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TRANSFER FUNCTIONS FOR CIRCULATING-FUEL REACTORS 

by 

B. J. Henderson and G. L. Ragan 

ABSTRACT 

The zero-power transfer function, the power feedback transfer function, 

and the total reactor transfer function have been determined analytically 

for a direct-contact, circulating-fuel reactor. Decay and extraction of 

delayed neutron precursors in the loop outside the core, and the variation 

of the coolant temperature in this loop are considered. A FORTRAN-II pro

gram has been coded for the IBM 704, and graphs present the results of 

some parametric studies. The analytic expressions are applicable to circu

lating-fuel reactors in general, but the parameter values used in the studies 

reported here are based on conceptual direct-contact reactor designs. 

INTRODUCTION 

Control analysis of a direct-contact, circula-
1 

ting-fuel reactor system must include, in addition 

to the usual temperature feedback effects, the re

activity effects associated with delayed neutron 

precursors leaving and re-entering the core. These 

reactivity effects are complicated by the partial 
2 extraction of the delayed neutron precursors in the 

external loop in addition to their decay in this 

loop. Analysis should show whether or not reso

nances occur in the frequency response of this sys

tem and also whether or not self-sustained power 

oscillations result. 

In this report, analytical expressions are de

veloped separately for the 7.ero-power transfer funr.

tion and for the power feedback transfer function; 

they are then combined to form the total reactor 

transfer function. The zero-power transfer function 

is determined from a modified form of the reactor 

kinetic equations. The power feedback transfer 

function results from solution of the heat balance 

equations for the core, heat exchanger, and circu

lating loop. 

3 
This study is similar to that of MacPhee, but 

it is extended to include partial extraction of de

layed neutron precursors, six groups of delayed 

neutrons, and operation at nonzero power. Numerical 

values of transfer functions are obtained,by use of 

a FORTRAN-II program, over a wide range of frequen

cies. The code permits easy variation of the neu

tron times in the core and in the loop, degree of 

extraction of precursors in the external loop, and 

power levels. 

Throughout this study, certain arbitrary simpli

fying assumptions are made, the validity of each 

varying from one reactor design to another. The 

aooumptiono* arc as follows: 

i) Reactor kinetic equations are spatially 

independent. 

ii) No fissions occur outside the core. 

iii) Both fuel and coolant flows are constant. 

iv) The fuel entering the core is instantly 

mixed with the fuel already there, and the fuel 

leaving it has the temperature and precursor 

concentration of the core mixture. 

* The first five assumptions are equivalent to those 
of MacPhee, and they are believed to be reasonable 
for the geometries shown in Figs. 1 and 2. In Fig. 
2, droplets of fuel leaving the core through hol.es 
a~o~nd the bottom are intimately mixed into the 
coolant stream flowing upward around the core. After 
separation from the coolant, the fuel collects in a 
pool and returns to the core. 

3 
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SODIUM 
PUMP 

Fig. 1. Schematic drawing of a direct-contact 
reactor core. 

v) The fuel flows in slug flow in the circuit 

outside the core. 

vi) Isothermal* conditions exist separately in 

each of the three fuel regions of Fig. 3: core, 

heat exchanger, and return. 

vii) The temperature of the sodium coolant en

tering the heat exchanger is constant. Within 

the heat exchanger, the coolant is isothermal. 

ZERO-POWER TRANSFER FUNCTION 

The zero-power transfer function is determined 

from a modified version of the reactor kinetic 

equations. These equations include terms repre-

*Alternatively, one might neglect heat conduction 
along those streams experiencing slug flows. How
ever, the high thermal conductivities of liquid 
metal fuels and coolants make this a poor assumption 
in any reactor region of reasonably compact geometry . 
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SODIUM COOLANT 
lllllL.Ll--1--R.f----- INLET 

RETURN FUEL 
POOL 

11tt~--+-FUEL-SODIUM 
MIXTURE 
(PUMP AND HEAT 
EXCHANGER) 

Fig. 2. Proposed 15-MW core for Fast Reactor Core 
Test Facility. 

senting the loss of neutron precursors in the ex

ternal loop due to both decay and extraction. A 

schematic drawing and a preliminary proposal for a 

direct-contact, circulating- fuel reactor are shown 

in Figs. 1 and 2. The corresponding model used in 

the present study is given in Fig. 3 with nomen

clature as follows: 

V volume of fuel in core c 
Vl volume of fuel in external loop 

F = volumetric flow rate of fuel 
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WITH HEAT SINK 
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FUEL 

Ve ' Tc' RETURN 
F, C1 (ti 

Fig. 3. Model for analysis of circulating-fuel 
reactor. 

Tc = Vc/F a core transit time 

Tl Vl/F external loop transit time 

. Ci(t) concentration of !th precursor in core at 
time t 

decay constant of !th precursor 

fraction of .:!:_th precursor eccaping exter
nal extraction. 

It should be noted here that a separate fuel 

pump and conventional (noncontacting) heat exchan

ger could be used in Fig. 3. In that case, the 

analysis presented in this report is still valid if 

ai • 1 is.specified. 

Under the conditions of Fig. 3, the modified 

reactor kinetic equations can be written as 

dC B _ c1 (t) 
. .:.:J:. ., --..:!:. n - Ai. Ci(I'.) 
dt A T 

where 

T 
c 

c 

n = n(t) = neutron concentration in core 

fl 

A 

r.P.activi ty 

generation time 

Bi fractional precursor yield 

B =total precursor' yield 

Equation 1 is the usual core neutron density 

equation, while the terms of Eq. 2 represent the 

core precursor balance, namely, 

(2) 

I
rate of I 

· change of . = 
precursors Irate of I 

formation -

I
rate of I 
removal 
from core 

I
rate of I 
decay in 

core 

I
rate ofl 

+ return 
to core 

Equations 1 and 2 will be linearized by use of 

the assumptions 

n(t) n + 6n(t) 
0 

p(t} Po + 6p(t) 

Ci(t) cio ·+ 6Ci(t) 

Ci(t - T.t:'.) = c 
io + 6Ci(t - Tl), (3) 

The steady state value of n
0 

is arbitrary, but it is 

necessary to determine the steady state values of 

Ci and p. For the steady state, Eq. 2 becomes 

0 
+ .!.._ - _a_i_e_-_T_l_A_i ) . 

T T • 
c c 

R•:::·~;·:: R~ivoa >i _, ,~= 
ai e 

Ai+.!.._ - ----
T T 

c c 

where 

(4) 

Equation 4 states that the decay of precursors in 

the core,. AiCio' is less than their rate of produc

tion, Bin
0

/A, by the group effectiveness factor, ai, 

which allows for precursor decay and extraction out

side the core. 

Similarly, for the steady state, Eq. 2 becomes 

n 
O = (p 

0 
- B) A 

0 
+ 2:>i Cio (5) 

With Eq. 4, the summation becomes 
n n 

L Ai cio = A 0 L Bi ai = A 0 Ba • 
··. . i 

where 

L Bi ai 
a= -=-i __ _ 

~ 



Substituting thi~ ·result into Eq. S·;~ we obtain 

p
0 

= (1 - a)fl (6) 

Equation 6 indicates that the steady state reactiv

ity, p
0

, is not zero unless the overall effective-

ness factor, a, is. unity as it is .for a noncircu-

lating-fuel reactor. In the limit, as a approaches 

zero, the steady state reactivity approaches fl, cor

. responding to one dollar of reactivity and critica

lity on prompt n~utrons alone; 

It is now possible to determine the linea.rized 

kinetic equations. Substituting assumptions 3 into· 

Eq. 1 gives 

dlln(t) - [n + lln(t)] 
dt - [po - llp(t) - fl]--=o~_A __ _ 

+ L A. [ c. + llCi ( t) l . 
i. l. l.O 

Neglecting the products of small variations, using 

steady state Eq. 5 and. the value .of p
0 

from Eq. 6, 

we obtain 

n 
dlln(t) = ....£ llp(t) 
dt A 

(7) 

The linearized precursor equation is obtained simi

larly from Eq. 2: 

dllCi(t) 

dt 
fli 
!\ lln(t) 

A.i 'c + 1 

1: 
LIC. (t) 

l. . 

-"[ £"i 
n. e 

c 

+ -=i-,-- Ci (t. - '.!'._). 
c 

(8) 

Equations 1, 2, 4, 6, 7, and 8 are·in exact 

agreement with Eqs. 1, 2, 11, 12, 13, and 14 of Ref. 

3, allowing for our extensions of the problem and 

for differences in notation. 

In the matter of notation, however, there is 

more than a superficial difference. We have writ

t~n the bas~c kinetics equ~tions rigorously in 

terms of reactivity~ P, and generation time, A. In 

Ref. 3, excef!S k, cSk, and prompt neutron.lifetime,· 

£, are used, but certain s.implifying approximations 

are made in writing the kinetics equations which 

6 

result in an exact correspondence with our. rigorous 

equations based on P a~d A. 

4 Lewins gives a lucid exposition of the use of 

generation time, the reciprocal production proba-· 

bility, in reactor kinetics. The resulting equa

tions are always simpler to. solve than are those 

based on lifetime, the reciprocal destruction prob

ability. For that large class of reactors for 

which A tends to be more nearly constant than does 

l, the equations based on generation time are also 

more accurate. 

We now investigate the response to a sinusoidal 

driving reactivity function specified by 

- jwt - st 
llp(t) =lip e =lip. e (9) 

where lip is the amplitude and s = jw. Other vari

ables respond at the sa1!1e frequency·, and at ampli

tudes (denoted by bars) which are in general complex, 

that is, they include a phase shift.· These are 

(10) 

Substituting assumptions 9 and 10 into Eq. ]·and 
st cancelling .the factor e common to all terms yields 

n 
slln = Ao lip - .!!..§. Lin + L A. LIC 

A i i i 

Rearrangement gives 

Lin c As + a fl) = lip + .L L:1.. 6C 
n0 n0 i i i 

Similarly, Eq. 8 gives 

fli - A.i' c + 1 
-•t"i 

a.e 
llCi 

l. 
s =!\Lin LIC. + 

1: l. 1: 
c c 

(11) 

llCi e 
-•,es 



where 

The resulting value 

= _ 6
_i_ tm 

liCi s + ).i A 

is used in Eq. 11 to obtain· 

~: (>.s + af3 - l: s).!f3~!) = lip. 

The zero-power transfer function can now be 

written 

G(s) 
lin/n0 \ f3 

= KP/a =1 ----~->.-i_a_i_ 
As+a-Es+>.* 

i i 

jwA + af3 

G(w) 

jwf\ + E 
1 

zi + j Yi 

jwf\ + E (aif3i) xi + j Yi 
i. 

(12) 

where the definitions of Xi, Yi, and Zi are apparent. 

G(w) 

the definitions of R and Q being apparent. An al-

ternative form for Eq. 15 is 

. G(w) "' 
R - jQ 

(lG) 
R2 + Q2 

Finally, we find 

amplitude • f3 JR2 + Q2 @ 

R2 + Q2 .JR2 2 , + Q 

If raif3i. is substituted for af3, Eq. 12 can be.expanded 

to 

G(w) • -------'
6
'-------,,- • 

(

jw + >.* - ).i) 
jwfl + ~ 

i ai 

We can rewrite X! as 

1 ai ).! m ).i + ~ - ~ exp(--r_f.).i) COS WT.£. 
c c 

and, from the definition of ai°, we ca!J. write 

Using these results, we obtain 

(13) 

(14) 

Further manipulation yields 

=__!_ 
R + jQ ' 

f3 amplitude in.decibels = 20 log10 ..;Rz + Qz 

tan 8 = - i 

(15) 

The above equations for the zero~power transfer 

·function were coded for the IBM 704, and two check

out: cases were run: one trom Ret. 3 (Tc U.9b, 

Tl= 11.52) for circulating-fuel reactors, and one 

7 
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Fig. 4. 
cases-:· 

l.ero-power transfer functio_n for 
I= MacPhee; 3 II= LAMPRE.:i 

two. check 

for the LAMPRE I -reactor. 5 The ·results, sho,wn in 

Fig. 4, agree well with those of the oi;-iginal au

thors. Note that MacPhee's defini_tion of G(w). is 
-1 

larger than ours by a factor fl . • Henc.:e:, his gains 

are displaced upward _by 20 10~10 (0.0074)-~ = 42.6 

dB. 

The low-frequency behavior may be discussed by 

ref_erring to Eq. 13. A.t low frequencies, if w << 

l/T,f_ , 

>... 
1 ai -Tf..Ai =~ . x. +---e 

l. l. T T . aj 
c c 

Yi w~ ~f.. -Tf..Ai) 
+a -e 

i T 
c 

0 

8 

Equation_ 15 then become·s · 

G(w) 
Y. -

2 ]' [ 
1 

2 
+ j wA 

X~ + Yi 

Further, if w .is so small that Y. «' X:, ·and if w 
l. l. . 

~< l/TR.. and w << >..i/ai, we have in Eqs. 15 and 16 

R 0 

Finally, at these low fi;-equencies, Eq. 16 becomes 

..fi. ~-- wl 
G(w) -~ Q = -j w -j w 

where the constant w
1

, the low break frequency, is 

In practice, the generation· time A is so small (10-
3 

to ~0-B sec). as to be negligible in this expression. 

In- this study, the values of w
1

. rang_ed from _about 

0 .1 to 1 ra4/sec. On the other hand, A is of utmost 

importance at very high frequencies, where Eq._12 

becomes_. 

G(~) ~ ~ ~ -j ~ 
jwA w ' if w >> ~ 

A 

·The hfgh break frequency, w2 = *' varies from about 

. 10 rad/sec for a typical thermal reactor to about 

10.5 rad/sec for a typical fast reactor. 

At intermediate frequencies, Eq. 12 reduces to 

G(w) << w << 

Approximate limits for typicai thermal and fast re

actors ar.e, re.spectively, 3 << w << 10 and 3 << w 

«_ 105 • Thus, a broad plateau with gain 1/ a exists 

for fast reactors, whereas only a narrow one, if any, 

is present in· thernial reactors. 

The·r~sonarice behavior may be seen by examining 

Eqs. 13 and 14. The quantities ·xJ· and zi exhibit 
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undamped oscill~tions, repeating as w changes by 

llw = 211 
Tl 

The quantity Yi is essentially proportional to w, 

but with superimposed oscillations of the above 

periodicity llw and of constant amplitude. These 

oscillations become less important relative to w as 

w increases. 

Resonances are most likely to occur when a = 1, 

that is, when none of the neutron precursors are 

extracted in the external loop. Therefore, for this 

case, a parametric study was made for various val

ues of loop time. The results shown in Fig. S in

dicate that some peaking occurs at long loop times, 

but that all peaking dies away as the loop time 

decreases. The values Tc • 0.67 and Tl = 0.5 are 

8bT---oh- 0.1 QS I s 10 so 100 

FRfQllf,N~Y, IM.Cll•'IS/SEC 

·10 

·20 

E 
ci:: -30 
Ill 
0 
w"' -40 
-' .. 
:i "'50 -... 
"' ~ •6U 
0.. 

·e 

"90 
0.01 QOS QI o.s I s IO 30 IOO 

FREQUENCY, RADIANS/SEC 

Fig. s. · Zero=power tranilfer functions for ai 1 
(no precursor extraction) and T = 0.67 sec; Ti as 

c 
parameter. 

typical of the higher-powered reactors to be con

sidered. No significant.peaking is found for these 

values. 

Figures 6-8 show results for various combina

tions of Tc' Tl• and a. No resonances are indicated 

by any of the graphs. 

POWER FEEDBACK TRANSFER FUNCTION 

When a reactor operates at substantial powers, 

a r.eactivity feedback loop comes into play through 

the fuel's temperature coefficient of reactivity. 

In order to determine the react·ivity feedback, it is 

first necessary to determine the relationship between 

change in power and change in fuel temperature. A 

power-temperature transfer function may be defined, 

for small sinusoidal variations at the frequency w, 

as 

0 

LIT 
H(w) = ___£ 

LIP 

001. QOS 0.1 

0 

-10 

·20 

ti 
~ •30 

·Ii: 
0 
.; -46 
-' .. 
:i -50 ... 
"' ~ -60 
0.. 

·9 
0.01 OJ 

(17) 

0.S I s 10 so 100 

FREQUENCY, RADIANS/SEC 

as I s 10 so 100 

FREQUENCY, RADIANS/SEC 

Fig. 6. Zero-power transfer functions for T = 2.0 
sec and Tl = 1.0 sec; Qi as parameter. c 
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2.67 

where llT
0 

is the change in average fuel temperature 

resulting from the change in power, llP. Again, the 

bars denote complex amplitudes·, including phase 

shifts. 

The closed loop feedback system is shown sche~ 

maticaliy in Fig. 9, where llpt _is the reactivity 

change caused by the temperature change llT
0 

through 

the fuel temperature coeffic-ient of reactivity 

ap/aT
0

• 

The relationship between neutron density and 

power, 

llP lln 
p n 

0 0 

can be used in Eq. 17 to obtain 

llT = H(w) P lln 
o o n 

0 

This result may be used in connection with Fig. 9 

to give 

10 

llpt 

B 
11£_ H() p lln = ·-H'(w) lln S aT w o n n 

u 0 0 

(18) 

12 

go~,~--,o~~~,~~~0~1~--,o.3~_.-~---!1~~-+,~~-+.10,--~~,--~-::!,oo 

FREQUENCY, RADIANS/SEC 

·10 

·2 

o.3 I 3 10 30 
'FREQUENCY, RADIANS/SEC . 

Fig. 8. Zero-power. tr,1msfer functions for Tc 
sec and 'l = 0.33 sec; ai as parameter. 

b.p 
73 G(w) 

~ 6T0 
6P 

f3 iJP 
{3iJTf 

H(w) 

Fig. 9. Closed loop feedback system. 

where 

H' (w) = - l lL H(w) P s aT
0 

o 

100 

0.67 

6n 
no 

We can define the total reactor transfer func

tion as 

R(w) 
lln/n 

= ___ o" 

6P1s 
(19) 



It can be seen from Fig. 9 that 

--;:- (ti . fipt) . 
n n = G (w) f + -e- . 

0 . 

Combining this result with Eqs. 18 and 19 yields 

G(w) 
R(w) = 1 + G(w) H'(w) 

The next step is to determine H' (w). The power 

equation in the core is 

Heat generated heat ~aising core temperature 

+ net heat carried out by flow, 

p 

where 

pf = 'fuel density 

cf 

Ti 
T 

0 

fuel specific heat . 

fuel temperature at core inlet 

fuel temperature at core outlet and 
(assuming instantaneous mixing) in the 
core. 

(20) 

Let the sinusoidal driving.reactivity 9 result 

in 

p p + fiPejwt 
0 

Ti T. + fiT .ejwt 
l.O l. 

T T + fiT ejwt. 
0 00 0 

(21) 

Substitution of Eq. 21 into Eq. 20 gives 

p + fiPejwt = . rV jw fiT + F(fiT 
o pfcfLc o o 

When the .initial condition, 

is subtracted from Eq. 22 and the result divided by 

ejwt, we get 

fiP =pf Cf[Vc jw tiT
0 

+ F(tiT
0 

- tiT1)], (23) 

The fuel circuit is divided into three parts: 

core, heat·exchanger, and return, as in Fig. 10. 

The following additional quantities are now intro

·duced: 

HEAT T3 
.--~~~--...EXCHANGER1--~+-~~---"~~ 

Fig. 10._ Fuel and coolant temperature schematic. 

c 
c 

c 
r 

chx = 
vhx 

v 
r 

T so 
K 

temperature of fuel in heat exchanger 

Pf Cf F 

Pf cf Ve 

Pf cf vr 

Pf cf vhX 
volume of fuel .in the heat exchanger 

volume of fuel in return 

temperature of sodium in heat exchanger 

heat transfer coefficient of the heat 
exchanger 

Then Eq. 23 becomes 

fiP = (y + jw C ) fiT - )fiTi 
c 0 

(24) 

Assuming the fuel to be isothermal in the return· 

at temperature.Ti, the heat balance is 

· dTi 
Fpf Cf(T3 - Ti) ~.~pf cf vr 

and the variations become 

(25) 

The heat balance for the fuel in the heat ex

changer, assuming the fuel to be isothermal there 

at temperature r
3

, is 

(26) 

The heat balance in the sodium coolant of the heat 

exchanger, assuming an isothermal sodium tempera

ture Tso' is 

dT 
K(T3 - T~Q) cs PS vs d~o +FR PR CR(Tso - T~i) 

(27) 

·where 

c s 

,p 
·8 

v 
s 

specific heat of sodium in the heat ex
changer 

=.density of sodium in the heat exchanger 

volume of sodium in the heat exchanger 

11 



F 
s 

volumetric flow of sodium through the heat 
exchanger · 

sodium inlet temperature to the heat ex~ 
changer (assumed constant) 

·When perturbed, Eqs. 26 and 27 can be expressed 

as 

and 

K(LIT
3 

- LIT ) so 

LIT ) 
so 

where 

c PS SX 

Ys PS 

Rearrangement 

LIT so 

c v 
s 

c F 
s 

of 

C jw LIT + ys LIT , 
SX SO SO 

s 

s 

Eq. 29 gives 

Substitution of Eq. 30 into Eq. 28 yields 

from which 

-~~~~~~-'-~~~~~~~f1T 

K2 o 
K - K + ys + j w C + y + _j w Chx 

SX 

(2&) 

(29) 

(30) 

H(w) = i. + jM, 

where L and M are lengthy combinations of the quan

tities appearing in Eq. 33. These have been incor~ 

porated into the FORTRAN code described below, but 

are not explicitly given here. 

At low frequencies, Eq. 33 reduces to 

The three terms represent the temperature changes 

per unit power change (e.g., °C/W) contributed in 

the sodium.stream, the heat exchange interface, and 

the fuel stream~ These are additive, as one might 

expect, the sodium temperature Tsi being the fixed 

point in temperature. 

At high frequencies, Eq. 33 becomes 

H(w ... "') = __ l_ = / 1 ) (1) 
jW cc - \Pf cf Ve w 

The factor Pf Cf Ve represents a type of time con

stant (e.g., °C/W-sec) for the core. 

The power coefficient of reactivity can be de

fined as 

LIT 
) 

1 op __ o = 
H (w = - ear-

p 0 lip 

1 op a ar- H(w), 
0 . 

Substituting Eq. 31 into Eq. 25 gives 

2 

(31) with units, for exwnple, of $/W. Thua, the results 

given above can be used to obtain tJ:ie low fr_e9uency 

power coefficient (approaching the steady state co

efficient as the frequency approaches zero) and the 

high frequency power coefficient. 

(y + jw C ) s + y + 
(

K(y + jw Cs) 
r K + y s + j W CSX 

(32) 

Using Eq. 32 in Eq. 24, we obtain LIP in terms of 

LIT and use this in Eq. 17 -to obtain 
0 

H(w) =[' + jw C ) - · 

c (y + jw C )( 
r 1 

2 

+ t· (ys + jw Csx) 

(33) 

By straightforward manipulations of the complex 

expressions, Eq. 33 can be transformed irito 
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It is seen that H(w) depends only on thermal 

properties and parameters, and not at all on tran

sit times or the precursor effectiveness factors. 

It will be shown below that at low frequencies 

H'(w) dominates the reactor transfer function, so 

+ Y + jw 

that the low frequency behavior is independent of 

transit time and precursor effectiveness. 



'·· 

TOTAL REACTOR TRANSFER FUNCTION 

As shown previously, the total reactor transfer 

function depends upon both the zero~power transfer 

function ·and the power feedback function. The re-

sults obtained above are sununarized as follows: 

G{111l R(w) l+G(w)H'(w) 

G(w) fl{R + jQl 
R2 + Q2 

(34) 

H 1 (w) l~) p S aTo H(w) 0 

H(w) L + jM 

The quantities appearing in these equations 

were determined in the previous section in terms of 

basic reactor parameters. By complex-number mani

pulations, R(w) can be transformed into 

R(w) 

phase 

amplitude 

S + jT 
T 

arctan S 
/s2 + T2. 

(35) 

Expressions for S and T, in terms of the quantities 

in Eqs. 34, were incorporated into the code de

scribed below. This result appears to be a conse

quence of the isothermal conditions of Assumption 

(vi) stated in the Introduction. Had we, alterna

tively, neglected hP.at conduction along the fuel 

stream, it seems likely that transit time depen

dence, including resonant effects, would have resul

ted. 

EXAMPLES 

The .. results of MacPhee for one delayed neutron 

group at zero power had indicated some peaking when 

ce.rtain core and loop times were considered. 3 It 

was thus of interest to determine whether this oc

curred for core and loop times comparable to those 

of the Fast Reactor Core Test Facility (FRCTF) and 

al.so to determine the effect of neutron precuri:wr 

extraction in the external loop. The delayed neu

tron parameters of Table I, corresponding to fast 
239 fission in Pu, were chosen. These parameters 

are taken from Ref.. fi, for v - 3.000 neutrons per 

filiiion. Tho valuco for the percent of delayed 

neut.ran precursors extracted were taken ·from the 

work of R. M. Bidwell.
2 

TABLE I 

DELAYED NEUTRON PARAMETERS 

-5 -2 
a1 7.98 x 10_4 -\ 1.29 x 10_2 
62 5.88 x 10_4 >..2 3.11 x 10_1 
fl3 4.536 x 10_4 A3 1.34 x 10_1 
64 6.888 x 10_4 A 3.31 x 100 

2.163 11 
as x 10_5 AS 1.26 x 100 
66 = 7.350 x 10 >..6 3.21 x 10 

Three reactors were chosen for extensive trans

fer function analysis. A schematic representation 

of the lift-pump version for FRCTF is shown in Fig. 

2, and the canst.ants are listed in Table II (2.5-MW 

and 15-MW reactors). The 287-MW reactor, for which 

the constants are given in Table II, is similar to 

that of Ref. 1. 

Some calculational results for these three reac-

tor systems are shown graphically in Figs. 11-13. 

DISCUSSION OF RESULTS 

Instability in a reactor system may be indicated 

by .the occurrence of a resonance in the transfer 

function at one or more values of input frequency. 

In this study, resonances occur only in the graphs 

of some zero-power transfer functions G(w) for un

realistic systems having long loop times. For the 

three reactor systems studied, such resonances did 

not occur. 

The function H' (w) appears to be entirely free 

of resonances.* At low frequencies, it approaches 

a real constant (proportional to the steady-state 

power coefficient) similar to that for noncircula

ting fuel systems. As the frequency increases, the 

imaginary component "becomes dominant. Curves for 

H'(w) are given only for the nominal power in each 

system, since H'(w) is simply proportional to power. 

At low frequencies, the total reactor transfer 

function R(w) of Eqs. 34 is the reciprocal of H'(w), 

becaus·e the product G(W) H' (w) dominates the denomi

nator at these frequencies. As the frequency in

creases, the ·H'(W) function decreases so that, at 

high frequencies, the denominator approaches unity 

and R(W) approaches G(w). 

*See footnote at the end of the section on Power 
Feedback Transfer Function for an explanation. 
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Constant 

Core flow rate, F 

Volume of core, Ve 

Fuel density, pf 

Specific heat of fuel, Cf 

Fuel volume in pool, Vr 

Fuel yolume .in.mixed flow, Vhx 

Heat .transfer coefficient, K 

Specific heat of sodium, Cs 

Density of sodium, ps 

Volume of sodium in mixed flow, Vs 

Sodium flow rate, F. 
. s 

Reactivity temperature 

ff . . . 1Q__ 
coe icient, aT 

0 

T~me in core, Tc 

Time in external loop, Tl. 
Fraction ·of precursors not 

extracted, 'ex. 
· J. 

Precursor effectiyeness factor, a 
(basi:d on above input) 

alift pump 
b. Jet pump 

"' ... 
12 

z 0 
< ... 

TABLE u· 

CONSTANTS FOR THRE~ REACTORS 

Units 

(m3 /sec) 

(m3} 
3 (kg/m ) 

(MW-sec/kg-° C) 

(11;3} 
(m3) 

(MW/°C) 

(MW-sec/kg- 0 c) 
. 3 . 

(kg/m.) · 

(m3) 

(m3/sec). 

(sec} 

(sec) 

2 .5-MW Reactor 

4.826 x 10-3 

2.574 x. 10 -2 

8650 

2.3926 x 10-4 

5.4 x 10-3 

7.542 x 10-3 

4 x 108 

1.2555 x 103 

780 

2.263 x 10-2 

1.448 x 10-2 

-6 x 10-5 

5.3328 

2.6664 

o .. 948a 

0.686 

90 

60 

(I) 

"' 50 "' er ... 
"' o. 

15-MW Reactor 

2.896 x 10-2 

2.574 x 10-2 

8650 

2.3926 x 10-4 

s.4 x '10-3 

7.542 x 10-3 

4 x 108 

1.2555 x 103 

780 

2.263 x 10-2 

8.688 x 10-2 

-6 x 10-5 

0.8888 

0.444 

0.948a 

0.506 

287-MW Reactor 

0.4 

0.224 

7500 

2.65 x 10-4 

0.15 

0.07 
1010 

1. 2555 x 103 

780 

0.210 

1.2 

-6 

0.56 

0.55 

0.227 

Q.01 Q.03 OJ 03 ·1 5 10 
-voo.o6,,.....~-~o.o*s.--~~n~1~--.n~3,.....~-!-~--=~3=====;!;,o~~~io~·~-,,i1c)oo 

FREQUENCY, RADIANS/SEC FREQUENCY, RADIANS/SEC 

Fig. 11. Transfer functiOns for the 2,5-MW reactor. 
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m ... 
"' ...J 
C> 
z 
Cl 

"' ~ 
~ '"30 

"60 

O.c»b----003,,-!,,-----,0J/.,-----,~ I 3 10 IOO 003 0.1 o.3 I 3 30 100 
FREQUENCY, RADIANS/SEC: FREQUENCY, RADIANS/SEC 

Fig. 12. Transfer functions for the 15-MW reactor. 

::t so 

24 

m il ~ 
0 

-12'-

-60 

"24 

0.01 om OJ o.3 I 3 10 30 100 ~&iL,=====00~3:::::::_0.L1 ___ cu_l_ __ _.L,----!3,----J10,...._::::::j30:;:=======-,od 

FREQUENCY, RADIANS/SEC FREQUENCY, RADIANS/SEC 

Fig. 13. Transfer functions for the 287-MW reactor. 
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At intermediate frequencies, the phase angle of 

R(w) is a rather sensitive function of frequency, 

because G(w) is almost completely real in this 

region, and H'(w) is almost completely imaginary. 

Thus, the product jG(w) jH'(w) is the tangent of the. 

phase angle. The quantity G(w) varies slowly, but 

H'(w) varies rapidly in this region, so that the· 

angle is also a rapidly varying function. 

At frequencies in the range of po~sible reso

nances of G(w), the total reactor t·ransfer function 

is dependent on both.G(w) and H(w), with the.effect 

of H.( w) tending to be more important c in the cases 

studied. Since H(w) does not display the resonan

ces sometimes seen in G(w), the operation tends to 

be more stable at significant power than at zero 

power. 

ACKNOWLEDGMENTS 

The valuable assistance of B. M. Carmichael 

through helpful discussions and suggestions :j.s 

gratef~i1y acknowledged. Much credit is due C. R. 

PePoorter for her work in editing and organizing 

'the material. Most of the work report·ed here was 

performed during the summer of 1961, when one of 

us (B.J.H.) was participating in the Summer Grad

uate Student ·Employment Program of the Los Alamos 

Scientific Laporatory. · 

REFERENCES 

1. R. P. Hammond and J. R. Humphreys, Jr., Nucl. 
Sci. Eng. 18, 421 (1964). 

2. R. M. Bidwell, Nucl. Sci. Eng. 18·, 426 and 435 
(1964). 

3. J. MacPhee, Nucl. Sci. Eng. _i, 588 (1958). 

4. J. Lewins,.Nucl. Sci. Eng. I, 122 (1960). 

5. "LAMPRE I Final Design Status Report," LA-2833, 
p. 44 (March 1963). 

6. G. Keep in, T. Wimet•t, and R. Ziegler·, Phys. 
Rev. 107, 1044 (195 7) • 

16 




