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PREFACE 

T h i s i s P a r t III in a s e r i e s of f ive r e p o r t s c o n c e r n i n g the d e v e l o p m e n t s 

which o c c u r r e d du r ing the f i r s t ("A" C o r e ) p h a s e of the Kine t i c E x p e r i m e n t s on 

W a t e r B o i l e r s (KEWB) p r o g r a m . The r e a d e r wi l l undoub ted ly find o t h e r r e p o r t s 

in the s e r i e s helpful if he i s i n t e r e s t e d in f u r t h e r d e t a i l s of the K E W B p r o g r a m . 

T h e s e r e p o r t s , which a r e in f inal p r e p a r a t i o n , a r e d e s i g n a t e d a s : 

N A A - S R - 5 4 1 5 , J . W. F l o r a , e d . , " K i n e t i c E x p e r i m e n t s o n W a t e r B o i l e r s 
" A " C o r e R e p o r t - P a r t I - P r o g r a m H i s t o r y , F a c i l i t y D e s c r i p t i o n , and 
E x p e r i m e n t a l R e s u l t s . " 

N A A - S R - 5 4 1 6 , M. S. Dunenfeld , et a l . , " K i n e t i c E x p e r i m e n t s on W a t e r 
B o i l e r s - " A " C o r e R e p o r t - P a r t II - A n a l y s i s of R e s u l t s . " 

N A A - S R - 5 4 1 8 , M. A. G r e e n f i e l d , " K i n e t i c E x p e r i m e n t s on W a t e r 
B o i l e r s - " A " C o r e R e p o r t - P a r t IV - C o n t a i n m e n t A s p e c t s of H y d r o g e n 
Oxygen E x p l o s i o n s . " 

N A A - S R - 5 4 1 9 , M. A. Green f i e ld , " K i n e t i c E x p e r i m e n t s on W a t e r 
B o i l e r s - " A " C o r e R e p o r t - P a r t V - C o n t a i n m e n t A s p e c t s of 
P r e s s u r e W a v e s f r o m Ini t ia l Solut ion E x p a n s i o n . " 

N A A - S R - 6 4 1 7 
v i 



ABSTRACT 

A b r i e f r e v i e w of the t h e o r e t i c a l w a t e r b o i l e r r e a c t o r p o w e r t r a n s f e r funct ion 

i s p r e s e n t e d a s b a c k g r o u n d for the e x p e r i m e n t a l d e t e r m i n a t i o n of the r a t i o of 

ef fect ive p r o m p t n e u t r o n l i f e t i m e to the ef fec 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 s , 

j?/p . The p r e p a r a t i o n a n d p e r f o r m a n c e of the e x p e r i m e n t a r e d i s c u s s e d with 

s p e c i a l e m p h a s i s on e q u i p m e n t , p r o c e d u r e s , and m e a s u r e m e n t e r r o r s . The 

r e s u l t s , wh ich s t r o n g l y s u p p o r t a s e v e n d e l a y g r o u p m o d e l of the r e a c t o r , a r e 

p r e s e n t e d a n d c o m p a r e d wi th t h e o r e t i c a l s i x and s e v e n g r o u p m o d e l s . The e x 

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

i n d i c a t e s an i / p = 7.7 ± .3 m i l l i s e c o n d s v a l i d for a l l but s h o r t p e r i o d t r a n s i e n t s . 

N A A - S R - 5 4 1 7 
v i i 



I. OBJECTIVE 

An analysis of t rans ient exper iments has indicated that the performance of 

the KEWB reac to r is not adequately descr ibed by the conventional r eac to r k i 

netics model using six groups of delayed neut rons . This r eac to r modulation 

experiment was per formed in o rde r to resolve this anomaly and to obtain an 

independent determinat ion of the rat io of prompt neutron lifetime to the effective 

fraction of delayed neut rons . 

II. THE THEORETICAL REACTOR TRANSFER FUNCTION 

A. GENERAL THEORY 

The t ransfe r function for a water boiler r eac to r , which is descr ibed by the 

following sys tem of l inear and nonlinear space independent kinet ics equations, 

has been determined by Skinner and Hetr ick. (The nomenclature for these and 

subsequent equations is given on page 45. ) 

m 

j=i 

(1) 

dC.(t) ^ a . 

_ i _ _ + X.C.(t) = ~ j ^ P ( t ) , (j = 1,2, . . . m ) . . . ( 2 ) 

^ ^ + yT{t) = K [ p ( t ) - P j . . . ( 3 ) 

^ + a V ( t ) = G [ p ( t ) - P j . . . ( 4 ) 

pit) = p^(t) + a T ( t ) + ^ V ( t ) . . . ( 5 ) 

The general express ion for the t rans fe r function, of the physical sys tem de

scr ibed by the solution to the l inear ized forra of these equations, can be wri t ten 
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as the rat io of the Four i e r t ransform of the output to the same t r ans fo rm of the 

input forcing function, i . e . . 

s H^IPQ) 

S[hP ̂ (t);ioj] 

S'[/>^(t);iwj 
. . ( 6 ) 

The t ransfer function can be normal ized to the average reac to r power p r o -
* 

vided reactivi ty is expressed in dol lars ; specifically. 

A G p ( i a ; ; P Q ) = ^ G _ ( i u ; ; P o ) . (7) 

8 P 1 
The kinetic equations a r e l inear ized f o r - r g — « 1 and the normal ized power 

0 

t ransfe r function is obtained as 

Gp(ia;;Po) = r • V "j ° ^^0 '^^^0 
+ ICO ̂  iou + A. " ioj + y " icu + cr 

j = l 

(8) 

The t ransfer function for a stable l inear sys tem can be wri t ten as 

1/2 
Gp(iaj;PQ) = [A^^ + A^^] exp [iO(iw;PQ)] , (9) 

for the case of forced oscil lat ion of the form pAt) = p^ exp(iwt). 

By equating Equations 8 and 9 and by separat ing the rea l and imaginary po r 

t ions, the following values a r e obtained: 

*A reac tor has a react ivi ty of one dollar when at prompt cr i t ica l ; i . e . react ivi ty 
k 

in dol lars = 
/3 • 
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A^iioJ-.P^) 
' ^ a.cu2 / K a * P g a-G^*P ' 

4-^, oJ^ + X.^ oj^ + y^ cu^+o-^ 
U = l J ^ 

(10) 

A^dcu; PQ) = 
m 

i + 
Ka*P„ 

/ , 2 V <. 

v-^1 cu + A. CO + r oj 

G<^X' J _ + ^ 
2 2 , 2 2 , 2 

+ cr 

(11) 

9(i(jj;PQ) = a rc tan (--x" . . . ( 1 2 ) 

The t ransfe r function of a water boiler can now be descr ibed by amplitude 

and phase equations; where 

Gp(ia;;PQ) A/ + A/ 
1/2 

(13) 

and where 

^Gp(ia;;PQ) = a rc t an - - ^ (14) 

The t r ans fe r function for a six group model of the KEWB reac to r , as com

puted from Equations 13 and 14, is p resen ted in F igures l a n d 2. The values used 

in these calculations a r e given in Tables I and II. 

Trans ient experimentat ion has indicated that a six delay group model does 

not adequately descr ibe the operat ion of the KEWB reac to r . A seven group 
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TABLE I 

KINETIC PARAMETERS^ 

P a r a m e t e r 

^ 

i 

K 

G 

7 

a 
* 

a 
9 

Value 

0.008 

62.5 X 10"^ 

0.02 

4.16 

0.01 

0.5 

- .02 

- .005 

Units 

dimensionle s s 

sec 

°C/kw-sec 

cm-^/kw-sec 
-1 

sec -1 
sec 
$/°C 

$/cm^ 

TABLE II 

PROPERTIES OF DELAYED NEUTRONS^ 

Group 
j 

1 

2 

3 

4 

5 

6 

Frac t ion 
a. 

0.033 

0.219 

0.196 

0.395 

0.115 

0.042 

Decay Constant 

X.(sec ) 

0.012 

0.030 

0.11 

0.30 

1.14 

3.01 

model has been proposed, which desc r ibes the neutron lifetime observed 

slower t r ans ien t s as 

where i . is the effective lifetime of the neutrons that r ema in in the co re . 

NAA-SR-5417 
5 



At the time of this r eac to r modulation exper iment these seventh group pa

r a m e t e r s i_, ^ „ , X_ were not well known. All evidence, however, indicated 

that the lifetime observed during the slower t rans ien ts was very closely equal to 

62.5/Asec. Thus, one might expect some significant high frequency behavior in 

the t ransfer function that may give an insight to the values of these seventh group 

p a r a m e t e r s . 

B. DETERMINATION OF il[B 

Essent ia l ly two methods a r e available to determine i from the exper imental 

reac tor t ransfer function. In the f i rs t case the kinetic p a r a m e t e r s of the theo

re t ica l t ransfer function a r e var ied to fit with the exper imenta l data. The pa

r a m e t e r s corresponding the c losest to this data would then be considered valid. 

The second of these two methods is a resul t of the high frequency behavior 

of the theoret ical t ransfer function. Consider Equations 10, 11, and 12 as OJ be

comes la rge , and note that 

m 

and 

therefore . 

and 

Aj^(iaj;PQ) -- V a. 

A2(ia);P„) '^ oji ; 

Gp(ia;;P^) 
o j r 

G (ia>;PQ) ^ a rc t an (-wi*). 

. . . ( 1 6 ) 

. . . ( 1 7 ) 

. . . ( 1 8 ) 

. . . ( 1 9 ) 

Thus, the experimental t r ans fe r function provides a ready means of de te r 

mining ilp should one be able to modulate at frequencies g rea t e r than the l a rges t 

of the delayed neutron decay constants . 

In the prepara t ion of the experiment and in the final analys is , the emphasis 

will be placed on phase information. This is done because small changes in the 

t ransfer function a re manifested more accura te ly in the phase data. 

NAA-SR-5417 
6 



III. EXPERIMENTAL EQUIPMENT 

The performance of this type of exper iment to de termine the t ransfe r func

tion of a r eac to r r equ i r e s a method by which the react ivi ty may be sinusoidally 

per tu rbed over a frequency and amplitude region dictated by theory; a means of 

determining the instantaneous reac tor power; and a technique by which the t ime 

delay between any react ivi ty per turbat ion and its corresponding power p e r t u r b a 

tion may be determined. 

The following equipment and methods were developed to per form a reac to r 

modulation experinaent on the KEWB r e a c t o r . 

A. MODULATOR 

The KEWB reac to r osc i l la tor is of the type descr ibed by L. G. Ba r re t t as 
5 

the Mechanical Rotary Modulator. It basically consis ts of two nested coaxial 

cyl inders inse r ted in the centra l exposure tube of the r eac to r . The nested a s 

sembly is equipped with bear ings so that the b r a s s outer cylinder, the ro tor , is 

free to rotate about the fixed s tee l inner cyl inder , the s ta tor . 

An approximate sinusoidal power modulation occurs as a resul t of the self-

shielding effect c rea ted when small rectangular cadmium "shades" mounted on 

the inner surface of the rotor sweep a c r o s s sinusoidally shaped cadmium " spo t s " 

mounted on the outer surface of the s ta tor . F igures 3 and 4 show the positioning 

of the spots and shades on their respec t ive cyl inders . It should be noted that 

with this assembly , four per turbat ion cycles occur for each revolution of the 

ro to r . A typical waveform of the react ivi ty controlled by this device is shown in 

Figure 5. 

The amount of react ivi ty is readi ly changed by the addition or removal of 

spots . The spots a r e secured by mere ly gluing them in place, since the cylinder 

on which they a r e mounted does not ro ta te . Fu r the r control of the react ivi ty can 

be effected by filling the cent ra l bore of the s ta tor with water , thus increas ing 

the worth of the spots . 

B. DRIVE MECHANISMS 

The f i rs t of two separa te drive mechan isms consis ts of a synchronous motor 

coupled to the ro tor through a var iable speed t r ansmis s ion and timing belt . With 

NAA-SR-5417 
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Figure 3. Rotor Shade Assembly 

STATOR 

Figure 4. Complete Stator and Rotor Assembl ies 
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this drive assembly , the speed can be controlled at the reac tor console through

out its ent i re speed range . For the timing pulley configuration used, the f r e 

quency range with this device was from 1 to 260 cps . 

At per turbat ion frequencies l e s s than one cps, the var iab le speed t r a n s m i s 

sion becomes slightly unstable . To overcome this situation, a second drive 

mechanism is used. In this case , a smal l synchronous motor is coupled to the 

rotor by a step gear reducer and timing belt. The pulley configuration here was 

set to obtain frequencies from 0.02Z to 20 cps . The two drive a s sembl i e s a r e 

shown in Figure 6. 

The l imi ts on the complete frequency spec t rum a r e es tabl ished by prac t ica l 

considerat ions . The lower l imit is the lowest frequency at which the drift of the 

stable reac to r power remains negligible during any complete cycle . At the upper 

l imit , the rotor turns at 3900 rpm. Since the rotating assembly was not dynam

ically balanced, it was believed that vibrat ion problems might have damaged the 

cent ra l exposure tube at higher angular veloci t ies . The four decades in f re 

quency thus available appeared to be ent i rely adequate for this study. This , in 

fact, was la te r verif ied by the experimiental data. 

C. TIMING SIGNAL 

One can determine the position of the ro tor , and thus the re la t ive position 

of the spots and shades, by observing an e lec t r i ca l pulse t r iggered by the ro tor . 

Rigidly at tached to the ro tor is a c i rcu la r disk with four sl i ts cut along radi i at 

90° in te rva l s . A coll imated light beam directed at a photoelectr ic cell is in te r 

rupted at all angular positions except where the sl i ts occur . Thus from the 

photocell c ircui t , four pips occur for each revolution of the ro tor ; i. e . , one pip 

for each per turbat ion cycle . The timing assembly is shown in Figure 6. 

If the position of the pip with respec t to the react ivi ty waveform is known, 

one can compare the pip and the reac to r power signal s imultaneously and de te r 

mine the system phase lag. The location of the pip is de termined by a static 

measuremen t of the react ivi ty worth of the spot and shade assembly as a function 

of the angular position of the ro to r . The details of this measu remen t a r e d i s 

cussed in Section V. 
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D. REACTOR POWER DETECTION 

The high frequency region over which the exper imental t ransfe r function is 

to be obtained is such that monitoring of reac to r power through the rmal neutron 

detection would resu l t in er roneous data. Two important p rob lems occur in this 

respect . 

The f irst of these is a resul t of the frequency dependent behavior of the dif

fusing thermal neutron flux. In this case , both the amplitude and the phase of 

the measu red t ransfer function would be in e r r o r . The second difficulty is the 

relat ively long slowing down time of the the rmal neutron detection. As shown in 

Section VI, this effect is significant at even modera te per turbat ion frequencies . 

To overcome this problem, a boron-10 lined, lead-shie lded ionization cham-
7 ber was wrapped with 1/8-in. cadmium sheeting. As a resul t , a factor of five 

was lost in sensitivity, but at the same time this technique great ly reduced dif

fusion and t rans i t time e r r o r s . 

Both a cadmium wrapped and an unwrapped chamber were used in the exper i 

ment . These were placed in the ins t rument s t r inger in the graphite reflector 

approximately 9 in. from the core surface . 

E. AMPLIFICATION AND RECORDING 

The basic philosophy of the instrumentat ion for this experiment design was 

to keep all ins t rument e r r o r s in a region smal l enough so that cor rec t ion factors 

would not have to be applied to the data. Specifically, to obtain Up to ± 15% 

from the phase data, (Equation 19), it is nece s sa ry to keep the phase e r r o r 

within ± 4 degrees at the break frequency of the r eac to r . 

The maximum per turbat ion frequency at which it was planned to operate was 

something less than 300 cps; thus, an inst rument channel with a bandwidth of 

one kc would introduce a negligible e r r o r in amplitude m e a s u r e m e n t s . 

The situation is not, however, quite so simple for phase m e a s u r e m e n t s , 

(the phase e r r o r situation is d iscussed in detail in Section IV). It is important 

to note, however, that for a single t ime constant sys tem the requi red bandwidth 

for l ess than 1/2 degree phase lag at 300 cps is 34.4 kc . 

The electronic equipment normal ly used at the KEWB facility for the ins t ru 

mentation of the t ransient exper iments have the bandwidth cha rac t e r i s t i c s indi

cated in Table III. 
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TABLE III 

INSTRUMENTATION BANDWIDTHS 

Component 

E lec t rome te r P r e a m p 

Kintel Amplifier 

CEC 316 Galvanometer 

Tektronic Dual Beam Oscil loscope 
Model 502 

Bandwidth 

-^ 35 kc 

'^ 10 kc 

'~ 2 kc 

— 100 kc 

With the requi rement that this equipment be used and that the phase e r r o r be 

kept to a minimum, the system block d iagram shown in F igure 7 was devised. 

All of the components indicated in F igure 7 a r e conventional r eac to r ins t rumenta 

tion components except perhaps the suppresso r . The suppressor provides a 

means of biasing to zero the signal from the chamber due to the equi l ibr ium r e 

actor power. It is essent ia l ly a var iable voltage supply connected to the end of 

the p reamp input r e s i s t o r that would normal ly be grounded. 

Provided as an integral pa r t of the suppressor is a switch which, when 

closed, will ra i se the voltage at the grid of the e l ec t romete r tube by 1% of the 

dc component previously biased to ze ro . As a resu l t , a signal propor t ional to 

the equi l ibr ium reac to r power can be recorded by mere ly momentar i ly closing 

the switch. 

The ca l ibra ted audio osci l la tor and the single beam osci l loscope a r e used to 

determine the per turbat ion frequency. The signal from the audio osc i l la tor is 

beat with the photocell t iming pip and a modified Lissajous pa t te rn is obtained on 

the osci l loscope. When the pa t tern is stable, the modulation frequency is that of 

the audio osci l la tor , or of some harmonic thereof. 

With the ins t rument configuration shown in Figure 7, the phase lag of the r e 

actor power can be de termined from the osci l loscope photographs without co r 

rect ing the la rge e r r o r introduced by the low bandwidths of the amplif ier and 

galvanometer . At the same t ime , however, the galvanometer can r eco rd many 

per turbat ion cycles from which the percent modulation can be accura te ly obtained. 
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IV. MEASUREMENT ERRORS 

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

of an e x p e r i m e n t of t h i s type i s the i n t r o d u c t i o n of e x t r a n e o u s p h a s e l a g s . The 

m o s t s ign i f i can t of t h e s e p h a s e l a g s a r e l i s t e d and b r i e f l y d i s c u s s e d . 

A . NONLINEAR R E A C T O R MODULATION 

To u t i l i z e the r e a c t o r o s c i l l a t o r t e c h n i q u e in a n e x p e r i m e n t a l d e t e r m i n a t i o n 

of i , the cond i t i ons of the t r a n s f e r funct ion d e r i v a t i o n m u s t be m e t . Spec i f i ca l ly , 

the r e a c t o r m u s t be o p e r a t e d in the l i n e a r r e g i o n , i . e . , the p e r c e n t m o d u l a t i o n 

of the r e a c t o r p o w e r m u s t be s m a l l ; t h u s , the l a r g e s i g n a l to n o i s e r a t i o d e s i r e d 

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

A knowledge of the r e g i o n in which t h e s e n o n l i n e a r e f fec ts b e c o m e s ign i f ican t 

can be o b t a i n e d f r o m Z. A k c a s u ' s g e n e r a l so lu t ion to the r e a c t o r k i n e t i c s e q u a -
Q 

t i ons wi thout f eedback . T h e s e m e t h o d s can be a p p l i e d to the w a t e r b o i l e r a s a 

r e s u l t of the neg l ig ib l e t e m p e r a t u r e and vo id f eedback e f fec t s a t the p e r t u r b a t i o n 

f r e q u e n c i e s of i n t e r e s t . 

The f r e q u e n c y r a n g e tha t a p p e a r s to p r o d u c e the m o s t use fu l i n f o r m a t i o n 

c o n c e r n i n g I and the c o r r e c t g roup m o d e l , i s in the r e g i o n w h e r e the e f fec t s of 

s ix g r o u p d e l a y e d n e u t r o n s a r e n e g l i g i b l e , i . e . , w h e r e E q u a t i o n s 16 t h r o u g h 19 

app ly . If, in fac t , one c o n s i d e r s such a r e g i o n in a s i n u s o i d a l l y p e r t u r b e d r e 

a c t o r , the n e u t r o n flux can be w r i t t e n a s a s e r i e s of h a r m o n i c s ; s p e c i f i c a l l y . 

if 

p^it) = PQ sin(ait) , 

t h e n 

P( t ) = P 
0 

'!« 1 1 n 
1 + ^ „ Z , sin(aJt + a ) 

JIPQ) Z ^ Z 2 | c o s ( 2 a ; t + 9^ ^) + . . . ( 2 0 ) 
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# 
It was previously mentioned that in a determination of i Equation 19 would 

be most useful. With this in mind, the main in teres t is in the e r r o r introduced 

by the higher o rde r harmonics in the phase m e a s u r e m e n t s . For excess reac t iv i 

t ies much less than a dollar , the e r r o r introduced by the second harmonic need 

only be considered. 

A pure sine wave pas se s through its mean value at mult iples of 180°; thus, 

if one determines the value of ait at which the dis tor ted waveform pas se s through 

its mean value, he will have a m e a s u r e of the phase e r r o r due to nonl inear i t ies . 

Specifically, if P(t) in Equation 20 is set equal to P„, then 

* 

sin(GUt) = ~ \zJ cos(2wt + 9^). . . . (21) 

Calculations of this form prove to be invaluable in prepar ing an experiment 

of this type and in analyzing the result ing data for nonl inear i t ies . Should one 

have an approximiate t ransfer function available p r io r to the performance of the 

experiment , he can determine reasonably accura te values of the maximum p e r 

miss ible percent modulation as a function of allowable phase e r r o r , frequency, 

excess reactivi ty, and stable reac to r power-. 

The nonlinear e r r o r of the resu l t s can be calculated from the m e a s u r e d 

t ransfer function and excess react iv i ty . F igure 8 p resen t s the nonlinear phase 

e r r o r for the data of this exper iment (as calculated from Equation 21) for the 

miaximum react ivi ty loading of the osc i l la tor . 

B. NEUTRON DIFFUSION 

The use of ep i -cadmium neutrons in determining r eac to r power great ly r e 

duces amplitude and phase e r r o r s due to diffusion effects. An indication of the 

remaining phase e r r o r can be determined from a knowledge of the slowing down 

time of an epi -cadmium neutron. 

The slowing down t ime of a neutron from energy E, to E is given by 
9 1. L. 

Glasstone as 

. . . ( 2 2 ) 
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where, for graphite 

^ = 0.158 

T. = 0.30 cm"-^. 
s 

Thus, the t ime requi red in slowing down from fission energy ( '~2mev) to the 
~5 cadmium cut-off ( '-^O^ ev) is 4.65 x 10 sec . The phase shift accounted for by 

this effect is p resen ted in F igure 9- It is important to note, however, that the 

e r r o r s indicated in Figure 9 a r e co r rec t , provided all neutrons a r e at 0.3 ev. 

The actual exper imental e r r o r must , therefore , be l e s s than indicated h e r e . 

C. INTERNAL ION CHAMBER EFFECTS 

There a r e essent ia l ly two effects that become important when an ionization 

chamber is used in a phase measu remen t . In the f i rs t ca se , the in tere lec t rode 

potential must be sufficient so that space charge distort ion and resul t ing ionic r e 

combination is smal l . Secondly, this potential must be such that the ion t rans i t 

t imes a r e smal l . 

Huntsinger has determined the in tere lec t rode potential as a function of ion 

cur ren t and the maximum pe rmiss ib l e phase e r r o r for the chambers used in 

these m e a s u r e m e n t s . His r e su l t s , as applied to this exper iment , a r e summa

r ized in Figure 10. 

D. CHAMBER TIME CONSTANT 

The chamber and lead capaci tances , combined with the variable input r e 

s is tor at the grid of the e l ec t romete r tube, produce a single time constant sys tem 

As such, the phase lag introduced he re can be wri t ten as 

5 j^^=arc tan (caRC) . . . ( 2 3 ) 

The experimental e r r o r , as computed from Equation 23 is p resen ted in 

Figure 11. 

E. PREAMP AND OSCILLOSCOPE BANDWIDTHS 

The break frequencies of both the p reamp and dual beam oscil loscope a r e 

such that their combined e r r o r will be l e s s than 1/2 degree for al l per turbat ion 

frequencies . 
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F . TOTAL MEASUREMENT ERROR 

The calculated total phase measu remen t e r r o r of this exper iment is p r e 

sented in Figure IZ. It is believed that this plot shows a maximum exper imenta l 

e r r o r since more than half of its amplitude is made up of the e r r o r due to neutron 

slowing down t ime as determined from Equation 2Z. 
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V. EXPERIMENTAL PROCEDURES 

A. P R E P A R A T I O N 

An out l ine for the p e r f o r m a n c e of the e x p e r i m e n t c a n be o b t a i n e d with a 

knowledge of the a n a l y t i c t r a n s f e r funct ion , the a p p r o x i m a t e m a g n i t u d e of the i n 

put r e a c t i v i t y , and with a c o n s i d e r a t i o n of s o m e p r a c t i c a l l i m i t a t i o n s . 

T h o s e p r a c t i c a l l i m i t a t i o n s wh ich one h a s l i t t l e c o n t r o l o v e r a r e l i s t e d in 

Tab le IV. The c h a m b e r s e n s i t i v i t i e s a r e m e a s u r e d with the c h a m b e r s a s c l o s e 

a s p o s s i b l e to the c o r e s u r f a c e , and the c a p a c i t a n c e v a l u e i s m e a s u r e d with a n 

a b s o l u t e m i n i m u m l e a d l e n g t h . The i n t e r - e l e c t r o d e p o t e n t i a l i s the m a x i m u m 

u s a b l e va lue without b r e a k d o w n wi th in the c h a m b e r . The m o d u l a t i o n v o l t a g e 

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

r e a s o n a b l e s i g n a l - t o - n o i s e r a t i o . 

T A B L E IV 

P R A C T I C A L LIMITATIONS 

L i m i t a t i o n 

Ion C h a m b e r S e n s i t i v i t y 

C a d m i u m w r a p p e d c h a m b e r 

U n w r a p p e d c h a m b e r 

Ion C h a m b e r and L e a d 
C a p a c i t a n c e 

I n t e r e l e c t r o d e P o t e n t i a l 

Modula t ion Vo l t age 

Va lue 

4 . 3 ^ a / k w 

21.0 / x a / k w 

1 2 0 / i / i f 

2100 vdc 

0.1 v a c (peak -
t o - p e a k ) 

With t h e s e four i t e m s in m i n d , one c a n d e t e r m i n e a s a funct ion of p e r t u r b a 

t ion f r e q u e n c y and p e r m i s s i b l e p h a s e e r r o r , the l i m i t s of o p e r a t i o n of the fo l low

ing p a r a m e t e r s : 

1) M a x i m u m p r e a m p input r e s i s t a n c e (Equa t ion 23); 

2) M a x i m u m r e a c t o r p o w e r ( F i g u r e 10); 

3) M i n i m u m r e a c t o r p o w e r (Equa t i ons 20 and 23) . 
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The f i rs t two of these a re s t raightforward determinat ions; the thi rd is de t e r 

mined by f i rs t finding the cu r r en t nece s sa ry to produce a 0.1 volt modulation s ig

nal a c r o s s the maximum input res i s tance (Equation 23). A knowledge of the max

imum percent modulation, a resu l t of the nonlinear ana lys is , will then pe rmi t one 

to fix the minimum reac tor power. 

However, for close e r r o r to le rances , the minimum power requi rement by 

t ime constant considerat ions is actually g rea te r than the maximum power l i ra i -

tation imposed by ion mobility r e s t r i c t i ons . As a resul t , it is n e c e s s a r y to ex

pand the allowable e r r o r range at the higher per turbat ion f requencies . With due 

considerat ion of these p rac t ica l l imi ta t ions , the approximate values of input r e 

activity, p reamp r e s i s t o r s and reac to r power can be prede te rmined , thus great ly 

facilitating the experinaental p rocedu re s . 

B. PERFORMANCE 

F i r s t on the agenda of exper iments was to determine the locationof the timing 

pip with respec t to the input react ivi ty waveform. This was accomplished by 

bringing the reac tor to c r i t i ca l at some a r b i t r a r y stable power with the modulator 

completely installed, but not rotat ing. The position of the control rods and thus 

the relat ive react ivi ty was noted. The modulator was then rotated for four seconds at 

its lowest frequency, 0.022 cps, and the new cr i t ica l rod position was determined 

and recorded. During the four seconds of rotation the pip signal was fed to an osc i l lo 

scope and the occur rence of the pip was noted as so many seconds of angular r o 

tation after the preceding c r i t i ca l rod posit ion. This p rocedure was repeated 

until severa l complete react ivi ty cycles had been obtained. 

In this manner , a plot of the angular rotation t ime ve r sus react ivi ty c lear ly 

indicates the position of the pip and its relat ion to the react ivi ty waveform. A 

typical waveform thus obtained and a t rue best fit sine wave a r e shown in Figure 5. 

The majori ty of the modulation exper iments were made at a stable power of 

four kw. This level was that indicated by p re -expe r imen t analys is as essent ia l ly 

optimum with r ega rd to the e r r o r situations d iscussed in Section IV. 

Some modulation was done at a stable power of ten watts with somewhat un

successful r e s u l t s . Measurements were made only with one row of spots and 

shades, and as a resul t the signal became noisy at frequencies above one cps . 

In addition, the few m e a s u r e m e n t s that were taken at ten watts requi red an 
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ext remely high p reamp re s i s t ance , thus introducing a ve ry la rge phase e r r o r at 

a lmost all per turbat ion frequencies . 

A summary of the regions over which the data were taken and the conditions 

of the measu remen t s a r e p resen ted in Table V. At each measu remen t point 

photographs were taken; five of the signal from the cadmium wrapped chamber , 

two of the signal from the unwrapped chamber , and an osci l lograph t r ace of both 

channels . 

One problem a rose when the change from five to three rows of spots was 

made . At that t ime it was noticed that the s tator was not rigidly at tached to the 

reac tor s t ruc tu re , result ing in the possibi l i ty that a smal l angular rotation of the 

stator had occur red . This rotation would change the position of the timing pip 

with respec t to the react ivi ty waveform, and if uncorrec ted , would resu l t in an 

e r r o r in the phase m e a s u r e m e n t s . 

This situation was co r rec t ed and the procedure for determining the location 

of the timing pip with respec t to the react ivi ty waveform crea ted by three rows of 

spots was repeated. 
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TABLE V 

DATA SUMMARY 

t 
IS) Cfi 

I 

Absorber s 

9 rows + H^O 

5 rows 

3 rows 

1 row 

1 row 

1 row 

1 row 

Measured 
Reactivity 

ipQ ) 

0.184 

not 
m e a s u r e d 

0.056 

not 
measu red 

not 
measu red 

not 
measu red 

not 
measu red 

Reactor 
Power 

(kw) 

4 

4 

4 

4 

4 

4 

0.010 

Cd-wrapped 
Rpreamp 
(ohms) 

10^ 

2 X 10^ 

5 X 10^ 

5 X 10^ 

5 X 10^ 

5 X 10^ 

10« 

Unwrapped 
Rpreamp 
(ohms) 

10^ 

2 X 10^ 

2 X 10^ 

2 X 10^ 

2 X 10^ 

2 X 10^ 

loS 

Frequency Range 
(cps) 

50 to 260 in 10 cps 
intervals 

50 to 100 in 10 cps 
intervals 

5, 10, 14, 20, 
24 e tc . to 70 

1, 2, 6, 10, 
14, 20 

0.218 

0.022 

0.022, 0.0218, 1, 
2, 6, 10, 14, 20 



¥1. DATA TREATMENT AND RESULTS 

A. REPRESENTATIVE DATA 

Typical osci l lograph t r a c e s showing the timing pips and the step prdport ional 

to stable power a r e shown in F igures 13 and 14. F igures 15 and 16 show r e p r e 

sentative photographs of the ep i -cadmium signal and the timing pip. 

Figure 13. Representat ive Osci l lograph Data 
(indicating tiining signal) 

POWER STEP 

Figure 14. Representat ive Osci l lograph Data 
(indicating power step) 
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B. DATA REDUCTION TECHNIQUES 

The percent peak- to-peak modulation is obtained direct ly from the rat io of 

the peak- to-peak value of the modulated power to the height of the stable power 

step. This is valid since the step r ep re sen t s exactly one percent of the stable 

power. These measu remen t s were made to an accuracy of 0.010 in. 

The determinat ion of the phase lags were made by digitalizing the photo

graphs and t reat ing the resu l t s by a sine wave fitting p r o g r a m on the IBM-709. 

The digitalizing was accomplished by reading the amplitude of the waveform at 

in tervals of one m m start ing at the midpoint of the timing pip 's leading edge. 

These measu remen t s were made to an accuracy of 0.005 in. No smoothing was 

done in the digitalizing p r o c e s s . 

The IBM-709 p r o g r a m input required, in addition to the power data, an accu

rately known per turbat ion frequency (distance between pips) and in turn computed 

the amplitude and phase of the fundamental harmonic of the modulated power. The 

phase was computed with respec t to the timing pip, thus necess i ta t ing the addition 

of a phase cor rec t ion factor to obtain the phase with respec t to the input react ivi ty . 

This cor rec t ion factor was obtained from the m e a s u r e d relat ionship of the pip 

with respec t to the react ivi ty waveform. 

The only remaining factors n e c e s s a r y to determine the exper imenta l t r ans fe r 

function were the magnitudes of the input reac t iv i t i es . Two of the input wave

forms , nine rows of spots plus water , and three rows and no water , were sub

jected to the above mentioned curve fitting p r o g r a m and their ampli tudes were 

recorded as 0.184 and 0.056 dol lars respect ively . 

C. STATISTICAL ANALYSIS 

The data for the the rmal neutron phase lag were not t r ea t ed s ta t is t ica l ly 

since only one or two measu remen t s were made at each frequency. 

All of the remaining data were t rea ted by the Student 's "t" tes t for 95% con

fidence l imi t s . 

D. PRESENTATION 

The amplitude of the normal ized KEWB t rans fe r function obtained at a 

four kw stable power is p resen ted in Figure 17. This is a plot of the data no r 

mal ized to the computer determined react iv i t ies for three and nine row c a s e s . 

The reac t iv i t ies for the one and five row sections a r e extrapola t ions . 
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The discontinuities between the data points a r e due to e r r o r s in the assumed 

values of the reac t iv i t i e s . This plot may be smoothed since only the shape, and 

not the absolute magnitude is of p r ime importance in this study. The smoothed 

plot along with the requi red react ivi ty values is p resen ted in Figure 18. 

The four kw phase data, as recorded , a r e p resen ted in F igure 19. The data 

exhibit a considerable amount of sca t te r , and in two c a s e s , show step discont inui t ies . 

There appear to be only two ra t ional explanations for these s teps . The re la t ion

ship between the s ta tor and the ro tor could change and introduce such an e r r o r . 

In fact, as previously mentioned, slippage was noted during the change from five 

rows of spots to th ree rows . It is ent i re ly possible that the position of the s tator 

changed during the spot removal p roces s of nine rows to five rows . It does not, 

however, appear quite as likely that slippage occu r r ed during the three to one 

row change, since it was believed at the t ime that the slippage problem had been 

cor rec ted . 

The other factor that could have caused the discontinuities is the difference 

in react ivi ty waveforms for each case used. Timing pips were located only for 

the nine and three row cases ; thus any difference in the waveforms between the 

nine and five row cases and the three and one row cases would be reflected di 

rec t ly as a constant phase e r r o r . In this respec t , it is in teres t ing to note that 

both steps a r e of the o rde r of 10 degrees , and as such, could easi ly be accounted 

for by this effect. 

In e i ther case , it is believed that the absolute values of the th ree and nine 

row cases a r e accura te . The four kw phase t ransfe r function normal ized to the 

three and nine row data is p resen ted in F igure 20. 

F igures 21 and 22 p resen t the exper imenta l t r ans fe r function as compared to 

var ious analytic models of the r eac to r . The six group model is identical to that 

p resen ted in Section II. Model 1 is that seven group model which appears to fit 

the data mos t accura te ly . Model 2 is that predic ted by theore t ica l cons ider -
11 

a t ions . 

In the in te res t of determining the direct cause of d i sc repanc ies between 

theore t ica l and exper imenta l plots a calculation of the independent effect of & 

p „ , and X„ was made . If these pa r a ine t e r s had significant individual effects on 

the t ransfer function one would perhaps be able to deterraine the value of a 
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par t icu la r p a r a m e t e r to an acceptable accuracy . F igures 23 through 28 show the 

effects of the individual p a r a m e t e r changes on the amplitude and phase of the 

t ransfer function. 

An interes t ing sidelight to the objectives of this exper iment is p resen ted in 

F igures 29 and 30. The t ransfer functions p resen ted he re were obtained under 

identical amplification and recording conditions; the only difference existed in 

the cadmium wrapping of the chamber from which the ep i -cadmium power signal 

was taken. 
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¥11. CONCLUSION AND RECOMMENDATiONS 

An inspection of F igures 21 and 2Z c lear ly indicates that the KEWB reac to r 

does, in fact, operate in a manner that is more accura te ly descr ibed by a model 

incorporat ing as a separa te group the ref lector delayed neutrons ra ther than the 

conventional six group model . The constants of this seventh group cannot be de

te rmined p rec i se ly from the resu l t s repor ted he re due to the t rans fe r function's 

lack of sensit ivity to smal l changes in their va lues . The possible e r r o r in the 

exper imenta l values p resen ted must be expanded in view of the fact that the data 

a r e based on ep i -cadmium neut rons . The effects of diffusion to epi-cadmiuin 

energies may not be negligible. If not, cor rec t ion would provide c loser c o r r e 

lation with the theore t ica l values r ep resen ted in Model 2. 

The amplitude data do, however, pe rmi t a determinat ion of the neutron l i fe

t ime, valid for slow t r ans i en t s , as 61.8 ± 2.4 /Asec for an effective fraction of 

delayed neutrons of 0.008. This lifetime is computed at the break frequency of 

the r eac to r and the l irai ts set by the Student 's "t" tes t for 95% confidence. This 

value of l ifetime compares with the value of 62.5 /xsec as de termined from the 
2 

exper imental inhour equation and the value of 78.0 ± 3.0 Ltsec as de termined by 
12 

noise ana lys i s . 

This exper iment indicates no ser ious p rob lems assoc ia ted with amplitude 

and phase m e a s u r e m e n t s at frequencies l e s s than 50 cps . The m e a s u r e m e n t 

techniques do, however, need improvement at g rea t e r per turba t ion f requencies . 

The following is a l is t of recommendat ions for such an improvement . 

a) A brief check of the rod cal ibrat ion should be made with the modulator 

instal led, to naore accura te ly determine the magnitude of the input r e 

act ivi ty. 

b) The magnitude of the input react ivi ty , at the high per turba t ion frequen

c ies , should be increased to improve the s ignal - to-noise ra t io . 

c) The react ivi ty waveforra should be de termined at each react ivi ty used. 

d) The waveform of the input react ivi ty should be more accura te ly known. 

In addition to more data points , this would entail development of equip

ment that would indicate the ro tor position in a d i rect manne r . E r r o r s 

due to t iming and ro tor acce lera t ion (and decelerat ion) would then be 

el iminated. 
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e) The development of a high sensit ivity, fast neutron detector would be 

a great advantage at these f requencies . In l ieu of th is , however, a r e 

finement in the technique for determining the e r r o r contributed by epi -

cadmium neutrons is requi red . 

Should these improvements be achieved, one may find it possible to modulate to 

even g rea te r frequencies and as a resu l t obtain a great ly improved insight into 

the quantitative aspects of describing the KEWB reac to r by seven groups of de

layed neutrons . 
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NOMENCLATURE 

P(t) = total fission ra te (or power) at t ime t, kw. 

P ^ = r eac to r power (equilibrium level) , kw. 
f Vi 

C.(t) = power equivalent of the j group of delayed neut rons , kw. 

T(t) = instantaneous core t empera tu re difference, at t ime t, 

from that at equil ibrium power, °C. 

V(t) = instantaneous volume difference at STP, of radiolytic gas 
3 

bubbles, at t ime t, from that at equi l ibr ium power, cm . 

p(t) = (k -J. - l ) / k J.,, the react iv i ty in "absolute" units at t ime t, 

where k .̂  is the effective multiplication factor, eff 

yO,(t) = the external input function of react ivi ty in absolute un i t s . 

/o„ = the magnitude of p,{t). 

o P , = the magnitude of the power per turbat ion c rea ted by 

/3j(t), kw. 

S. - the effective neutron generat ion t ime in the r eac to r 

(assumed to have negligible t ime dependence), sec . 

i^ = the effective generat ion t ime of neutrons which remain in 

the core , sec . 

y9 = the effective total fraction of all neutrons which a r e 

delayed. 

p. = the effective fraction of all neutrons which belong to the 

j delayed group. J .th 

a. = the effective fraction of al l delayed neutrons which belong 
J m 

to the j delayed group, /^ -̂j ~ ^• 

X. = the representa t ive decay constant of neutrons which 
•̂  th -1 

belong to the j delayed group, sec 
k = excess mult ipl icat ion factor , ex 

G = the ra te of radiolytic gas formation per unit power for the 
3 

r eac to r , cm / k w - s e c . 

K = the rec ip roca l heat capacity for the reac tor , ° C / k w - s e c . 

cr = the rec ip roca l of the cha rac te r i s t i c t ime for loss of 

radiolytic gas from the core , s ec" . 

y = the r ec ip roca l of the cha rac t e r i s t i c t ime for loss of heat 

from the core , s ec" . 

a = the t empera tu re coefficient of react ivi ty in "abso lu te" uni ts . 

^ = the void coefficient of react iv i ty in "absolute" uni ts . 

p = pl^, the react iv i ty in do l l a r s . 

i* = i//S. 

a = a/P, the t empera tu re coefficient of react ivi ty in do l l a r s . 

(fi = (fi/P, the void coefficient of react ivi ty in do l l a r s . 

CJ = the per turba t ion frequency, r a d i a n s / s e c . 

R = the p reamp input r e s i s t ance , ohms. 

C = the total p reamp input capaci tance, f. 

RC ~ ^̂ ® phase e r r o r due to the RC time constant, d e g r e e s . 

Z , | = the amplitude of the t r ans fe r function evaluated at the 

fundamental frequency, o) • 

|Z^|= the amplitude of the t r ans fe r function evaluated at the 

second harmonic frequency, 2a». 

9, = the phase of the t r ans fe r function evaluated at the funda

mental frequency, Co), d e g r e e s . 

9^ = the phase of the t rans fe r function evaluated at the second 

harmonic frequency, 2oj, d e g r e e s . 

^ 1 , 2 " ^1 + ^2-

£ = the average logar i thmic energy decrement per coll ision of 

a neutron, d imens ion less . 

^ s = the average macroscopic scat ter ing c r o s s section, cm"^ . 

m„ - neutron m a s s , gm. 
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