  I : 
r-7- 
I " "  . > .  . . 

I. I : " 

- ~ 
, ; .  . ! .  ; 
, . .~ , . . , 

. . ,  
8 ,  , . 

-A-l _L 
, . . ,  

. , .-.--.-A , . , , . I : '  , , , , ,  ---- 
i . 1  1 I !  

- ,  

, -  4 . !  . .  8 

i / ' I  ~ -1 
...- 

I I .  ' 
, -*--- . , 

' I '  -- ! 
. , 

- 
i , ! ; :  -- -. - - - . -7 - -: 

1 : j i -- -1...--. +--. , 8 

I 
I 1---r 

I 

.--iL.t--l--~.i 
1 1 j :  1 :  

, , , -! 
.. / . _ l ~ . l  I .  1 

50  s e c / d i v  
(Run 9 )  

0 "  S t e p  Inc 

' I t . 1 :.. 
- . ! . - I  , 3 - -  

4 ! I.: I -: 

, ! ,  1 ,  . 
8 I I i  

- ~. . .. . '. ::.- : .z: 

FIGURE 16-5. (contd) 



Tube 

0 

P r i  
H o t  
Leg  
Temp 

P r i  
C o l d  
L e g  
Temp 

Sec 
C o l d  
Leg  
Temp 

A  B C D 
A i r  Temp A i r  Temp A i r  F l o w  P r i  F l o w  

S low S t e p  S t e p  S t e p  
32'  Dec 32' I n c  8% Dec 10% Dec 

500 s e c l d i v  100  s e c l d i v  50 s e c l d i v  5  s e c l d i v  

(Run 1 1 )  

FIGURE 16-6. Controller Configuration Number I Transients. 
Full power, full primary and secondary flows, 
air in at -25 OF.- 

- - 



T u b e  

T o  

P r i  
H o t  
L e g  
Temp 

P r i  
C o l d  
L e g  
Temp 

S e c  
C o l d  
L e g  
Temp 

P o w e r  1 5  M W  
I n c  

F 
P r i  C o l d  L e g  

C o n t r o l l e r  
S . P .  

1 0 "  S t e p  I n c  

. . 

i i i  
. . ! i !... . , . ! . ,  . < .  , , . .  

- 1  j - -  . I 
. -  

] ' -~ 
. , . . .  : ! . 1 . '  - 

I .  ! .  i~ ' - - : ~  1 :  -- :  . . ! - . ~  1 - -  
! I . .  

, . ---LA- .. I . : . i . ;--:: - .  , 
, . I!::; . i 

. , . . . . . , . , 
K;: ; ; j :  ..,. .::: . ,  ,I.;: 

1- 

b 
Pri H o t  L e g  

C o n t r o l  1  e r  
S . P .  

1 0 "  S t e p  I n c  

5 0  s e c / d i v  5 0  s e c / d i v  20 s e c / d i v  

(Run 11 )  

FIGURE 16-6. (contd) 



T R E N D S  WITH C O N T R O L L E R  S E T T I N G S  

A series of computer runs were taken early in the study to 

define the effects of controller setting adjustment changes on 

the performance of the controlled systems. All of the informa- 

tion on this set of runs is for a control Configuration I1 in 

which proportional plus derivitive action was used for the 

secondary cold leg temperature controller. The results were 

influenced by the lack of limits on the air and primary sodium 

flow rates, but the results are still considered as indicative 

of the trends. 

The indices of performance (IP) for the runs are all of 

the integral-error-squared type. Where the IP was taken from 

the controlled variable, such as the secondary cold leg tempera- 

ture, the error was the difference between the setpoint value 

and the measured value of the controlled variable. In some 

runs, however, the IP was taken from the reactor process tube 

outlet temperature. In these cases, the error is taken as the 

difference between tube outlet temperature and the final steady- 

state value. 

SECONDARY COLD L E G  C O N T R O L L E R  

A frequency response of the secondary cold leg system 

open loop is shown in Figure 17. Figures 18 and 19 show sta- 

bility limits and contours of constant index of performance as 

functions of the controller settings. 

The frequency response shows that at 180' phase shift, the 

gain is down by 44 db. Thus the system is expected to 

oscillate if the controller gain is greater than about 150 

(44 db). Figure 18 shows that the stability limit for zero 

derivitive action is about 150. The addition of the derivative 

action introduces a phase lead which stabilizes the system and 

permits higher proportional action. The stability limit for 

various values of proportional and derivative action is defined 
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in Figure 18 for both the full-power full-flow condition and 

two-thirdsltwo-thirds flow condition. It can be seen that 

operation at reduced power and sodium flow rates decreases the 

area of the stable region. 

Figure 19 shows relationships between the index of per- 

formance and the controller settings for derivitive (Dl) and 

proportional ( P I )  action for both the full-power, full-flow con- 

dition (Figure 19-1) and the two-thirds powerltwo-thirds sodium 

flow condition (Figure 19-2). The contours define the limit of 

stability. The dotted lines on Figure 19-1 show the values of 

P1 and Dl used for later runs in this same set of runs. At a 

different time when the runs for the configuration effects 

were made, Dl was set to zero and P1 of 30 gave an approximately 

20% overshoot. It is apparent from Figure 19, however, that 

improved control system performance can be obtained over the 

proportional only action if the improved performance benefits 

the entire system. At the time of this writing, we believe 

that the overall heat transport system would not be improved 

appreciably by using the derivitive action. The long time and 

distance/velocity lags in the remaining part of the primary cold 

leg temperature control loop provides a dominating effect that 

cannot be negated by improving the secondary cold leg temperature 

control system performance. The use of reset action is not con- 

sidered beneficial when the outer loop of a cascade control 

system has reset action. 

P R I N A R Y  C O L D  L E G  T E M P E R A T U R E  C O N T R O L L E R  

Figure 20 shows the primary cold leg temperature con- 

troller stability limits for the two conditions of full power 

and sodium flows and for one-third power and sodium flows. The 

region to the right of each line is unstable for the pertinent 

conditions, and to the left of each line is stable. The trend 

with power and sodium flow levels is the same as for the 
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secondary cold leg temperature controller stability limits. 

Reducing power and flow reduces the area of the stable region. 

The effect of the integral action is different from the 

derivitive action in that the integral action decreases sta- 

bility instead of increasing it. This can be seen from the 

need to reduce proportional gain as reset action increases in 

order to maintain system stability. 

The index of performance contours for setpoint changes 

are shown in Figure 21, where Figure 21-1 is for the IP from 
the primary cold leg temperature, and Figure 21-2 is for the 

IP from the process tube outlet sodium temperature. The dotted 

lines indicate that the controller settings used to study the 

other controllers in this same set of runs. The method of 

adjusting for about 20% overshoot with setpoint changes (as 

described previously in this report) results in an integral 

action setting of about 0.005. Comparison of Figure 21-1 with 

21-2 illustrates that the optimum adjustments for tube outlet 

sodium temperature are different than for primary cold leg 

temperature. Figure 22 shows the IP contours from process tube 

outlet temperature for a power disturbance. Comparison of 

Figure 22 with Figure 21-2 shows that the shape of the contours 

is also a function of the type of disturbance. The numbers on 

the contours giving the value of the IP are related to other 

contours on the same graph but should not be interpreted 

between graphs. In genera.1, the right side of a contour is 

less stable than the left side. Thus, a greater stability 

margin is realized by using low, rather than high values for 

the proportional action setting. The low values of integral 

action settings produce a high IP because the system is slow 

to reach the steady-state condition. Very low values of pro- 

portional action settings make the system respond slowly and 

results in a high error; thus, the result is a high IP. 
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FIGURE 21-1. Contours of Constant IP for the Primary Cold 
Leg Temperature Controller with a 10' Set- 
point Step Increase 
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P R I M A R Y  H O T  L E G  T E M P E R A T U R E  C O N T R O L L E R  

The trends for the primary hot leg temperature controller 

settings are shown in Figures 23 and 24 for setpoint and power 

disturbances, respectively. Figure 23-1 shows the full-power- 

full-flow condition, and Figure 23-2 shows the one-third power, 

one-third sodium flow condition, both with the IP from the 

primary hot leg temperature. Figure 23-3 shows the IP con- 

tours from the process tube outlet temperature. 

A general trend can be seen by comparing Figure 23-1 for 

full power and flows with Figure 23-2 for one-third power and 

flows. The location of the optimum moves to lower values of 

proportional and integral action settings for conditions with 

lower power and sodium flows. The settings of P3 = 35 and I3 

= 0 . 0 0 5  were used for other full power-full sodium flow runs. 

The settings for 20% overshoot, as used in the runs showing 

trends with operating conditions, result in values for pro- 

portional and integral action settings of 12 and 0.1., 

respectively. 

Comparison of Figure 23-1 for the IP from primary hot leg 

temperature with Figure 23-3 for the IP from tube outlet tem- 

perature emphasizes the differences that show up in different 

plant variables. Since the index of performance from tube 

temperature gets worse (increases) as proportional action 

setting increases, the desirability of using low settings is 

obvious. Figure 23-1 shows that the system may be on the 

inside contour line by having either high or low proportional 

action settings. Figure 23-3 indicates that the low settings 

should be used. 

Comparison of Figures 23-3 and 24 shows another dif- 

ference. Both figures use tube outlet temperature for the 

index of performance, but the disturbances are different. 

Figure 23-3 is for a setpoint disturbance, while 24 is for a 
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power disturbance. The power disturbance indicates that a low 

integral action setting is desirable with a relatively high 

proportional action setting. 

The above trends make it apparent that controllers can be 

adjusted to decrease the effects of disturbances at a particular 

point and for particular disturbances. This however, is often 

at the expense of the effects for other disturbances and for 

other temperatures. We believe, however, that study of these 

trends with controller adjustments can result in a better 

overall understanding and lead to more knowledgeable adjustment 

procedures. 
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A P P E N D I X  A  

THE S I M U L A T I O N  

A simplified, high-speed dynamic simulation of the FFTF 
reactor and heat transport system was developed for use in 

control studies. The simulation which provides solutions of 

the dynamic equations, represents the reactor and one heat 

transport circuit of the FFTF. The simulation can operate as 

fast as 1000 times real time. The simplified simulation is 

based on a more detailed hybrid simulation called HYSIM-2A. 

HYSIM-2A is the present generation of the simulation described 

by Flowers, et al. Many of the simulation techniques and 

all of the system parameters used in the simplified simulation 

were previously developed for HYSIM-2A. 

The HYSIN-2A model and intermediate generations of the 

model were compared with detailed digital codes and found to 

provide sufficient accuracy for system transients and pre- 

liminary heat transport design studies. We conclude that 

this model is sufficiently accurate to serve as a basis for the 

simplified model for control studies. 

Frequency responses from the simplified model were com- 

pared with those from the EIYSIM-2A model for each plant com- 

ponent (Reactor, IEX, and DHX) using both flow and temperature 

variations. As a criterion for acceptable accuracy, the sim- 

plified simulation, under full power and flow conditions, had 

to produce reasonably accurate ( s t 5  db) magnitude and ( % + 3 0 ° )  

phase results up to the frequency where the phase shift was 

180'. Also, all full power and flow steady-state values had to 

be reasonably accurate ( % 5 % ) .  The comparison frequency 

responses are included in Figures A-1 through A-12. The sim- 

plified simulation frequency response characteristics are 

shown using a solid line and the detailed simulation charac- 

teristics are superimposed using open circles for the phase 

and filled-in circles for the db. 





= [ l t l x  P P I I m R Y  n u r L i r  r i r p .  
P,IR FLOW 

7 - 
CONFIGURATION I 

I 
- - 

- 

- 

- - 
FULL PPWER 

FULL PPIMPRY FLOW 
- FULL S E C O N D f i R Y  FLOW - 

FULL A I R  FLOW 

N O  #1 CONTROLLER - - 

I I I I I 
O.CO01 0 .0003  0 . 0 0 1  0 . 0 0 3  0 . 0 1  0 . 0 3  0 . 1  

F r e q  - Hz 

F I G U R E  A- 2. Control Loop No. 2 Frequency Response 



CONFIGURATIOII I 

- - 

- - 

0 - - 

a 
- - 

D t I X  S E C O N D A R Y  OUTLET T E M P .  - G =[- A I P  FLOV - 
FULL P O W E P  

FULL P P I M A R Y  FLOW - 
FULL SECONDPRY FLOW 

FULL A I R  FLOM 
- 

I 

0 . 0 0 0 1  0 . 0 0 0 3  0 .001  0 . 0 0 3  0 . 0 1  0 . 0 3  0 .1  

F r e q  - t i z  

FIGURE A-3. Con t ro l  Loop N o .  1 Frequency Response 



[I) 
U

 
M

 
.rl 
c, 

0
 

[I) 
-
4

 
k
 

a, 
JJ 

0
 

a, 
[I) 
c 
0
 

2
 

N
 

2 
*

=
 

0
 

h
 

0
 

I 
2 

d
u

o
 

5
 

p 
L

L
 

k
 

b4 



0 . 0 0 0 1  0 . 0 0 0 3  0 .001  0 . 0 0 3  0 . 0 1  0 . 0 3  

Freq - tfz 

FIGURE A-5. IHX Frequency Response Characteristics 

c 

CONFIGURPTIOl I 
7 - 

n 
V 

- 
0 

(r - a - 

I C i X  S E C O r 4 D A R Y  OUTLET TEMP. - ' = [ I I X  S E C O l l D A R Y  INLET TEMP. ] 
FULL P O l l E R  

FULL PRIKPPY FLOW - 
FULL S E C O N D A R Y  FLOW 

I H X  P R I M A R Y  INLET TEMP. FIXED AT 8 8 0  OF 

- 

- 

I I 



E
 

I- 
I- 

u
 

I- 
3
 
I- 

1
 

0
 

W
 

I- 
I- 

3
 
1
 
1
 

3
 W

 
O

L
Z

 
0

1
 

1
 

H
 

Z
 

L
L

 
>

 
>

 
@

i
 

>
 

L
T

 
t
 
a
 

l
z

 

5
 >

 
a
 
n

 
5
 

n
a

 
a

L
4

:
z

C
S

 
Z

U
 

W
E

O
Z

 
C

Z
 

Z
H

V
G

 
O

H
 

o
a

w
v

 
W

C
T

 
n

a
m

w
 

m
 

a
 

m
 

-
I

d
1

 





a, 
(I) 



B
N

W
L- 1

3
9

5
 





3
-

6
 

C
c

f
W

 
a

a
m

 





The reactor kinetics are calculated using an algebraic 

solution for the prompt neutrons (Equation I).* The delayed 

neutrons are calculated by lumping the six groups into three 

groups (Equation 2). The method for determining the time constant 

for each of the three groups is described on page 10 of 

BNWL-707. Reactivity changes for the kinetics equation are 

supplied from the Doppler equation or by the rod reactivity when 

the operator wishes to change power (Equation 3). The Doppler 

equation uses the average fuel temperature and is a linearization 

of the exact equation. Over the normal range of fuel temperatures 

there is almost no error introduced by linearizing the exact 

Doppler equation. Other reactivity terms are neglected because 

they are small and negative. 

Power is generated in several regions of the reactor and by 

several mechanisms. The power generated by each mechanism is 

calculated explicitly, then appropriate fractions are summed to 

calculate the power in each region. The calculation of neutron 

* See T a b l e  A- 1  f o r  e x p l a n a t i o n  o f  symbols  and parameter  v a l u e s .  



power (PLN) h a s  a l r e a d y  been  d e s c r i b e d  i n  t h e  k i n e t i c s  s e c t i o n  

above.  The f i s s i o n  p r o d u c t  power (PLFp) i s  c a l c u l a t e d  ( s e e  page  1 3  

o f  BNWL-707) ('I u s i n g  t h r e e  groups  w i t h  t ime  c o n s t a n t s  chosen  t o  

b e s t  f i t  t h e  p o s t - s c r a m  f i s s i o n  p r o d u c t  decay  h e a t  g e n e r a t i o n  

c u r v e ( 3 )  (Equat ion 4 and 5 ) .  The f i r s t  g roup was s i m u l a t e d  w i t h  a n  

i n f i n i t e  t ime  c o n s t a n t  s i n c e  i t  h a s  a  t ime  c o n s t a n t  of  n e a r l y  
4 10 s e c .  In  c a s e s  o t h e r  t h a n  p o s t - s c r a m ,  decay  h e a t  i s  o f  l i t t l e  

consequence .  

The n e u t r o n  power and t h e  decay  h e a t  power a r e  summed i n  

v a r i o u s  ways t o  c a l c u l a t e  t o t a l  power (PLTOT), c l o s e d  l o o p  power 

(PLCL),  r a d i a l  r e f l e c t o r  power (PLRR), l e a k a g e  r e g i o n  power (PLLR), 

and f u e l  power (PLF) (Equation 6 t h r o u g h  1 0 ) .  The c l o s e d  l o o p  

power i s  removed by t h e  c l o s e d  l o o p  h e a t  t r a n s p o r t  sys t em and 

t h u s  i s  s u b t r a c t e d  from t h e  power removed by t h e  main h e a t  t r a n s -  

p o r t  sys t em.  



The r e a c t o r  t h e r m a l  model a c c o u n t s  f o r  t h e  major  sodium 

f l o w  p a t h  th rough  t h e  r e a c t o r .  A l l  sodium e n t e r i n g  t h e  r e a c t o r  

f lows  t h r o u g h  t h e  i n l e t  plenum. The sodium t h e n  s p l i t s  and f l o w s  

t h r o u g h  t h e  s h r o u d  t u b e s ,  t h e  r a d i a l  r e f l e c t o r  r e g i o n ,  o r  t a k e s  

one o f  t h e  s e v e r a l  s m a l l  f low p a t h s  b y p a s s i n g  t h e  main h e a t  

g e n e r a t i n g  r e g i o n s .  The sodium meets  a g a i n  when e n t e r i n g  t h e  

o u t l e t  plenum. The sodium goes  d i r e c t l y  i n t o  t h e  p r i m a r y  h o t  

l e g  p i p e  upon l e a v i n g  t h e  o u t l e t  plenum. F i g u r e  1 may a i d  i n  

u n d e r s t a n d i n g  t h e  model of  t h e  FFTF. 

The i n l e t  plenum i s  approx ima ted  by a  f i r s t  o r d e r  t ime  l a g ;  

t h u s ,  p e r f e c t  mixing  i s  assumed (Equa t ion  1 1 ) .  The t ime  con-  

s t a n t  f o r  t h e  l a g  i s  a  f u n c t i o n  o f  r e a c t o r  f l o w .  The volume o f  
3 t h e  i n l e t  plenum i s  t a k e n  t o  be  9 7 5  f t  . T h i s  i n l e t  volume 

y i e l d s  a  t ime  c o n s t a n t  o f  a b o u t  10 s e c  a t  f u l l  r e a c t o r  f l o w .  

T~~~ (Tempera ture  Coolant  I n l e t  R e a c t o r )  i s  t h e  t e m p e r a t u r e  a t  

t h e  i n l e t  of  t h e  plenum and T C I p  (Tempera ture  Coo lan t  I n l e t  

Plenum) i s  t h e  t e m p e r a t u r e  a t  t h e  o u t l e t  of  t h e  plenum. The 

r e a c t o r  f l o w  r a t e ,  W R ,  i s  c a l c u l a t e d  d i r e c t l y  from p r i m a r y  f low 

s i n c e  o n l y  one o f  t h e  t h r e e  h e a t  t r a n s p o r t  c i r c u i t s  i s  s i m u l a t e d  

(Equa t ion  1 2 ) .  

The m a j o r i t y  of  t h e  r e a c t o r  f l o w ,  abou t  8 0 % ,  p a s s e s  t h r o u g h  

t h e  d r i v e r  f u e l  d u c t s  t o  c o o l  t h e  f u e l .  The f u e l - t o - c o o l a n t  

h e a t  t r a n s f e r  i s  t h e r e f o r e  t h e  most s i g n i f i c a n t  r e a c t o r  t h e r m a l  

c a l c u l a t i o n .  The d r i v e r  f u e l  c o o l a n t ,  W T R ,  i s  c a l c u l a t e d  a s  a  



percentage of the total reactor flow (Equation 13). The calcu- 

lation of heat transferred between this coolant and the fuel 

uses two-axial coolant and two-axial fuel nodes. A nodal heat 

balance is performed to calculate the fuel and coolant tem- 

peratures (Equations 14 through 17). The double-primed param- 

eters (A", V") are per driver element while the barred 

parameters (m) are averaged over all materials. There is no 

axial heat conduction. Some cladding and duct metal is lumped 

with the coolant for the calculation of thermal inertia 

parameters. This method allows representation of the additional 

lag effects due to heat stored in the fission gas plenum metal. 

For this reason, the coolant temperature calculated, TCTR 

(Temperature Coolant Tube Reactor), represents the temperature 

of the coolant leaving the fission gas plenum region rather 

than that leaving the active core region. The temperatures of 
the two fuel nodes are averaged and this average temperature, 

T A F ~  (Temperature Average Fuel Reactor) is the fuel temperature 

used in the Doppler reactivity calculation (Equation 18). 



The p u r p o s e  o f  t h e  l e a k a g e  c a l c u l a t i o n  i s  t o  a c c o u n t  f o r  

s e v e r a l  sodium f low p a t h s  t h a t  a r e  i n d i v i d u a l l y  l e s s  s i g n i f i c a n t  

t o  t h e  v e s s e l  dynamics t h a n  e i t h e r  t h e  t u b e  c o o l a n t  o r  t h e  r a d i a l  

r e f l e c t o r  c o o l a n t .  The major  c o n t r i b u t o r s  t o  what i s  c a l l e d  

l e a k a g e  f l o w  a r e  i n - c o r e  l e a k a g e ,  h y d r a u l i c  hold-down, v e s s e l  

w a l l  c o o l a n t ,  s t o r e d  f u e l  c o o l a n t ,  and s h i e l d  c o o l a n t  f low.  

About 1 5 %  o f  t h e  r e a c t o r  f low f a l l s  i n t o  t h i s  c a t e g o r y .  The 

most s i g n i f i c a n t  f a c t o r  t h a t  t h e s e  f l o w  p a t h s  have  i n  common i s  

t h a t  v e r y  l i t t l e  h e a t  i s  t r a n s f e r r e d  t o  t h e  sodium. The tem- 

p e r a t u r e  r i s e  t h r o u g h  t h e  v e s s e l  f o r  t h i s  s t r e a m  i s  a b o u t  15"  

compared t o  a  250" A T  f o r  t h e  o v e r a l l  v e s s e l  t e m p e r a t u r e  r i s e .  

T~~~ (Tempera ture  Coo lan t  Leakage R e a c t o r )  i s  c a l c u l a t e d  

assuming a  f i r s t  o r d e r  e q u a t i o n  w i t h  a  v a r i a b l e  f l o w  c o e f f i c i e n t .  

T~~~ and a  s m a l l  f r a c t i o n  of  t h e  n e u t r o n  power a r e  t h e  i n p u t s  

( E q u a t i o n  1 9 ) .  The t h e r m a l  p r o p e r t i e s  used  a r e  e s s e n t i a l l y  

t h o s e  of  t h e  sodium a s  t h e  m e t a l  i n  t h e  l e a k a g e  r e g i o n  w i l l  

have l i t t l e  e f f e c t  on t h e  dynamics .  The l e a k a g e  f l o w ,  W L R ,  i s  

c a l c u l a t e d  a s  a  f i x e d  p e r c e n t a g e  ( a b o u t  1 5 % )  o f  r e a c t o r  f l o w  

( E q u a t i o n  20) . 

The r a d i a l  r e f l e c t o r  f l o w ,  W R R ,  i s  l e s s  t h a n  5% of  t h e  

t o t a l  r e a c t o r  f l o w  (Equa t ion  2 1 ) .  I t  i s  a  s i g n i f i c a n t  f low p a t h ,  

however,  a s  t h e  r a d i a l  r e f l e c t o r  sodium c a r r i e s  a l m o s t  a s  much 

ene rgy  p e r  pound a s  t h e  t u b e  c o o l a n t .  For t h i s  r e a s o n ,  a  

s e p a r a t e  node i s  devo ted  t o  t h e  r a d i a l  r e f l e c t o r  f l o w  c a l c u l a -  

t i o n .  The r a d i a l  r e f l e c t o r  c o o l a n t  o u t l e t  t e m p e r a t u r e ,  TCRR 

(Tempera ture  Coo lan t  R a d i a l  R e f l e c t o r ) ,  i s  c a l c u l a t e d  u s i n g  a  



first order equation with a coefficient that varies with flow. 

The input temperature is T C I P  and the input power is a fraction 

of neutron power (Equation 22). The heat capacity of the 

radial reflector metal is neglected in the calculation. 

The reactor outlet plenum is simulated as a first order 

lag, that is, perfect mixing is assumed. The time constant 

for this lag term is a function of reactor flow. Each of the 

three outputs from the reactor coolant temperature calculations 

is multiplied by the percentage of reactor flow in that par- 

ticular stream. They are then added to form the input tem- 

perature to the outlet plenum (Equation 23). The volume used 
3 for the outlet plenum is 1000 ft . This volume gives an out- 

let plenum time constant of about 10 sec at full reactor flow. 

T~~~ (Temperature Coolant Outlet Reactor), the temperature 

of the coolant when it leaves the reactor, is the input to the 

primary hot leg pipe. The pipe is simulated as a pure distance/ 

velocity lag. The simulation assumes no mixing and no heat 

transfer while the coolant is in the pipe. The calcula- 

tion is performed on the digital part of the hybrid computer. 

The distance/velocity lag is calculated by setting up a table 

and letting each location in this table represent a block of 



sodium moving along the pipe. The temperature input to the 

pipe is placed in a location in the table. Another temperature, 

which is to be the output from the pipe, is taken from its loca- 

tion in the table and sent to the analog computer for the IHX 

calculation. The rate at which the temperatures are put in and 

taken from the table is a function of primary flow rate. Each 

location in the table represents an equal volume of pipe such 

that the volume of a single node times the number of nodes 

equals the total volume of the pipe. In this way, a coolant 

temperature is entered into the table and taken from the table 

every time the integrated flow rate equals the nodal volume. To 

accomplish this, the primary flow is integrated with time and a 

check is performed to see if the integrated value has exceeded 

the nodal volume. When this occurs the flow in.tegration is 

re-initialized and the time delay table is updated. The primary 

hot leg pipe is simulated as 20 nodes. The distance velocity 

lag of the primary hot leg pipe is nearly 36 sec at full primary 

flow. The output from this calculation is TCpXI (Temperature 

Coolant Primary IHX Inlet). 

T~~~~ ' the temperature of the sodium entering the IHX, is 
the input to a plenum calculation. The plenum is simulated as 

a first-order time delay with the delay being a function of the 

primary flow (Equation 24). At full flow the time constant of 

this plenum is 1.5 seconds. 

Because of the design of the IHX, it is felt that some of 

the primary hot leg sodium will leak into the primary cold leg 

stream at the point where the hot leg and cold leg pipes join 

the IHX. Some of the secondary cold leg sodium may leak into 

the secondary hot leg sodium in the same way. Thus, some sodium, 



both primary and secondary, will bypass the heat exchange sur- 

faces. This bypass flow is accounted for in the heat transfer 

and the plenum calculations. It is simulated with the assump- 

tion that a percentage of the sodium is diverted just before 

it enters the inlet plenum and mixes with the main stream again 

when they enter the outlet plenum. The bypass flow is taken to 

be 5% of the total flow for the primary side and 2.5% of the 

total flow for the secondary side. 

The exact equations for heat transfer in the IHX include 

partial derivatives with respect to distance (Equations 25 and 

26). To solve these equations, the IHX heat transfer surfaces 
were simulated with two primary and two secondary nodes. A 

6T finite differencing technique was used to calculate the - 6x 
term for each node. The node nearest the flow inlet uses a 

central difference technique to calculate the temperature 

gradient (Equations 27 and 28). The node at the flow outlet 

uses a three point back technique to calculate this term 

(Equations 29 and 30). The primed parameters are per unit 

length ( V ' ,  A'). The tube metal was not simulated as a 

separate node, but the thermal inertia that the tubes con- 

tribute was lumped with the sodium. One-half of the tube 

metal goes with the primary coolant and the other half goes 

with the secondary. The heat transfer coefficients and metal 

properties are simulated as being constant. Coefficients and 

properties applicable to full-power steady-state operation are 

used. 



The temperature output from this primary heat transfer 

calculation is an input to the IHX primary outlet plenum calcu- 

lation. The other input to the outlet plenum calculation is the 

bypass flow temperature which is the IHX primary inlet tempera- 

ture. Each temperature is multiplied by the percentage of flow 

in its respective path. The sum of these products forms the 

input to a first-order time lag calculation which represents 

mixing in the plenum (Equation 31). The time constant for the 

plenum is a function of primary flow. At full flow, the tine 

constant for the primary outlet plenum is about 2 sec. The 

resultant temperature from the plenum calculation is T CPXO 
(Temperature Coolant Primary IhX Outlet). 



The primary cold leg pipe, with input TCpXO, is simulated 

in the same way as the primary hot leg pipe. The time delay 

for the primary cold leg pipe at full flow is about 14 sec. 

Eight nodes are used for the primary cold leg pipe simulation. 

The outlet temperature from this pipe feeds into the reactor 

and is called TCTR (Temperature Coolant Inlet Reactor). 

The mixing plenums for the secondary side of the IHX are 

calculated in the same way that the primary plenums are 

(Equations 32 and 33). The time constant for the inlet 

plenum is about 4 sec, while that for the outlet plenum is 

about 2 sec. The inlet temperature for the secondary side of 

the IHX is TCSXI (Temperature Coolant Secondary IHX Inlet) 

and the outlet temperature is TCSXO (Temperature Coolant 

Secondary IHX Outlet). 

The secondary hot leg pipe, with input TCSXO, is simulated 

in the same way as the primary hot leg pipe. The time delay 

for the pipe is about 41 sec. Twenty-two nodes are used. The 

output from the pipe is TCSyI (Temperature Coolant Secondary 

DHX Inlet). As the name specifies, this temperature forms the 

input to the secondary side of the DHX calculation. 

The secondary side DHX calculation has the same form and the 

same approximations as the primary side IHX calculation, except 

that the DHX has no bypass flow. However, the parameters for 



the DHX, such as the heat transfer coefficient, are signifi- 

cantly different from those of the IHX. The time constants for 

the secondary Dl-IX plenums, both inlet and outlet, are about 

1.5 sec (Equations 34 and 35). The output from the DHX secondary 

side calculation is TCSyO (Temperature Secondary DHX Outlet). 

T ~ ~ ~ o  is the input to the secondary cold leg pipe calcu- 

lation. This calculation is performed in the same manner as 

the primary hot leg calculation. The time delay at full flow 

is about 47 sec. Twenty-five nodes simulate the pipe. 

The tertiary (air) side of the DHX has an inlet tempera- 

ture called TCTyI (Temperature Coolant Tertiary DHX Inlet). 

This is the ambient air temperature and is determined by the 

requirements of the run being made. Unless specified other- 

wise, this temperature is taken to be 100 O F .  There are no 

mixing plenums in the air side of the DKX. The heat transfer 

calculation uses the same finite differencing method explained 

previously (Equations 36, 37, 38, and 39). The parameters are 

such that the air side of the DHX has very short time constants 

in relation to the rest of the process. 



The coolant flow dynamics are simulated with less accu- 

racy than the rest of the process. Since the flow response is 

considerably faster than the response of the other components 

of the system, the system response is determined primarily by 

factors other than the flow response. 

The primary flow dynamics were determined by performing 

a frequency response analysis using I-IYSIM-ZA, which solves the 

dynamic flow and pump equations explicitly. HYSIM-2A simu- 

lates wound-rotor motor-driven pump. The frequency response 

was performed by varying the pump controller setpoint with a 

sine wave and measuring the primary flow. The frequency 

response showed that a first order lag would represent the 

portion of the flow dynamic range that coincided with the 

system dynamic range. A time constant of 2.27 sec was used 

for the first order lag as this gave the best fit of the 

frequency response data in the region of interest. 

The response characteristics of the secondary flow were 

determined by analyzing the flow decay upon loss of power to 

the pump and by using information gained from the primary flow 

study. As in the case of primary flow, a first-order time 

lag provides adequate accuracy. The time constant for the lag 

is 4 . 5  sec. 



The tertiary flow or air flow is not simulated dynami- 

cally. The calculation is purely algebraic; hence, the air 

flow setpoint determines the air flow instantaneously. There 

is not sufficient information available on the components that 

determine air flow dynamics to simulate this process accurately. 

The lack of a dynamic simulation of air flow may be a 

deficiency for secondary cold leg controller studies because 

the air flow response may be a significant part cf the loop 

dynamics. For all the other studies performed, however, 

the algebraic air flow simulation will not cause a loss of 

accuracy. The air flow has been limited so that it cannot 

exceed 115% of its full-power, steady-state flow. This is 

done to simulate expected blower characteristics. 

To provide a complete description of the simulation, it 

is necessary to furnish some detail concerning computational 

techniques. The division of responsibility between the analog 

and digital is such that each machine has partial control 

of the operating mode. The digital computer controls the 

problem time scale and puts the problem in initial condition 

(IC) during the initialization phase of the program. The analog 

computer controls the operate, hold, and IC parts of the mode 

after the initialization phase. 

The highest speed that the problem can run in is X1000. 

Time scales of X10 and XlOO are also available. Programming 

care was especially required for the fastest time scale of 

XlOOO so that the digital computer was not included in a fast 

problem loop, even for digital calculations that required little 

time. At the highest speed, the time to convert the signal 

from analog to digital and back again can cause a significant 

phase shift in the system. However, the analog-to-digital and 

digital-to-analog conversions are rather a small portion of the 

distance/velocity lags, even in X1000; thus, these lags are a 

good application for the digital computer. 



The pots labeled DCU on Figure A-19 (see page A-35) are 

digital coefficient units. They are special pots that can be 

updated from the digital computer while the problem is running. 

These pots are used in the mixing plenum calculations. The 

pot setting is proportional to the flow in that plenum. 

The digital flow integration is performed using a rec- 

tangular integration routine. At uniform time intervals, this 

program multiplies the flow by a constant factor which includes 

the size of the time step and the integration gain. The 

product is added to the result from previous integration steps 

(Equation 40). The summation is then checked to see if it 

equals or is greater than the mass of sodium in one node. If 

the integration has filled the node it is time to update the 

time delay and initialize the integration. The integration is 

initialized by subtracting the nodal mass from integrated flow 

value that was just found to cause the node to overflow. The 

difference represents sodium that spilled over into the next 

node in the last integration step. It is saved and added to 

the first integration for the next node. 

The analog circuit diagrams have been included to provide 

additional detail concerning the simulation (Figures A-13 through 

21). Several points need to be explained for the diagrams to 

be understood thoroughly. 'Flost of the inputs to amplifiers on 

the analog used must be current inputs as there are very few 

input resistors associated. with the amplifiers. Since the pots 

are current pots, inputs to an amplifier are often fed through 

a pot, even though the coefficient on the input is one. In 

these cases, a V-to-I designation has been used for that pot, 

specifying that the function of the pot is to convert a 

voltage signal to an equivalent current signal. All of the 



analog amplifiers used are bipolar amplifiers, meaning that 

these amplifiers have an inverted and a noninverted output 

signal. The mode of the amplifiers can be changed so that they 

behave as conventional single pole amplifiers. A designation 
system to show the polarity of the output in relation to the 
input has been used for the circuit diagrams. A minus sign 
by an output from the amplifier designates that a phase 

inversion occurs in the amplifier. A plus sign by the output 
indicates that there is no inversion. When an amplifier has 

a noninverted output there must also be an inverted output. 

This is represented by two wires leading from the amplifier, 

one marked (+)  and the other marked ( - ) .  The pots that set 

the initial conditions for the integrators have not been 

shown to conserve space on the circuit diagrams. 

It was necessary to develop a method to show continuity 

when a diagram used more than one sheet. Hexagonal boxes with 

numbers in them were used. Any boxes with the same number are 

connected directly or are connected through a time delay in the 

digital computer. Those boxes that are directly connected 

have the same symbol beside them while those connected through 

a time delay have different symbols. The reason for this is 

that a different designation is used for a temperature entering 

a time delay than for a temperature leaving the time delay. 

In cases where boxes have the same number, numbers specifying 

figures are provided. 
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The s c a l i n g  used  f o r  t h e  v a r i a b l e s  on t h e  a n a l o g  c i r c u i t  

d iagrams t r e a t s  100 V a s  u n i t y .  The u n i t s  f o r  t h e  v a l u e s  

shown a r e  g i v e n  i n  T a b l e  A-1. 

TABLE A - 1 .  

Symb o  1 

b  

B~~ 

Value  

Conver s ion  from MW t o  B t u / s e c  

R a t i o  of  l e a k a g e  f l o w  t o  r e a c t o r  
f low 

R a t i o  o f  r a d i a l  r e f l e c t o r  f low 
t o  r e a c t o r  f low 

R a t i o  o f  D r i v e r  F u e l  (Tube) 
Coo lan t  f l o w  t o  r e a c t o r  f l o w  

Delayed Neutron P r e c u r s o r  
C o n c e n t r a t i o n  

S p e c i f i c  h e a t  of  r e a c t o r  i n l e t  
plenum sodium 

S p e c i f i c  h e a t  of  t h e  l e a k a g e  
c o o l a n t  sodium 

S p e c i f i c  h e a t  o f  p r i m a r y  sodium 
i n  t h e  g e n e r a l  h e a t  t r a n s f e r  
e q u a t i o n  

S p e c i f i c  h e a t  o f  p r i m a r y  IHX 
sodium 

S p e c i f i c  h e a t  of  r e a c t o r  
o u t l e t  plenum 

S p e c i f i c  h e a t  of  t h e  r a d i a l  
r e f l e c t o r  c o o l a n t  sodium 

S p e c i f i c  h e a t  of  secondary  
sodium i n  t h e  g e n e r a l  h e a t  
t r a n s f e r  e q u a t i o n  

S p e c i f i c  h e a t  o f  secondary  
IHX sodium 

S p e c i f i c  h e a t  of  s e c o n d a r y  
DHX sodium 

S p e c i f i c  h e a t  o f  D r i v e r  Fuel  
(Tube) c o o l a n t  sodium 



TABLE A-L (contd)  

Value E x p l a n a t i o n  Symbol 

S p e c i f i c  h e a t  of  DHX a i r  

Flow i n t e g r a t i o n  g a i n  f a c t o r  
3 . 5  x l o m 7  s e c  

1 5  f t  

120 f t  

Neut ron  l i f e t i m e  

E f f e c t i v e  I H X  t u b e  l e n g t h  

E f f e c t i v e  DHX t u b e  l e n g t h  

Power g e n e r a t e d  i n  t h e  c l o s e d  
l o o p s  

Power g e n e r a t e d  i n  t h e  d r i v e r  
f u e l  

Power g e n e r a t e d  by d e c a y i n g  
f i s s i o n  p r o d u c t s  

Power g e n e r a t e d  by t h e  i n d i -  
v i d u a l  f i s s i o n  p r o d u c t  groups  

Power g e n e r a t e d  i n  t h e  l e a k a g e  
r e g i o n  

Power g e n e r a t e d  immedia te ly  by 
f i s s i o n  

Power g e n e r a t e d  i n  t h e  r a d i a l  
r e f l e c t o r  

T o t a l  power g e n e r a t e d  i n  t h e  
r e a c t o r  

Number o f  e q u i v a l e n t  r e a c t o r  
channe l s*"  

Number o f  DHX modules p e r  c i r c u i t  

Time s e c  

Time a t  t h e  end o f  one f l o w  
i n t e g r a t i o n  s e c  

O F  Average Fue l  Tempera ture  

~ ' A F R Z  S t e a d y  s t a t e  a v e r a g e  f u e l  
t e m p e r a t u r e  OF 

* *  NER i n c l u d e s  d r i v e r  f u e l  c h a n n e l s  and open t e s t  p o s i t i o n s .  
Each open t e s t  p o s i t i o n  c o n t r i b u t e s  t h r e e  f o u r t h s  t o  NgR 
w h i l e  each d r i v e r  f u e l  channel  c o n t r i b u t e  one .  I t  i s  
e x p e c t e d  t h a t  an open t e s t  p o s i t i o n  w i l l  g e n e r a t e  a b o u t  
t h r e e  f o u r t h s  t h e  power o f  a d r i v e r  f u e l  assembZy. 



TABLE A-1 .  (contd) 

Explanation 

Temperature of the coolant leaving the 
inlet plenum 

Value 

OF 

O F  

O F  

O F  

Temperature of the coolant entering 
the reactor 

Temperature of the coolant leaving the 
leakage region 

Temperature of the coolant leaving 
the reactor 

Temperature of the coolant entering the 
1st primary I M X  heat transfer node** 

Temperature of the coolant entering the 
2nd primary I I I X  heat transfer node 

Temperature of the coolant leaving the 
2nd primary I H X  heat transfer node 

Temperature of the coolant entering the 
primary side of the I I j X  

Temperature of the coolant leaving the 
primary side of the I H X  

Temperature of the coolant leaving the 
radial reflector region 

Temperature of the coolant leaving the 
2nd secondary I H X  heat transfer node 

Temperature of the coolant entering the 
2nd secondary I k i X  heat transfer node 

Temperature of the coolant entering the 
1st secondary I H X  heat transfer node 

Temperature of the coolant entering the 
secondary side of the I H X  

Temperature of the coolant leaving the 
secondary side of the I H X  

Temperature of the coolant entering the 
1st secondary DHX heat transfer node 

Temperature of the coolant entering the 
2nd secondary DHX heat transfer node 

Temperature of the coolant leaving the 
2nd secondary DHX heat transfer node 

* *  The nodes a r e  numbered i n  t h e  d i r e c t i o n  o f  f l o w .  

A - 4 0  



BNWL- 1 3 9 5  

TABLE A-1. (contd) 

Svmbol E x p l a n a t i o n  Value  

Tempera ture  o f  t h e  c o o l a n t  e n t e r i n g  t h e  
secondary  s i d e  o f  t h e  DHX OF 

Tempera ture  o f  t h e  c o o l a n t  l e a v i n g  t h e  
secondary  s i d e  o f  t h e  DHX OF 

Tempera ture  o f  t h e  d r i v e r  f u e l  ( t u b e )  
c o o l a n t  l e a v i n g  t h e  1s t  node OF 
Tempera ture  o f  t h e  d r i v e r  f u e l  ( t u b e )  
c o o l a n t  l e a v i n g  t h e  d r i v e r  d u c t s  OF 

Tempera ture  of  t h e  c o o l a n t  e n t e r i n g  t h e  
a i r  DHX h e a t  t r a n s f e r  node OF 

Tempera ture  o f  t h e  c o o l a n t  e n t e r i n g  t h e  
a i r  s i d e  o f  t h e  DHX OF 

Tempera ture  o f  t h e  c o o l a n t  l e a v i n g  t h e  
a i r  s i d e  o f  t h e  DHX OF 

R a d i a l l y  ave raged  f u e l  t e m p e r a t u r e  a t  
t h e  o u t l e t  o f  t h e  1s t  f u e l  node OF 
R a d i a l l y  ave raged  f u e l  t e m p e r a t u r e  a t  
o u t l e t  of  t h e  2nd f u e l  node OF 
Tempera ture  of  t h e  p r imary  c o o l a n t  f o r  
t h e  g e n e r a l  h e a t  t r a n s f e r  e q u a t i o n  OF 
Tempera ture  o f  t h e  secondary  c o o l a n t  f o r  
t h e  g e n e r a l  h e a t  t r a n s f e r  e q u a t i o n  OF 

T~ 

(UA' ) Heat  t r a n s f e r  c o e f f i c i e n t  t i m e s  h e a t  
t r a n s f e r  a r e a  f o r  t h e  g e n e r a l  h e a t  
t r a n s f e r  e q u a t i o n  Btu/OF-sec f t  
Heat  t r a n s f e r  c o e f f i c i e n t  t i m e s  h e a t  
t r a n s f e r  a r e a  p e r  d r i v e r  e lement  
p e r  node f o r  f u e l  t o  c o o l a n t  h e a t  
t r a n s f e r  1 . 5 3  

Btu/OF-sec node 
e l emen t  

l i e a t  t r a n s f e r  c o e f f i c i e n t  t i m e s  
h e a t  t r a n s f e r  a r e a  p e r  a x i a l  f o o t  
f o r  IEX h e a t  t r a n s f e r  

Btu/OF-sec f t  
i-Ieat t r a n s f e r  c o e f f i c i e n t  t i m e s  
h e a t  t r a n s f e r  a r e a  p e r  a x i a l  f o o t  
f o r  DHX h e a t  t r a n s f e r  0 . 7 4 4  

Btu/OF-sec f t  
Leakage Flow l b / s e c  



TABLE A-1. (contd) 

E x p l a n a t i o n  Symbol 

W~ 

W~ 

'RR 

Ws 

w~ 

'TR 

X 

Value  

Pr imary  Flow 

R e a c t o r  Flow 

R a d i a l  R e f l e c t o r  Flow 

Secondary  Flow 

A i r  ( t e r t i a r y )  Flow 

D r i v e r  Fue l  d u c t  ( t u b e )  f low 

A x i a l  d i s t a n c e  a l o n g  h e a t  exchange 
s u r f a c e  

F r a c t i o n  of  power g e n e r a t e d  i n  a  
f u e l  node 

Doppler  c o e f f i c i e n t  

F r a c t i o n  o f  t o t a l  n e u t r o n s  t h a t  
a r e  d e l a y  n e u t r o n s  

Delay n e u t r o n  f r a c t i o n  f o r  t h e  
1 s t  group 

Delay n e u t r o n  f r a c t i o n  f o r  t h e  
2nd group 

Delay n e u t r o n  f r a c t i o n  f o r  t h e  
3 r d  group 

F r a c t i o n  o f  t o t a l  power c o n t r i b u t e d  
by 1 s t  f i s s i o n  p r o d u c t  group 

F r a c t i o n  o f  t o t a l  power c o n t r i b u t e d  
by 2nd f i s s i o n  p r o d u c t  group 

F r a c t i o n  o f  t o t a l  power c o n t r i b u t e d  
by 3 r d  f i s s i o n  p r o d u c t  group 

F r a c t i o n  o f  p r imary  f low t h a t  
b y p a s s e s  t h e  I H X  

F r a c t i o n  o f  secondary  f low t h a t  
b y p a s s e s  t h e  11-IX 

F r a c t i o n  of  t o t a l  power g e n e r a t e d  i n  
t h e  c l o s e d  l o o p s  

F r a c t i o n  of  t o t a l  power g e n e r a t e d  
i n  t h e  l e a k a g e  r e g i o n  



TABLE A-1. (contd) 

Symbo 1 Explanation 

Y~~ 
Fraction of total power generated in 
the radial reflector 

6K Total change in reactivity 

6 K ~  Change in reactivity introduced 
by the operator 

X1 Decay constant for the 1st 
delay neutron group 

2 Decay constant for the 2nd 
delay neutron group 

X3 Decay constant for the 3rd 
delay neutron group 

'FF~ Decay constant for the 1st 
fission product group 

'FP2 Decay constant for the 2nd 
fission product group 

A ~ ~ 3  Decay constant for the 3rd 
fission product group 

(pV) PXI IHX primary inlet plenum volume times 
sodium density 

(pv) PXO IHX primary outlet plenum volume 
times sodium density 

(pv) SXI IHX secondary inlet plenum volume 
times sodium density 

(pv) sxo IHX secondary outlet plenum volume 
times sodium density 

C p V )  SY I DHX secondary inlet plenum volume 
times sodium density 

(pV)syo DHX secondary outlet plenum volume 
times sodium density 

(PV"C)CT Averaged density, volume, specific 
heat term for the driver fuel 
coolant, calculated per driver 
element per node 

- 
(PV"C) Density, volume, specific heat term 

for the driver fuel, calculated per 
driver element per node 

Value 

4.67 
Btu/OF node 

element 

3.34 
Btu/OF node 

element 



TABLE A- 1.  (contd) 

Symbol 

(PVC) 1p 

(m) LR 

( pVC) OR 

(PV'C) 
P 

E x p l a n a t i o n  

D e n s i t y ,  volume s p e c i f i c  h e a t  t e rm f o r  
t h e  i n l e t  plenum c a l c u l a t i o n  

Averaged d e n s i t y ,  volume, s p e c i f i c  h e a t  
t e rm f o r  t h e  l e a k a g e  r e g i o n  c a l c u l a t i o n  

D e n s i t y ,  volume, s p e c i f i c  h e a t  t e rm 
f o r  t h e  o u t l e t  plenum c a l c u l a t i o n  

D e n s i t y ,  volume, s p e c i f i c  h e a t  t e rm 
f o r  t h e  g e n e r a l  p r i m a r y  I H X  e q u a t i o n  

D e n s i t y ,  volume, s p e c i f i c  h e a t  te rm 
p e r  a x i a l  f o o t  f o r  p r i m a r y  I H X  h e a t  
t r a n s f e r  r e g i o n  

Averaged d e n s i t y  volume s p e c i f i c  h e a t  
t e rm f o r  t h e  r a d i a l  r e f l e c t o r  r e g i o n  

D e n s i t y ,  volume, s p e c i f i c  h e a t  te rm 
f o r  t h e  g e n e r a l  s econdary  I M X  e q u a t i o n  

D e n s i t y ,  volume s p e c i f i c  h e a t  te rm 
p e r  a x i a l  f o o t  f o r  secondary  I H X  h e a t  
t r a n s f e r  r e g i o n  

D e n s i t y ,  volume, s p e c i f i c  h e a t  te rm 
p e r  a x i a l  f o o t  f o r  secondary  DHX h e a t  
t r a n s f e r  r e g i o n  

D e n s i t y ,  volume, s p e c i f i c  h e a t  te rm 
p e r  a x i a l  f o o t  f o r  t e r t i a r y  ( a i r )  
DMX h e a t  t r a n s f e r  r e g i o n .  

Value  

16 ,500 Btu/OF 

2420 Btu/OF 

15 ,900 Btu/OF 

Btu/OF f t  
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