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ABSTRACT 

In o r d e r to d e t e r m i n e the r e s p o n s e of the SNAP 8 n u c l e a r 

s y s t e m to po-wer c o n v e r s i o n s y s t e m s t a r t u p , t h e s e s y s t e m s w e r e 

s i m u l a t e d on a c o m b i n a t i o n of t h r e e g e n e r a l p u r p o s e ana log c o m 

p u t e r s . P a r a m e t e r s t u d i e s w e r e m a d e to d e t e r m i n e the p e r m i s s i 

b le r a n g e of s y s t e m p a r a m e t e r s a n d s t a r t u p c o n d i t i o n s . A se t of 

d e s i g n l e v e l s for s y s t e m s t a r t u p p a r a m e t e r s w a s s e l e c t e d . 

D e t a i l e d r e s u l t s of the p a r a m e t e r s t u d i e s a r e p r e s e n t e d . The 

ana log s i m u l a t i o n i s d e s c r i b e d and d i s c u s s e d , inc lud ing the a n a 

l y t i c a l m o d e l and ana log c i r c u i t s u s e d . The o v e r a l l o p t i m i z a t i o n 

of s y s t e m p a r a m e t e r s r e s u l t s in a w e l l - c o n t r o l l e d r e s p o n s e of the 

SNAP 8 s y s t e m to p o w e r c o n v e r s i o n s y s t e m s t a r t u p . 
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I. INTRODUCTION 

A. P U R P O S E O F STUDY 

Since the s t a r t u p of the SNAP 8 P o w e r C o n v e r s i o n S y s t e m (PCS) i nvo lves 

l a r g e c h a n g e s in n u c l e a r s y s t e m (NS) coo lan t flow and p o w e r l e v e l , c o n s i d e r a b l e 

t r a n s i e n t s in fuel and coo lan t t e m p e r a t u r e s can be e x p e c t e d . L i m i t a t i o n s m u s t 

be p l a c e d on the m a g n i t u d e s and r a t e s of c h a n g e s of t h e s e t e m p e r a t u r e s in o r d e r 

to avo id p h y s i c a l d a m a g e to the NS o r P C S . The m a x i m a of n u c l e a r s y s t e m 

p o w e r and ou t le t coo lan t t e m p e r a t u r e m u s t a l s o be kept be low the s c r a m l e v e l s 

of the g r o u n d t e s t sa fe ty s y s t e m . 

An ana log m o d e l of the s y s t e m w a s deve loped to s tudy the P C S s t a r t u p t r a n 

s i e n t s and to d e t e r m i n e what r a n g e of s y s t e m p a r a m e t e r s , s t a r t u p c o n d i t i o n s , 

and s t a r t u p m e t h o d s would m e e t the p r e s c r i b e d l i m i t a t i o n s . Th i s s tudy w a s 

b a s e d on the SNAP 8 fl ight r e f e r e n c e d e s i g n . H o w e v e r , c o n s t r a i n t s i m p o s e d by 

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

The SNAP 8 r e a c t o r , c o n t r o l s y s t e m , NaK-Hg hea t e x c h a n g e r ( b o i l e r ) , and 

a s s o c i a t e d piping w e r e s i m u l a t e d on a c o m b i n a t i o n of t-wo P A C E 23 1 -R and one 

P A C E 1631 ana log c o m p u t e r s . P a r a m e t e r s t u d i e s w e r e m a d e to d e t e r m i n e a 

p e r m i s s i b l e r a n g e of s y s t e m p a r a m e t e r s and s t a r t u p c o n d i t i o n s , and a se t of 

d e s i g n p a r a m e t e r s w a s c h o s e n . 

D e t a i l e d r e s u l t s of the m o s t r e c e n t p h a s e of the p a r a m e t e r s t u d i e s a r e p r e s e n t e d 

h e r e , a s w e l l a s p a r t i a l r e s u l t s of e a r l i e r p h a s e s . The e a r l i e r p h a s e s invo lved p r i 

m a r i l y d e v e l o p m e n t of the ana log m o d e l . T h e s e p h a s e s a l s o i nc luded s o m e s tudy of 

the ef fec ts of v a r i o u s p a r a m e t e r s , p r o g r e s s i v e l y a p p r o a c h i n g the cho ice of d e s i g n 

p a r a m e t e r s . S e v e r a l d i f fe ren t s y s t e m c o n c e p t s w e r e involved in the e a r l y p h a s e s 

a s w e l l a s v a r i o u s p r o c e d u r e s for s t a r t i n g up the p o w e r c o n v e r s i o n s y s t e m . 

B . D E S C R I P T I O N O F THE SYSTEM 

1. G e n e r a l 

SNAP 8 i s a n u c l e a r p o w e r s y s t e m d e s i g n e d to p r o d u c e a p p r o x i m a t e l y 

35 kw of e l e c t r i c p o w e r for u s e in s p a c e c r a f t . The s y s t e m , wh ich i s be ing d e 

ve loped jo in t ly by NASA and the A E C , e m p l o y s a n u c l e a r s y s t e m (being deve loped 

by A t o m i c s I n t e r n a t i o n a l u n d e r c o n t r a c t to the AEC) a s the h e a t s o u r c e for a 

m e r c u r y Rank ine cyc l e p o w e r c o n v e r s i o n s y s t e m (being deve loped by A e r o j e t -

G e n e r a l C o r p o r a t i o n u n d e r c o n t r a c t to NASA), 
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2. N u c l e a r S y s t e m 

The SNAP 8 n u c l e a r s y s t e m ( F i g u r e 1) i n c l u d e s a m o d e r a t e d , b e r y l l i u m 

r e f l e c t e d r e a c t o r con ta in ing h igh ly e n r i c h e d u r a n i u m . The c o r e con ta in s 211 

fuel e l e m e n t s , e a c h 0.56 in . OD and a p p r o x i m a t e l y 17 in . l ong . E a c h fuel e l e 

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

a l loy . The fuel r o d s a r e p r o v i d e d wi th a c e r a m i c - l i n e d H a s t e l l o y - N c l add ing . 

The c e r a m i c coa t ing i s app l i ed to the i n s i d e s u r f a c e of the c l add ing to m i n i m i z e 

l o s s of the h y d r o g e n m o d e r a t o r by diffusion t h r o u g h the c l add ing . 

The fuel e l e m e n t s a r e h e l d in p l a c e by u p p e r and l o w e r g r i d p l a t e s , e a c h 

con ta in ing 211 h o l e s for the fuel e l e m e n t e n d - p i n s and 372 coo lan t flow h o l e s . 

The p r i m a r y coo lan t , flowing t h r o u g h the r e a c t o r c o r e , i s N a K - 7 8 e u t e c t i c . 

Th i s coo lan t e n t e r s a p l e n u m at the bo t t om of the c o r e v e s s e l , goes t h r o u g h a 

f l ow-shap ing baffle p l a t e , t h r o u g h the l o w e r g r i d p l a t e , p a s t the fuel e l e m e n t s , 

t h r o u g h the u p p e r g r i d p l a t e in to a n o t h e r p l e n u m , and t h e n out of the c o r e v e s s e l . 

The c o r e v e s s e l i s e s s e n t i a l l y a r i g h t c i r c u l a r c y l i n d e r of s t a i n l e s s s t e e l , 

9.2 in . ID by 26.2 in . long , wi th a h e m i s p h e r i c a l u p p e r p l e n u m and a d i s h e d 

l o w e r p l e n u m . The v e s s e l i s s u r r o u n d e d r a d i a l l y by an annu lus of b e r y l l i u m 

a p p r o x i m a t e l y 3 in . t h i c k a n d 18.5 in . long, wh ich f o r m s the e x t e r n a l r a d i a l r e 

f l e c t o r . F i g u r e 2 shows the l a y o u t of the r e a c t o r c o m p o n e n t s . 

The SNAP 8 n u c l e a r s y s t e m i s d e s i g n e d to t r a n s f e r 600 t h e r m a l kw to 

the NaK coo lan t . It m a y be o p e r a t e d a t any c o n s t a n t power l e v e l d e s i r e d f r o m 

a p p r o x i m a t e l y 10 to 100% of r a t e d p o w e r . The r e a c t o r i s d e s i g n e d for a n o m i 

na l c o r e ou t le t NaK coo lan t t e m p e r a t u r e of 1 3 0 0 ° F and a n o m i n a l c o r e in l e t NaK 

t e m p e r a t u r e of 1 1 0 0 ° F . 

3. C o n t r o l S y s t e m 

The r a d i a l n e u t r o n r e f l e c t o r con ta in s s ix m o v a b l e s e m i c y l i n d r i c a l s e c 

t ions o r d r u m s a s shown in F i g u r e 2. N u c l e a r s y s t e m c o n t r o l i s a c c o m p l i s h e d 

by r o t a t i o n of t h e s e d r u m s t o w a r d o r a^vay f r o m the c o r e to i n c r e a s e or d e 

c r e a s e the f r a c t i o n of l e a k a g e n e u t r o n s r e f l e c t e d b a c k to the c o r e . 

T h r e e of the s ix r e f l e c t o r d r u m s a r e d e s i g n a t e d a s s t a r t u p d r u m s and 

wi l l be r o t a t e d to the " f u l l - i n " p o s i t i o n by s p r i n g s . The r e m a i n i n g t h r e e d r u m s 

a r e c a l l e d c o n t r o l d r u m s , and wi l l be r o t a t e d t o w a r d or away f r o m the c o r e by 

g e a r e d - d o w n s t e p p e r m o t o r s . 

N A A - S R - 9 6 2 6 



* « « » * t 

2 

Is- Cfi 

I 

LOWER GRID PLATE^ 

FUEL ELEMENTS-

CORE VESSEL-

BAFFLE PLATE 

5-14-64 

UPPER GRID PLATE 

NaK OUTLET 
NOZZLE -A 

UPPER 
PLENUM 

CORE INTERNAL REFLECTOR 

FUEL ELEMENTS 

CONTROL SYSTEM 
POSITIONING LEGS 

NaK INLET 
NOZZLE 

REFLECTOR 
DRUMS 

DRUM 
SHIMS 

FIXED 
REFLECTOR 

DRUM 
RELEASE 
ACTUATOR 

Figure 2. C ros s Section of Reactor and Control System 

CORE VESSEL 

LIMIT SWITCH 

7568-01066 

• • 



C o n t r o l of the SNAP 8 n u c l e a r s y s t e m i s b a s e d on i t s ou t le t coo lan t t e m 

p e r a t u r e . T h i s t e m p e r a t u r e i s m a i n t a i n e d at a p p r o x i m a t e l y 1300°F b y a n o n - o f f 

d ig i t a l ac t ing c o n t r o l s y s t e m hav ing a d e a d b a n d ex tend ing f r o m 1270 ± 10°F to 

1330 ± 1 0 ° F . When the ou t le t NaK t e m p e r a t u r e i s wi th in the deadband , the c o n 

t r o l l e r does not change the p o s i t i o n of the c o n t r o l d r u m s . 

T h e r e a r e two d i s t i n c t p h a s e s invo lved in s t a r t u p of SNAP 8. F i r s t i s 

n u c l e a r s t a r t u p , -which b r i n g s the r e a c t o r f r o m s u b c r i t i c a l to c r i t i c a l and b r i n g s 

the n u c l e a r s y s t e m ou t l e t coo lan t t e m p e r a t u r e , a s m e a s u r e d by the t e m p e r a t u r e 

s e n s o r , to the r a t e d l e v e l of 1300 ° F . T h r o u g h o u t m o s t of the n u c l e a r s t a r t u p , 

the c o n t r o l s y s t e m wi l l be o p e r a t i n g in the s t a r t u p m o d e , w h e r e i n a l l d r u m r o 

t a t i o n is t o w a r d the c o r e . P r i o r to power c o n v e r s i o n s y s t e m s t a r t u p , the c o n 

t r o l s y s t e m wi l l change f r o m the s t a r t u p m o d e to the l o n g - t e r m c o n t r o l m o d e . 

In l o n g - t e r m c o n t r o l , the c o n t r o l d r u m r o t a t i o n m a y be e i t h e r t o w a r d or away 

f r o m the c o r e as fo l lows . W h e n e v e r the m e a s u r e d ou t le t coo lan t t e m p e r a t u r e 

(T ) goes ou t s ide the c o n t r o l deadband , the c o n t r o l s y s t e m s t e p s the c o n t r o l 

d r u m s 0.52 ± 0.10 d e g r e e s in such a d i r e c t i o n a s to r e t u r n T to wi th in the 
*= c m 

d e a d b a n d . If a s i ng l e c o n t r o l d r u m s t e p i s not suf f ic ien t , the c o n t r o l s y s t e m 
c o n t i n u e s to p r o v i d e s t e p s at d i s c r e t e t i m e i n t e r v a l s un t i l T r e m a i n s wi th in ^ ^ c m 
the d e a d b a n d . 

4 . Po-wer C o n v e r s i o n S y s t e m 

The SNAP 8 P o w e r C o n v e r s i o n S y s t e m i n c l u d e s the i n t e r m e d i a t e (NaK-Hg) 

h e a t e x c h a n g e r (or b o i l e r ) , the t u r b i n e and a l t e r n a t o r , the a u x i l i a r y s t a r t u p h e a t 

e x c h a n g e r , the p a r a s i t i c load , and the n e c e s s a r y p u m p s and piping ( s ee F i g u r e 3). 

Hea t g e n e r a t e d by the n u c l e a r s y s t e m i s t r a n s f e r r e d f r o m the p r i m a r y NaK to 

m e r c u r y t h r o u g h a s h e l l - t u b e coun te r f low h e a t e x c h a n g e r . M e r c u r y v a p o r i z e d 

in the h e a t e x c h a n g e r d r i v e s a t u r b i n e wh ich , in t u r n , d r i v e s an a l t e r n a t o r to 

p r o v i d e e l e c t r i c a l p o w e r to the p a y l o a d . A c o n d e n s e r i s p r o v i d e d b e t w e e n the 

m e r c u r y loop and the h e a t r e j e c t i o n NaK l o o p . 

The a u x i l i a r y s t a r t u p h e a t e x c h a n g e r (AHX) p r o v i d e s a c o n t r o l l a b l e load 

to i n c r e a s e n u c l e a r s y s t e m p o w e r p r i o r to and d u r i n g P C S s t a r t u p . The AHX 

t r a n s f e r s h e a t f r o m the p r i m a r y NaK loop to the h e a t r e j e c t i o n NaK loop . The 

p a r a s i t i c load t a k e s the e l e c t r i c a l p o w e r not u s e d by the pay load and d i s s i p a t e s 

i t a s h e a t in the p r i m a r y NaK l ine n e a r the NS in l e t . 
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Since the effect of the PCS on the nuclear sys tem is felt p r ima r i l y through 

the NaK coolant, the main concern of this study, in addition to the r eac to r and 

control sys tem, is with the NaK-Hg heat exchanger. Of secondary concern a r e 

the pa ras i t i c load and the auxil iary heat exchanger. 

C. STARTUP PROCEDURES 

1. Initial Conditions 

Jus t before the s tar tup of the power conversion sys tem, nuclear s tar tup 

having been completed, the nuclear system will have reached the following con

dit ions. The m e a s u r e d outlet coolant t empera tu re -will be somewhere w^ithin the 

deadband, p resen t ly assumed to be 1270 to 1330 °F. Nuclear sys tem NaK flow 

will be somewhat l ess than ra ted flow, and the power will be considerably l e s s 

than ra ted pow^er (the recommended values of initial flow and po-wer a r e de t e r 

mined in this study). Mercury flow will be ze ro , and NS inlet NaK t empera tu re 

will be determined by the above flow, power, and outlet t empera tu re conditions. 

The control sys tem will be in the long- te rm control mode, with an interval be 

tween success ive steps as de termined by this study and other t rans ien t condi

t ions . Control step size will be determined by the control drum differential 

react iv i ty worths and the control drum position. The s tar tup drums will be in 

the full-in position. The control drum position will be dependent on such p a r a m 

e te r s as initial excess react ivi ty , t empera tu re and power defects, xenon and 

samar ium buildup, and samar ium prepoison burnout. 

2. Final Conditions 

At the end of PCS s tar tup, the nuclear sys tem will be at re ference power 

and NaK flow. The m e a s u r e d outlet NaK t empera tu re will be within the dead-

band, and the inlet NaK t empera tu re will be about 180 °F lower than the outlet, 

depending on the above power and flow conditions and the power being diss ipated 

through the pa ras i t i c load r e s i s t o r . Mercury flow will be at the ra ted level , 

the control sys tem -will r emain in the long- t e rm control phase , and the control 

drums will be within 3° of their position at the beginning of PCS s tar tup. 

3. Startup Sequence 

The PCS s tar tup sequence is present ly conceived to be general ly as 

l is ted below. The timing of the individual steps of the sequence is de termined 

in this study. 
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a) At t ime t = 0, the m e r c u r y flow is injected in such a way as to 

r i s e l inear ly from zero to the injection level . 

b) During this per iod of m e r c u r y flow inc rea se , the tu rb ine-a l te rna tor 

a ssembly begins rotat ing, increas ing the power to the p r i m a r y loop 

NaK pump. This brings the NaK flow up from its initial value to 

ra ted flow. 

c) When the m e r c u r y flow reaches the injection level , the pa ras i t i c 

load r e s i s t o r begins to feed all excess e lec t r ica l power from the 

tu rb ine-a l t e rna to r assembly into the NS inlet NaK line as heat . 

d) After the m e r c u r y flow has been at the injection level for a spec i 

fied t ime, it begins a l inear r i s e to ra ted flow. 

e) About 10 min after the m e r c u r y flow reaches the ra ted level , the 

nuclear sys tem reaches s teady-s ta te conditions. 

D. ANALYTICAL MODEL 

The analog computer model developed to study the PCS s tar tup t rans ien t 

consis ts of the following: 

1) Six delayed-neutron group reac tor kinet ics with var iable t empera tu re 

coefficients of react iv i ty for the fuel and grid p la tes ; 

2) Five axial node plus entrance fuel node "backward difference" core 

heat t ransfe r model; 

3) A three-sect ion, shifting-interface model for the NaK-Hg heat 

exchanger; 

4) Cascaded simple lags with flow-dependent t ime constants for coolant 

t r anspor t delay; and 

5) A flexible model of the control system providing variat ions of step 

s ize , stepping in terval , and deadband t empera tu re set t ings . 

During the course of the PCS s tar tup study, it was found that simulation of 

the NaK-Hg heat exchanger is very c r i t i ca l . Various a t tempts at simplified 

single node simulat ions all yielded nonconservative r e s u l t s , especial ly in de

termining r a t e s of change of t e m p e r a t u r e . 
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The m e t h o d of s i m u l a t i n g coo lan t t r a n s p o r t d e l a y s and the m e t h o d of c o m 

put ing r a t e s of change of t e m p e r a t u r e w e r e a l s o found to be qu i te i m p o r t a n t . In 

c o r e h e a t t r a n s f e r , the e n t r a n c e fuel node m o d e l -was deve loped to avo id the 

a n o m a l i e s i n h e r e n t in a l i n e a r g r a d i e n t or " c e n t r a l d i f f e r e n c e " m o d e l . 

E . SUMMARY O F R E S U L T S 

The r e s u l t s of th i s s tudy c o m p a r e d v e r y f a v o r a b l y on t r e n d s and o p t i m u m 

p a r a m e t e r v a l u e s wi th a s i m i l a r s tudy m a d e by A e r o j e t - G e n e r a l C o r p o r a t i o n 

(AGC). The a n a l y t i c a l m o d e l u s e d by AGC w a s s i m i l a r to the one u s e d h e r e for 

the NaK-Hg h e a t e x c h a n g e r , but d i f fe red c o n s i d e r a b l y in s i m u l a t i o n of the c o o l 

ant t r a n s p o r t d e l a y s , the r e a c t o r c o r e , and the c o n t r o l s y s t e m . T a b l e s 1 and 2 

show the p a r a m e t e r s tha t w e r e s tud ied , the r a n g e s tud i ed , the p e r m i s s i b l e r a n g e 

and d e s i g n l e v e l c h o s e n -where a p p l i c a b l e , or the e x p e c t e d va lue -where no d e s i g n 

c h o i c e w a s m a d e . 

F i g u r e s 4, 5, and 6 a r e r e p r o d u c t i o n s of the ana log c o m p u t e r t r a c e s for 

t h r e e r e p r e s e n t a t i v e c a s e s a m o n g the h u n d r e d s of c a s e s a n a l y z e d . F i g u r e 4 

shows the r e s u l t s of a P C S s t a r t u p s i m u l a t i o n us ing the r e c o m m e n d e d d e s i g n 

l e v e l s for a l l v a r i a b l e s s t u d i e d . Among the v a r i a b l e s to -which the s i m u l a t i o n 

w a s m o s t s e n s i t i v e w e r e the i n i t i a l NS coo lan t flow (w „), the i n i t i a l p o w e r (P^,), 

and the t i m e to i n c r e a s e m e r c u r y flow f r o m z e r o to the in j ec t ion l e v e l ( t , , ^ ) . 

F i g u r e 5 shows the r e s u l t s of e x c e s s i v e l y low v a l u e s of w „ and P„. F i g u r e 6 

shows the c o n s e q u e n c e s of t , , , be ing far too s h o r t , a l though m o s t o the r v a r i a 

b l e s w e r e n e a r the r e c o m m e n d e d d e s i g n l e v e l s . 

In i t i a l cond i t i ons for the p a r a m e t e r s shown on the ana log t r a c e s a r e g iven 

in T a b l e 3. A l i s t of the n o m e n c l a t u r e u s e d t h r o u g h o u t t h i s r e p o r t i s g iven in 

Appendix F . 
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TABLE 1 

PARAMETER RANGES AND DESIGN CHOICES 

• • • 

• • • 
• • • 
• • • 

: ^ 
. . > 
. . . . jj> 

. . 1 

ô 
o 

P a r a m e t e r 

^ M ' 

t = c 

w ^/w = cO cr 

Po = 

core , 0 

T = 
AR 

^2M ' 

: t ime of m e r c u r y flow inc r ea se from 

zero to the injection level 

: t ime of inc rease of NaK flow 

: ra t io of initial to re fe rence NaK 

flow 

: initial core the rmal power 

: init ial difference between core 

inlet and core outlet NaK t e m p e r a 

tu res 

- in terval betw^een success ive control 

driim steps in the same direct ion 

: t ime of m e r c u r y flow inc rease from 
injection to reference level 

Range 
Studied 

0 to 90 

9 to 100 

10 to 80 

9 to 160 

12 to 400 

60 to 360 

100 to 750 

P e r m i s s i b l e 
Range 

> 7 5 

> 2 5 

> 3 5 

40 to 120 

40 to 150 

> 180 

>300 

Design 
Choice 

90 

30 

50 

50 

50 

240 

500 

Units 

sec 

s e c 

% 

kwt 

° F 

sec 

sec 



TABLE 2 

PARAMETER RANGES AND EXPECTED VALUES 

I 

CO 

I 

DO 

P a r a m e t e r 

A R = 

^ M l / ^ M r = 

T = 
C 

•^c50 " 

" f = 

^ i g = 

a = 
ug 

^ M = 

c o n t r o l d r u m s t e p s i z e 

r a t i o of m e r c u r y flow r a t e a t end of in jec t ion 

p h a s e to r e f e r e n c e flow r a t e 

d e l a y b e f o r e i n c r e a s e of NaK flow 

in i t i a l va lue of c o r e ou t l e t coo lan t t e m p e r a t u r e 

fuel t e m p e r a t u r e coef f ic ien t of r e a c t i v i t y 

l o w e r g r i d p l a t e t e m p e r a t u r e coeff ic ient of 

r e a c t i v i t y 

u p p e r g r i d p l a t e t e m p e r a t u r e coeff ic ient of 

r e a c t i v i t y 

d e l a y b e f o r e i n c r e a s e of m e r c u r y flow f r o m 

in j ec t ion l e v e l 

Range 
Studied 

1 to 5 

20 to 50 

0 to 42 

1270 to 1330 

- 0 . 0 5 t o - 0 . 1 5 

- 0 . 0 2 t o - 0 . 1 0 

- 0 . 0 3 t o - 0 . 1 0 

85 to 350 

E x p e c t e d 
Value 

3.8 

40 

40 

1300 

-0 .05 

- 0 . 0 4 

- 0 . 0 6 

190 

Uni t s 

c e n t s 

% 

s e c 

° F 

^ / ° F 

i/°F 

f ^ / ° F 

s e c 



TABLE 3 

INITIAL CONDITIONS FOR ANALOG TRACES 
FROM PCS STARTUP SIMULATION 

Variable 

T . cin 

\ 5 

Tf 

w /w c cr 

L s 

n /n r 

M L 

Figure 4 

1249°F 

1300°F 

1283°F 

0.5 

67.7 ft 

0.126 

0 

Figure 5 

1249°F 

1300°F 

1276°F 

0.1 

67.7 ft 

0.025 

0 

Figure 6 

1224°F 

1300°F 

1272°F 

0.4 

67.7 ft 

0.152 

0 

NOTES: 

1. For PCS s tar tup, the init ial t ime (t = 0) is defined as 

the beginning of the f i rs t i nc rease in m e r c u r y flow. 

2. Initial values of the following var iab les a re assumed 

to be zero" R^ T T T T T T T 
ze ro . ±̂  , 1 ,̂ i^^, 1^.^, 1^^, 1̂ 25 ^c3' c4' 

c5 
3. A l i s t of the nomenclature used throughout this r epo r t 

is given in Appendix F . 
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Figure 4. Analog Computer T races F rom Power Conversion System Startup 
Simulation Based on Recommended Design Levels for all Variables 

NAA-SR-9626 
: 45. : « • •• « .rfC 



200 

3-30-64 

1?00 1400 

7568-01008-1 3-30-64 7568-01008-2 

Figure 5. Analog Computer Traces from Power Conversion System 
Startup Simulation Based on Excess ively Low Values of Initial NaK 

Coolant Flow Rate and Initial Power 

NAA-SR-9626 



20 

200 

3-30-64 

200 400 600 800 1000 
TIME (sec) 

7 5 6 8 - 0 1 0 0 9 - 1 

r 
-20 

3-30-64 

J L 

J I L 

200 400 600 
TIME (sec) 

J I I L 

800 1000 

7568-01009-2 

Figure 6. Analog Computer T races F r o m Power Conversion System 
Startup Simulation Based on Excess ively Short Time for F i r s t 

Inc rease in Mercury Flow Level 
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II. METHOD OF ANALYSIS 

A. MATHEMATICAL MODEL 

1. General 

Analysis of the response of the SNAP 8 nuclear sys tem to power conver

sion sys tem s tar tup w^as accomplished by simulating the p r i m a r y coolant loop 

(NaK) and port ions of the m e r c u r y loop on a combination of two PACE 231R and 

one PACE 1631 analog compute rs . A thorough simulation of the r eac to r , con

t ro l l e r , in termedia te (NaK-Hg) heat exchanger (IHX), and coolant t r anspor t 

delays was used. The effects of the tu rb ine-a l t e rna to r pump combination, the 

auxi l iary heat exchanger, the pa ras i t i c load, the heat reject ion loop were p r o 

g rammed in from information furnished by Aero je t -Genera l Corporat ion. De

tailed equations used in the simulation a re presented in Appendix A. The analog 

computer d iagrams used in the simulation a r e presen ted in Appendix B. Com

puter potent iometer (pot) sett ings a r e also given in Appendix B, and the sys tem 

constants and re fe rence levels a r e tabulated in Appendix C. 

The optimization of the many p a r a m e t e r s involved in this study was done 

by setting up an initial base case , with pa r ame te r values set by p re l iminary e s 

t ima tes , and varying each p a r a m e t e r individually from the base . As t rends in 

effects were observed, the base case was revised , and pa rame te r var ia t ions 

were l imited to those showing strong effects. After repeated optimization r e 

sulted in an acceptable set of design conditions, the effect of each pa rame te r was 

again checked. Finally, a complete set of design conditions could be chosen. 

2. Reactor Kinetics 

2 The s tandard reac to r kinet ics equations were normal ized to a reference 

level and modified to a "delta (A) mode l" wherein changes from initial levels were 

computed. Six delayed neutron p r e c u r s o r groups were s imulated. Changes in 

react iv i ty were computed by summing the effects of control drum action and of 

feedbacks due to changes in t empera tu re of the fuel and grid p la tes . The t e m 

pe ra tu r e coefficients of react ivi ty for the fuel and grid plates were var ied from 

case to case as pa r t of the p a r a m e t e r study. 
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3. Core Heat Transfer 

The reac to r core heat t ransfe r equations a r e based on an entrance fuel 
3 

node model developed by D. G. Mason and R. W. Win son at Atomics Internat ional . 

The model is basical ly a modified "backward difference" model involving five 

equally spaced axial fuel and coolant nodes and an entrance fuel node (see F ig 

u re 7). This model was developed as a substi tute for the few node l inear g rad i 

ent or "cent ra l difference" model . 

The usual centra l -di f ference model gives an anomalous dec rease in out

let coolant t empe ra tu r e in response to a rapid i nc rease in inlet coolant t e m p e r a 

t u r e . This anomaly is avoided by the entrance fuel node model which uses the 

entrance node to co r r ec t the e r r o r in average fuel t empera tu re resul t ing from 

the backw^ard-difference technique. 

Mason and Winson show that the five node plus entrance fuel node model 

responds quite accura te ly to l a rge step changes in power and inlet coolant t e m 

pe ra tu r e when compared with a 40-node centra l -di f ference model . For a step 

change in power level , the entrance fuel node model with 5 fuel nodes yields a 

maximum t rans ien t e r r o r of 5% and a s teady-s ta te e r r o r of l e ss than 1.5% in ave r 

age fuel t e m p e r a t u r e . The response of the entrance fuel node model to a step 

change in inlet coolant t empera tu re is prac t ica l ly identical to that of a mul t i -

node centra l -di f ference model except that the entrance node model has no anoma

lous dip in outlet coolant t e m p e r a t u r e . The core heat t ransfer equations were 

also wri t ten as a A model . They include heat generat ion within the fuel, 

heat t ransfe r from fuel to coolant, and heat t ransfer by t r anspor t of the coolant 

from one node to the next. The NaK coolant flow ra te was p rog rammed as a 

var iab le function of t ime in these equations. The heat generat ion within each 

fuel node is dependent on the r eac to r pow^er level as calculated by the reac tor 

kinet ics equations. Core average fuel t empera tu re was computed as a d i rec t 

average of the t empe ra tu r e s of the five axial fuel nodes and the entrance fuel 

node. 

The t e m p e r a t u r e s of the lower and upper grid pla tes a r e calculated from 

the core inlet and core outlet coolant t e m p e r a t u r e s by using effective values for 

heat conduction a r e a and path length. 
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4. In termedia te Heat Exchanger (IXH) 

The equations for simulation of the in te rmedia te (NaK-Hg) heat exchanger 

were supplied by AGC. For purposes of this simulation, the heat exchanger was 

considered to consis t of th ree sect ions, p rehea te r , boi ler , and superhea ter 

(Figure 8). 

a. P r e h e a t e r Section 

The heat given up by NaK in the prehea te r section is equal to the heat 

t r ans fe r r ed to the m e r c u r y plus the heat s tored in the heat exchanger m a t e r i a l s . 

Heat t r a n s f e r r e d to the m e r c u r y is based on a log-mean t empera tu re difference 

and an overal l heat t ransfer coefficient dependent on m e r c u r y flow. The length 

of the p rehea te r section is dependent on the m e r c u r y t empera tu re s and flow^ r a t e . 

The m e r c u r y p r e s s u r e at the interface between the prehea te r and boiler sections 

is dependent on the p r e s s u r e at the boiler outlet, m e r c u r y flow^ r a t e , and boiler 

section length. The t empera tu re of the m e r c u r y at this interface is a function 

of the p r e s s u r e . Mercury flow ra te is p rog rammed as a function of t ime . 

b . Boiler Section 

The boiler section heat balance is computed by assigning the heat 

lost by the NaK in the boiler section to boiling the m e r c u r y and heating the heat 

exchanger m a t e r i a l s . The log-mean t empera tu re difference and overal l heat 

t ransfer coefficient for the boiler section were assumed to be constant at the 

re ference level . The length of the boiler section was based on the NaK and 

m e r c u r y t empera tu re s in the section and the NaK flow r a t e . Mercury p r e s s u r e 

in the boiler section was computed from the p r e s s u r e in the superheater section. 

The m e r c u r y t empera tu re at the interface of the boiler and superheater sections 

was p rog rammed as the saturat ion t empera tu re corresponding to the m e r c u r y 

p r e s s u r e at the interface. 

c. Superheater Section 

The heat lost by the NaK in the superheater section goes to heat up 

the heat exchanger m a t e r i a l s in this section and to heat the m e r c u r y vapor. The 

heat absorbed by the m e r c u r y vapor is computed from the m e r c u r y and NaK 

flow r a t e s , t empe ra tu r e s of NaK and m e r c u r y at their respec t ive inlets to this 

section, the superheater section length, and an overal l heat t ransfer coefficient 

for the section. The superheater section length is calculated by subtracting the 
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v a r i a b l e p r e h e a t e r and b o i l e r s e c t i o n l e n g t h s f r o m the f ixed l eng th of the e n t i r e 

h e a t e x c h a n g e r . The o v e r a l l h e a t t r a n s f e r coef f ic ien t for the s u p e r h e a t e r s e c 

t ion i s a s s u m e d to v a r y a s a funct ion of the m e r c u r y flow. The m e r c u r y p r e s 

s u r e in the s u p e r h e a t e r s e c t i o n i s c o m p u t e d f r o m the i d e a l gas l aw . It i s b a s e d 

on an a v e r a g e m e r c u r y t e m p e r a t u r e for the s e c t i o n and a flow dependen t m e r 

c u r y v a p o r d e n s i t y . The m e r c u r y v a p o r flow r a t e a t the ou t le t of the h e a t e x 

c h a n g e r is c o m p u t e d f r o m the son ic n o z z l e r e l a t i o n s h i p b e t w e e n flow, p r e s s u r e , 

and t e m p e r a t u r e a t the t u r b i n e n o z z l e . 

5. C o n t r o l l e r 

The s i m u l a t e d c o n t r o l l e r u s e d in t h i s s tudy p r o v i d e s a s t ep change in 

r e a c t i v i t y each t i m e the m e a s u r e d c o r e ou t l e t coo lan t t e m p e r a t u r e (T ) goes 

above or be low the t e m p e r a t u r e deadband . If T s t a y s out of the deadband , an 
^ c m •' ' 

a d d i t i o n a l r e a c t i v i t y s t e p i s p r o v i d e d af ter each " s t e p p i n g i n t e r v a l . " The s t ep 

s i z e ( A R ) , i n t e r v a l b e t w e e n s u c c e s s i v e s t e p s in the s a m e d i r e c t i o n (TA „ ) , and 

the t e m p e r a t u r e d e a d b a n d l i m i t s e t t i n g s (UDB and LDB) can be v a r i e d in t h i s 

m o d e l . 
The t i m e c o n s t a n t for the t e m p e r a t u r e s e n s o r i s s i m u l a t e d by a s i m p l e 

lag b e t w e e n the c o r e ou t l e t coo lan t t e m p e r a t u r e (T ,.) and the m e a s u r e d t e m p e r a 
t u r e (T ). 

c m 

c5 

c m 1 + T S m 

w h e r e T i s the s e n s o r t i m e c o n s t a n t . The ana log c o m p u t e r d i a g r a m for the 

c o n t r o l l e r i s shown in Appendix A. 

6. T r a n s p o r t D e l a y s 

The d e l a y t i m e s invo lved in t r a n s p o r t i n g the NaK coo lan t t h r o u g h the 

p r i m a r y coo lan t loop w e r e s i m u l a t e d in two s e c t i o n s . One s e c t i o n s i m u l a t e d 

the t r a n s p o r t d e l a y t i m e f r o m the c o r e ou t l e t to the i n t e r m e d i a t e h e a t e x c h a n g e r 

NaK in l e t . Th i s d e l a y i s d e s i g n a t e d a s T„p.r. The s e c o n d de l ay s e c t i o n i n c l u d e s 

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

h e a t e x c h a n g e r ( T ™ , . ), f r o m the a u x i l i a r y h e a t e x c h a n g e r to the p a r a s i t i c load 

(Xrp.p) , and f r o m the p a r a s i t i c load to the c o r e in l e t (Trpp„) . Th i s c o m b i n a t i o n 

w a s d e s i g n a t e d Trpjp and w a s c o m p u t e d f r o m : 
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' "TIR T I A "*" TAP TPR 

Each section of the t r anspor t delay was approximated by a s e r i e s of nine 

cascaded simple lags , each having 1/9 of the t ime constant of the section. The 

approximation used for the t r anspo r t delay t ime T"_,_- i s : 

T . = T c c s m c5 

- l 9 

i+i-5m]s 
r ^ T _ e c5 

•"^TRI^ 

w^here: 

T . = NaK coo lan t t e m p e r a t u r e a t the NaK in l e t to the IHX s u p e r h e a t e r 
c s m 

s e c t i o n . 

T r = c o r e ou t le t NaK t e m p e r a t u r e . 

A c c o r d i n g l y , the t r a n s p o r t de l ay Trpyp w a s a p p r o x i m a t e d by 

9 

T . = T cm cpout 
1 

1 + ( ^ ^ ) S 
9 J 

cpout 
•"^TIR^ 

7. M i s c e l l a n e o u s 

F o r t h i s s tudy , the a u x i l i a r y h e a t e x c h a n g e r (AHX) w a s a s s u m e d to p r o 

vide a c o n s t a n t l oad t h r o u g h o u t P C S s t a r t u p . The m a g n i t u d e of t h i s l oad w a s 

a d j u s t e d to g ive the d e s i r e d in i t i a l r e a c t o r p o w e r l e v e l w h e n added to e x p e c t e d 

h e a t l o s s e s f r o m the p r i m a r y coo lan t l oop . The p a r a s i t i c l oad (PL) w a s a s s u m e d 

to add h e a t to the NaK coo lan t in p r o p o r t i o n to the r a t e of m e r c u r y v a p o r flow. 

Both the h e a t l o s t t h r o u g h the AHX and the h e a t r e g a i n e d f r o m the p a r a s i t i c l oad 

w e r e i n c o r p o r a t e d in the p r i m a r y coo lan t loop a s s i m p l e c h a n g e s in coo lan t 

t e m p e r a t u r e . T h e s e t e m p e r a t u r e c h a n g e s a r e d e p e n d e n t on NaK flow r a t e as 

w e l l a s on the a m o u n t of h e a t l o s t or ga ined . 

The m e r c u r y flow r a t e w a s p r o g r a m m e d in to the IHX equa t ions a s a 

s e r i e s of l i n e a r func t ions of t i m e . T h e s e funct ions w e r e b a s e d on c a l c u l a t i o n s 

of t u r b i n e s p e e d bu i ldup and c o n t r o l l e d m e r c u r y in j ec t ion r a t e s by AGC. The 

p r i m a r y NaK flow r a t e w a s a l s o p r o g r a m m e d as a s e r i e s of l i n e a r funct ions of 
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t i m e b a s e d on c a l c u l a t i o n s of t u r b i n e , a l t e r n a t o r , and p u m p s p e e d s . G e n e r a l i z e d 

p lo t s of m e r c u r y and NaK flow a s funct ions of t i m e a r e g iven in F i g u r e s 9 and 

10. The v a r i o u s d e l a y s and t i m e of flow i n c r e a s e (T , T , , , t , t , , , , t T , , ) a s 
-' c ' M' c ' I M ' 2M 

shown in F i g u r e s 9 and 10 w e r e v a r i e d a s p a r t of the p a r a m e t e r s tudy . 

B . LIMITATIONS ON SYSTEM VARIABLES 

T h r o u g h o u t the PCS s t a r t u p t r a n s i e n t , the r a t e s of change of r e a c t o r fuel 

and NaK coo lan t t e m p e r a t u r e s m u s t be c o n t r o l l e d . If t h e s e r a t e s of change a r e 

e x c e s s i v e , d a m a g e to the c e r a m i c l in ing of the fuel c ladd ing could r e s u l t , l e a d 

ing to e x c e s s i v e l e a k a g e of the h y d r o g e n m o d e r a t o r . It i s a s s u m e d for th i s s tudy 

t h a t the r a t e of change of c l add ing t e m p e r a t u r e can be equa l to the h i g h e s t r a t e of 

change of e i t h e r fuel o r coo lan t t e m p e r a t u r e . The p r e s e n t l i m i t on r a t e of change 

of c l add ing t e m p e r a t u r e i s 150 ° F / m i n u t e . 

The n u c l e a r s y s t e m ou t le t NaK t e m p e r a t u r e , a f te r m e r c u r y flow r e a c h e s 

100% of the r e f e r e n c e l e v e l , (T ,- . _) m u s t be kep t above 1 2 7 0 ° F . Th i s m i n i -
' c 5 m i n 2 ^ 

m u m t e m p e r a t u r e i s r e q u i r e d to avo id s u p p r e s s e d boi l ing in the NaK-Hg h e a t 

e x c h a n g e r and the r e s u l t a n t c a r r y o v e r of l iqu id m e r c u r y in to the t u r b i n e . 

In add i t ion to the above r e q u i r e m e n t s , sa fe ty c o n s i d e r a t i o n s d u r i n g t e s t i n g 

of SNAP 8 r e q u i r e t ha t the mcix ima of r e a c t o r p o w e r and ou t le t coo lan t t e m p e r a 

t u r e be k e p t be low the safe ty s y s t e m s c r a m s e t t i n g s . The p r e s e n t s c r a m s e t t i n g s 

a r e 130% of r e f e r e n c e p o w e r and 1375 ° F c o r e ou t le t coo lan t t e m p e r a t u r e . 
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III. RESULTS 

A. G E N E R A L 

F i g u r e s 11 t h r o u g h 71 p r e s e n t " c r o s s p l o t s " of the r e s u l t s of the p a r a m e t e r 

s tudy of p o w e r c o n v e r s i o n s y s t e m s t a r t u p . The v a r i a b l e s c h o s e n for p lo t t ing 

show the effect of p a r a m e t e r c h a n g e s on m e e t i n g the p r e s c r i b e d l i m i t a t i o n s m e n 

t ioned p r e v i o u s l y . It w a s found tha t , of the fuel and coo l an t t e m p e r a t u r e s a t any 

p o s i t i o n in the r e a c t o r c o r e , the c o r e in l e t coo lan t t e m p e r a t u r e (T . ) had the 
' c m 

g r e a t e s t r a t e of change for any t r a n s i e n t d r i v e n p r i m a r i l y by m e r c u r y or NaK 

flow c h a n g e s . F o r t r a n s i e n t s t h a t a l s o invo lve c o m p a r a t i v e l y l a r g e c h a n g e s in 

r e a c t o r p o w e r , the c o r e ou t l e t coo lan t t e m p e r a t u r e (T ,-) o r the fuel t e m p e r a t u r e 

in the four th a x i a l node (X-.) showed the h i g h e s t r a t e of c h a n g e . 

Tw^o d i s t i n c t " s i d e e f f e c t s " m u s t be c a r e f u l l y a c c o u n t e d for d u r i n g a n a l y s i s 

of the r e s u l t s of the P C S s t a r t u p ana log s i m u l a t i o n . The f i r s t of t h e s e is the 

effect of c o n t r o l d r u m s t e p s on the m a g n i t u d e s and r a t e s of change of the output 

v a r i a b l e s . The s e c o n d is t ha t the f inal v a l u e s of t e m p e r a t u r e s and pow^er a r e 

f ixed by the r a t e d NaK flow t h r o u g h the r e a c t o r and the load i m p o s e d by the P C S 

at full m e r c u r y flow. T h u s , the low^est v a l u e s of m a x i m u m t e m p e r a t u r e s and 

p o w e r a r e r e s t r i c t e d , no m a t t e r how m u c h a g iven p a r a m e t e r i s c h a n g e d . 

Dur ing PCS s t a r t u p , the c o n t r o l s y s t e m wi l l be o p e r a t i n g in the l o n g - t e r m 

c o n t r o l m o d e . When the NaK ou t le t coo lan t t e m p e r a t u r e goes beyond the r a n g e 

of the d e a d b a n d , the c o n t r o l d r u m wi l l s t e p in such a d i r e c t i o n a s to r e t u r n the 

ou t l e t t e m p e r a t u r e to wi th in the d e a d b a n d . If a s ing le d r u m s t e p i s not suff ic ient 

to effect th i s r e t u r n , the c o n t r o l l e r wi l l w a i t for a spec i f i ed t i m e i n t e r v a l (TA „ ) 

and then p r o v i d e an add i t i ona l d r u m s t e p . When c o m p a r i n g a s e t of ana log c a s e s 

to d e t e r m i n e the effect of any p a r a m e t e r o t h e r than s t e p i n t e r v a l , one m u s t be 

c e r t a i n t h a t t he c o n t r o l s t e p s e q u e n c e i s the s a m e for a l l r u n s c o n s i d e r e d . If 

the s t ep s e q u e n c e c h a n g e s , the t r u e effect of the p a r a m e t e r be ing s tud ied m i g h t 

be m a s k e d by the effect of the c o n t r o l s t e p s . F o r t h i s s tudy , the deadband w a s 

a s s u m e d to be 1 2 8 0 ° F to 1 3 2 0 ° F which i s the s m a l l e s t d e a d b a n d p o s s i b l e wi th 

the p r e s e n t n o m i n a l s e t t i n g s and t o l e r a n c e s . 

S ince in t h i s s tudy the f inal NaK ou t le t coo lan t t e m p e r a t u r e i s he ld b e t w e e n 

1280 and 1 3 2 0 ° F by the c o n t r o l s y s t e m , the m a x i m u m value of r e a c t o r 

ou t le t coo lan t t e m p e r a t u r e v/ill a l w a y s be at l e a s t 1 2 8 0 ° F , r e g a r d l e s s of 
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the r e s t of the t rans ien t . Also, with the re ference power level set at 400 kwt, 

of which about 35 kwt is re turned to the p r i m a r y NaK by the pa ras i t i c load, the 

maximum pow^er level during any run will be at leas t 365 kwt. To this figure 

mus t be added the load imposed by the auxil iary heat exchanger. Thus the ef

fect of some p a r a m e t e r variat ions may also be obscured because the maxima of 

the output va r iab les cannot be below the above mentioned leve ls . 

B. PRIMARY EFFECTS 

Several p a r a m e t e r s were found to have a s t ronger effect on the PCS s tar tup 

t rans ien t than the other p a r a m e t e r s studied. F i r s t among these a r e the r a t e s of 

change of m e r c u r y and NaK flow, which provide the driving forces of the t r a n 

sient. Also of major importance a re the initial NaK flow, initial power level or 

core t empe ra tu r e difference, and the in terval between control drum s teps . The 

range of these p a r a m e t e r s which has been studied was given in Table 1. 

The initial ra te of change of m e r c u r y flow has i ts s t ronges t effect on the 

r a t e s of change of r eac to r t e m p e r a t u r e s . If the t ime for m e r c u r y flow to in

c r e a s e from 0 to 40% of ra ted flow ( t ,^ , ) is l e ss than 75 seconds, the r a t e of 

change of core inlet NaK t empera tu re (T . ) will exceed 150 °F /minu te . The 

initial Hg r i s e t ime (tii. ,) has l i t t le effect on the mciximum or minimum values 

of core outlet coolant t empe ra tu r e (T ^) (F igures 11 to 18). 

The ra t e of change of NaK flow has a s imi lar but l e ss pronounced effect. 

The t ime for NaK flow to inc rease from 50 to 100% of re ference flow (t ) mus t 

be at l eas t 25 seconds in order to avoid exceeding 150°F/minute ra te of change 

of fuel or coolant t e m p e r a t u r e s . Again, the ra te of change of NaK flow has 

l i t t le effect on the range of core outlet coolant t empera tu re (Figures 19 to 22). 

The initial level of NaK flow (w /w ), at the beginning of PCS s tar tup, is 

designated in percentage of the re ference NaK flow level . This initial NaK flow 

has a two-way effect on sys tem output va r iab les . An initial flow level that is 

too low will resu l t in excessive t empera tu re r a t e s of change, while a level that 

is too high will inc rease the maximuna core outlet coolant t empera tu re during 

PCS s tar tup to beyond the acceptable l imi t s . Increasing NaK flow pr ior to PCS 

s tar tup also obviously i nc rea se s pumping power r equ i r emen t s . Assuming that 

r a t e s of change of all fuel and coolant t empe ra tu r e s mus t be held below 

150 °F /minu te , the initial NaK flow mus t be above 35% of the re ference flow. 
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for an i n i t i a l p o w e r l e v e l of 50 kw. Th is l i m i t a t i o n i s i m p o s e d by the r a t e of 

change of c o r e in l e t coo lan t t e m p e r a t u r e . A l s o for the s a m e in i t i a l p o w e r l e v e l , 

the i n i t i a l NaK flow m u s t be l e s s than 60% to avo id e x c e s s i v e l y h igh v a l u e s of 

c o r e ou t le t coo lan t t e m p e r a t u r e d u r i n g the PCS s t a r t u p t r a n s i e n t ( F i g u r e s 23 to 

29). 

The i n i t i a l t h e r m a l p o w e r l e v e l (P„) and the i n i t i a l c o r e t e m p e r a t u r e d i f f e r 

e n c e {O-
c o r e , 0 

) a r e i n t e r r e l a t e d , the r e l a t i o n s h i p be ing d i r e c t l y d e p e n d e n t on 

NaK flow l e v e l . Many r e a c t o r output v a r i a b l e s exhib i t m i n i m a wi th r e s p e c t to 

t h e s e p a r a m e t e r s , but the m i n i m a a r e s t r o n g l y d e p e n d e n t on flow a s w e l l a s the 

i n i t i a l t h e r m a l p o w e r (P„). P„ (or -O- „) h a s a s t r o n g effect on both r a t e s of 
^ 0 0 c o r e , 0 ^ 

change and e x t r e m e s of c o r e t e m p e r a t u r e s . P a r a m e t e r s t u d i e s i n d i c a t e tha t , 

for 40 to 60% in i t i a l NaK flow, P„ m u s t be b e t w e e n 40 and 120 kwt c o r r e s p o n d i n g 

to i n i t i a l c o r e t e m p e r a t u r e d i f f e r e n c e s of 40 to 150 ° F . The l o w e r l i m i t s a r e due 

to m a x i m u m c o r e ou t l e t coo l an t t e m p e r a t u r e , and the u p p e r l i m i t s a r e due to 

coo lan t t e m p e r a t u r e r a t e s of change ( F i g u r e s 30 to 43). 

As long a s the i n t e r v a l b e t w e e n s u c c e s s i v e c o n t r o l d r u m s t e p s in the s a m e 

d i r e c t i o n ( T A _ ) i s g r e a t e r than 200 s e c o n d s , changing th i s i n t e r v a l h a s l i t t l e 

effect on P C S s t a r t u p . H o w e v e r , if TA „ i s m u c h be low 200 s e c o n d s , it i s p o s 

s i b l e t ha t u n n e c e s s a r y and u n d e s i r a b l e r e a c t i v i t y s t e p s could o c c u r . F o r a TA „ 

of 120 s e c o n d s , t h e s e u n d e s i r a b l e s t e p s i n c r e a s e both the m a g n i t u d e and the r a t e 

of change of T j- beyond a c c e p t a b l e l i m i t s ( see F i g u r e s 44 to 51). 

C. SECONDARY E F F E C T S 

The m a j o r i t y of the s y s t e m p a r a m e t e r s tha t w e r e v a r i e d d u r i n g the s tudy of 

the P C S s t a r t u p t r a n s i e n t had r e l a t i v e l y l i t t l e effect on the t r a n s i e n t , a t l e a s t 

w i t h i n the r a n g e s s t u d i e d . T h e s e p a r a m e t e r s and the r a n g e of v a r i a t i o n c o n 

s i d e r e d a r e l i s t e d in T a b l e 2. 

As can be s e e n in F i g u r e s 52, 54, and 55, the c o n t r o l d r u m s t ep s i z e ( A R ) 

h a s p r a c t i c a l l y no effect on the maiximum. c o r e ou t le t NaK t e m p e r a t u r e or on the 

m a x i m u m r a t e s of change of e i t h e r coo lan t or fuel t e m p e r a t u r e s . I n c r e a s i n g 

A R l e a d s to a s m a l l i n c r e a s e in the f i r s t m i n i m u m of c o r e ou t le t coo lan t t e m 

p e r a t u r e (T c • i ) b e f o r e Hg flow r e a c h e s 100%. F i g u r e 53 shows a v a r i a t i o n 

in the m i n i m u m of c o r e ou t le t coo lan t t e m p e r a t u r e a f te r m e r c u r y flow r e a c h e s 

100% (T _ . -,), but t h i s r e s u l t i s m e a n i n g l e s s b e c a u s e a l l v a l u e s of T _ . ^ c 5 m i n 2 ' ' ^ c 5 m i n 2 
a r e wi th in the c o n t r o l d e a d b a n d . 
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As long as the t ime for the second inc rease in m e r c u r y flow (t_ ) is at 

l eas t 250 seconds, changes in this p a r a m e t e r have very l i t t le effect on any of 

the maxima or minima considered he re (see F igures 56 to 59). If t ^ ^ is l e ss 

than 250 seconds, decreas ing it will adverse ly affect the maxima and minima of 

core outlet coolant t empera tu re as well as the r a t e s of change of all core t e m 

p e r a t u r e s . 

The ra t io of m e r c u r y flow ra te at the end of the injection phase to the ref
erence flow^ ra te ('w, ,j/w.^ ) has l i t t le effect on r a t e s of change of core t e m p e r a 
t u r e s , as long as the r a t e of inc rease of flow is held constant. However, in
creas ing w, .-/"w, ^ tends to inc rease the maximum core outlet coo lan t t empera tu re 

* MI Mr ^ 
(T J. ) and dec rea se the f i rs t minimum of core outlet t empera tu re (Figures 

60 to 63). 

The delay before NaK flow s t a r t s to inc rease (T ) has very l i t t le effect on 

the ex t remes of core outlet coolant t empera tu re (T j.) as long as T is l e s s than 

40 seconds. However, an inc rease in T produces an inc rease in the r a t e s of 

change of fuel and coolant t empe ra tu r e s (Figures 64 to 67) . 

The initial value of core outlet coolant t empera tu re (T ^r.) was assumed to 

be within the control deadband of 1270 to 1330 °F, and mos t of this study was 

done with T ^n = 1300°F. A check of the effect of a 20°F inc rease in T _-c50 c50 
shows average i nc rea se s of about 15°F in the maxima and minima of T j - - Very 

lit t le effect was observed in the r a t e s of change of core t empe ra tu r e s (see F ig 

u r e s 68 to 71). 

The t empera tu re coefficients of react ivi ty for the reac tor fuel and grid 

plates (a,, a . , a ), being negative, exhibit a stabilizing effect on the system 

during PCS s tar tup . If the sura of these coefficients is made 60% m o r e negative 

(by tripling the value of a :̂) the range of core outlet coolant t empera tu re will be 

reduced to about 2/3 of its previous range . Rates of change of fuel and coolant 

t e m p e r a t u r e s will be reduced about 10 to 20%. If the PCS s tar tup t rans ien t 

were dr iven by react ivi ty inser t ion ra ther than by changes in core inlet coolant 

t empe ra tu re , the effect of the lower grid plate coefficient could not be lumped 

with the o the rs . Its effect would be delayed by the p r i m a r y NaK loop t r anspor t 

t ime . 
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The d e l a y b e f o r e m e r c u r y flow is i n c r e a s e d f r o m the in j ec t ion l e v e l (T, ,) 

h a s p r a c t i c a l l y no effect on the m a x i m u m r a t e s of change of fuel and coo lan t 

t e m p e r a t u r e s . I n c r e a s i n g T, , beyond 100 s e c o n d s a p p e a r s to d e c r e a s e s l igh t ly 

both the m a x i m u m and m i n i m u m v a l u e s of c o r e ou t le t coo l an t t e m p e r a t u r e . 

IV. CONCLUSION 

The o v e r a l l o p t i m i z a t i o n of p a r a m e t e r s a c h i e v e d by th i s s tudy p r o v i d e s a 

PCS s t a r t u p t r a n s i e n t t ha t i s we l l wi th in a l l p r e s e n t l y known l i m i t a t i o n s . The 

p e r m i s s i b l e r a n g e of p a r a m e t e r s s t ud i ed and the p r e s e n t c h o i c e of d e s i g n l e v e l s 

w e r e g iven p r e v i o u s l y in T a b l e 1. The v a r i a b l e s l i s t e d in Tab le 2 had r e l a t i v e l y 

s m a l l effects on the t r a n s i e n t s , and t h e i r v a l u e s a r e p r i m a r i l y se t by c o n s i d e r 

a t i ons o t h e r t han PCS s t a r t u p . If t h e s e v a r i a b l e s , o r m a n y o t h e r s not c o n s i d e r e d 

h e r e , w e r e to be changed beyond the r a n g e s t u d i e d , the effect m i g h t be suff ic ient 

to n e c e s s i t a t e changes in the d e s i g n l e v e l s c h o s e n . 

As p r e v i o u s l y i n d i c a t e d , the m e t h o d of s i m u l a t i o n of the s y s t e m on the a n a 

log c o m p u t e r can h a v e a v e r y s t r o n g effect on the r e s u l t s . T h i s i s p a r t i c u l a r l y 

t r u e of the i n t e r m e d i a t e h e a t e x c h a n g e r and the r e a c t o r c o r e h e a t t r a n s f e r m o d 

e l s . A l t e r n a t e a n a l y t i c a l m e t h o d s and e x p e r i m e n t a l r e s u l t s a r e p r e s e n t l y be ing 

s tud i ed in o r d e r to c o n f i r m the va l id i ty of the p r e s e n t ana log c o m p u t e r s i m u l a t i o n . 
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—t. 

7568-0947 
Figure 12. Effect of Time for F i r s t Increase in 

Mercury Flow on Maximum Core Outlet NaK 
Tempera tu re , 60-kwt Initial Power 

NAA-SR-9626 



* *•.« a ••« * 
r • a • •• a 
« • f e > . 
• «a • • * 
«- • r a • • 

• «•• a « « 

0:: 
o 
u. 
LU 
m 
LU 
Q: 
Z3 
1 -

< CC 
UJ 
CL 
S 
UJ 
H-

2 

1— 
LU 
_ ] 
t -

o 
LU 
Q: 
o 
o 

u. 
o 

_ 
j 

u 
1— 

5^ 
O 
O 

1/5 
LU 

o < 
LU 
a: 

5 
o 
_ j 

U-

1325 

1300 

1275 

1250 

U- 1225 

ZH 

''o 

*c0/"cr 

e 
core 

= 30 kwt 

' 50 % 

= 30 .5 °F 

1200 

LU 

Z3 
1 -

< a 
LU 
D. 

s LU 

(-
2 

1 -
LU 
_ l 
h -
Z> 
o 
LU 
CH 
O 
( J 

o 

r 

( 1 -

o ^ 

o 
o 

CO 
LU 

n: 
o 
< LU 
Q: 

5 
o 
_ ] 
L L 

TIME OF FIRST INCREASE IN Hg FLOW (INJECTION), t , |^ (sec) 

3-18-64 7568-0948 

Figure 13. Effect of Time for F i r s t Increase in 
Mercury Flow on Minimum Core Outlet NaK 

Tempera tu r e , 30-kwt Initial Power 

^ "_1300i 
H- S 
< E 
a: in 
LU o 
CL t -

S 55ri275 

^s 
Z CO 
^_ UJ 

i ^ o 1250[̂  

t - LU 

-I 
g 1^1225 

i l i j 1200 
CD 

3-18-64 

i . r- ^ 

1 

PQ = 60 kwt 

«c0 / "c r = """Z" 

»core = ^ ^ - 2 " ^ 

1 1 1 

(/I 
LU 

O < 
^ LU 

UJ 

eg 

'E 
in 
u 

is 
LU 

20 40 60 
TIME OF FIRST INCREASE IN Hg FLOW (INJECTION), t I M 

80 
(sec) 

90 

7568-0949 

Figure 14. Effect of Time for F i r s t Increase in 
Mercury Flow on Minimum Core Outlet NaK 

T e m p e r a t u r e , 60-kwt Initial Power 

NAA-SR-9626 
43: a • • • • • • • • * « « * * * v * v v « « 

mm a a a a a » a • • a a a * 
a « « f t • w a a • • a * * * * * * 
• • • a • • • a a « a • • • • 
a * • • • a a a s a * a * • • 

a • • • • a a a • • • • • « • • • • • • ^a 



900 9 

800 

E 

LL 

i 700 

600 - I 

^ 500 

^ 400 -o 
o 
li. o 
UJ 
(J 
z < 

o 
UJ 

s 
X 

< 
100 

1 -

, lU 

3 

(— < cc 
UJ 
Q. 
5 
u 
K-

^ 

LU 
Qi 
=3 
1— 

< 
Q: 
UJ 

a 
UJ 
t -

:̂  nj 

300 -

200 -

20 40 60 80 
TIME OF FIRST INCREASE IN Hg 

FLOW (INJECTION), tĵ ,̂ ^ (sec) 
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APPENDIX A 

EQUATIONS 

1. REACTOR KINETICS 

The standard reac to r kinetics equations can be wri t ten as 

d n _ R^P - P n + \ \x:^ 
i = l 

. . ( 1 ) 

dC. . p. 
. . ( 2 ) 

where 

n - neutron level 

C. = concentrat ion of delayed neutron p r e c u r s o r s in the i— group 

$ R = react ivi ty (dollars) 

P = effective fraction of delayed neutrons 

p. = effective fraction of delayed neutrons in the i— group 

i - effective prompt neutron lifetime (sec) 

\ . = decay constant for delayed neutron p r e c u r s o r s in the i— group 
^ (1/sec) 

These equations were normal ized , converted to a delta (A) model , and rewr i t ten 

for the analog simulation as follows: 

An _ _p_ 
n 

1=1 

R « ^ - (3) 

i r \ r / \ i r / 
(4) 
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where 

n 
n r 

C. 
1 

c. ~ 
i r 

_ ^̂ 0 
n r 

^iO 

c. 
i r 

+ 

+ 

An 
n r 

AC. 
1 

C. 
i r 

The subscr ip t r indicates the re fe rence level and the subscr ip t 0 indicates 

the init ial level of the var iable concerned. The symbol A indicates a change in 

the var iable from i ts ini t ial value. 

The react ivi ty is computed from 

R^ = R^^ + ar (^TJ] + a, (AT, \ + a (AT ) 
d f V f/ ^g \ ^gy ug \̂  ugy 

(5) 

where 

$ R J = react ivi ty inse r ted by the r eac to r control d rums (dollars) 

Or - t empera tu re coefficient of react ivi ty for the reac to r fuel (dollars/°F) 

ATj. = change in the core average fuel t empera tu re (°F) 

a. a = t empe ra tu r e coefficients of react ivi ty for the reac tor lower grid 
^' ^ plate and upper grid plate , respect ively (dol lars /°F) 

AT. AT = change in t empe ra tu r e s of the lower grid plate and upper grid plate , 
^U' ^g respect ive ly (°F) 

2. CORE HEAT TRANSFER 

The basic core heat t ransfer equations for heat balance between fuel and 

coolant a r e 

dt (Tfj) = M,^C, ( n ^ ) - M^.c'f' (^fj - ^c j ) • • • (^) 

dt 

U , A , . / V w C 

(^.)^ir^(^.-c,)-^,(%,-c.w) 
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w h e r e 

Tp. = fuel t e m p e r a t u r e in the j — a x i a l node (°F) 

T . = coo l an t t e m p e r a t u r e in the j — a x i a l node (°F) 

G. = h e a t g e n e r a t i o n r a t e in the j — a x i a l node (°F) 

M^. = m a s s of fuel in the j — a x i a l node (lb) 

Cr = h e a t c a p a c i t y of fuel ( B t u / l b - ° F ) 

n = n e u t r o n l e v e l 

n - r e f e r e n c e n e u t r o n l e v e l r 

U, = o v e r a l l h e a t t r a n s f e r coef f ic ien t f r o m r e a c t o r fuel to coo l an t 
( B t u / s e c - f t 2 - ° F ) 

A . . = h e a t t r a n s f e r a r e a b e t w e e n fuel and coo lan t (ou t s ide s u r f a c e a r e a 
of fuel c ladding) for the j th a x i a l node (ft^) 

M . = m a s s of coo l an t in the j — a x i a l node (lb) 

C = h e a t c a p a c i t y of r e a c t o r coo lan t ( B t u / l b - ° F ) 

w = NaK c o o l a n t flow r a t e ( l b / s e c ) c 

T h e s e e q u a t i o n s w e r e c o n v e r t e d to a A m o d e l for the P C S s t a r t u p ana log 

s i m u l a t i o n and r e w r i t t e n a s fo l lows : 

AT. - A ^ (^] - ̂ J ^ ÂT̂ . - AT̂ .̂  ... (8) fj - M .̂C^ yn^ j - M .̂C^ 

U. A 
cj M^ 

4^ (AT.. - AT . I ^-^ (AT . - AT . , 1 •C \ fj c j l w M . l ci c , j - l / 
J c \ -• 7 c r CJ \ •> ^ I 

/Aw\ 
(9) 

O CJW = M " ( \ jO-^c, j - l ,o)-M^^C^(n ' ) (w^QJ ' ''^'''^ 
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where 

Tp. - t ime r a t e of change of fuel t empe ra tu r e in the j — axial node 
*J (°F/sec) 

T . = t ime ra t e of change of coolant t empera tu re in the j — axial node 
^^ (°F/sec) 

A = change in var iable from i ts ini t ial value 

w = re fe rence level of NaK coolant flow ra te ( lb/sec) c r 
w „ = init ial level of NaK coolant flow ra te ( lb/sec) cO 

n„ = init ial neutron level 

T .„ = init ial value of nodal coolant t empera tu re (°F) cjO 

The fuel t empera tu re in the entrance fuel node is computed from 

G 
A T ® 

fe - M,^C, ( t ) - S $ f (-fe - -cin) 

where T . is the NaK coolant t empera tu re at the co re inlet , and the subscr ip t e 

indicates values for the entrance node. 

The change in core average fuel t empera tu re is 

AT^ = Z I^Tfe + > AT,J . . . (12) 

The t empe ra tu r e s of the lower and upper grid plates a r e calculated from 

the respect ive coolant t empera tu re s by using effective values for heat conduction 

a r e a and path length. 

AT, 
i g M Ĉ  

ug M ug ug \ / u g \ * / 
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w h e r e 

M 

( * ) 

'Jig 

r 
ug 

A 

^g 

i g 

'^g 

-?g 

T . c m 

-«g 

K 
ug 

M 
ug 

ug 

\ / U £ 

c5 

t i m e r a t e of c h a n g e of t e m p e r a t u r e of l ower g r i d p l a t e ( ° F / s e c ) 

t i m e r a t e of c h a n g e of t e m p e r a t u r e of uppe r g r id p l a t e ( ° F / s e c ) 

c h a n g e of v a r i a b l e f r o m i ts i n i t i a l va lue 

t h e r m a l conduc t iv i t y of the l o w e r g r i d p l a t e ( B t u / s e c - f t - ° F ) 

m a s s of l ower g r id p l a t e ( lb) 

h e a t c a p a c i t y of l o w e r g r i d p l a t e ( B t u / l b - ° F ) 

r a t i o of ef fect ive h e a t conduc t ion a r e a to effect ive h e a t conduc t ion 
pa th l eng th for l o w e r g r i d p l a t e (ft) 

c o r e i n l e t coo lan t t e m p e r a t u r e (°F) 

t e m p e r a t u r e of l ower g r i d p l a t e (°F) 

t h e r m a l conduc t iv i ty of the uppe r g r id p l a t e ( B t u / s e c - f t - ° F ) 

m a s s of uppe r g r i d p l a t e ( lb) 

h e a t c a p a c i t y of u p p e r g r id p l a t e ( B t u / l b - ° F ) 

r a t i o of ef fect ive h e a t conduc t ion a r e a to ef fect ive h e a t conduc t ion 
p a t h l e n g t h for uppe r g r i d p l a t e (ft) 

coo l an t t e m p e r a t u r e a t the ou t l e t of the fifth a x i a l node ( c o r e 
out le t ) (°F) 

T = t e m p e r a t u r e of uppe r g r id p l a t e (°F) 

3, I N T E R M E D I A T E H E A T EXCHANGER (IHX) (See F i g u r e 8) 

The equa t ions supp l ied by A e r o j e t - G e n e r a l C o r p o r a t i o n s i m u l a t e the i n t e r 

m e d i a t e (NaK-Hg) h e a t e x c h a n g e r a s fo l lows : 

a. P r e h e a t e r Sec t ion H e a t B a l a n c e 

— / T \ 
dt 1 c pouty 

w C ( T , c c \ cpb 
T ^) - T T D . Z L U / L M T D \ 

c p o u t / 1 P p \ / ] 

^ I H X ^ I H X 

(15) 

"IHX, 
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where: 

cpout 

w c 

C c 

cpb 

D. 
1 

Z 

L 
P 

U 

NaK coolant t empera tu re at the NaK outlet of the p rehea te r 
section (°F) 

= NaK coolant flow ra te ( lb/sec) 

= heat capacity of NaK coolant at constant p r e s s u r e (Btu/lb-°F) 

= NaK coolant t empera tu re at the interface between prehea te r and 
boiler sections (°F) 

= in ternal d iameter of m e r c u r y flow tubes (ft) 

= number of naercury flow tubes 

= var iable length of the p rehea te r section (ft) 

= overal l heat t ransfer coefficient for the p rehea te r section 
(Btu/sec-f t2-°F) 

(LMTD) = log mean t empera tu re difference in the prehea te r section (°F) 
ir 

MyTT„ = m a s s of NaK and meta l in the in te rmedia te heat exchanger (lb) 

IHX 
heat capacity of meta l and NaK in the in termedia te heat exchanger 
(Btu/lb-°F) 

IJ-TT-W- = length of the in termedia te heat exchanger flow tubes (ft) 

The length of the p rehea te r section is computed as 

^ M L ^ M L ('•'̂ Mpb " '^Mpinj 
TTD.ZU (LMTD) 

1 P P 
(16) 

where 

w, ,y = liquid m e r c u r y flow ra te ( lb/sec) 

C, ,y = heat capacity of m e r c u r y liquid at constant p r e s s u r e (Btu/lb-°F) 

T, , , = m e r c u r y t empera tu re at the interface betw^een prehea ter and boiler 
" sections (°F) 

Mpin 
m e r c u r y t empera tu re at the m e r c u r y inlet to the p rehea te r 
section (°F) 

The log mean t empera tu re difference in the prehea ter section is 

NAA-SR-9626 
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(^cpb - ^Mpb) - r - " ^̂  (LMTD) =A_£P^ Mpb/ \ cpout Mpin/ _ _ ^ ^ ^ ^ 

\ cpout Mpin/ 

The mercury temperature at the preheater-boiler interface is the saturation 

temperature corresponding to the saturation pressure. 

\̂ ^Mpbj TMpb = n P . . . J •••(18) 

where P, , , is the mercury saturation pressure at the interface between the 

boiler and preheater section (lb/ft ). 

The overall heat transfer coefficient for the preheater section is 

U = ^ . . . ( 1 9 ) 

^Mp ^ K 

where 

h.. . = convective heat transfer coefficient for mercury in the preheater 
P section (Btu/sec-ft2-°F) 

h - convective heat transfer coefficient for NaK in the IHX 
^ (Btu/sec-ft2-°F) 

K = thermal conductivity of the mercury flow tubes (Btu/sec-ft-°F) 

t = thickness of mercury flow tubes (ft) 

The convective heat transfer coefficient for mercury in the preheater section is 

given by 

^ ^ L , 0 - 0 ^ 5 ^ ^ / 4 w . , . C 
,0 .8 

^ _ ^ ^ / M L M L ,^^ , , „ , 
Mp D. D. \ TTD.ZK^^T 

^ 1 1 \ 1 ML 

w^here 

K. ,.J. = thermal conductivity of liquid mercury (Btu/hr-ft-°F) 
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b. Boiler Section Heat Balance 

dt C^cpb/ 
w : c \ cbs cpb/ ss/L M L 

..(21) 

M 
IHX IHX \ L IHX, 

where 

T , = NaK coolant temperature at the interface between preheater and 
cpb boiler sections (°F) 

T = NaK coolant temperature at the interface between boiler and super-
" heater sections (°F) 

IL, = heat of vaporization of mercury (Btu/lb) 

L, = length of the boiler section (ft) 

The length of the boiler section is computed from 

d_ 
dt N = e. 

w C 
c c 

TTD.ZU, 
1 b 

In 1 - c b s 
T - T 
cps Mpb 

^ \ 
L, (22) 

where 

and 

e, = a small constant used for analog stability 

U, = overall heat transfer coefficient for the boiler section 
(Btu/sec-ft2-°F) 

U, 
SA V 

4 w 

Mb B 
MV \ 

0.8 
^ V ^ 

1.75 

°i M^°i^^^v/ \^v(^^T°>b. 
(23) 

=U, was assumed to be constant (at the reference level) 
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where 

l̂ A/rv. ~ convective heat t ransfer coefficient for m e r c u r y in the boiler 
^ section (Btu/sec-f t2-°F) 

K ^ „ = the rmal conductivity of me rcu ry vapor (Btu/sec-f t -°F) 

B , = a cor re la t ion constant 

^'KAV ~ i ^ s rcu ry vapor flow ra te ( lb/sec) 

ÎTV/TV ~ absolute viscosi ty of m e r c u r y vapor (Ib/ft-sec) 

(LMTD), = log mean t empera tu re difference for the boiler section (°F) 

The log mean t empera tu re difference for the boiler section can be wri t ten as 

(T - T \ - (T - T \ 
(LMTD) j , ' = i-££5 ^ S p U b s Mbs/ ,24) 

\ cbs Mbs / 

where 

T-^, = m e r c u r y t empera tu re at the interface between the boiler and 
superheater sections (°F) 

The boiler section two-phase p r e s s u r e drop is defined by the re la t ionship 

p - p + ^2^MV / V W ! \ 
^ M p b - ^ M b s , 2 2 \ P^^ ---^'^ 

g i t \ / 

where 

P..^ , = m e r c u r y p r e s s u r e at the interface between the p rehea te r and boiler 
^P*" sections (lb/ft2) 

P ^ , = m e r c u r y p r e s s u r e at the interface between the boiler and super 
hea ter sections (lb/ft2) 

B^ = a cor re la t ion constant 

*(LMTD)i was assumed to be constant (at the re fe rence level) 
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^\AV ~ ^^iction factor for me rcu ry vapor 
2 

g = acce lera t ion due to gravity (ft /sec ) 

D. = in ternal d iameter of me rcu ry flow tubes (ft) 
2 

A = flow a r ea of m e r c u r y tube (ft ) 

Z = number of m e r c u r y flow tubes 

L, = length of the boiler section (ft) 

^TUV ~ m e r c u r y vapor flow ra te ( lb/sec) 

P-Kjry - density of m e r c u r y vapor (lb/ft ) 

The m e r c u r y t empera tu re at the bo i l e r - supe rhea te r interface is the saturat ion 

t empera tu re corresponding to the sa tura t ion p r e s s u r e , 

^Mbs = ' (^Mbs) • • • (2^) 

c. Superheater Section Heat Balance 

, W C / ' T . - T . J - Q _d_ /„ \ _ c c \ c s m cbs / s .^^. 
dt ( cbsj - T^ \ "-K^n 

IHX^^IHX yLjj^x 

where 

T , = NaK coolant t empera tu re at the interface between the boiler and 
superheater sections (°F) 

T . = NaK coolant t empera tu re at the NaK inlet to the superheater 
section (°F) 

Q = heat absorbed by the m e r c u r y vapor in the superheater section 
^ (Btu/sec) 

L = length of the superheater section (ft) s 

L,TT„ = length of the in termedia te heat exchanger flow^ tubes (ft) 
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The length of the superhea ter section is computed from 

^s = hux - ^b " S ...(28) 

The heat absorbed by m e r c u r y vapor in the superheater section is 

I cs in " wLhsj y 1 - e j Qg = "^MV^MV ^•'csin " "Ivlbs/ \ 1 - e " °} . . . ( 2 9 ) 

where B~ is a cor re la t ion factor 

B_ = T7D.ZU ( ^ ^ ) . , . ( 3 0 ) 
3 I S VW- ^TrCn ,-rr W C / 

\ MV MV c c / 

where 

U = overa l l heat t ransfer coefficient for the superhea ter section 
^ (Btu/sec-f t2-°F) 

and 

s Ms D. U a Z i ^ . ^ ^ ; \ ISMV 
^ ) ' 

where 

h ^ = convective heat t ransfer coefficient for m e r c u r y in the superheater 
section (Btu/sec-f t2-°F) 

B . = a co r re la t ion constant 

The superheater m e r c u r y p r e s s u r e drop is 

^^MS- '"*% z f ^ ^ ' l •••(") 
^ ^ 2gD. A^ ^Z'^ \ P M V 
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The m e r c u r y t empera tu re at the mercu ry outlet of the superhea ter section is 

given by 

Q, 
= T, , , + 

Msout Mbs W-.TrC, ,Tr 
MV MV 

(33) 

The density of m e r c u r y vapor follows the relat ionship 

_d_ 
dt (PMV) 

MV 
w M L • ^ M V 

\ , J , 16.04 

I (D,̂  - D/) ^ ( 
^ ' ^MV ^ 

L + 0 . 0 1 L, 
P b ) - MV . . (34) 

where 

€ = a smal l constant used for analog stability 

^ivrv ~ volume of m e r c u r y vapor (ft ) 

w ^ y = m e r c u r y liquid flow ra te ( lb/sec) 

^ivrv ~ nmercury vapor flow ra te ( lb/sec) 
3 

p-^-T - density of m e r c u r y liquid (lb/ft ) 

Dp = d iameter of plug in m e r c u r y flow tubes (ft) 

The average m e r c u r y p r e s s u r e in the superheater section is assumed to follow 

the perfect gas law. 

Ms ^MV M s 
. ( 35 ) 

where R is the ideal gas constant (f t - lb/ lb-°F), 

The average m e r c u r y t empera tu re in the superheater section is 

T^, = 1/2 / T ^ , , + T, , } Ms \ Mbs Msout . ( 3 6 ) 
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The m e r c u r y p r e s s u r e at the m e r c u r y outlet of the superheater section is com

puted from 

A P , , 
p = p _ i ^ (37) 

Msout Ms 2 ...K^n 

and the m e r c u r y p r e s s u r e at the interface between the boiler and superheater 

regions is 

P^v>r^, = ^^^ ^ + A P , , . . . ( 3 8 ) 
Mbs Msout Ms 

The m e r c u r y vapor flow r a t e is computed from 

/ T / P 
V M s o i i t r / I.. 

Msout 

MVr V "Msoutr / "Msout • ,or.\ 

^Mv= — R T — : — r 7 = = ' --'^^^^ 
Msoutr \ v T , 

w^here the subscr ip t r denotes the re ference level of the var iable subscripted. 
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APPENDIX B 

ANALOG COMPUTER CIRCUITS AND POTENTIOMETER SETTINGS 

The c i rcui t s used in the analog simulation of PCS s tar tup a re presented in 

F igures 7 2 to 81 . The nunaerical settings and symbolic descr ipt ions for the 

analog potent iometers (pots) a r e given in Tables 4 and 5. The simulation used 

th ree analog computer consoles designated he re as Consoles A, B, and C. 

Most of the equipment used was located on Consoles B or C (PACE 231R), and 

this location is indicated on the c i rcu i t d i ag rams . Equipment located on Con

sole A (PACE 1631) is indicated by the le t te r A preceding the nunaber of the i tem. 

Nomenclature used in this appendix is the sanae as previously used in the 

equations w^ith the following additions: 

P - potent iometers of s e r i e s P ( l e t te r P omitted on c i rcui t d iagrams 

for c lar i ty) 

Q = potent iometers of s e r i e s Q (let ter Q shown on c i rcui t d iagrams) 

g = d i rec t connection to grid of amplif ier 

IC = init ial condition on amplif ier 

J = junction of leads from two consoles 

K = 1000 ohnns r e s i s t ance 

FG = function genera tor — approximates a curve with a se r i e s of s t ra ight 

line segments 

LIM = l imi te r , r e s t r i c t s voltage to a given quantity 

Multiplier = e lect ronic multiplying device 

SJ = connection to summing junction of amplifier 

SW = switch 

jLlf = microfa rads 

T = conaputer t ime , a factor of 1 0 fas ter than rea l t ime , t 

F igure 7 2 i l lus t ra tes the symbols used in the analog c i rcui t d iagrams of 

F igures 73 through 81 . 

F igure 7 3 is the simulation of the s ix-group reac tor kinetics equations 

including the react ivi ty feedback t e r m s from the average fuel and grid 

plate t e m p e r a t u r e s . 
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• f t ••• « ••• ft •• •• • ft • ••• ft 

NAME 

I. AMPLIFIER 

SYMBOL 

E| I 

Ej 10 

MATHEMATICAL 
REPRESENTATION 

Eo = - ( E | + I 0 E 2 ) 

2. INTEGRATOR 

E, I 

E, 10 :£. Eo = - / ( E | +10E2) df 

3 POTENTIOMETER (POT) 

4 SERVOMECHANISM 
(MULTIPLICATION) 

(DIVISION) 

Eo = oE| 

0 : CONSTANT 0 < a < l 0 

Eo = E1E2/IOO, E|,E2 ± 

Eo = E | E 2 / I 0 0 ; E 2 ± , E | + ONLY 

°̂=-'°°(llfr)̂ '̂̂ -̂ -̂̂  ONLY 

5 ELECTRONIC MULTIPLIER 

E|_ 

E2 

Eo = - E | E2/IOO 

6 HIGH GAIN AMPLIFIER 

7 INITIAL CONDITION 
ON INTEGRATOR 

100 V 

Eo = -10^ (approx) E| 

NEVER USED AS REPRESENTED 
HERE, ALWAYS HAS FEEDBACK PATH 
FROM OUTPUT TO INPUT 

Eo, AT t = 0 , = - ( - 1 0 0 ) 0 

a = CONSTANT 0 < a < l 0 

3-30-64 7568-0986 

F igure 72, Analog Computer Circui t ry Symbols 
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F i g u r e 74 shows the s i m u l a t i o n of the f ive -node e n t r a n c e fuel node c o r e 

h e a t t r a n s f e r m o d e l . 

F i g u r e 75 i s the s i m u l a t e d c o n t r o l l e r wh ich g e n e r a t e s s t e p c h a n g e s in 

r e a c t i v i t y . 

F i g u r e 7 6 shows the c i r c u i t s u s e d to g e n e r a t e c h a n g e s in NaK coo lan t 

flow and to c o m p u t e the r a t e s of change of fuel and coo lan t t e m p e r a t u r e s . 

F i g u r e 77 i s an a b b r e v i a t e d s i m u l a t i o n of coo lan t t r a n s p o r t d e l a y s and 

load c h a n g e s . 

F i g u r e 78 c o m b i n e s F i g u r e s 72 t h r o u g h 74 to show the c o m p l e t e s i m u l a 

t ion of the n u c l e a r s y s t e m . 

F i g u r e 79 g ives the full c i r c u i t u s e d for t r a n s p o r t d e l a y s and load c h a n g e s 

in the p r i m a r y coo lan t loop f r o m r e a c t o r ou t le t b a c k to r e a c t o r i n l e t . 

Th i s f igure a l s o shows the g e n e r a t i o n of flow c h a n g e s and the c o m p u t a t i o n 

of t e m p e r a t u r e r a t e s of c h a n g e . 

F i g u r e 80 i s the ana log c i r c u i t d i a g r a m for the p r e h e a t e r and b o i l e r 

s e c t i o n of the i n t e r m e d i a t e (NaK-Hg) h e a t e x c h a n g e r . 

F i g u r e 81 c o m p l e t e s the c i r c u i t by p r e s e n t i n g the d i a g r a m for the s u p e r 

h e a t e r s e c t i o n of the i n t e r m e d i a t e h e a t e x c h a n g e r . 

The c i r c u i t for the e n t i r e s i m u l a t i o n is a c o m b i n a t i o n of f i g u r e s 7 8 t h r o u g h 8 1 . 

N A A - S R - 9 6 2 6 
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lOA; 
0 0 KiH 

\^ 10 or>-j—(02)— 

3-4-64 7568-0930 

Figure 73. Analog Circuit Diagram, Reactor Kinetics 
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3-4-64 7568-0931 

F igure 74. Analog Circuit Diagram, Core Heat Transfer 
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Figure 7 5. Analog Circuit Diagram, Controller 
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Figure 76. Analog Circuit Diagram, NaK Flow Rate 
Change and Tempera tu re Differentiation 
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3-4-64 7568-0927 

F i g u r e 77. Analog C i r c u i t D i a g r a m s , Coolant T r a n s p o r t 
De lays and Heat Loads 
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F igure 78. Analog Circui t Diagram, Reactor 
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F igure 79. Analog Circuit Diagram, P r i m a r y Coolant Loop 
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Figure 80. Analog Circuit Diagram, P r e h e a t e r and Boiler Sections 
of the NaK-Mercury Heat Exchanger 
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F igure 81. Analog Circuit Diagram, Superheater Section of the NaK-Mercury Heat Exchanger 



T A B L E 4 

CONSOLE B P O T E N T I O M E T E R SETTINGS 

Console and 
Poten t iomete r 

Number 

BPOO 

BPOl 

BP03 

BP05 

BQ05 

BP06 

BQ07 

BPIO 

B P l l 

BP12 

BP13 

BP14 

BQ15 

BQ16 

BQ17 

Descr ip t ion 

1/10 

( T c s i n 0 + 4 6 ° ) ^ 2 0 0 0 

ioc^,v 

8 A^i^B^K^^Y 4 \°-7MMVCMV\"-' 

1°CMV\ DI / K ^ W \ "^MvJ 

' ' M V O 

EA^I^VMYV 4 \°''Nv^'>^vt' 
Cc\ °i A''°1^'^MV/ V KMV / 

1/2 

' / i o ° c ^ v 

' / 2 V ^ y 

I O - ' ^ ( D ^ D 2 ) Z ; ^ ^ 
* ^ P V v 

I O - ^ ^ , D 2 - D / , Z ; ^ ^ 

e 

€ 

Ho 

Setting 

1000 

8800 

2550 

1573 

* 

0475 

5000 

3922 

4425 

5062 

5625 

5062 

2368 

2368 

:= 

Console and 
Poten t iomete r 

Number 

BP18 

BQ18 

BP19 

BQ19 

BP21 

BP22 

BP23 

BP24 

BP25 

BQ25 

BP26 

BP27 

BP28 

BP29 

BP30 

BQ30 

Descr ip t ion 

0.2 C^ 

M r 1 
^ I H X ^ I H X L ^ ^ ^ 

% 

0.005 
, , r 1 
•IHX I H X L j j j ^ 

% 

/•^cbsO + 460 \ 
\ 20 ; 

' O " ' L I H X 

1/10 

1 0 " ' w c O 

/ ^cpou t + 46o \ 
-[ 20 ) 

Limit A71 - 1 0 0 ^ 

2 
50 

R 
50 

R 
50 

10 

I O C M V 

1 
4 

Setting 

0481 

2368 

2368 

A21 IC 

677 0 

1000 

8900 

A53 IC 

-

0400 

1540 

1540 

1000 

2550 

2500 

'^Varies with initial condition 

• ••• • 
• « • • 

• • • 
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TABLE 4 (Continued) 

CONSOLE B POTENTIOMETER SETTINGS 

Console and 
Poten t iometer 

Number 

BQ31 

BP33 

BP34 

BP35 

BP36 

BP37 

BP38 

BP39 

BP40 

Descr ip t ion 

4 

10^ "^MVr ^ '^Msout r 

^ ^ M s o u t r 

" M 

4000 Mjjjj^ ' ^ I H X I L J J J ^ ) 

0.4 C 

^< r t ^ \ 
•^IHX '^IHX ILJJJJJ / 

/ ^ c p b + 46o \ 

-\ - 7 
21.7 
400 

21.7 
400 

Mpin 

Setting 

2500 

6037 

0351 

0962 

A36 IC 

0542 

0542 

9730 

4330 

Console and 
Po ten t iomete r 

Number 

BQ40 

BQ41 

BP42 

BP43 

BP46 

BP47 

BP48 

BP49 

Descr ip t ion 

1 
4 

1 
4 

2 
10 

1 0 " ' T ^ p i n 

2 0 

M r / 1 ^ 
' ' ' I H X C I H X ( L J J ^ ^ ) 

ITD Z 
1 

3 M C / M 
^ " îHx ^mAi^^yJ 

\ 1 "^c \ 
21.7\^^D^ZUJ 

=<°-i4^^) 

Setting 

2500 

2500 

2000 

9730 

4811 

3694 

1344 

0257 
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T A B L E 5 

CONSOLE C P O T E N T I O M E T E R SETTINGS 

C o n s o l e a n d 
P o t e n t i o m e t e r 

N u m b e r 

CPOO 

CQOO 

C P O l 

C Q O l 

C P 0 2 

C Q 0 2 

C P 0 3 

C Q 0 3 

C P 0 4 

C Q 0 4 

C P 0 5 

C Q 0 5 

C P 0 6 

C Q 0 6 

C P 0 7 

C Q 0 7 

C P 0 8 

C Q 0 8 

D e s c r i p t i o n 

l O X j 

l O X j 

^ 2 

^ 2 

^ 2 
|3 

)3, 
"^1 

^ 
» 

|3 

1 0 ^ 

-J^ 

\ 

K 
3 

^ 4 

\ 

-1 
10 ' n g 

n 
r 

K 

/3 

2 0 0 0 i * 

K 
u g 

S e t t i n g 

1240 

1240 

03 05 

0305 

2 1 9 4 

0 3 3 0 

1960 

3947 

1150 

4 1 9 3 

1110 

1 1 1 0 

3 0 1 0 

3 0 1 0 

= 

4 9 1 5 

4 7 5 0 

4 9 1 5 

C o n s o l e a n d 
P o t e n t i o m e t e r 

N u m b e r 

C P 0 9 

C Q 0 9 

C P I O 

C Q I O 

C P U 

C Q U 

C P 1 2 

0 0 1 2 

C P 1 3 

C Q 1 3 

C P 1 4 

C Q 1 4 

C P 1 5 

C Q 1 5 

0 P 1 6 

0 0 1 6 

C P 1 7 

0 Q 1 7 

D e s c r i p t i o n 

' ^ ^ g 

^ i g 

0 5 Xg 

0.5 Xg 

1 0 " ' X , 
6 

- 1 . 
10 ' x ^ 

20 a 
u g 

2 0 0 a^ 

U A t 
J 

2 0 0 a ^ g 

U A t 
.1 

' O M . j C ^ 

1 0 " ^ ( T + t ) 
* c c ' 

( s e t u n d e r l o a d ) 

U A ^ 

^ f j ^ f 

0 .5 G j 

10 M, 0 , 
fj £ 

U A t 
J 

fj £ 

U A t 
1 

10 M 0 
c j c 

0.5 G^ 

l O M ^ ^ C j 

S e t t i n g 

3 4 4 6 

3 4 4 6 

5 6 5 0 

5 6 5 0 

3 0 0 0 

3 0 0 0 

0 1 2 0 

1000 

1655 

0 8 0 0 

5 7 9 9 

* 

5 0 0 0 

1655 

3 5 8 1 

1655 

5 7 9 9 

3 5 8 1 

C o n s o l e a n d 
P o t e n t i o m e t e r 

N u m b e r 

C P 1 8 

0 0 1 8 

C P 1 9 

C 0 1 9 

C P 2 0 

C O 2 0 

C P 2 1 

0 Q 2 1 

C P 2 2 

O Q 2 2 

C P 2 3 

C Q 2 3 

C P 2 4 

C Q 2 4 

O P 2 5 

C 0 2 5 

D e s c r i p t i o n 

CDW 
6 0 0 

U A ^ 

M , C , 
fj f 

F l o w R a m p R a t e 

L i m i t A 6 0 t o - l O O v 

U A ^ 
.1 

10 M 0 
c j c 

0-2 ^ M L O 

0.5 G 

10 M.C, 
fj f 

UA t 

%4 
o 

c l w 
600 

UA t 
J 

^ f j C f 

' 0 0 - c o 

' ' c r 

U A t 
J 

l O M C 
CJ c 

J_ 
5 

'0''(hM + V 

- ; 
10 M C 

CJ c 

5 

S e t t i n g 

t 

1655 

s 

-•« 

5 7 9 9 

0127 

7 0 4 0 

1655 

* 

1655 

A 6 0 10 

5 7 9 9 

2 0 0 0 

* 

5 7 9 9 

2 0 0 0 

^ V a r i e s w i t h i n i t i a l c o n d i t i o n 
t U A s t a n d s f o r U , A , 

J fc fcj 
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TABLE 5 (Continued) 

CONSOLE C POTENTIOMETER SETTINGS 

Console and 
Potent iomete r 

Numbe r 
Descr ip t ion Setting 

Console and 
Potent iometer 

Numbe r 
Descr ip t ion Setting 

Console and 
Poten t iometer 

Number 
Descr ipt ion Setting 

OP26 

OQ26 

OQ27 

OP28 

OQ28 

CP29 

CQ29 

OP30 

C O 3 0 

0 P 3 1 

CQ31 

OP32 

OQ32 

CP33 

CQ33 

0.5 Gj 

10 M, 0 , 

UA t 

T R I 

1 = 1 0 sec 
r ea l t ime 

UA ' 

U A 

10 M 0 

U A 

10 M 0 
CJ c 

0-5 G^ 
10 M, O, 

UA ' 
L 

M, O, 
fj £ 

600 

2 0 M 

8436 

1655 

5799 

5799 

2000 

1655 

M2F 
5291 

2000 

2000 

OP34 

0 0 3 4 

OP35 

CQ35 

CQ36 

C037 

CP38 

C 0 3 8 

CP39 

0 0 3 9 

CP40 

CO40 

CP41 

0 0 4 1 

CP42 

CQ42 

20 \ l R 

U A t 
.1 

^fjCf 

U A t 
.1 

l O ^ c j C c 

set under load) 

0.5 Gg 

lOU^C^ 

U A t 

^ f j ^ f 

c 4 w 
6 0 0 

0-5 e^HX 

1 0 A ^ ( % ) 
r 

0.5 A P L . 

LIM APL A45 

APL. r a m p ra te 

M 

1/2 X lO '^UDB 

10 A40 

1/2 X l O ' ^ L D B 

10 M C 
CJ c 

Control 

7692 

5799 

5 0 0 0 

3975 

1655 

2400 

5799 

OP43 

C043 

CP44 

0Q44 

CP45 

C045 

CP46 

OQ46 

OP47 

CQ47 

CP48 

0 0 4 8 

OP49 

CQ49 

Control 

MfjCf 

10 M 0 
C] c 

5000 

0250 

0514 

1000 

5799 

0.6 

step per iod 

s tep amplitude 

w ^ ^ r a m p ra te 11 

0 2 

w ^ ^ r a m p ra te I 

Limit A46 to 
-49.33 

Function Genera to r s 

F G l 

F G 3 

F G 6 

Input 

Mbs 
250 

^Mpb 
250 

20 B-L 3 s 

20 W, 

Output 

Mbs 
20 

M p b 

-B L 
100(1 - e ^ ^) 

' 'Varies with ini t ia l condition 
tUA stands for U . A, J fc fcj 
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APPENDIX C 

SYSTEM CONSTANTS AND REFERENCE LEVELS 

The c o n s t a n t s and r e f e r e n c e l e v e l s g iven in T a b l e s 6 t h r o u g h 9 a r e t h o s e 

u s e d for the l a t e s t p h a s e of the P C S s t a r t u p s tudy . They w e r e va l id for the 
4 

SNAP 8 r e f e r e n c e fl ight d e s i g n at t he t i m e of t h i s s tudy. Some of the c o n s t a n t s 
5 

have c h a n g e d s i n c e t hen , and m o r e can be e x p e c t e d to change in the f u t u r e . 

All of the i t e m s l i s t e d a s " c o n s t a n t s " w e r e a s s u m e d to be i n v a r i a n t wi th r e s p e c t 

to t e m p e r a t u r e o v e r the r e l a t i v e l y s m a l l t e m p e r a t u r e r a n g e of P C S s t a r t u p . 

The v a l u e s u s e d w e r e d e t e r m i n e d for t h e i r r e s p e c t i v e a v e r a g e t e m p e r a t u r e s . 

F o r the c a l c u l a t i o n of VL. and C^., the fuel noda l m a s s and h e a t c a p a c i t y , 

the fuel c l add ing w a s a s s u m e d to be " l u m p e d " wi th the fuel i tself . The noda l 

h e a t g e n e r a t i o n r a t e s u s e d a r e a v e r a g e s o v e r the l eng th of the node , as shown 

in F i g u r e 82. 

C o m p u t a t i o n of the r a t i o of conduc t ion 

a r e a to conduc t ion p a t h l eng th for the g r i d 

p l a t e s w a s hand l ed by a s s u m i n g tha t two 

independen t p a t h s could b e c o m p u t e d and 

t h e n s u m m e d . One p a t h i s r a d i a l f r o m the 

c e n t e r of a t y p i c a l " c e l l " to the coo lan t 

flow h o l e s . The o t h e r i s v e r t i c a l f r o m the 

h o r i z o n t a l c e n t e r l i n e of the g r i d p l a t e to 

the flat s u r f a c e s . 

It w a s a s s u m e d t h a t the e x p a n s i o n of 

the r e a c t o r v e s s e l w a l l s in r e s p o n s e to 

c h a n g e s in coo lan t t e m p e r a t u r e would t a k e 

p l a c e wi th the s a m e t i m e c o n s t a n t a s t h a t of 

the c o r r e s p o n d i n g g r i d p l a t e . T h e r e f o r e , 

t he t e m p e r a t u r e coef f ic ien t of r e a c t i v i t y 

due to r e a c t o r v e s s e l e x p a n s i o n w a s i n 

c luded with t h o s e of the g r i d p l a t e s . 

0.2 0.4 0.6 0.8 1.0 
FRACTION OF ACTIVE CORE HEIGHT, x/LcoRE 

3-24-64 7568-01002 

F i g u r e 82 . N o r m a l i z e d Axia l 
P o w e r D i s t r i b u t i o n 

F i g u r e 83 p r e s e n t s t h e d i f f e r en t i a l 

r e a c t i v i t y w o r t h of the SNAP 8 c o n t r o l 

d r u m s wi th r e s p e c t to c o n t r o l d r u m pos i 

t i on . It i s e x p e c t e d tha t P C S s t a r t u p wi l l t a k e p l a c e when the d r u m s a r e n e a r 

the p o s i t i o n of m a x i m u m d i f f e r en t i a l w o r t h . The v a r i a t i o n of c o n t r o l d r u m 

N A A - S R - 8 6 2 6 
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a> 
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a: 
O 

UJ 
cc 
UJ 
LL 

u. 
Q 

20 40 60 80 
CONTROL DRUM POSITION (degrees) 

4-10-64 7568-01023 

Figure 83. Control Drum Differential Reactivity Worth 

1200 

3 - 2 4 - 6 4 

10,000 20P00 30 ,000 40 ,000 5 0 , 0 0 0 

PRESSURE, PMpb OR PMbtdb/ft^) 

7568-01003 

Figure 84. Relationship Between P r e s s u r e and 
Tempera tu re of Mercury Vapor 
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step size is such that each step can have a react ivi ty worth between 2.6^ and 

3.8^. Thus most of the PCS star tup study assumed 3^ per step. The range 

of step size was given in Table 2. 

F igure 84 shows the relat ionship between the p r e s s u r e and t empera tu re of 

m e r c u r y vapor as used in the simulation of the in termediate heat exchanger. 

TABLE 6 

NUCLEAR SYSTEM CONSTANTS 

Reactor kinetics 
* 

i 

|8 

i3i/3 

h'^ 
hl^ 
pje 

iSg/jS 

hi^ 

^ 1 

^2 

^3 

^ 4 

^5 

^6 

C o r e heal 

Ufc 

^ fc 

M^ 

Cf 

^ c l a d 

8.1 X 10"^ 

0.0077 

0.03297 

0.2194 

0.1960 

0.3947 

0.1150 

0.04193 

0.0124 

0.0305 

0.1110 

0.3010 

1.1300 

3.000 

, t r a n s f e r 

0.1167 

43.82 

166.7 

0.1655 

22.7 

sec 

sec 

s e c " 

sec 

sec 

sec 

sec 

B t u / s e c - f t ^ - T 

ft^ 

lb 

B t u / l b ' - F 

lb 

^ c l a d 

^ c 

C c 

G 

GjG 

G^/G 

G 2 / G 

G 3 / G 

G 4 / G 

G g / G 

Gr id p l a t e . 

^ i g 

^ i g 

^ i g 

(A /L) ,g 

K 

M 
ug 

C 
ug 

( A / L ) 
'ug 

0.138 

4.2 

0.210 

375.05 

0.118 

0.118 

0.232 

0.278 

0.241 

0.131 

0.00272 

7.47 

0.131 

124.0 

0.00389 

6.24 

0.180 

141.9 

B t u / l b - ° F 

lb 

B t u / l b - ° F 

B t u / s e c 

B t u / s e c - f t - ° F 

lb 

B t u / l b - ° F 

ft 

B t u / s e c - f t - ° F 

lb 

B t u / l b - ° F 

ft 
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TABLE 7 TABLE 8 

NUCLEAR SYSTEM 
REFERENCE LEVELS 

INTERMEDIATE HEAT EXCHANGER 
CONSTANTS 

n 
r 

w c r 

T . c m r 

T c l r 

T c 2 r 

T c 3 r 

'^c4r 

c 5 r 

Tfer 

T f l r 

TfZr 

Tf3r 

Tf4r 

Tf5r 

^ f r 

T m 

= 

-

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

395.6 kwt 

8.889 l b / s e c 

1099°F 

1123°F 

1169°F 

1225°F 

1274' 'F 

1300°F 

1142°F 

1166°F 

1255' 'F 

1327°F 

1362°F 

1348°F 

1267°F 

10 sec 

\ 

^ 1 

^ 2 

^ 4 

C c 

•^ML 

^ M V 

D. 
1 

D p 

^MV 

g 

h c 

M 

^ M L 

^ M V 

^ t 

^IHX 

(^C) lHX 

R 

\ 

Z 

^b 

^ s 

'^MV 

^ M L 

0.00471 

3.33 X 10"* 

1.9 

0.023 

0.211 

0.0332 

0.0255 

0.93 

0.72 

0.04 

32 

0.556 

123.1 

0.0026 

3.25 X 10"^ 

0.0033 

67.7 

59.5 

7.7 

0.035 

4 

0.2368 

0.2368 

7.47 X 10"^ 

757 

ft^ 

(d imens ion les s) 

(d imens ion less ) 

(d imens ion les s) 

B t u / l b - ° F 

B t u / l b - ° F 

B t u / l b - ° F 

inch 

inch 

(d imens ion le s s ) 

f t / s e c ^ 

B t u / s e c - f t ^ - ° F 

B tu / lb 

B t u / s e c - f t - ° F 

B t u / s e c - f t - ° F 

B t u / s e c - f t - ° F 

ft 

B t u / ° F 

f t - l b / l b - ° F 

inch 

tubes 

(d imens ion le s s ) 

(d imens ion le s s ) 

I b / f t - s e c 

Ib/ft-^ 

• • • • ^ • • • « • • • » • • • • ft 
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• • • • • • ••• * • « • 
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TABLE 9 

INTERMEDIATE HEAT EXCHANGER REFERENCE LEVELS 

^ 3 

^ M b 

^ M p 

M s 

^ 

(LMTD)^^ 

(LMTD) 

L 
P 

s 

^ M b s 

^ M p b 

p 
Ms 

^ P M S 

• ^ M s o u t 

% 

% 

Q s 

c b s 

c p b 

1 4 . 5 8 

0 . 0 7 4 4 

0 . 2 7 7 

0 . 0 1 

5 1 . 2 

9 1 . 0 5 

191 

1.7 

14 .8 

273 

306 

2 7 1 . 5 

3 .0 

2 7 0 

312 

5 0 . 7 

12 .8 

1293 

1127 

f t - 1 

B t u / s e c - f t ^ - ° F 

B t u / s e c - f t ^ - ° F 

B t u / s e c - f t ^ - ° F 

ft 

° F 

" F 

ft 

ft 

p s i a 

p s i a 

p s i a 

p s i a 

p s i a 

B t u / s e c 

B t u / s e c 

B t u / s e c 

° F 

"F 

T c p o u t 

T . c s i n 

•"•Mbs 

' ^ M p b 

T M p i n 

T 
M s 

M s o u t 

" b 

U 
P 

U s 

V 
^ M V s 

^ c 

^ M L 

^ M V 

PMV 

' ' 'TRI 

"""TIR 

^ M 

1100 

1300 

1081 

1095 

5 1 3 

1177 

1273 

0.0744 

0.159 

0.01 

1.13 

8.889 

2.53 

2.53 

3.14 

3.6 

5.85 

120 

° F 

" F 

° F 

° F 

° F 

° F 

° F 

B t u / s e c - f t -

B t u / s e c - f t -

B t u / s e c - f t -

f t^ 

l b / s e c 

l b / s e c 

l b / s e c 

Ib/f t^ 

s e c 

s e c 

s e c 

° F 

° F 

" F 
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APPENDIX D 

HISTORY OF PCS STARTUP STUDY 

The o r i g i n a l purpos-e of t h i s s tudy of P C S s t a r t u p w a s to a t t e m p t to r e d u c e 

the m a g n i t u d e of the t r a n s i e n t s s een on the f i r s t ana log s i m u l a t i o n at A e r o j e t -

G e n e r a l C o r p o r a t i o n . The f i r s t b r i e f s tudy showed t h a t the i n t e r v a l b e t w e e n 

c o n t r o l d r u m s t e p s (T A „ ) n e e d e d to be i n c r e a s e d f r o m 60 s e c o n d s to at l e a s t 

120 s e c o n d s in o r d e r to avo id r e i n f o r c i n g the t e m p e r a t u r e o s c i l l a t i o n s . T h i s 

f i r s t p h a s e of the PCS s t a r t u p s tudy a l s o show^ed tha t the e x t r e m e s of c o r e t e m 

p e r a t u r e s d u r i n g the s t a r t u p t r a n s i e n t a r e s o m e w h a t dependen t on the i n i t i a l 

v a l u e s of the t e m p e r a t u r e s . It w a s a l s o no ted tha t c o n t r o l d r u m s t e p s i z e had 

l i t t l e effect on the t r a n s i e n t and tha t s t r o n g ( m o r e nega t ive ) t e m p e r a t u r e coeff i 

c i e n t s w e r e g e n e r a l l y b e n e f i c i a l . 

T h e ana log c o m p u t e r s i m u l a t i o n for the f i r s t and s e c o n d p h a s e s of the P C S 

s t a r t u p s tudy d i f f e red in two b a s i c w a y s f r o m the p r e s e n t s i m u l a t i o n . F o r 

p h a s e s I and II, the effect of the p o w e r c o n v e r s i o n s y s t e m on the p r i m a r y coo lan t 

(NaK) t e m p e r a t u r e w a s e x p r e s s e d a s a " d r i v i n g func t ion . " C h a n g e s in t e m p e r 

a t u r e d i f f e r e n c e be tv /een the c o r e ou t l e t and c o r e in l e t w e r e s i m u l a t e d by a 

s e r i e s of s t r a i g h t l i n e s connec t i ng " s t e a d y s t a t e " v a l u e s . The s t e a d y - s t a t e 

v a l u e s w e r e c o m p u t e d on the b a s i s of r e l a t i v e NaK' f low, r e l a t i v e m e r c u r y flow, 

and r e l a t i v e t h e r m a l load on the r e a c t o r . Coolan t t r a n s p o r t d e l a y s for the f i r s t 

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

The r e s u l t s of p h a s e II i n d i c a t e d t h a t the c o n t r o l d r u m s t ep i n t e r v a l should 

be i n c r e a s e d s t i l l m o r e , p r e f e r a b l y to at l e a s t 240 s e c o n d s . The in i t i a l p o w e r 

l e v e l was found to be too low at 9 kwt , w h e r e a s 30 kwt a p p e a r e d to be b e t t e r . 

Coolan t t r a n s p o r t d e l a y t i m e s s e e m e d to be r e l a t i v e l y u n i m p o r t a n t . An i n c r e a s e 

in the fuel t e m p e r a t u r e coef f ic ien t of r e a c t i v i t y ioir) s t i l l showed b e n e f i c i a l 

r e s u l t s , but an i n c r e a s e of the l o w e r g r i d p l a t e (a. ) coef f ic ien t had r a t h e r 

e r r a t i c e f f ec t s . P r e s u m a b l y t h i s effect of a . w a s due to the coo lan t t r a n s p o r t 

d e l a y t i m e f r o m c o r e ou t l e t to c o r e in le t c a u s i n g a. to be d e l a y e d wi th r e s p e c t 

to a P h a s e II r e s u l t s a l s o i n d i c a t e d t h a t t he t i m e for m e r c u r y flow to i n c r e a s e 

f r o m the in j ec t ion l e v e l to the r e f e r e n c e l e v e l ( t ^ ^ ) m u s t be at l e a s t 20 s e c o n d s . 

F o r p h a s e III of the P C S s t a r t u p s tudy , s i m u l a t i o n of the i n t e r m e d i a t e h e a t 

e x c h a n g e r w a s c h a n g e d f r o m a " d r i v i n g func t ion" to a s i n g l e - n o d e h e a t t r a n s f e r 

m o d e l . T h i s m o d e l w a s s u b s e q u e n t l y shown to be i n a d e q u a t e b e c a u s e the l u m p e d 

m a s s of the h e a t e x c h a n g e r r e s p o n d e d too s lowly to c h a n g e s in t e m p e r a t u r e , 

N A A - S R - 9 6 2 6 
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thus holding back the calculated ra tes of change of coolant t e m p e r a t u r e s . The 

simulation of coolant t r anspo r t delay was expanded from one f i r s t - o r d e r lag to 

a s e r i e s of four cascaded lags . The presen t simulation uses the naore rea l i s t ic 

form of nine cascaded f i r s t - o r d e r lags . 

Results of phase III indicate that the initial core t empera tu re difference 

(6 ) should be l e s s than 200°F, corresponding to <80 kwt initial power at 

20% NaK flow or <200 kwt initial power at the p resen t 50% initial NaK flow. 

Phase III r e su l t s also showed that the t ime (t ) for NaK flow to inc rease from 
^ c 

the former initial level of 20% to the reference level must be at least 60 seconds. 

These r e su l t s also indicated that the inc rease in NaK flow should be s tar ted as 

soon as possible after the beginning of m e r c u r y injection. Later studies have 

shown this to be l ess important than previously believed because m e r c u r y 

injection has been changed from a step to a r a m p . 

The detailed resu l t s of phases I, II, and III a r e not p resen ted in this repor t 

for two r ea sons . The simulation of the in termedia te heat exchanger present ly 

used is quite different from the previous ones, and is felt to give much more 

accura te r e su l t s . Also, the reference power and flow^ levels have changed 

considerably, as have the chosen initial flow and power leve ls . Thus, the nu

m e r i c a l r e su l t s of the f i rs t th ree phases have been rendered invalid. It should 

be noted, however, that the t rends in p a r a m e t e r effects noted in the ea r l i e r 

phases have general ly been confirmed by the most recent r e su l t s . 
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A 

A 

AHX 

B 

^ 1 

a r e a (ft ) 

ana log conso le A 

a u x i l i a r y h e a t e x c h a n g e r 

ana log conso le B 

a cons t an t in c a l c u l a t i o n of U. 

APPENDIX E 

SYMBOLS AND SUBSCRIPTS 
SYMBOLS 

P = power (kwt) 

B_ = a cons tan t in c a l c u l a t i o n of P 

^ 3 = 

C = 

C 

D 

f 

G 

g 

H 

h 

IC = 

IHX 

J 

K 

L 

LDB 

(LMTD) 

i n 

M 

n 

O = 

Mpb 

a fac tor in c a l c u l a t i o n of Q (1/ft) 

de layed n e u t r o n p r e c u r s o r 
c o n c e n t r a t i o n 

specif ic h e a t a t cons t an t p r e s s u r e 
( B t u / l b - ' F ) 

ana log conso l e C 

d i a m e t e r (ft) 

f r i c t ion f ac to r 

hea t g e n e r a t i o n r a t e ( B t u / s e c ) 

a c c e l e r a t i o n due to g rav i ty 
( f t / sec2) 

hea t of v a p o r i z a t i o n (Btu/ lb) 

h e a t t r a n s f e r coeff ic ient 
( B t u / s e c - f t 2 - ° F ) 

in i t i a l condi t ion on ana log 
i n t e g r a t o r 

i n t e r m e d i a t e hea t e x c h a n g e r 

ana log junc t ion 

t h e r m a l conduct iv i ty (B tu / sec - f t - °F ) 

l eng th (ft) 

l ower deadband se t t ing (°F) 

log m e a n t e m p e r a t u r e d i f fe rence 

effect ive m e a n p r o m p t n e u t r o n 
l i f e t ime 

n a t u r a l (Napier ian) logar i thnn 

m a s s (lb) 

n e u t r o n l eve l 

a cons t an t b a s e d on r e f e r e n c e 
t e m p e r a t u r e l eve l s 

P = p r e s s u r e (psi) 

PCS = power c o n v e r s i o n s y s t e m 

P L = p a r a s i t i c load 

Q = h e a t flow r a t e (B tu / sec ) 

R = idea l gas cons tan t ( f t - lb / lb - °F) 

$ R = r e a c t i v i t y (do l la rs ) 

Re = Reynolds n u m b e r 

T = t e m p e r a t u r e (°F) 

T = t ime r a t e of change of t e m p e r a t u r e 
( °F / s ec ) 

t = t i m e (sec) 

t = t h i c k n e s s (ft) 

t , = t i m e of f i r s t t r a n s i e n t (sec) 

t„ = t i m e of second t r a n s i e n t (sec) 

U = o v e r a l l h e a t t r a n s f e r coeff icient 
( B t u / s e c - f t 2 - ° F ) 

UDB = upper deadband se t t ing (°F) 
3 

V = vo lume (ft ) 

w = flow r a t e ( l b / s ec ) 

Z = n u m b e r of tubes in IHX 

a = t e m p e r a t u r e coeff icient of r e a c 
t ivi ty ($/°F) 

P = effective de layed neu t ron f r ac t i on 

A = change of v a r i a b l e f r o m in i t i a l 
va lue (used wi th symbo l for 
v a r i a b l e ) 

e = a s m a l l cons t an t u sed for ana log 
s tab i l i ty 

0 = t e m p e r a t u r e d i f fe rence (°F) 

X = decay cons tan t for de layed neu t rons 
( s e c " ) 

[JL = abso lu t e v i s c o s i t y ( Ib / f t - sec ) 
3 

p = dens i ty ( lb/f t ) 

T = t i m e c o n s t a n t o r de lay tinne (sec) 

T = pe r iod (sec) 
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APPENDIX E (Continued) 

SUBSCRIPTS 

a = a c t u a l (at m e a s u r i n g device) 

AHX = a u x i l i a r y h e a t e x c h a n g e r 

A P = AHX to p a r a s i t i c load 

b = b o i l e r r e g i o n of IHX 

bs = bounda ry bet 'ween b o i l e r and s u p e r 
h e a t e r (IHX) 

c = n u c l e a r s y s t e m coolant (NaK) 

c lad = fuel e l e m e n t c ladding 

c o r e = n u c l e a r s y s t e m c o r e 

d = con t ro l d r u m s 

e = e n t r a n c e node (core hea t t r a n s f e r ) 

f = fuel e l e m e n t s 

I = in jec t ion l e v e l 

i = i— de layed n e u t r o n p r e c u r s o r 
g roup 

lA = IHX to AHX 

IHX = i n t e r m e d i a t e (NaK-Hg) hea t 
exchange r 

IR = IHX to r e a c t o r c o r e in le t 

in = r e a c t o r c o r e in l e t 

j = j — c o r e hea t t r a n s f e r node 

L = l iquid 

ig = l owe r g r id p la te 

M = m e r c u r y 

m = m e a s u r e d 

m a x = p e a k or m a x i m u m va lue dur ing 
t r a n s i e n t 

m a x l = f i r s t m a x i m u m (before second 
m e r c u r y flow i n c r e a s e ) 

max2 = second m a x i m u m (af ter s econd 
m e r c u r y flow i n c r e a s e ) 

m i n i •• 

min2 

P 

P 

pb 

pin 

P L i n 

P L o u t 

pout 

P R 

RI 

RIR 

s m 

sout 

T 

t 

ug 

V 

0 

1 

AR 

f i r s t m i n i m u m (before second 
m e r c u r y flow i n c r e a s e ) 

second m i n i m u m (after second 
m e r c u r y flow i n c r e a s e ) 

plug in IHX tubes 

p r e h e a t e r 

boundary be tween p r e h e a t e r and 
bo i l e r (IHX) 

p r e h e a t e r in le t (IHX) 

in le t to p a r a s i t i c load 

out le t of p a r a s i t i c load 

p r e h e a t e r out le t (IHX) 

p a r a s i t i c load to r e a c t o r c o r e 
in le t 

r e a c t o r c o r e out le t to IHX 

r e a c t o r c o r e out le t to IHX to 
r e a c t o r c o r e in le t 

s u p e r h e a t e r r e g i o n of IHX 

s u p e r h e a t e r in le t (IHX) 

s u p e r h e a t e r out le t (IHX) 

fluid t r a n s p o r t de lay t ime 

tube (IHX) 

upper g r id p la te 

: vapor 

: in i t i a l va lue 

: f i r s t c o r e hea t t r a n s f e r node 

: con t ro l d r u m r e a c t i v i t y s t eps 

m i n = m i n i m u m va lue dur ing t r a n s i e n t 

NAA-SR-9626 
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APPENDDfF 

NOMENCLATURE 

f ee 

A , . 

h e a t t r a n s f e r a r e a for t he e n t r a n c e 
fue l n o d e (ft^) 

h e a t t r a n s f e r a r e a b e t w e e n fue l 
a n d c o o l a n t ( o u t s i d e s u r f a c e a r e a 
oi fue l c l a d d i n g ) fo r t he j t h a x i a l 
n o d e (ft2) 

A H X = a u x i l i a r y ( N a K - N a K ) h e a t 
e x c h a n g e r 

r a t i o of e f f ec t i ve h e a t c o n d u c t i o n 
a r e a to e f f ec t i ve h e a t c o n d u c t i o n 
p a t h l e n g t h f o r l o w e r g r i d p l a t e 
(ft) 

r a t i o of e f f ec t i ve h e a t c o n d u c t i o n 
a r e a to e f f ec t i ve h e a t c o n d u c t i o n 
p a t h l e n g t h fo r u p p e r g r i d p l a t e 
(ft) 

A = flow a r e a of m e r c u r y t u b e (ft ) 

B , = a c o r r e l a t i o n c o n s t a n t 

Bp = a c o r r e l a t i o n c o n s t a n t 

B , = a c o r r e l a t i o n f a c t o r 

B . = a c o r r e l a t i o n c o n s t a n t 
4 

C = h e a t c a p a c i t y of n u c l e a r s y s t e m 
^ c o o l a n t ( B t u / l b - ° F ) 

C , = h e a t c a p a c i t y of fue l ( B t u / l b - ° F ) 

C . 
1 

"mx 

^ u g 

d t 

_d 
dT 

c o n c e n t r a t i o n of d e l a y e d n e u t r o n 
p r e c u r s o r s i n t h e i*^ g r o u p 

h e a t c a p a c i t y of m e t a l a n d N a K i n 
t he i n t e r m e d i a t e h e a t e x c h a n g e r 
( B t u / l b - T ) 

h e a t c a p a c i t y of l o w e r g r i d p l a t e 
( B t u / l b - » F ) 

h e a t c a p a c i t y of m e r c u r y l i q u i d a t 
c o n s t a n t p r e s s u r e ( B t u / l b - ° F ) 

h e a t c a p a c i t y of u p p e r g r i d p l a t e 
( B t u / l b - ° F ) 

d e r i v a t i v e w i t h r e s p e c t to r e a l 
t i m e ( sec" - ' ) 

d e r i v a t i v e w i t h r e s p e c t to a n a l o g 
t i m e ( s e c " ^ ) 

D. = i n t e r n a l d i a m e t e r of m e r c u r y flow 
t u b e s (ft) 

D p = d i a m e t e r of p l u g in m e r c u r y f low 
t u b e s (ft) 

f = i n d i c a t e s t h a t one v a r i a b l e i s a 
f u n c t i o n , f, of a n o t h e r v a r i a b l e 

MV 

g 

M b 

M p 

M s 

IHX 

^ g 

^ V 

K, = 

= f r i c t i o n f a c t o r for m e r c u r y v a p o r 

= a c c e l e r a t i o n due t o g r a v i t y 
( f t / s e c 2) 

= h e a t g e n e r a t i o n r a t e in t he e n t r a n c e 
fue l n o d e ( B t u / s e c ) 

= h e a t g e n e r a t i o n r a t e in t he j 
a x i a l n o d e (°F) 

= c o n v e c t i v e h e a t t r a n s f e r c o e f f i c i e n t 
for N a K in t h e IHX ( B t u / s e c - f t 2 - » F ) 

c o n v e c t i v e h e a t t r a n s f e r c o e f f i c i e n t 
for m e r c u r y in t h e b o i l e r s e c t i o n 
( B t u / s e c - f t 2 - ° F ) 

c o n v e c t i v e h e a t t r a n s f e r c o e f f i c i e n t 
for m e r c u r y i n tiie p r e h e a t e r s e c 
t i o n ( B t u / s e c - f t ^ - ' F ) 

K 
ug 

i"' 

In = 

c o n v e c t i v e h e a t t r a n s f e r c o e f f i c i e n t 
for m e r c u r y in t h e s u p e r h e a t e r 
s e c t i o n ( B t u / s e c - f t ^ - ' F ) 

h e a t of v a p o r i z a t i o n of m e r c u r y 
( B t u / l b ) 

i n t e r m e d i a t e (NaK-Hg) h e a t 
e x c h a n g e r 

t h e r m a l c o n d u c t i v i t y of t he l o w e r 
g r i d p l a t e ( B t u / s e c - f t - ° F ) 

t h e r m a l c o n d u c t i v i t y of l i qu id m e r 
c u r y ( B t u / s e c - f t - ° F) 

t h e r m a l c o n d u c t i v i t y of m e r c u r y 
v a p o r ( B t u / s e c - f t - ° F ) 

t h e r m a l c o n d u c t i v i t y of t he n n e r -
c u r y flow t u b e s ( B t u / s e c - f t - ° F ) 

t h e r m a l c o n d u c t i v i t y of the u p p e r 
g r i d p l a t e ( B t u / s e c - f t - ° F ) 

e f f ec t i ve p r o m p t n e u t r o n l i f e t i m e 
( sec ) 

l e n g t h of t he b o i l e r s e c t i o n (ft) 

n a t u r a l ( N a p i e r i a n ) l o g a r i t h m 

L D B = l o w e r t e m p e r a t u r e c o n t r o l d e a d -
b a n d s e t t i n g (°F) 

IHX 

( L M T D ) ^ 

l e n g t h of t he i n t e r m e d i a t e h e a t e x 
c h a n g e r flow t u b e s (ft) 

l og nriean t e n a p e r a t u r e d i f f e r e n c e 
for t h e b o i l e r s e c t i o n (°F) 

M . = 
c j 

M fe 

M , . = 

M. 

(LMTD) = log m e a n t e m p e r a t u r e d i f f e r e n c e i n 
" t h e p r e h e a t e r s e c t i o n (°F) 

L = l e n g t h of t h e p r e h e a t e r s e c t i o n (ft) 

1J = l e n g t h of t h e s u p e r h e a t e r s e c t i o n 
^ (ft) 

m a s s of c o o l a n t in t h e j — a x i a l 
n o d e (lb) 

m a s s of fue l i n t h e e n t r a n c e fuel 
n o d e (lb) 

m a s s of fuel in t h e j — a x i a l n o d e 
(lb) 

: m a s s of N a K a n d m e t a l in t h e i n 
t e r m e d i a t e h e a t e x c h a n g e r (lb) 

m a s s of l o w e r g r i d p l a t e (lb) 

m a s s of u p p e r g r i d p l a t e (lb) 

n e u t r o n l e v e l 

a c o n s t a n t i n v o l v i n g i n i t i a l a n d r e f 
e r e n c e N a K flow and i n i t i a l and 
r e f e r e n c e p o w e r ( ° F / s e c ) 

p o w e r c o n v e r s i o n s y s t e m 

p a r a s i t i c l o a d 

m a x i m u m p o w e r (kwt) 

m e r c u r y p r e s s u r e a t t h e i n t e r f a c e 
b e t w e e n t h e b o i l e r and s u p e r h e a t e r 
s e c t i o n s ( Ib / f t^) 

m e r c u r y s a t u r a t i o n p r e s s u r e a t t h e 
i n t e r f a c e b e t w e e n t h e b o i l e r a n d 
p r e h e a t e r s e c t i o n ( Ib / f t^ ) 

m e r c u r y p r e s s u r e i n t h e s u p e r 
h e a t e r s e c t i o n ( Ib / f t^) 

m e r c u r y p r e s s u r e a t t h e m e r c u r y 
o u t l e t of t he s u p e r h e a t e r s e c t i o n 
( lb / f t2) 

i n i t i a l p o w e r (kwt) 

h e a t a b s o r b e d by t h e m e r c u r y 
v a p o r i n t h e s u p e r h e a t e r s e c t i o n 
( B t u / s e c ) 

i d e a l g a s c o n s t a n t ( f t - l b / l b - ° F ) 

r e a c t i v i t y ( d o l l a r s ) 

r e a c t i v i t y i n s e r t e d by t h e r e a c t o r 
c o n t r o l d r u m s ( d o l l a r s ) 

t i m e of i n c r e a s e of N a K flow ( sec ) 

IHX 

M -
^ g 

M 
ug 

n 

O . 
c jw 

P C S 

P L 

P 
m a x 

M b s 

M p b 

M s 

M s o u t 

R 

t , = 

' I M 

••ZM 

c l 

c 5 

c 5 m a x 

c 5 m i n l 

c 5 m i n 2 

T = 

c b s 

T . 
c i n 

c j 

c . j - 1 

c p b 

c P L i n 

c P L o u t 

c p o u t 

T . = 
c s i n 

t h i c k n e s s of m e r c u r y flow t u b e s 
(ft) 

t i m e of f i r s t i n c r e a s e i n Hg flow 
( in jec t ion) ( sec ) 

t i m e of s e c o n d i n c r e a s e i n Hg f low 
(sec) 

t e m p e r a t u r e of c o o l a n t in t h e f i r s t 
a x i a l n o d e (°F) 

t e m p e r a t u r e of c o o l a n t in t h e f if th 
a x i a l n o d e ( c o r e ou t l e t ) (°F) 

: m a x i m u m c o r e o u t l e t N a K t e m 
p e r a t u r e (°F) 

m i n i n a u m of c o r e o u t l e t N a K t e m 
p e r a t u r e b e f o r e Hg f low r e a c h e s 
100% (°F) 

m i n i m u m of c o r e o u t l e t N a K t e m 
p e r a t u r e a f t e r Hg f low r e a c h e s 
100% (°F) 

t e m p e r a t u r e of t he N a K c o o l a n t , 
a c t u a l l e v e l a t t h e t e m p e r a t u r e 
s e n s o r (°F) 

N a K c o o l a n t t e m p e r a t u r e a t t h e 
i n t e r f a c e b e t w e e n t h e b o i l e r a n d 
s u p e r h e a t e r s e c t i o n s (°F) 

c o r e i n l e t c o o l a n t t e m p e r a t u r e (°F) 

c o o l a n t t e m p e r a t u r e i n t h e j — 
a x i a l n o d e (°F) 

t e m p e r a t u r e of t h e N a K c o o l a n t i n 
t h e n o d e p r e v i o u s to t he jtfe n o d e 

t e m p e r a t u r e of t h e N a K c o o l a n t a s 
n n e a s u r e d by t h e t e m p e r a t u r e 
s e n s o r (°F) 

N a K c o o l a n t t e m p e r a t u r e a t t h e 
i n t e r f a c e b e t w e e n p r e h e a t e r a n d 
b o i l e r s e c t i o n s (°F) 

c o o l a n t t e m p e r a t u r e a t i n l e t t o 
p a r a s i t i c l oad (°F) 

c o o l a n t t e m p e r a t u r e a t o u t l e t of 
p a r a s i t i c l o a d (°F) 

N a K c o o l a n t t e m p e r a t u r e a t t h e 
N a K o u t l e t of t he p r e h e a t e r s e c t i o n 
(°F) 

N a K c o o l a n t t e m p e r a t u r e a t t h e 
N a K i n l e t t o t he s u p e r h e a t e r s e c 
t i o n (»F) 

T, = c o r e a v e r a g e fue l t e m p e r a t u r e ("F) 

fe 

^ f j = 

^ i g 

T 
M b s 

T 
M p b 

T 
M p m 

T 
M s 

T 
M s o u t 

T 
ug 

T 

IT J 
' c 5 ' m a x 

I T . I 
' c i n ' m a x 

T . 
CJ 

f ' m a x 

f 4 ' m a x 

ug 

U^ 

fue l t e m p e r a t u r e i n t h e e n t r a n c e 
f u ^ n o d e (°F) 

fue l t e m p e r a t u r e in t h e j — a x i a l 
n o d e (°F) 

t e m p e r a i u r e of t h e r e a c t o r l o w e r 
g r i d p l a t e ("F) 

m e r c u r y t e m p e r a t u r e a t t h e i n t e r 
f a c e b e t w e e n t h e b o i l e r a n d s u p e r 
h e a t e r s e c t i o n s (°F) 

m e r c u r y t e m p e r a t u r e a t t he i n t e r 
f a c e b e t w e e n p r e h e a t e r a n d b o i l e r 
s e c t i o n s (°F) 

m e r c u r y t e m p e r a t u r e a t t h e m e r 
c u r y i n l e t to t h e p r e h e a t e r s e c 
t i o n ("F) 

m e r c u r y t e m p e r a t u r e i n t h e 
s u p e r h e a t e r s e c t i o n ("F) 

m e r c u r y t e m p e r a t u r e a t t h e m e r 
c u r y o u t l e t of t h e s u p e r h e a t e r 
s e c t i o n (°F) 

t e m p e r a t u r e of t he r e a c t o r u p p e r 
g r i d p l a t e ("F) 

t i m e r a t e of c h a n g e of t e m p e r a 
t u r e ( " F / s e c ) 

m a x i m u m r a t e of c h a n g e of c o r e 
o u t l e t N a K t e m p e r a t u r e ( ° F / m i n ) 

m a x i m u m r a t e of c h a n g e of c o r e 
i n l e t N a K t e m p e r a t u r e ( " F / m i n ) 

t i m e r a t e of c h a n g e of c o o l a n t 
t e m p e r a t u r e i n t he j t h a x i a l n o d e 
C F / s e c ) 

m a x i m u m r a t e of c h a n g e of c o r e 
a v e r a g e fue l t e m p e r a t u r e 
( ° F / m i n ) 

: m a x i m u m r a t e of c h a n g e of fuel 
t e m p e r a t u r e i n t h e f o u r t h a x i a l 
n o d e ( ° F / m i n ) 

; t i m e r a t e of c h a n g e of fuel t e m 
p e r a t u r e i n t h e jffi a x i a l node 
( ° F / s e c ) 

; t i m e r a t e of c h a n g e of t e m p e r a 
t u r e of l o w e r g r i d p l a t e ( ° F / s e c ) 

t i m e r a t e of c h a n g e of t e m p e r a 
t u r e of u p p e r g r i d p l a t e ( ° F / s e c ) 

: o v e r a l l h e a t t r a n s f e r c o e f f i c i e n t 
fo r t he b o i l e r s e c t i o n 
( B t u / s e c - f t 2 - ° F ) 

U fc 

U 

U = 

UDB = u p p e r t e m p e r a t u r e c o n t r o l d e a d -
b a n d s e t t i n g ("F) 

o v e r a l l h e a t t r a n s f e r c o e f f i c i e n t 
f r o m r e a c t o r fue l to c o o l a n t 
( B t u / s e c - f t 2 - ' ' F ) 

o v e r a l l h e a t t r a n s f e r c o e f f i c i e n t 
for t h e p r e h e a t e r s e c t i o n 
( B t u / s e c - f t 2 - ' ' F ) 

o v e r a l l h e a t t r a n s f e r c o e f f i c i e n t 
for t h e s u p e r h e a t e r s e c t i o n 
( B t u / s e c - f t 2 - ° F ) 

3 
v o l u m e of m e r c u r y v a p o r (ft ) 

N a K c o o l a n t flow r a t e ( l b / s e c ) 

m e r c u r y flow r a t e ( l b / s e c ) 

n n e r c u r y flow r a t e a t end of i n j e c 
t i o n p h a s e ( l b / s e c ) 

m e r c u r y l i qu id f low r a t e ( l b / s e c ) 

n n e r c u r y v a p o r flow r a t e ( l b / s e c ) 

n u m b e r of m e r c u r y flow t u b e s 

t e m p e r a t u r e c o e f f i c i e n t of r e a c 
t i v i t y for t h e fuel ( d o l l a r s / ° F ) 

t e m p e r a t u r e c o e f f i c i e n t of r e a c 
t i v i t y for t h e r e a c t o r l o w e r g r i d 
p l a t e ( d o l l a r s / " F ) 

t e m p e r a t u r e c o e f f i c i e n t of r e a c 
t i v i t y for t h e r e a c t o r u p p e r g r i d 
p l a t e ( d o l l a r s / ° F ) 

P = e f f ec t i ve f r a c t i o n of d e l a y e d n e u 
t r o n p r e c u r s o r s 

M V 

" M 

^ M I 

' M L ' 

'MV ' 
z 

^g 

ug 

p. = e f f ec t ive f r a c t i o n of d e l a y e d n e u 
t r o n p r e c u r s o r s i n t he i t s g r o u p 

% = 

e AHX 

e c o r e , 0 

1 

a s m a l l c o n s t a n t u s e d for a n a l o g 
s t a b i l i t y 

a s m a l l c o n s t a n t u s e d for a n a l o g 
s t a b i l i t y 

d i f f e r e n c e b e t w e e n a u x i l i a r y h e a t 
e x c h a n g e r p r i m a r y N a K i n l e t and 
o u t l e t t e m p e r a t u r e s (°F) 

i n i t i a l d i f f e r e n c e b e t w e e n c o r e 
i n l e t a n d c o r e o u t l e t N a K t e m p e r 
a t u r e (°F) 

d e c a y c o n s t a n t fo r d e l a y e d n e u 
t r o n s i n t he itil g r o u p ( l / s e c ) 

a b s o l u t e v i s c o s i t y of m e r c u r y 
v a p o r ( I b / f t - s e c ) ^ \ l V 

P\/rT " d e n s i t y of m e r c u r y l i q u i d ( lb / f t ) 
^ M L 

PMV 

T 
C 

•^IHX 

' M 

' R I R 

' T a 

T A P 

T I A 

T P R 

' T R I 

^AR 

= d e n s i t y of m e r c u r y v a p o r ( l b / f t ) 

= d e l a y b e f o r e i n c r e a s e of N a K flow 
( sec ) 

e q u i v a l e n t t i m e c o n s t a n t fo r i n t e r 
m e d i a t e h e a t e x c h a n g e r m e t a l and 
m e r c u r y (°F) 

t i m e c o n s t a n t of t e m p e r a t u r e 
s e n s o r ( s ec ) 

d e l a y b e f o r e i n c r e a s e of m e r c u r y 
flow f r o m the i n j e c t i o n l e v e l ( sec) 

c o o l a n t t r a n s p o r t d e l a y t i m e f r o m 
r e a c t o r c o r e o u t l e t t o IHX to 
r e a c t o r c o r e i n l e t ( sec ) 

c o o l a n t t r a n s p o r t d e l a y t i m e f r o m 
c o r e o u t l e t t o t e m p e r a t u r e s e n s o r 
( sec ) 

c o o l a n t t r a n s p o r t d e l a y t i m e f r o m 
AHX to p a r a s i t i c l o a d ( sec ) 

c o o l a n t t r a n s p o r t d e l a y t i m e f r o m 
IHX to AHX (sec ) 

c o o l a n t t r a n s p o r t d e l a y t i m e f r o m 
p a r a s i t i c l o a d to r e a c t o r c o r e 
i n l e t ( sec ) 

c o o l a n t t r a n s p o r t d e l a y t i m e f r o m 
r e a c t o r c o r e o u t l e t to IHX ( sec ) 

i n t e r v a l b e t w e e n s u c c e s s i v e c o n 
t r o l d r u m s t e p s i n t h e s a m e 
d i r e c t i o n ( s ec ) 

* T h e s y m b o l A i n d i c a t e s c h a n g e in t he 
v a r i a b l e f r o m i t s i n i t i a l l e v e l . T h e 
s u b s c r i p t 0 i n d i c a t e s i n i t i a l l e v e l of 
t he v a r i a b l e a n d t h e s u b s c r i p t r i n d i 
c a t e s r e f e r e n c e l e v e l . 
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