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SIMULATION OF VARIOUS ACCIDENT CONSIDERATIONS FOR A 
MERCHANT-SHIP PRESSURIZED-WATER REACTOR 

Roger S. Boyd, Benjamin B. Gordon, Richard H. B y e r s , 
Leon E. Winslow, and J. J ames Stone, J r . 

A study was conducted on the safety aspects of foreseeable accident 
types in connection with the Nuclear Merchant Ship Reactor program. Four 
accidents have been selected for analysis by analog simulation techniques: 
continuous rod withdrawal, startup, loss of coolant flow, and cold-water insertion. 

The simulation of the reactor only was required for these situations 
because the effects of the accidents would be completed in less than one primary-
coolant loop time. The external control system was ignored, and only the effects 
of the negative reactivity coefficients were considered in the natural shutdown of 
the plant. 

Three phases of operation were considered in these analyses: operation 
with no safety system, high-flux scram, and period scram. The programs involved 
the variations of the scram parameters and the reactor temperature coefficients 
over the range of possible values for this reactor power plant. 

Results indicate that the inherent stability of the reactor system is 
sufficient to attenuate the power excursions resulting from the first three accidents. 
In the cold-water accident, if the difference in loop temperatures is on the order 
of 300 F, scram is necessary to limit the power excursion. 

INTRODUCTION 

The NMSR p rog ram is concerned with the design and const ruct ion of the f i r s t 
nuclear merchant ship, the NS "Savannah". P r i m e cont rac tor for the design and con­
struct ion of the propulsion plant is The Babcock & Wilcox Company. The reac to r power 
plant specified is of the p r e s s u r i z e d - w a t e r type , ra ted at 74 megawat t s . Control of the 
plant is to be accomplished through use of a con t ro l - rod drive mechan i sm. P r e s e n t in­
dications a re that this sys tem will use a cons t an t - ave rage - t empera tu re p r o g r a m , i^) 

This repor t outlines the analyses made at the request of The Babcock & Wilcox 
Company of the response of the Nuclear Merchant Ship Reactor to four accident condi­
t ions: (1) continuous rod withdrawal , (2) s t a r tup , (3) loss of coolant flow, and (4) cold-
water inser t ion. The resu l t s of these analyses will be included in the ove r -a l l safety 
r epor t which The Babcock k Wilcox Company will submit to the AEC Safeguards Com­
mit tee for approval . All input information has been provided by The Babcock & Wilcox 
Company. 

This investigation was c a r r i e d out using analog simulation techniques. In each 
case the accident situation was completely specified and remained fixed. The p r o g r a m s 
involved the var ia t ions of the s c r a m p a r a m e t e r s and the reac to r t empe ra tu r e coeffi­
cients over the range of possible values for this reac tor power plant. 

(1) References at end. 
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D E S C R I P T I O N O F T H E R E A C T O R P O W E R P L A N T 

The r e a c t o r p o w e r p l a n t to be u s e d in the m e r c h a n t ship i s of the p r e s s u r i z e d -
w a t e r type . ' ' The s y s t e m h a s two p r i m a r y - c o o l a n t l o o p s , e a c h wi th i t s own s t e a m 
g e n e r a t o r . Th i s e q u i p m e n t , p l u s the p r e s s u r i z e r and c o n t r o l and i n s t r u m e n t a t i o n s y s ­
t e m s , i s l o c a t e d in a c o n t a i n m e n t v e s s e l a p p r o x i m a t e l y 50 ft long and 35 ft in d i a m e t e r . 

The p r i m a r y cool ing s y s t e m o p e r a t e s a t a c o n s t a n t p r e s s u r e of 1750 p s i and a 
m e a n r e a c t o r w a t e r t e m p e r a t u r e of 508 F . P o w e r r a t i n g s of the r e a c t o r a r e 6 3 , 6 9 , 
and 74 m e g a w a t t s , c o r r e s p o n d i n g to n o r m a l r a t e of o p e r a t i o n , m a x i m u m r a t e of o p e r a ­
t i o n , and m a x i m u m d e s i g n po in t , r e s p e c t i v e l y . 

T h e r e a c t o r p r e s s u r e v e s s e l i s a c y l i n d r i c a l s h e l l wi th h e m i s p h e r i c a l b o t t o m and 
s p h e r i c a l d i s h e d top . The c o n t r o l - r o d d r i v e s a r e l o c a t e d a t the top of the r e a c t o r . 
W a t e r f lows t h r o u g h the r e a c t o r in t h r e e p a s s e s : (1) i t e n t e r s n e a r the b o t t o m of the r e ­
a c t o r and flows up t h r o u g h the t h e r m a l s h i e l d s , (2) i t f lows down t h r o u g h the ou te r p o r ­
t i on of the c o r e , and (3) i t f lows up t h r o u g h the c e n t e r of the c o r e and out t h r o u g h the 
top of the r e a c t o r . A d i a g r a m m a t i c r e p r e s e n t a t i o n of the r e a c t o r , p r i m a r y - c o o l a n t 
l o o p , and b o i l e r i s shown in F i g u r e 1. S ince l e s s t h a n 1 p e r cen t of the p o w e r i s g e n e r ­
a t e d in the t h e r m a l s h i e l d s , t he h e a t p r o d u c e d by t h i s p o r t i o n of the s y s t e m w a s n e g ­
l e c t e d for s i m u l a t i o n p u r p o s e s . It w a s e s t i m a t e d t h a t , of t he t o t a l h e a t g e n e r a t e d in the 
s y s t e m , 27. 5 p e r cen t i s g e n e r a t e d in the s e c o n d p a s s , and 72 . 5 p e r cen t i s g e n e r a t e d 
in the t h i r d p a s s . 

To second loop 

From second loop A-26e45 

F I G U R E 1. R E A C T O R P O W E R - P L A N T S Y S T E M S C H E M A T I C 
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The core consists of 32 e lements with 180 fuel pins per element. The fuel pins 
a re r igh t - c i r cu la r cyl inders of UO2, placed in a s ta inless s teel cladding with helium 
between the U O T and the s teel . It was assumed that the geometry of the fuel pins would 
not vary with t e m p e r a t u r e t r ans i en t s . 

Heat is t r a n s f e r r e d from the reac to r to the two boi le rs by means of p r e s s u r i z e d 
water flowing through two pa ra l l e l loops. The purpose of p r e s su r i z ing the sys tem is to 
prevent boiling of the water in the r eac to r loop. 

There a re two water pumps in pa ra l l e l in each loop located downstream from the 
s team genera tor . It is poss ible for the propuls ion plant to operate on one loop only. The 
effect of accidentally s tar t ing up the cold loop is the topic of the fourth accident study. 

In gene ra l , the resul t ing s c r a m after each accident will take place within one loop 
t ime. The re fo re , the simulation will involve the reac to r only. The p r imary -coo lan t 
loop with the boiler has been neglected as have the auxil iary sys tems of the power plant: 
p r e s s u r i z e r , purif icat ion, and in te rmedia te cooling sys t ems . The control sys tem has 
been considered inoperat ive. Any var ia t ions in this simulation will be d i scussed in the 
sections dealing with the accident to which they per ta in . 

SIMULATION OF THE REACTOR 

The reac to r simulation was developed by f i rs t construct ing a block d iagram of the 
system (Figure 2). The individual components were then analyzed to de te rmine their 
specific function, and a computer d iagram was produced which satisfied these functions. 
F r o m the computer d i a g r a m , equations were wri t ten which desc r ibed the sys tem. 

The following sections of this r e p o r t descr ibe the simulat ion of the var ious com­
ponents of the sys tem. The locations of the var ious simulated components a re as shown 
in F igure 1. 

Nuclear Kinetic Equations 

Standard nuclear kinetic equations were employed in the study of this r e a c t o r . 
These a r e : 

d P , 

dt 
( 1 - /3) k - 1 

i=6 

P r + ^ ^ C i +So , 

i= l 

dCi 

dt 

/3ik 
= -\^i + i " r̂ ' (2 to 7) 
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FIGURE 2. BLOCK DIAGRAM OF REACTOR SYSTEM 
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where 

P = reactor power , Btu per sec 

i=6 

i=l 

/3- = fraction of neutrons produced each mean lifetime that a r e delayed 
in the ith group 

-5 I - mean l i fe t ime, 2. 7 x 10 sec 

y^ = decay constant for ith delay g roup , per sec 

S = t e r m propor t ional to neutron source 

C- = t e r m propor t ional to concentrat ion of ith delay group 

k = effective nnultiplication factor. 

The Battel le Analog Faci l i ty has a self-contained Nuclear Kinetic Feedback Unit 
to solve these equations. The use of this unit r equ i r e s only two operat ional ampl i f iers 
and saves considerable setup t ime. A descr ip t ion of a s imi la r unit can be found in 
ORNL-1632(3). 

This unit was used in this investigation where poss ib le . The values of Xĵ  and /B̂  
for the six delay groups used in this simulation a re l i s ted in Table 1. 

TABLE 1. DELAYED-NEUTRON DATA 

Decay Constant, Delayed-Neutron 
Group Xi, pe r sec Frac t ion , ^^ 

1 0.0124 0.00026 
2 0.0315 0.00170 
3 0. 151 0. 00219 
4 0.465 0.00254 
5 1. 61 0. 00092 
6 13.86 0. 00025 

Total 0. 00786 
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F u e l - P i n T e m p e r a t u r e s 

The simulat ion of the hea t - t r ans fe r c h a r a c t e r i s t i c s of the fuel pins involves the 
solution of the equation of rad ia l heat flow with cyl indr ical geoinetry. P a r t i a l differen­
t ial equations of this type a r e not suited for solution on an analog compute r , and nnust 
be rewr i t ten using ordinary differential equations. The technique mos t often used is the 
application of finite differences. The hea t - t r ans fe r medium is divided into a number of 
smal l sec t ions , and equations relat ing the differences of the average t e m p e r a t u r e s of 
these sections a re wri t ten. 

In this study the fuel pin was divided into seven sect ions : five UOZj one he l ium, 
and one s ta in less steel . F igure 3 shows the geometry of the cyl indrical fuel pin and the 
division of the pin into finite boundaries to facil i tate study of the radia l -heat - f low cha r ­
ac t e r i s t i c s on an analog computer . In the following descr ip t ion , let 

r = radia l d i s t ance , in. 

c = specific heat , Btu/(lb)(F) 

3 

p - densi ty , lb per in. 

6 3 t e m p e r a t u r e , F 

k = t he rma l conductivity, Btu/( sec)(in. )(F) 

q = heat genera ted in the fuel, Btu/( sec)(in. ). 
A "pie" sl ice was taken from the cylinder and divided as shown in Figure 4. 

Writing the f ini te-differences equations of heat t ransfer radia l ly through the slice in­
volves the c r o s s - s e c t i o n a l a r ea at the interface of two sect ions and the volume of each 
section. The fini te-differences equations for this geomet ry for the t ime der ivat ives of 
t e m p e r a t u r e a r e as follows: 

c i P l V i ^ i = - — ^ A j 2 ( ® l - ^ Z ^ + q ^ l ' (8) 
^ ^ 1 2 

^zPz^zh = - - ^ ^ A23 ( 0 2 - 03) + 7 ^ ^ ^ 1 2 ( 9 1 - 02) +qV2 , (9) 
^ r 2 3 ^ r i 2 

k k 
^3^3^3^3 = - T ^ ^ 3 4 ( ^ 3 - ^ 4 ) + r ^ ^ 2 3 ( ^ 2 - ^ 3 ) + ^ ^ 3 ' (^0) 

^^34 23 

k k^^ 
'^4^4^4^4 = - — ^ ^ 4 5 (^4 " ^5) + ^ ^ 3 4 (^3 " ^4) + qV4 , d 1) 

Ar34 

^45 
^5^5^5^5 = - ^ ; 7 7 ^ 5 6 ( ^ 5 - ^He) + X 7 — ^ 4 5 ( ^ 4 - %) +qV5 . (12) 

^^45 

^56 

^^56 
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Helium 
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Coolant 

Heat flows 
radially from center 
of fuel pin. 

Top View 

Pin is divided into five 
sections of UO2, one section of 
helium, and one section of 
stainless steel 

e. 0. 6. 

9 
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Side View 

He, 

e. 

9. J 

8, 

A-25316 

FIGURE 3 . GEOMETRY OF FUEL PIN 
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A-253r3 

Frontal heat-transfer area and volume of seven - section fuel pin 
as shown 

FIGURE 4 . " P I E " SLICE OF FUEL PIN 

• 
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^67 56 
^ 6 P 6 ^ 6 V = - 7 ^67 (%e - 0s) + - ^56 (^s " ^He) 

Ar 
(13) 

67 56 

-iPl^'l's 
^78 

A.„ ( 
Ar 78 ^ s 

Hi 
V +Z ^ 6 7 ( 0 H e - ^s) ' 

78 Ar 
(14) 

67 

where 

V = volume of f i r s t sect ion; V2 = volume of second sect ion, etc . , in. 

A, ^ = c r o s s - s e c t i o n a l a r e a between f i r s t and second sect ions; A^-. = 
c r o s s - s e c t i o n a l a r ea between second and th i rd sect ions; etc. , in. ^ 

A r j 2 - rad ia l distance between cen te r s of f i rs t and second sect ions; 
Ar23 = rad ia l dis tance between the cen te r s of second and th i rd 
sec t ions ; etc . , in. 

^12 ~ t h e r m a l conductivity of Sections 1 and 2; k23 = t he rma l conductivity 
of Sections 2 and 3; etc. , Btu/( sec)(in, )(F). 

The subscr ip t s to c , p , 9, and 9 refer to the sect ions to which these quanti t ies 
per ta in . 

^56 V ? ^78 
Since — , . , and 7~^ involve the t h e r m a l conductivities of two different ^ ^ 5 6 ' ^^67 A r 78 

m a t e r i a l s , some special attention mus t be given these quant i t ies . F igure 5 is a c ross -
sect ional view of Sections 5 and 6. 

Ar. 

9 5* 

Ar, 

UO, 

56 

-'H 

^Hel 

Ar. 

A-es3ie 
' 2 Helium 

FIGURE 5. CROSS-SECTIONAL VIEW OF SECTIONS 5 AND 6 
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The the rma l conductance in the half of Section 5 adjacent to Section 6 is equal to 

kc 

^ ^ 5 / 2 A56 

The re fo re , the r e s i s t ance to heat flow in this por t ion of Section 5 is equal to 

^ ^ 5 . 

^H^5b 

Simi la r ly , the r e s i s t ance to heat flow in the half of Section 6 adjacent to Section 5 is 
equal to 

^ ^ 6 

^ ^ ^ 5 6 

The total r e s i s t ance from the center of Section 5 to the center of Section 6 is equal to 

Arg ^ Ar^ 

2k5A56 2k^A56 

There fo re , the t he rma l conductance in this port ion of the sys tem is equal to 

^^5^6^56 
k^Arg + kgAr^ 

This mus t be equal to the express ion in Equations (12) and (13): 

The re fo re , 

* ' 5 6 " 

=56 ^^SH 

Simi la r ly , 

^^56 ^6^^5 +%^^6 

^67 2 ^ 6 ^ 

and 

^^67 ^7^^6 +H ' ^^7 

^78 2kykg 

Ar^g kgAr .^+2k^ 

These values of t h e r m a l conductance were subst i tuted into Equations (12), (13), 
and (14). The subscr ip t s a, b , c , and d, r e fe r r ing to the UO^, he l ium, s ta in less s t e e l . 
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and coolant f i lm, respec t ive ly , were used to rep lace the numer ica l subscr ip ts of c , p , 
k, and Ar. The values of V and A were substi tuted into Equations (8) through (14). 

Equations (15) through (21) were obtained by dividing through by V and simplify­
ing. These equations a r e as follows: 

K 
CaPa^l = -2 T (^1 " ^Z) + q, (15) 

k k 
<=aPa02 = - | - ^ ( ® 2 - % ) + | - ^ ( 0 1 " ^2) + q ^ d ^ ) 

-aPa^3 = - | ^ 2 < ^ 3 - ^ 4 ) + | ^ (^2 " ^3) +^ ' ^l"') 

8 ^a ^ ^ ^ 6 ^a 
-aPa04 = - y ^ — 1 ( ^ 4 - ^5) + 7 7 - 2 ( ^ 3 - 94) ^^' 

20 ^a^b „ „ 8 ^a 

(18) 

^.Pj^ = - ^ 2 (®5 - ®6)+Q Z ( ^ 4 - 95) + q ' (19) 
^ ^ 5 9 A r ^ ^ b + ^ ^ a ^ ^ b ^ a ^ ^ ^ a ^ 

k^kc kakb 
%Ph^lle = - ^ -Z ( % e - e s ) + 2 ^ (©5 " ^He) >( 20) 

A r b % t A r ^ A r ^ k b Ar^Ar^k^ + A r b % 

'^cH ^b^c 
CcPc^s = - ;:7—2 (0s - 0 c ) +2 (©He - 0 s ) - (21) 

This sys tem was l inear ized by assuming the specific heats and t h e r m a l conduc­
tivit ies to be constant over the range of t e m p e r a t u r e s involved. This is an approxima­
t ion, since the specific heat and t he rma l conductivity do vary with t e m p e r a t u r e . 

The sys tem was originally studied using the t h e r m a l conductivity of U O T at 2000 F 
to obtain approximate s teady-s ta te t e m p e r a t u r e s of the five sections of UO^- These 
t e m p e r a t u r e s ranged from 1410 to 815 F . Success ive i te ra t ions produced the t e m p e r a ­
tu res and corresponding conductivities l i s ted in Table 2. These a r e the s teady-s ta te 
t e m p e r a t u r e s with the plant operating at 74 megawat t s . 
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T A B L E 2. T H E R M A L C O N D U C T I V I T I E S O F UO2 

V a r i a b l e 

«2 i 

02 3 

024 

25 

T e m p e r a t u r e , 
F 

Second P a s s 

705 

691 

663 

626 

578 

Third Pass 

1115 

1070 

973 

853 

700 

Thermal Conductivity, 
10-5 Btu/(sec)(in,)(F) 

5, 014 

5. 132 

5, 326 

5. 660 

5. 808 

3, 672 

3. 834 

4, 134 

4. 636 

5, 003 

The e q u a t i o n for the a v e r a g e fuel t e m p e r a t u r e , e a c h p a s s , i s the s u m of t h e s e 
t e m p e r a t u r e s , w e i g h t e d a c c o r d i n g to the v o l u m e r e p r e s e n t e d in e a c h s e c t i o n . T h u s : 

9f = 0. 0400 0 j + 0. 1206 02 + 0. 2108 83 + 0. 2689 9^ + 0. 3597 9^ (22) 

The inpu t to t h i s s y s t e m , the h e a t p e r un i t v o l u m e g e n e r a t e d in the U O 2 , w a s 
0. 6617 B t u / ( s e c ) ( i n . ^) in the s e c o n d p a s s , and 1. 744 B t u / ( s e c ) ( in . 3) in the t h i r d p a s s . 
It w a s a s s u m e d t h a t t h e s e a m o u n t s w e r e g e n e r a t e d u n i f o r m l y t h r o u g h o u t e a c h of t he f ive 
s e c t i o n s of the fuel p i n s . 

The c o m p u t e r d i a g r a m u s e d to r e p r e s e n t t h i s s y s t e m i s shown in F i g u r e 6. ' T h i s 
d i a g r a m w a s d e v e l o p e d f r o m E q u a t i o n s (15) t h r o u g h (21) by s t a n d a r d m e c h a n i z a t i o n and 
s c a l i n g t e c h n i q u e s . 

•Operational amplifiers, represented by a triangle in the computer diagram have an inherent polarity reversal. Thus, a positive 
input will result in a negative output. 
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FIGURE 6. FUEL-PIN SIMULATION 
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The t ime constant of the in tegra tor used to s imulate the helium t empera tu r e was 
very short . It was decided that this in tegra tor could be replaced sat isfactor i ly by a 
s tandard summer . This implies that c^p^0f^e 1̂  very smal l compared with the other 
t e r m s in Equation (20) which can now be rewr i t ten as follows: 

kbkc ka^b 

.^^b^^c + ^ ^ b ^ ^ c ^ b ^^a^^b^^b + ^ ^ b ^ ^ a 
' H e 

^a^b 

Ar^Ar, k, -I- Ar, '^k, a b b b a 

5̂ + 
l^b^c 

Ar^ k^ -fAr^Ar^k^ 

(23) 

The coolant film coefficients, k _., for each of the flow r a t e s cons idered in this 
simulation a re l i s ted in Table 3. The r e s t of the constants a r e in Table 4. 

TABLE 3. COOLANT FILM COEFFICIENTS 

Percen tage 
of Full F'low 

Coolant F i lm Coefficient, 
kd, 10-3 Btu/(sec)(in.2)(F) 

Second P a s s Thir 

6. 
5, 
4. 
4. 
2. 

d Pass 

256 
397 
361 
024 
602 

100 
83. 1 
63. 7 
5 7, 6 
33,4 

6. 819 
5. 883 
4, 754 
4. 386 
2. 836 

These coefficients were computed from 

-1-0. 8 
h/h^ = ( W / W J ' " • " , (24) 

where W^ equals full flow, and h^ equals the film coefficient corresponding to W . 

In all t e m p e r a t u r e s throughout this s imulat ion, the re fe rence level (zero volts) 
was taken as the mean coolant t e m p e r a t u r e , 508 F. 

Reac tor -Coolan t T e m p e r a t u r e s 

T e m p e r a t u r e s in the p r i m a r y loop have been designated T^. or Ti, , and t e m p e r a ­
tu r e s in the r eac to r core have been designated 0i . or 0i , where i indicates the type 
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TABLE 4. FUEL-PIN CONSTANTS 

Materials Quantity Value 

UO2 Ca 0. 0746 Btu/(lb) (F) 

Pĝ  0. 2977 lb per in. 3 

Ar^ 0. 0442 in. 

Helium k̂ , 3. 87 x 10" ̂  Btu/(sec)(in.)(F) 

C^ 1. 24 Btu/(lb)(F) 

Pb 6. 447 X 10"^ lb per in. ^ 

Ar^ 0, 003 in. 

4 Stainless steel k^ 2. 701 x 10"^ Btu/(sec)(in.)(F) 

C^ 0, 12 Btu/(lb)(F) 

p^ 0. 2799 lb per in. ^ 

Ar_ 0. 026 in. 
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of temperature,such as coolant, steel, helium, fuel, etc. , and j or k represents the loca­

tion as indicated in Figures 1 and 2. For mean temperatures, both j and k are used to 

indicate the two locations for which the mean is taken. 

The simulation of the mean-coolant and coolant outlet temperatures was based 

upon the analysis found in ORNL-1632. 

Let 

P = design-point power per pass, Btu per sec 

C g = total heat capacity of the steel per pass, Btu per F 

Z, = design-point difference between coolant temperature and pin tem­

perature, F 

Z-, = design-point rise in coolant temperature, F 

T, = transit time of coolant through the reactor, sec 

9^ = mean coolant temperature, F 

ĵk 

T(,. = coolant inlet temperature, F 

T -̂ = coolant outlet temperature, F 
"-k 

R =: time constant of steel cladding, sec 
s ^ 

AT = temperature differential through the reactor, F. 

The following relationships exist among these constants: 

(1) Zi = RsPz/Css 

(2) Z2 = % Pz of total Pj, times AT. 

Table 5 lists the values of these constants for the second and third passes. The 

mean inlet temperature is 495 F, and the mean outlet temperature is 521 F. Thus, AT 

of the reactor equals 26 F at full flow. 

TABLE 5. DESIGN-POINT VALUES OF CONSTANTS FOR THE REACTOR-
COOLANT-TEMPERATURE SIMULATION 

Second Pass Third Pass 

P^, Btu per sec 1 9 , 2 9 3 5 0 , 8 6 3 

Cgs, Btu per F 248 248 
Rg, sec 0. 1405 0. 1542 
Ti , sec 0. 546 0.6IO 
Z j , F 16 40 

Z2, F 7. 15 18.85 
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The equation descr ibing the generat ion of the mean coolant t e m p e r a t u r e i s : 

'c\ jk 
ZlTi 

'c\ jk 
2 

^ 1 
-jk 

- T ^ , (25) 

The outlet t empe ra tu r e of the coolant leaving the r eac to r is propor t ional to the de­
layed (by T,) inlet t empe ra tu r e and also to the in tegra l of t e m p e r a t u r e difference between 
the steel and coolant. The t r anspor t lag of the coolant is approximated by two l inear 
f i r s t - o r d e r delays. 

The contribution to T equal to the heat added to the sys tem i s : 

2 Z-

T i Z i 'i ^jk 

The delayed contr ibut ions , with 0^-^ t e m p e r a t u r e var ia t ion through the section of the r e ­
actor cons idered , a re expressed a s : 

(T, /2) 0 +9 = T , 
^ ^jk Cjk Cj 

(26) 

(T / 2 ) T - f T 
1 C i , k ^k ik 

(27) 

There fo re , 

s. c., T^/2) S + i j L ( T ^ / 2 ) S + 1 
(28) 

F igure 7 is the computer d iagram used in this port ion of the simulat ion. The var i ­
ous r eac to r -coo lan t t e m p e r a t u r e s involved a re l i s ted and desc r ibed in Table 6. 

Since the inlet t empe ra tu r e to the second p a s s , T , was r e p r e s e n t e d as a con-
*̂ b 

s tant , the RC delay network became a constant r e s i s t ance equal to T, / 2 . 
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FIGURE 7. COMPUTER DIAGRAM FOR REACT OR-COOLANT TEMPERATURES 
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TABLE 6. COOLANT REACTOR TEMPERATURES DESCRIPTION 

Tempera tu re Descr ipt ion 

T„ Inlet t e m p e r a t u r e to second pas s 
'^b 

0_ Mean coolant t e m p e r a t u r e , second pas s 
^bc 

T Outlet t e m p e r a t u r e from second pass 
^c 

T^ Inlet t e m p e r a t u r e to th i rd p a s s 

Mean coolant t e m p e r a t u r e , th i rd pa s s 

T- Outlet t e m p e r a t u r e from th i rd pass 

^d 

^de 

"e 

C o o l a n t - T e m p e r a t u r e - T r a n s p o r t Delays 

The lag t imes in the second and th i rd p a s s e s were approximated by cascading two 
f i r s t - o r d e r delays. The t r a n s p o r t delay of the coolant flowing between the two p a s s e s , 
T„ to T , was s imulated using an e ight - root network.^ ' This s imulat ion is shown in 

•-c '-d 
F igure 8. 

One of the p a r a m e t e r s in the sys tem analys is is the flow r a t e . Table 7 shows the 
max imum power level as a function of the var ious flow r a t e s . The flo-w ra te is de te r ­
mined by the number of pumps operating in the two coolant loops. 

The t r anspor t delay t imes corresponding to these flow r a t e s a re p re sen ted in 
Table 8 along with the lag t imes in the two p a s s e s . 

TABLE 7. MAXIMUM POWER LEVEL AS A FUNCTION OF FLOW RATE 

Percen tage of Ful l Flow for Indicated Number 
of Pumps in Operation 

P o w e r , 
megawat ts 

74. 0 
60.7 
45. 1 
40 .0 
20.0 

7 . 4 

Percen tage of 
Maximum Power 

100 
82 
61 
54 
27 
10 

2 2 1 
( 2 Loops) (1 Loop) 

100 
83. 1 

63.7 
57.6 

33. 4 
33. 4 
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FIGURE 8. COOLANT-TRANSPORT-DELAY SIMULATION 
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TABLE 8. TRANSPORT DELAY TIMES IN THE REACTOR AS A FUNCTION 
OF COOLANT-FLOW RATE 

Flow, 
10^ lb per hr 

Percen tage of 
Full Flow Second P a s s 

Delay T i m e , sec 
Between P a s s e s Thi rd P a s s 

8.000 100 0.546 3.007 0.601 
6.648 83.1 0.657 3.619 0.734 
5.096 63.7 0.857 4.721 0.958 
4.608 57.6 0.948 5.220 1.059 
2.672 33.4 1.635 9 .003 1.826 

A block d iagram of the t he rma l loop is shovwi in Figure 9- Values of the inlet t em­
p e r a t u r e corresponding to the var ious combinations of power level and flow ra t e a r e 
l is ted in Table 9. 

Initially the sys tem was observed under al l s tandard operating conditions. The r e ­
sultant s teady-s ta te t e m p e r a t u r e s , corresponding to Figure 9 , a re shown in Table 10. 

Reactor Tempera tu re Coefficients and Reactivity 

The reac t iv i ty , p , is given as the ra t io 6 k / k , which is approximately equal to 6k 
for smal l 6k' s. This assumption has been made in these simulat ion s tudies . 

The negative t empera tu re coefficients of react iv i ty r e p r e s e n t the inherent stabili ty 
of this r eac to r . Two specific coefficients were considered: the modera to r coefficient 
and the Doppler coefficient. The fo rmer is a function of r eac to r m e a n coolant t e m ­
p e r a t u r e , while the la t ter is a function of the fuel t empera tu re due to the change in r e s o ­
nance escape probabil i ty. In this t e r m , the t empe ra tu r e coefficient of react iv i ty is a t ­
t r ibuted to "Doppler broadening" of resonance peaks in the neutron spec t rum. In 
gene ra l , the l a rge r the negative coefficients , the sma l l e r the power excurs ions following 
a dis turbance. However , with the existence of a la rge Doppler coefficient, the average 
sys tem t empera tu re tends to fluctuate considerably from i ts design point when the plant 
is subjected to load changes. 

The range of values of these coefficients used in this s imulat ion is p resen ted in 
Table 11. 

Figure 10 r ep re sen t s the computer d iagram showing the coupling of the r eac to r 
t e m p e r a t u r e s to the react iv i ty express ion . This may be r e f e r r e d to as the in ternal r e ­
actor control loop. 
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TABLE 9. REACTOR-COOLANT INLET TEMPERATURES AND AT ACROSS 
THE REACTOR FOR THE VARIOUS COMBINATIONS OF POWER 
AND FLOW 

Percentage of 
Power 
100 
100 
82 
82 
61 
61 
61 
61 
54 
54 
54 
54 
27 
27 
27 
27 
27 
10 
10 
10 
10 
10 

Percentage of 
Full Flow 

100 
83. 
100 
83. 
100 
83. 
63. 
57 
100 
83 
63. 
57 
100 
83. 
63. 
57. 
33. 

100 
83 

63 
57 
33 

1 

1 

1 
7 
6 

1 
7 
6 

1 
7 
6 
4 

1 
7 
6 
4 

AT, I 
26 
31.3 
21.3 
25.7 

15.9 
19. 1 
24.9 
27. 5 
14. 0 

16.9 
22.0 
24.4 
7.0 
8.5 
11.0 
12.2 
21.0 
2.6 
3. 1 
4. 1 
4.5 
7.8 

Inlet T e m p e r a t u r e , F 
495 
492.4 
497.4 
495. 2 
500.0 
498.4 
495.6 
494. 2 
501. 0 
499.6 
497.0 
495. 8 
504. 5 
503.8 
502.5 
501.9 
497.5 
506.7 
506.4 
506.0 
505.8 
504. 1 
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TABLE 10. STEADY-STATE REACTOR TEMPERATURES WITH POWER OF 
74 MEGAWATTS AND FULL FLOW OF 8 x 106 LB P E R HR 

Second P a s s 
021 

025 

0He , 

T e m p e r a t u r e , F 
732 

720 

695 

658 

613 

550 

514 

Third P a s s 

831 

0, 
^3 

"35 

% e . 

Temperature, F 
1202 

1156 

1067 

943 

796 

636 

542 

0f 
2 

Cbc 

660 

499 

495 

502 

%, 

= de 

952 

512 

502 

521 
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T A B L E 1 1 . R E A C T O R T E M P E R A T U R E C O E F F I C I E N T S 

Coef f ic ien t S y m b o l 
A s s o c i a t e d 

T e m p e r a t u r e 
V a l u e , 

5k p e r F 
M o d e r a t o r coe f f i c i en t 

Second p a s s 

T h i r d p a s s 

D o p p l e r coef f i c ien t 

a-

a„ 

a 

"be 

' d e 

- 0 . 2 8 X 10 -4 

- 0 . 5 2 X 10-4^^) 
- 0 . 5 9 X 1 0 - 4 

- 1 . 2 0 X 10-4 
- 2 . 2 5 X 10-4^^) 
- 2 . 5 1 X 1 0 - 4 

- 1 . 0 X 1 0 - ^ , , 
, , , „ _ 5 ( a ) 

- 2 . 3 x 1 0 -̂  
- 5 . 0 X 10-5 

(a) Standard value. 

-Sk doppler=«d^f 

A-28281 

FIGURE 10. REACTIVITY SIMULATION 

The re fo re , the react iv i ty equation becom es : 

^l^total = ^ k g h i ^ + 6k^Q^ + a^e^^^ +^3®cde + ^d®f • (29) 

The function ^k.^.^^ will be d i scussed with the individual acc idents . 

The purpose of Skgj^^,^ is to es tab l i sh the ini t ial power levels from which the acc i ­
dents begin. 
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R e a c t o r P e r i o d 

The r e a c t o r p e r i o d h a s b e e n de f ined a s t he a m o u n t of t i m e i t t a k e s for t he n e u t r o n 
flux to change by a f a c t o r e. In s i m u l a t i o n s t u d i e s of p o w e r r e a c t o r s , t h e flux 0 a n d 
p o w e r l e v e l P j , a r e c o n s i d e r e d i n t e r c h a n g e a b l e . 

If T i s t he r e a c t o r p e r i o d , t h e n 

0 = 0o® 
t / T 

(30) 

o r 

1 /T = ( 1 / P ^ ) _ P ^ (31) 

H o w e v e r , t he k i n e t i c e q u a t i o n s h a v e b e e n s o l v e d d i r e c t l y for P ; t h u s , to ob t a in 1 /T by 
u s e of E q u a t i o n ( 3 0 ) , t he p o w e r s i g n a l would h a v e to b e d i f f e r e n t i a t e d . S ince e l e c t r o n i c 
d i f f e r e n t i a t i o n i s a n o i s e - a x n p l i f y i n g p r o c e s s , c a r e m u s t be t a k e n to g e n e r a t e a p e r i o d 
s i g n a l . The P ^ ou tpu t s i g n a l f r o m t h e f e e d b a c k un i t a l s o h a s n o i s y c h a r a c t e r i s t i c s , and 
a s t r a i g h t f o r w a r d s i m u l a t i o n invo lv ing a s e r v o - d i v i d i n g c i r c u i t wou ld only c o m p l i c a t e 
t he s i t u a t i o n . 

In a c t u a l r e a c t o r p e r i o d c i r c u i t s t h e a p p r o a c h i s t o o b t a i n t h e natural l o g a r i t h m of 
p o w e r a n d t h e n d i f f e r e n t i a t e : 

d 
= ( 1 / P ) — P . (32) 

r dt ^ 

d 
P e r 

T h u s , a s i m u l a t i o n c i r c u i t w a s d e v i s e d to e x p r e s s log P . F i g u r e 11 s h o w s the s i m u l a ­
t ion u s e d to r e p r e s e n t t he r e c i p r o c a l p e r i o d . 
T h i s c i r c u i t w a s c h e c k e d wi th a P ^ inpu t func t ion to v e r i f y t h a t the log and p e r i o d c i r c u i t s 
w e r e func t ion ing p r o p e r l y . The p r o p o r t i o n a l i t y c o n s t a n t A for t h i s c o n f i g u r a t i o n w a s 
found to be 0. 086 . The 4 0 0 - k i l o h m r e s i s t o r in the p e r i o d c i r c u i t r e p r e s e n t s a t i m e c o n ­
s t a n t of 400 m i l l i s e c o n d s , t he s t a n d a r d v a l u e u s e d in t h e s e s t u d i e s . 

IM i i 
^AAAAA^-| 

ma 
P̂  -^VSAAAAr-J 

I M i i 
A-2e282 

F I G U R E 1 1 . R E C I P R O C A L P E R I O D S I M U L A T I O N 
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CONTINUOUS-ROD-WITHDRAWAL ACCIDENT 

The cont inuous-rod-withdrawal accident was s imulated under the following condi­
t ions. With the reac tor c r i t ica l and operating at var ious initial power levels and flow 
r a t e s , the bank of control rods which contains the maximum react ivi ty worth was with­
drawn at the maximum possible velocity. This could occur due to a malfunction at the 
control system. 

The investigation involved th ree p h a s e s : (1) no safety sys tem in opera t ion , (2) p e ­
r iod t r i p , and (3) high-flvix t r ip . 

In the f i rs t p h a s e , the rods were allowed to continue their withdrawal unti l the clad­
ding t empera tu re in the th i rd phase reached 620 F . The saturat ion s team t empera tu r e at 
1750 ps i is about 620 F . At this t empera tu re boiling would occur , creating s team voids 
in the system. The effect of these voids is to cut down the react ivi ty and thus to dec rease 
the ra te of power i nc rease . The runs were incor rec t after boiling occur red because of 
a breakdown in the simulation of the sys tem under this condition. 

Scramming of the reac tor would be init iated by one of two c r i t e r i a , high flvix or 
shor t per iod. Using the high-flux t r i p , the sys tem was examined to de termine what in­
c r e a s e in sys tem t empera tu re occurs before s c r a m , and also the cha rac t e r i s t i c s of the 
r eac to r response to s c r am. 

Rod-Withdrawal Simulation 

The investigation of this accident was accomplished with a simulation of the r e a c ­
tor a lone, as descr ibed in the previous sect ions . 

The port ion of the simulation pecul iar to this accident involves only a r e p r e s e n t a ­
tion of the react ivi ty r amp function and provis ion for a s c r a m function to be injected into 
the total 6k. The ra te of rod withdrawal was in tegra ted with r e spec t to t ime and fed into 
the <5k, . I simulation. For no safety s y s t e m , this was all that was requi red . For flux 
and per iod s c r a m s , re lay networks were used to cut off the rod withdrawal and in se r t the 
6k s c r a m function. This s c r a m function was produced by a diode function genera to r . 
The m i n i m u m - s c r a m cu rve , s tandard condition, showing negative react ivi ty v e r s u s t ime 
is shown in Figure 12. 

Additional re lay networks were used to short out the dis turbance after s c r a m so 
that the computer could operate continuously and not have to be r e s e t after each run. An­
other c i rcui t was used to m a r k the beginning of rod withdrawal and t ime of s c r a m on the 
output data. 

Since the p r imary -coo lan t loop and boiler were not cons idered in this s imulat ion, 
the assumption had to be made that the inlet coolant t e m p e r a t u r e , T„ , was constant at 

'̂ b 
the values l i s ted previously in Table 9. This assumpt ion was cons idered to be conse rv ­
ative since the inlet t empera tu re would inc rease with rod withdrawal , causing a genera l 
inc rease in all sys tem t e m p e r a t u r e s . These inc reased t e m p e r a t u r e s would reduce the 
power excurs ion due to the negative t empera tu re coefficients of react iv i ty . 
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P r o g r a m Analysis and Discussion for Rod-Withdrawal Accident 

The analys is of this accident included var ia t ion of the following p a r a m e t e r s : 

Power level 

Flow ra te 

Rate of react ivi ty inse r t ion 

Pe r iod for s c r a m 

Delay in per iod c i rcu i t ry 

Flux s c r a m level 

Sc ram delay t ime 

Minimum s c r a m function of negative react iv i ty v e r s u s t ime 

M o d e r a t o r - t e m p e r a t u r e coefficient 

Doppler coefficient 

Total negative react ivi ty available for shutdown. 

Table 12 l i s t s the values of these p a r a m e t e r s not a l ready repor ted . 

F igure 13 shows the response of the s y s t e m , initially at 100 per cent power and 
100 per cent flow, with all other p a r a m e t e r s at their e s t imated design va lues , with no 
safety sys tem in operation. The response of the r e a c t o r , s c r a m m e d at 100 m e g a w a t t s , 
135 per cent of r a t ed power , is shown in F igure 14. 

Table 13 shows the compar ison of operat ion with no safety sys tem at the t ime the 
cladding in the th i rd pa s s r eaches 620 F and high-f lux- t r ip operat ion. 

Rod-Withdrawal-Invest igat ion Resul ts 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

Resul ts of the "no safety sys tem in operat ion" phase indicate tha t , with the inherent 
stability of the r eac to r (i, e. , the existence of high negative t e m p e r a t u r e coefficients of 
reac t iv i ty ) , the pe r iod never d e c r e a s e s below 16 sec . Consequently, the study of the r e ­
sponse to per iod t r ip was unnecessa ry . In addit ion, it was found that var ia t ions in s c r a m 
delay t ime and s c r a m ra te produced li t t le effect because of the rapid response of the s y s ­
tem to s c r a m . The same is t rue for var ia t ions in Doppler and mode ra to r coefficients , 
and high-flux-trip l eve l s . 

At low power l eve l s , the t ime elapse before s c r a m was longe r , but the excurs ions 
were about the same . At low flow r a t e s , the excurs ions were l e s s than under s tandard 
operat ing conditions. The r e su l t s shown in F igures 13 and 14 a r e r ep resen ta t ive of the 
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TABLE 12. PARAMETERS OF CONTINUOUS-ROD-WITHDRAWAL ACCIDENT 

Rate of Reactivi ty 
Inser t ion , 6k per sec 

Pe r iod for S c r a m , sec 

Delay in Per iod C i r cu i t ry , 
mi l l i seconds 

Flux Scram Level at Indicated P e r ­
centage of Ful l F low, megawat ts 

4 X 10" 

2 X 10-

1 X 10-

5 X 10-

10 
l ( a ) 

0 . 1 

110 

200 

4 0 0 ( ^ ) 

6 0 0 

1100 

• 4 ( a ) 

4 
5 

1 
(a) 100 100 

122 

67 
83 .1 85(^^ 

100 

50 
63.7 62(^) 

74 

44 
57.6 55(a) 

66 

22 
33.4 28(a) 

33 

Scram Delay T i m e , mi l l i seconds 100 
240(a) 
400 

Total Negative Reactivity Available 
for Shutdown, 6k 0. 01 

0 .03 '^^ 
0. 10 

(a) Estimated design value 
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TABLE 13. COMPARISON OF SYSTEM TEMPERATURES, WITH AND 
WITHOUT FLUX SCRAM 

Flow, per cent 
P o w e r , nnegawatts 
T i m e , sec 
T e m p e r a t u r e , F 

031 

Flow, per cent 
P o w e r , megawat ts 
T i m e , sec 
T e m p e r a t u r e , F 

^3l 
y s . 

Flow, per cent 
Power , megawat ts 
T i m e , sec 
T e m p e r a t u r e , F 

^31 
Os, 

Flow, per cent 
Power , megawat ts 
T i m e , sec 
T e m p e r a t u r e , F 

^^3, '1 
U. 

Flow, per cent 
Power , megawat ts 
T i m e , sec 
T e m p e r a t u r e , F 

3̂i 

T._ 

Initial 
Condition 

100 
74 

1202 
552 

521 

83 . 
60. 

1028 
543 

523 

63 . 
45 . 

948 

548 

529 

57. 
40. 

898 

548 

529 

33. 
20. 

708 

544 

539 

0 

1 
7 

7 
1 

6 
0 

4 
0 

No Scram 
System 

158 
60 

1900 

620 

546 

144 
73 

1870 

620 

560 

101 
58 

1430 

620 

565 

89. 
60 

1350 

620 

570 

52. 5 
65 

1025 

620 

610 

High- Flux 
Scram 

100 
17. 5 

1348 

563 

527 

85 
18. 0 

1228 

563 

531 

62 
14. 5 

1048 

561 

536 

55 
14. 5 

988 

559 

537 

28 
12. 5 

748 

553 

547 
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sys tem response to conditions of continuous rod withdrawal with any combination of sy s ­
tem p a r a m e t e r s . 

Figure 14 reveals that , following s c r a m , the reac to r power drops a lmost immedi ­
ately to a par t i cu la r low level dependent upon the total negative react ivi ty used for 
shutdown. 

STARTUP ACCIDENT 

The objectives of s tar tup a re to bring the cold r eac to r to c r i t i ca l and then to in­
c r ea se the power level in a controlled manner until des i red power is reached This is 
done by withdrawal of control rods . In a r eac to r designed for high power l eve l s , these 
rods must be withdrawn fairly rapidly until c r i t ica l i ty is approached to minimize the 
t ime requi red for s tar tup. If, as a resul t of some malfunction, this rapid withdrawal is 
continued through the p rompt - c r i t i c a l s tage , the power will rapidly exceed the normal 
operating level. It is important from a safety standpoint to determine the extent of 
power and t empera tu re excurs ions in the event of such an accident. 

The power and t empera tu re excurs ions were de termined from an analog simulation 
of the reac tor sys tem. This simulation of the reac tor from a cold subcr i t ica l condition 
to a p rompt - c r i t i c a l reac tor was pe r fo rmed in th ree s teps . F i r s t , a l inear simulation 
was c a r r i e d out for the change in react iv i ty from subcr i t ica l to c r i t i ca l and an inc rease 
in power level by approximately one decade. Second, an exponential s imulation was 
used for an inc rease in r eac to r power by a factor of approximately 10* .̂ During this 
t ime the simulated reac tor was entering the p r o m p t - c r i t i c a l s tage. Thi rd , a l inear 
simulation was employed to study the sys tem in the operat ing-power range . 

Startup Simulation 

During the f i rs t and second p h a s e s , the total energy produced by the r eac to r is not 
la rge enough to resu l t in a measu rab le r i s e in t e m p e r a t u r e in the r eac to r . The re fo re , 
the fuel-pin- and coolan t - tempera ture s imulat ions were omitted. 

Subcri t ical Linear Simulation 

The reac tor kinet ics were r ep resen ted by Equations (1) through (7). For this 
study these equations were simulated using s tandard analog computing techniques so that 
computation could be stopped, and final values of power and the concentrat ion of the 
delayed-neutron groups could be determined. The computer d iagram for this sys tem is 
shown in Figure 15. 
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FIGURE 15. LINEAR REACTOR COMPUTER DIAGRAM FOR 
STARTUP ACCIDENT 
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Cri t ica l Exponential Simulation 

Because of the large range of power involved in this phase of the study, a factor of 
approximately 1 0 ' , a s tandard l inear simulation would not be sat isfactory. In order to 
obtain var iables which change by less than 10^, the following substitutions were made in 
Equations (1) through (7): 

Pj . ' = P^e- '^t^, (33) 

C. ' = C.e-xt2^ ^^^^ 

where x is an a r b i t r a r y constant chosen to allow a convenient change in P ^ . Differenti­
ation of Equations (33) and (34) g ives : 

P / = Pj-e'"^* - 2xt P^e'^^* , (35) 

C-' = C^e-xt^ _ 2xt C.e-xt2 , (36) 

Substituting Equations (33) through (36) into Equations (1) through (7) and simplifying 
gives: 

P " = 
r 

(1 - B ) k - 1 _ ^ 
- 2xt 

i 
P / + ^ X i C i ' + S ^ e - x t 2 ^ (37) 

Ci = - (Xi+ 2xt) Ci '+ ^ -^ P r ' . (38-43) 
Z 

The computer d iagram for the r eac to r -k ine t i c s por t ion of this sys tem is shown in 
Figure 16. The ini t ial conditions for this phase were taken from the final conditions of 
the f i r s t -phase runs . 

Power -Leve l Linear Simulation 

The reac tor kinetics for this phase were s imulated as in the subcr i t ica l l inear 
phase . This simulation was coupled to the fuel-pin simulation as previously descr ibed. 
This phase was run at 1/100 r ea l t ime . The init ial conditions for this phase were taken 
from the final conditions of the second-phase runs . 
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FIGURE 16. COMPUTER DIAGRAM FOR EXPONENTIAL SIMU­
LATION OF REACTOR 
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P r o g r a m A n a l y s i s and D i s c u s s i o n for S t a r t u p A c c i d e n t 

Dur ing the f i r s t a n d s e c o n d p h a s e s , t h e only p a r a m e t e r s to b e v a r i e d w e r e i n i t i a l 
s u b c r i t i c a l i t y and r o d - w i t h d r a w a l r a t e . In i t i a l s u b c r i t i c a l i t i e s v a r i e d f r o m 1 to 15 p e r 
cen t . Two r o d - w i t h d r a w a l r a t e s w e r e u s e d , 1 x 1 0 - 3 a.nd 3 x 10 -4 6k p e r s e c . V a r i a ­
t i ons in t h e s e p a r a m e t e r s m a d e only m i n o r c h a n g e s in t he p e r i o d of the r e a c t o r when the 
o p e r a t i n g - p o w e r l e v e l w a s r e a c h e d . 

Dur ing the t h i r d p h a s e the ef fec ts of the fol lowing p a r a m e t e r s w e r e e x a m i n e d : 
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 , D o p p l e r c o e f f i c i e n t , h i g h - f l u x - t r i p l e v e l , s c r a m 
de lay t i m e , r e a c t i v i t y a v a i l a b l e for shu tdown and s c r a m i n s e r t i o n r a t e , a s we l l a s i n i t i a l 
s u b c r i t i c a l i t y and r o d - w i t h d r a w a l r a t e . 

The r e s u l t s of the s t a r t u p a c c i d e n t u s i n g s t a n d a r d v a l u e s of p a r a m e t e r s w i th no 
sa fe ty s y s t e m a r e shown in F i g u r e 17. F i g u r e 18 s h o w s the r e s u l t s of the s a m e s y s t e m 
wi th h igh - f lux s c r a m . 

S t a r t u p I n v e s t i g a t i o n R e s u l t s 

The only p a r a m e t e r s wh ich a p p r e c i a b l y a f fec ted the p o w e r e x c u r s i o n d u r i n g t h i s 
a c c i d e n t w e r e the Dopp le r coef f ic ien t and the r o d - w i t h d r a w a l r a t e . The h igh Dopp le r 
coef f ic ien t p r o d u c e d m o r e n e g a t i v e r e a c t i v i t y for t he s a m e i n c r e a s e in f u e l - p i n t e m p e r a ­
t u r e , a n d , t h e r e f o r e , l i m i t e d t h e p o w e r e x c u r s i o n s o o n e r a n d a t a l o w e r v a l u e . The low^ 
w i t h d r a w a l r a t e p r o d u c e d a s l o w e r change in e x c e s s r e a c t i v i t y and t h e r e f o r e p e r m i t t e d 
m o r e t i m e for the fuel p i n s to h e a t and s top the p o w e r r i s e t h r o u g h the a c t i o n of the 
Dopp le r coef f ic ien t . H o w e v e r , even wi th the w o r s t p o w e r e x c u r s i o n s , the t e m p e r a t u r e s 
in the s y s t e m r e m a i n e d be low o p e r a t i n g l e v e l t e m p e r a t u r e s . 

F i g u r e 19 i s a p lo t of the r e a c t o r p o w e r l e v e l v e r s u s t i m e for c o m p l e t e a c c i d e n t 
f r o m i n i t i a l s u b c r i t i c a l i t y t h r o u g h the p o w e r p e a k a n d the f ina l d e c r e a s e due to the e f ­
fect of the Dopp le r coef f ic ien t . 

L O S S - O F - C O O L A N T - F L O W A C C I D E N T 

In t h i s s tudy the r e s p o n s e of the r e a c t o r to t he s i m u l t a n e o u s f a i l u r e , due to l o s s of 
p o w e r , of a l l o p e r a t i n g coo lan t p u m p s w a s i n v e s t i g a t e d . The r a p i d d e c r e a s e in coo lan t 
flow r e s u l t s in an inab i l i t y of the coo l an t to r e m o v e a l l the h e a t g e n e r a t e d by the r e a c t o r . 
T h e r e f o r e , the s y s t e m t e m p e r a t u r e s i n c r e a s e . As the h e a t - t r a n s f e r coe f f i c i en t d e ­
c r e a s e s , the fuel t e m p e r a t u r e s i n c r e a s e f u r t h e r . 

E v e n n e g l e c t i n g t he effect of s t e a m - v o i d f o r m a t i o n , the n e g a t i v e t e m p e r a t u r e c o ­
e f f i c ien t s of r e a c t i v i t y a r e suf f ic ien t to l o w e r the p o w e r l e v e l in a r e l a t i v e l y s h o r t t i m e . 
H o w e v e r , the t e m p e r a t u r e r i s e m a y be e x c e s s i v e and s c r a m m i n g would be n e c e s s a r y to 
p r e v e n t p h y s i c a l d a m a g e to the r e a c t o r , s u c h a s m e l t i n g of t he fuel p i n s . 
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Trans ient flow data for this r eac to r sys tem for accidents involving the loss of 
forced coolant flow and cold-water inser t ion were supplied by The Babcock & Wilcox 
Company, Atomic Energy Division. Two cases of coastdown were considered: 

(1) Four pumps at full speed coasting to no pumps 

(2) Two pumps , one per loop, at one-half speed, coasting to no pumps . 

The f i rs t case r ep re sen t s the ext reme accident under no rma l operating conditions; the 
second, the conditions of loss of flow during low power operat ion. 

Two var iable input functions were involved in this ana lys i s . The flow function, 
W(t), was integrated. The resul t ing curve was used to obtain the t r anspor t delays in the 
second and third p a s s e s . The hea t - t rans fe r coefficient between the steel and coolant, 
h(t), was obtained by applying Equation (24). The coastdown curves for the two cases 
considered a re shown in F igures 20 and 21. 

The purpose of this study was to investigate the sys tem response to coastdown, 
with and without s c r a m , and to optimize the s c r a m p a r a m e t e r s for safe shutdown. 

Loss -o f -F low Simulation 

The simulation can be modified for this accident by eliminating the turnaround 
(3. 007-sec delay), since coolant leaving the second pas s will not reach the th i rd p a s s 
before flow stops. Therefore the inlet t empera tu re to the second and th i rd p a s s e s •was 
assumed to be constant. 

The coolant-film coefficient, h.^, was replaced by h(t) in the pin simulation. This 
and the var iable t ime delay, r , were incorpora ted into the reac to r coolant t empe ra tu r e 
simulation as shown in Figure 22. To simplify notation G(t) is defined a s : 

kc h(t) 1 
G(t) = J ' (44) 

Ar^ c p ^ 
Ar^k^ +h(t) -g-^ 

This was simulated by use of diode function gene ra to r s . The hea t - t r ans f e r filnn coeffi­
cient as function of t ime is shown in F igure 23. Since the re la t ion of Equation (24) is not 
s t r ic t ly valid for low flow r a t e s , it was assumed that after 6 sec of coastdown, h(t) goes 
to zero. At this point the simulation becomes that of an insulated fuel pin. 

Since the t r anspor t t ime was defined as the length of t ime for a pa r t i c le at the in­
let to reach the outlet , the init ial delay becomes 0. 976 sec through the second pas s and 
1. 09 sec through the third p a s s . The variat ion of the delays with t ime a r e shown in F ig­
ure 24. Table 14 re la tes the initial sys tem t e m p e r a t u r e s for the four-pump case con­
sis tent with these inc reased delay t imes . 

For the two-pump c a s e , the init ial power level was 17. 8 megawa t t s , and the flow 
was 31. 6 per cent of full flow. During flow coastdown, the t r anspo r t lag t ime inc rea sed 
so rapidly that an assumption that the flow would immedia te ly drop to zero is a good 
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FIGURE 20. TOTAL COASTDOWN FROM FOUR PUMPS 
AT FULL SPEED 
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approximation. The hea t - t rans fe r coefficient was allowed to dec rease normal ly . The 
initial t empera tu re s for this case a r e l i s ted in Table 15. 

The coastdown takes place in less than one loop t i m e , so simulation of the p r i m a r 
loop and s team genera tor was unnecessa ry . 

P r o g r a m Analysis and Discussion of Loss -o f -F low Accident 

The analysis of this accident included var ia t ion of the following p a r a m e t e r s : 

(1) Scram-de lay t ime 

(2) Total negative react ivi ty available for shutdown 

(3) Scram r a t e , negative react ivi ty ve r sus t ime 

(4) Modera to r - t empera tu re coefficient. 

A t empera tu re c ross section of the fuel pin for the s tandard four-pump coastdown with 
no s c r a m is shown in Figure 25. A compar ison of P^^, 63, , and 0g . r e s p o n s e s , with 
and without s c r a m , for the four-pump case is p resen ted in F igures 26 through 28. Re ­
sponses of the two-pump case a re s i m i l a r , but with l ess excursion. 

Loss-of-Flow-Inves t iga t ion Resul ts 

The resu l t s of this study indicate that there a re no se r ious consequences from 
the loss of flow. The equil ibrium pin t empera tu re with no scrara is about 1100 F , 
and with s c r a m it is about 820 F . In g e n e r a l , a var ia t ion of the s c r a m p a r a m e t e r s has 
lit t le effect on the sys tem. The mos t c r i t i ca l p a r a m e t e r is the m o d e r a t o r - t e m p e r a t u r e 
coefficient. With the maximum r i s e of coolant t empera tu re of 85 F , 5k only changes 
from - 0 . 0025 to - 0 . 0132. However, with s c r a m , sys tem response is much the same 
with any value of m o d e r a t o r - t e m p e r a t u r e coefficient. 

For the half-flow c a s e , the t rans ien t s a re even less seve re . The corresponding 
equil ibrium pin t empera tu re s a re 700 F with no s c r a m , and 600 F with s c r a m . These 
a re average t empera tu re s m e a s u r e d in the thi rd p a s s . 
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TABLE 14. INITIAL SYSTEM TEMPERATURES FOR FOUR-PUMP-
COASTDOWN CONDITION 

Second P a s s T e m p e r a t u r e , F Third P a s s T e m p e r a t u r e , F 

^ I 

0He; 

742 

728 

701 

665 

620 

559 

523 

^3 I 

'He. 

1242 

1198 

1108 

964 

806 

637 

543 

'be 

• C b 

673 

506 

495 

501 

%. 

-de 

972 

515 

501 

517 

TABLE 15. INITIAL SYSTEM TEMPERATURES FOR TWO-PUMP-
COASTDOWN CONDITION 

Second P a s s T e m p e r a t u r e , F Third P a s s Tennperature , F 
02i 

02 3 

24 

25 

He, 

554 

551 

546 

538 

5 27 

515 

508 

3̂i 

^32 

03. 

'He3 

^S3 

691 

680 

660 

626 

589 

550 

530 

'be 

538 

499 

498 

503 

-de 

629 

509 

503 

518 
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C O L D - W A T E R A C C I D E N T 

T h i s a c c i d e n t r e s u l t s f r o m the flow of w a t e r f r o m an i d l e , coo l p r i m a r y loop in to 
the r e a c t o r . The c o l d e r w a t e r i n t r o d u c e s e x c e s s r e a c t i v i t y b e c a u s e of the n e g a t i v e 
m o d e r a t o r coe f f i c i en t , and a fas t p o w e r r i s e cou ld r e s u l t . S ince the r e a c t i v i t y change 
i s p r o p o r t i o n a l to the change in t e m p e r a t u r e a n d m a g n i t u d e of t he m o d e r a t o r coe f f i c i en t , 
i t i s i m p o r t a n t to i n v e s t i g a t e the m a x i m u m c o l d - l o o p t e m p e r a t u r e s a l l o w a b l e wi thou t e n ­
d a n g e r i n g the r e a c t o r c o r e . Th i s wi l l d e t e r m i n e the r e q u i r e m e n t for sa fe ty i n t e r l o c k s 
and t h e i r t e m p e r a t u r e s e t t i n g . 

T-wo cond i t i ons of flow^ -were c o n s i d e r e d : 

(1) Opening of shutoff va lve in co ld loop wi th p u m p s r u n n i n g 

(2) S t a r t i n g m a i n coo lan t p u m p s in t he co ld loop wi th shutoff va lve open . 

The fol lowing a s s u m p t i o n s w e r e m a d e : 

(1) 54 p e r cen t p o w e r in hot loop (40 m e g a w a t t s ) 

(2) 57. 6 p e r cen t i n i t i a l flow in hot loop 

(3) In i t i a l r e a c t o r in l e t t e m p e r a t u r e of 49 2 F 

(4) Ho t - and c o l d - l o o p i n l e t t e m p e r a t u r e s c o n s t a n t 

(5) P e r f e c t fluid m i x i n g a t i n l e t to r e a c t o r . 

F i g u r e 29 shows the flow v a r i a t i o n s of the hot and cold l o o p s for the s e c o n d c o n d i t i o n . 
S ince n o r m a l f lows o c c u r in l e s s t h a n 2 s e c , t h e flow would r e a c h 100 p e r c e n t b e f o r e 
any change o c c u r r e d in i n l e t t e m p e r a t u r e a t t he e n t r a n c e to the s e c o n d p a s s . T h u s , only 
the i n l e t t e m p e r a t u r e w a s c o n s i d e r e d a s a t i m e - d e p e n d e n t v a r i a b l e . T h i s funct ion i s 
shown in F i g u r e 30. Two i n i t i a l c o l d - l o o p t e m p e r a t u r e s w e r e c o n s i d e r e d in t h i s s t u d y , 
one a t 130 F a n d the o t h e r a t r o o m t e m p e r a t u r e , 70 F . 

F o r the cond i t ion of va lve o p e n i n g , the flow w a s a l s o a s s u m e d to r e a c h 100 p e r 
cen t b e f o r e the t e m p e r a t u r e c h a n g e d a t t he i n l e t to the s e c o n d p a s s . T h i s i s a c o n s e r v a ­
t ive a p p r o x i m a t i o n . 

C o l d - W a t e r S i m u l a t i o n 

S ince the change in flow c h a r a c t e r i s t i c s w a s n e g l e c t e d for t h i s s t u d y , t he s t a n d a r d 
coo lan t a n d t r a n s p o r t - l a g s i m u l a t i o n s w e r e e m p l o y e d . The p e r i o d c i r c u i t d e s c r i b e d 
p r e v i o u s l y w a s u s e d for p e r i o d t r i p . 
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P r o g r a m A n a l y s i s and D i s c u s s i o n for C o l d - W a t e r A c c i d e n t 

With 70 F and 130 F i n l e t t e m p e r a t u r e s , for no sa fe ty a c t i o n , flvix t r i p , and p e r i o c 
t r i p , the following p a r a m e t e r v a r i a t i o n s w e r e c o n s i d e r e d : 

(1) M o d e r a t o r - t e m p e r a t u r e coef f ic ien t 

(2) F u e l - t e m p e r a t u r e coef f i c ien t 

(3) F l u x - t r i p l e v e l 

(4) S c r a m - d e l a y t i m e 

(5) P e r i o d - t r i p l e v e l 

(6) Shutdown r e a c t i v i t y . 

F i g u r e s 31 t h r o u g h 34 show a c o m p a r i s o n of t he r e s p o n s e s of the s y s t e m for the 
two c o l d - l o o p t e m p e r a t u r e i n p u t s w i th a l l s t a n d a r d s c r a m c o n d i t i o n s and flux t r i p a t 
55 m e g a w a t t s . 

In the p r e v i o u s a c c i d e n t s t u d i e s , v a r i a t i o n of t he p a r a m e t e r s had l i t t l e effect on 
the r e s p o n s e of the s y s t e m . H o w e v e r , in t h i s s tudy p a r t i c u l a r v a r i a t i o n s have a p r o ­
found effect on t he p o w e r l e v e l a n d m a g n i t u d e of t e m p e r a t u r e e x c u r s i o n s . 

To show the e f fec ts of p a r a m e t r i c v a r i a t i o n s . T a b l e 16 r e l a t e s t he p e a k s of p o w e r 
l e v e l , c e n t e r - p i n t e m p e r a t u r e , and c l add ing t e m p e r a t u r e to t he v a r i o u s c h a n g e s f r o m 
s t a n d a r d d e s i g n v a l u e s of the p a r a m e t e r s . 

T A B L E 16. E F F E C T S O F P A R A M E T E R VARIATIONS WITH SCRAM DURING C O L D -
W A T E R A C C I D E N T F O R P U M P STARTING WITH V A L V E O P E N 

R e a c t o r P o w e r , 103 Btu p e r s e c T e m p e r a t u r e , F 
P a r a m e t e r Second P a s s T h i r d P a s s 6 3 . ©go 

Al l s t a n d a r d v a l u e s 
70 F c o l d - l o o p t e m p e r a t u r e 
High m o d e r a t o r coef f ic ien t 
Low m o d e r a t o r coef f ic ien t 
Low D o p p l e r coef f ic ien t 
T r i p l e v e l at 44 m e g a w a t t s 
T r i p l eve l at 66 m e g a w a t t s 
1 0 0 - m i I l i s e c o n d s c r a m de l ay 
4 0 0 - m i l l i s e c o n d s c r a m d e l a y 
0. 01 shu tdown 6k 
0. 10 shu tdown 6k 
1 0 - s e c p e r i o d t r i p 
1-sec p e r i o d t r i p 

675 
1340 
1180 
100 
960 
200 
775 
200 
1225 
750 
415 
245 
-(a) 

835 
-(a) 
-(a) 
15 

-(a) 
1550 
700 
1500 
550 
-(a) 

1 
100 
65 

2150 
2800 
2600 
900 
3500 
2250 
2200 
2250 
2200 
4050 
1000 
2200 
2200 

564 
574 
568 
548 
578 
550 
568 
550 
576 
626 
558 
580 
606 

(a) Power exceeded 2500 x 10^ Btu per sec. 
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It should be noted that the peaks in the above curves cor respond to the effects of 
the entrance of the cool water into the second and thi rd p a s s e s . 

Cold-Water-Invest igat ion Resul ts 

Resul ts of this accident indicate tha t , in gene ra l , with the difference in loop t em­
pe ra tu re s on the o rde r of 300 F , s c r a m action is nece s sa ry . Only in the case with low 
modera to r coefficient was it possible to observe the effects of no s c r a m . The excur­
sions of this run cor respond roughly to the case of the 100-mill isecond s c r am-de l ay run. 

The standard case for the idle-loop s tar tup simulation showed power excurs ions of 
250 and 1100 megawat ts for the second and th i rd p a s s e s along with peak t e m p e r a t u r e s of 
2800 F and 790 F for the center pin and cladding, respect ively . 

In the case of valve opening with pumps running, the change in inlet t empera tu re 
was on the o rde r of 35 F per s e c , resul t ing in a l ess severe accident. 

Best resu l t s were obtained using the lowest value of the mode ra to r coefficient, as 
would be expected. For optimum design against the cold-water accident one should have 
as much shutdown 6k available as poss ib le . If sufficient shutdown 6k is not avai lable , 
sever i ty of power and t empera tu re excurs ions can be minimized by a re la t ively long de­
lay before s c r a m , such as inc reased s c r am-de l ay t ime or t r ip at a relat ively high 
power level . The purpose of the long delay before s c r a m is to allow time for the ave r ­
age fuel and coolant t empera tu re s to increase appreciably before s c r a m o c c u r s . This 
lowers the Doppler 6k, and makes the inc rease in mode ra to r 6k less severe when the 
cold coolant reaches the th i rd p a s s . As seen in Table 16, some of these p a r a m e t r i c 
changes resul t in l ess excurs ion m the th i rd pass than in the second. 

The safety inter locks should prohibit accidental s tar tup of the idle loop with ex­
cess ive t empera tu re difference between the loops. Under these conditions the idle loop 
would have to be preheated . 

CONCLUSIONS 

The merchan t - sh ip reac to r appears to exhibit a high degree of inherently safe 
operat ing c h a r a c t e r i s t i c s . Modification of design p a r a m e t e r s specifically for safety 
considerat ions is believed to be unnecessa ry . 

For the cont inuous-rod-withdrawal acc ident , it is sufficient to stop withdrawal and 
begin inser t ion of the rods . If this can be accomplished by other m e a n s , s c r a m is not 
neces sa ry . 

The rod-withdrawal r a t e s used in the s tar tup accident produce power excurs ions 
which can be checked natural ly by means of the Doppler coefficient. Much lower ra tes 
would have to be used for s tar tup to l imit the per iod to 3 sec . 
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The loss-of-flow situation would not cause ser ious consequences due to the rapid 
dec rease in reac tor power. Although the t empera tu re in the average fuel-pin cladding 
is not exces s ive , it may be n e c e s s a r y to s c r a m in o rde r to prevent melt ing of the clad 
in the "hot channel". 

The sever i ty of the cold-water accident depends upon the difference in t e m p e r a ­
ture of the two t r anspor t loops. When this difference is on the o rde r of 300 F , s c r a m is 
manda tory . Best response to s c r a m is obtained with high negative react ivi ty available 
for shutdown. If the negative react ivi ty available for shutdown is insufficient to overr ide 
the react ivi ty introduced by the cold w a t e r , the power excurs ion can be reduced by a 
re la t ively long delay before s c r a m . 

This reac tor sys tem appears to respond safely to these pa r t i cu la r accident 
s i tuat ions. 
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