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EBWR PHYSICS EXPERIMENTS 

by 

J . A. Thie 

ABSTRACT 

The r e su l t s of a number of zero power exper imen t s , 
as well as the initial power generat ion expe r imen t s , a r e r e ­
por ted . These include c r i t i ca l m a s s de te rmina t ions , control 
rod ca l ibra t ions , void and t e m p e r a t u r e coefficient m e a s u r e ­
men t s , de terminat ions of react iv i ty compensated by s team 
voids , and the effect of boric acid and control rods on power 
generat ion. A low-power, l o w - p r e s s u r e , osci l lat ion phe ­
nomenon, is desc r ibed . Except for the l a t t e r , v i r tual ly al l 
r e su l t s a r e understood, quantitatively, by existing boiling 
r eac to r t heo r i e s , although in some cases the des i r ed p r e ­
cis ion i s lacking. 

I. INTRODUCTION 

The Exper imenta l Boiling Water Reactor (EBWR) is a light w a t e r -
modera ted and cooled, na tura l c i rcula t ion, d i rec t s team cycle , boiling r e ­
actor fueled with slightly enr iched u ran ium. Reactor c r i t ica l i ty was 
achieved on December 1, 1956. The following 2-2 weeks were confined to 
low^-power expe r imen t s . E lec t r i c i ty (5 mw) at the ra ted pow^er level 
(600 ps i , 20 mw heat) was f i rs t generated on December 29, 1956. 

Information about power plant exper ience will be repor ted e lsewhere 
The purpose of this r epor t is to deal with phenomena assoc ia ted d i rec t ly 
with the r eac to r c o r e . 

The design concept for the EBWR provided for uninterrupted power 
dissipat ion: s team generated in the r eac to r is passed d i rec t ly to the t u r ­
bine for generat ion of e lec t r i c i ty . The power genera ted is fed into the 
Labora to ry distr ibution sys t em. However, because of the power var ia t ions 
ref lected by many of the exper iments r epor ted he r e , the s team output was 
dumped in i t s ent i re ty to the condenser . 
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II. PRE-POWER GENERATION EXPERIMENTS 

Since critical experiments involving slightly enriched uranium plates 
and light water have never been run, and also because the pressurized full-
power loading was to be determined by open vessel experiments, a consider­
able effort was devoted to reactor physics experiments with unirradiated 
fuel. The phases in the program were: 

(1) approach to criticality; 
(2) addition of reactivity by expanding core size and trading 

elements; 
(3) measuring void coefficients; 
(4) measuring the worth of boric acid; 
(5) adjustment of load to that needed for pressurized power; and 
(6) m,easuring temperature coefficient. 

Control rod calibrations were required in virtually alLphases. 

Four types of fuel assemblies are available (see Table I). Any given 
fuel assenably contains six identical plates in a box occupying a 48 in. (fuel 
height) X 4 in. X 4 in. cell. Thus various configurations of these fuel assem­
blies can be used to: (1) change the crit ical size of the core; (2) change the 
power distribution in the core; or (3) change the amount of reactivity co r re ­
sponding to a given steam volume in the core. 

Table I 

F U E L ELEMENT STRUCTURE 

Type 

Symibol 

Enr ichment of U^^, % 

Meat th ickness , in . 

P la t e th ickness , in . 

Average water channel 
th ickness , in . 

( H2O Volume ^ * 

Thin 
Natura l 

T 

0.72 

0.174 

0.214 

0.453 

4.416 

Thick 
Natura l 

H 

0.72 

0.239 

0.279 

0.388 

2.759 

Thin 
Enr iched 

E T 

1.44 

0.174 

0.214 

0.453 

4.416 

Thick 
Enr iched 

E H 

1.44 

0.239 

0.279 

0.388 

2.759 

Nominal grams of U^* 
per 6-plate element 291.1 413.0 582.2 826.0 

Average grams of U^̂ * 
per 6-plate element 
found in loading #19 293.47 401.25 585.42 813.09 

•Volume ratio is a reactor average and includes water in control rod 
channels. 



A. Approach to Cri t ical i ty 

Nineteen subcr i t ical loadings were made, ranging from loading 
#1 (3T + 3H + 3£T + 2EH) to loading #19 (14T + 14H + 25ET + 28EH). The 
procedure for each loading was: 

(1) Slowly inse r t one element at a t ime into the water-f i l led 
core , observing counting r a t e s and ion chamber cu r r en t s ; 
control rods a r e par t ia l ly inser ted . 

(2) Take severa l counting ra t e s at the completion of the load­
ing with all control rods out. 

(3) Move source and counter locations when n e c e s s a r y and ob­
tain coxinting ra t e s in the new posit ion. 

(4) Plot the rec iproca l counting ra te or cur ren t against the 
number of e lements , and decide the next loading from 
this curve . 

All loadings were designed to approximate a uniform mixture of the e l e ­
ments in the ra t io : 1 8T; 18H:38ET:38EH, mainly because many past ca lcu­
lations existed using this ra t io . 

F igure 1 shows the curve obtained for the las t few loadings. 
The curvature existing when subcr i t ica l by many elements is in the ex­
pected direct ion because of the dec rease in react ivi ty worth of one element 
as the r eac to r radius i n c r e a s e s . 

1.0 

-ION CHAMBER # 3 

67 69 71 73 75 77 
TOTAL NUMBER OF FUEL ELEMENTS 

79 81 

FIG. I 
APPROACH TO CRITICALITY 
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Figure 2 shows the las t subcr i t ica l loading. With al l control 
rods out the r eac to r approached its equil ibrium multiplication with a t ime 
constant of approximately 270 sec , which indicated a react ivi ty of -0 .03%, 
essent ia l ly a c r i t i ca l r eac to r . 
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COMPOSITION: 28 THICK ENRICHED, EH 
25 THIN ENRICHED, ET 
14 THICK NATURAL,H 
14 THIN NATURAL,T 
81 

kg OF U " ^ : 47.13 

A comparison of the loading (14T + 14H + 25ET + 28EH) with 
that previously predicted to be cr i t ica l by 2-group theory (6.83T + 6.83H + 
14.43ET + 14.43EH) gives a naeasure of the e r r o r in the theory on a r e -
p.ctivity bas i s . The difference in the number of elements corresponds to 
3.78%, while the difference in ra t ios of elements corresponds to -0 .42%. 
Hence, 2-group theory overes t imated the react ivi ty by 3.39%. Since this 
is within a previously es t imated root mean square e r r o r of the theory 
(± 3.67%) based on c ros s - sec t ion e r r o r s , e tc . , the agreement between 
theory and experiment is sa t isfactory. (The c r i t e r ion for choosing the 
enrichment and numbers of e lements was that the theory could have been 
optimist ic by twice its root mean square e r r o r , and sti l l sufficient r e ­
activity would have been available .) If the same 2-group methods used 
on EBWR a r e applied to a la t t ice l of 0.06-in. d iameter , 1.143% enriched 
uranium rods with a water to uranium volume rat io of 4 :1 , the theory 
underes t imates the react iv i ty by 1.33'/o. 

H. Kouts, et a l . , "Exponential Exper iments with Slightly Enr iched 
Uranium Rods in Ordinary Water ." Proceedings of the International 
Conference on the Peaceful Uses of Atomic Energy held in Geneva 
8 August - 20 August. 1955, Vol. 5, p . 183. 

FIG. 2 
LOADING #19 



B. Reactivity Addition 

Core Loading #26 (see Fig . 3) was bmlt up in severa l s teps 
from Loading #19. Measurement of the void coefficient indicated a nega­
tive value sxifficient to pe rmi t a shift of the thin elements to the center . 
This is des i rable from the standpoint of power generat ion, in which a low 
void coefficient (and, possibly, the absence of a thick-thin hot spot factor) 
may aid maximum power. The resul tan t loading (#33) is shown in Fig. 4. 

All c r i t ica l measu remen t s and rod cal ibrat ions were done with 
all nine control rods level . This is the s imples t configuration and also 
simplifies the calibrat ion p rocedure . 
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LOADING 26 

FIGo 4 
LOADING #33 
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C. Void Coefficient Measurement 

Void coefficient measurements were performed by inserting 
perforated Styrofoam sheets^ in the water channels of the fuel elements 
in core loadings #26 and #33. The Styrofoam sheets were designed to simu­
late the changes in naoderator density (voids) associated with the temperature 
and boiling characteristics of the reactor. 

The "temperature void" sheets with uniform perforations simu­
lated a void volume proportional to the element's water density loss due to 
temperature. The "boiling void" sheets with nonuniform perforations simu­
lated a void volume proportional to the elem.ent'8 nontiniform water density 
loss at full power. 

The experiments were conducted in the following sequence of 
measurements: 

(1) "temperature void" worth as a function of radial position 
in loading #26; 

(2) "temperattixe void" coefficient of loading #33; 

(3) "boiling void" coefficient of loading #33, with boric 
acid addition. 

The results a re plotted in Figs. 5 to 7. The abscissa in Figs. 6 
and 7 is the average per cent of fuel assembly water channel volume occupied 
by the voids, exclusive of the voids in the control rod channels and in the r e ­
flector. Except for Fig. 5 the voids were uniformly distributed radially. All 
void coefficients determined a re defined as : 

dp change in reactivity, in % 
dV 100 X (change in water volume in channels/the original water volume) 

As evidenced by Figs. 5 to 7, the values are sensitive to the con­
trol rod configuration. The fact that loading #33 is not significantly less neg­
ative than #26 (as would be expected) is not tinder stood, although it m.ay be due 
to its extra void content. 

By adding boric acid to loading #33 and getting the control rods 
out, a more usef\il number is obtained (-0.067) for the removal of "boiling 
voids." A preliminary comparison using a crude 2-group, one-region approxi-
naation to this loading has the theory giving value of dp/dV very near zero, and 
also erring on reactivity by 3.39%. However, using the modified theory of the 

J. A. DeShong, J r . "Styrofoam Simulation of Boiling and Tenaperature Ef­
fects in the EBWR Cold Critical Experiments," ANL-5697 (March, 1957). 
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l l 

Appendix, in conjunction with per turbat ion theory (see Table VII), good 
a g r e e m e n t on reac t iv i ty and void coefficient i s obtained: 

Table II 

REACTIVITY AND VOID COEFFICIENT 
OF LOADING #33 

(With 2.235 gm of H3BO3 pe r gal and 23.75% Voids) 

Exper imenta l Theore t ica l 

Reactivi ty, p 0 0.00382 

Void Coefficient, dp /dV -0 .067 -0 .0604 

Do Measurenaent of Worth of Bor ic Acid 

The use of bor ic ac id s e r v e s the dual purpose of allowing the 
c r i t i ca l posit ion of the rods to be var ied in a given loading, a s well a s to 
obtain information on t h e r m a l ut i l izat ion. To ensu re thorough mixing, the 
ac id was f i r s t dissolved in hot water , then poured into the r e a c t o r water , 
the l a t t e r being agi ta ted by an a i r -bubb le s t r e a m . 

Again using a crude 2-group, one- region approxinaation to 
loading #33, Table III shows the good a g r e e m e n t with exper iment , in this 
case , fortuitously good: 

Table m 

BORIC ACID WORTH IN LOADING #33 

% voids in % reac t iv i ty p e r g r a m of 
fuel plate water H3BO3 pe r gallon of HgO 

Experinaental Theore t ica l 

0 - 1.780 

23.75 1.417 1.427 
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E. Loading for P r e s s u r i z e d Power 

A comparison of the borated and Styrofoam-loaded #33 with 
the xenon, s amar ium, and voids calculated to be p resen t at 600 psi and 
equilibrium full power showed the need for additional react ivi ty . The final 
loading (#46) shown in Fig . 8 gave an additional 2.059% react ivi ty , which 
was more than adequate. 
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The logic behind the configuration of loading #46 is as follows: 

Thin elements in the center give a l ess negative void coefficient 
and possibly more stable power. Natural e lements in the center improve 
the radia l maximum to average power density; whether this improves power 
stabili ty is speculat ive. Defective thick enriched elements were rep laced by 
thick natura ls at the core edge. The choice of 114 elements is a r b i t r a r y , 
since presumably any number in the range from roughly 100 to 148 would 
give comparable power density per formance . 

Gold foils and wires were used to m e a s u r e the flux d is t r ibu­
tions at room tempera tu re in loading #46. The resu l t s a r e plotted in 
F igs . 9 and 10. The reflector savings of the upper control rod region on 
the lower fuel region inferred from the m e a s u r e d axial buckling in Table IV 
compares favorably with 20 cm obtained from the in tegral control rod worth 
(see F igs . 22 and 23 in the Appendix). 

FIG. 8 
LOADING #46 
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Table IV 

FLUX AND POWER DISTRIBUTIONS AT ROOM TEMPERATURE 
IN LOADING #46 

15 

Axial Maximum to Average Power Density 
with Control Rods in Upper 71% of Fuel 

Axial Buckling from the Flux 

Reflector Savings of Control Rod Zone 

Radial Maximum to Average Power Density 
(Ignoring Hot Spot Fac to r s ) 

Radial Power Distr ibut ions: 
Thin Naturals 
Thin Enr iched 
Thick Naturals 
Thick Enriched 

2.17 

0.002025 cm^ + 20% 

27.6 + 8 cm 

1.663 

1.6% 
64.6% 

1.1% 
32.7% 

Using the relation: 

P 1 - exp (-?P.) 

for obtaining la rge reac t iv i t i es , it is found from Fig. 11 that the control 
rods a r e holding down 7.13% at cold clean cr i t ica l i ty . Extrapolat ion yields 
an additional 6.82% in shutdown st rength. A more accura te m e a s u r e of the 
shutdown strength is had by determining B ^ of the upper rodded region 
from the axial flux plot, Fig . 9, as if it were an exponential assembly .3 
This yields a shutdown strength of 5.27%. 
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3 R . T . Bayard, " Control Rod Worth Studies on Seed and Blanket 
Reac to r s , " Los Angeles Reactor Control Meeting, March 6, 1957. 



16 

IL 
F. Temperature Coefficient Measurements 

The start-up heat exchanger, which utilizes auxiliary steam, 
was used to heat the reactor water to 325F (reactor pressure = 100 psig). 
Higher pressures were obtained by nuclear heat. Figure 12 shows the 
integrated temperature coefficient obtained from frequent critical meas­
urements and control rod calibrations performed during the heating process. 
A preliminary comparison with the void coefficient shows that the effect of 
water density probably dominates the contributions to temperature coefficient. 

Figure 13 shows the effect of temperature on differential rod 
worth, using the factor: 

5- Differential rod worth at som.e tenaperature 
1 4. o = =-

Room tenaperature differential rod worth at the same rod setting 
It is estimated that experinaental errors lead to a 20% uncertainty in 6. 

Since the temperature coefficient is a function of rod position 
and the rod worth is a fxmction of temperature, there is no unique value for 
the integrated temperature coefficient. For example, three acceptable defi­
nitions are: 

X(489) , . „ . 

/ 

X(68) 

X(489) 

X(68) 
(4^) [1 + ^(T)] dX = 2.93% (from Fig. 12) ; (2) 
^ dX / x=68 

X(489) , 
[1 + 6(489)] / ( ^ ) dX = 1.3 X 2.47% = 3.21% , (3) 

•̂ X(68) ^^^^T=68 

where X(68) and X(489) are the critical positions at room temperature and 
600 psig, respectively. 

These values, which pertain to a reactor whose control rod bank 
is in the 11 in. to IS-ini position, are, of course, appreciably larger than the 
corresponding value for the reactor with all rods out. (The latter, frona 
Table VI, is 7.13% - 6.46% = 0.67%, but is very inaccurate due to imcertain-
ties in the value of 5.) 
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III. POWER GENERATION EXPERIMENTS 

The purpose of this p r o g r a m was to make a quick survey of the 
power capabi l i t ies and per formance of the r e a c t o r . No at tempt was made 
to study and m e a s u r e in detail the power pe r fo rmance at one pa r t i cu la r 
condition. Hence, some of the numer ica l information p resen ted shovild be 
r ega rded as being of a p r e l im ina ry na tu re . The phases in this p r o g r a m 
were : 

(1) l o w - p r e s s u r e power operat ion, 
(2) 600-psig operat ion without, then with, the turb ine , and 
(3) s t e a d y o p e r a t i o n , bu i ld ing up e q u i l i b r i u m x e n o n . 

A . L o w - P r e s s u r e P o w e r O p e r a t i o n 

The n o r m a l p r o c e d u r e in c o m i n g to 600 p s i i n v o l v e s h e a t i n g 
t h e r e a c t o r w a t e r to 100 p s i wi th bu i ld ing s t e a m v i a a h e a t e x c h a n g e r , a n d 
t h e n u s i n g r e a c t o r h e a t , ho ld ing t h e a m o u n t of bo i l i ng to i n s i g n i f i c a n c e . 
D u r i n g i n i t i a l e x p e r i m e n t s , h o w e v e r , w a t e r h e a t i n g w a s a c c o m p l i s h e d a t 
a l l p r e s s u r e s wi th n u c l e a r h e a t . 

D u r i n g t h e c o u r s e of t h e e x p e r i m e n t ( s e e T a b l e V) t h e r e a c t o r 
w a s e s s e n t i a l l y f r e e of x e n o n and c o n t a i n e d no b o r i c a c i d . T h e r e a c t i v i t y 
w a s c o m p e n s a t e d by s t e a m v o i d s , p r o b a b l y b e l o w 0.4%. The c o n t r o l r o d s 
w e r e l e v e l a s a bank in the l l - ^ - to 12 |^- in . r e g i o n , g r a d u a l l y c o m i n g out a s 
the t e m p e r a t u r e r o s e . Wha t m a y have b e e n the f i r s t bo i l i ng o c c u r r e d a t 
a t m o s p h e r i c p r e s s u r e and , i n i t i a l l y a t l e a s t , w h e n s o m e r e g i o n s of t h e 
w a t e r in the v e s s e l m a y not h a v e b e e n a t 2 1 2 F . 

It i s e v i d e n t f r o m t h i s e x p e r i m e n t t h a t s o m e of t h e v a r i a b l e s 
p o s s i b l y a f fec t ing the o s c i l l a t o r y t e n d e n c y a r e : p r e s s u r e , p o w e r l e v e l , 
f e e d - w a t e r f low, and w a t e r l e v e l r e l a t i v e to t h e top of t h e s h r o u d . T h e 
s h r o u d i s e s s e n t i a l l y a 2 .8- f t c h i m n e y above t h e fue l . N a t u r a l c o n v e c t i o n 
wi th in the v e s s e l i s r a t h e r r e s t r i c t e d u n l e s s t h e w a t e r l e v e l i s above t h e 
s h r o u d . 

F i g u r e 14 s h o w s t h e c h a r a c t e r of t h e o s c i l l a t i o n r e f e r r e d to 
in T a b l e V. F o r t h e l a r g e s t o s c i l l a t i o n s the r e a c t i v i t y a m p l i t u d e i s on ly 
± 0 .067% - we l l u n d e r t h e p r o b a b l e m a x i m u m r e a c t i v i t y t h a t cou ld h a v e 
b e e n in v o i d s (0.4%). W h e t h e r t h i s b e h a v i o r i s of a t ype h i t h e r t o u n o b s e r v e d 
in bo i l ing r e a c t o r s i s open to s o m e s p e c u l a t i o n . It i s d i f f e r e n t in a n u m b e r 
of r e s p e c t s f r o m t h e chugg ing p h e n o m e n a t h a t h a v e b e e n r e p o r t e d : ' * " ^ ' " 

J. R. Dietrich and D. C. Layman, "Transient and Steady-State Characteristics of a Boiling Reactor, " 
ANL-5211 (February, 1954) 

^S, G. Forbes, F, Schroeder and W. E. Nyer, "Instability in SPERT-I," Nucleonics, Vol. ia» No. 1, p41 (1957) 

^J. A. Thie, "An Experimental and Theoretical Investigation of Boiling Reactor Instabilities," Pittsburgh 
A. N. S. Meeting. June, 1957 
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Table V 

PROGRESSION OF EVENTS IN THE FIRST EBWR NUCLEAR HEATING EXPERIMENT, DECEMBER 18, 1956 

Power Oscillations 

Water 
Line Feed-

Temper- water 
Pressure, ature, Flow, 

Time psig F gpm 

12:00 
A.M. 

66 

200 X Approx-
Dominant Amplitude imate 

Frequency, Mean Power, 
cps Power kw 

1800 

Remarks 
Temperature starts to rise at rate of 
0.2F/min from this initial value. 
This rate then increases appreciably, 
although power is constant, indicating 
failure of water line thermocouple to 
read a true average water 
temperature. 

12:42 82 0.133 1800 A sharp increase in the temperature 
rise rate to 2F/min at the onset 
of oscillation is interpreted as an 
increase in the natural convection in 
the water line from the reactor. 

12:51 

12:59 

1:00 

1:16 

1:17 

1:25 

1:33 

1:59 

2:00 

2:04 

2:05 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

100 

129 

131 

220 

220 

220 

245 

250 

250 

250 

250 

0 

0 

0 

0 

0 

12 

12 

12 

0 

0 

12 

0.151 

0.178 

0.125 

0.14 

-

-

0.167 

0.167 

0.050 

0.050 

0.178 

6 

9 

5 

6 

0 

0 

18 

18 

10 

10 

5 

1800 

1800 

1100 

1100 

550 

550 

1200 

1000 

1000 

100 

900 

A power reduction affects the 
oscillation. 

Oscillations have a threshold power 
of ~900 kw. 

Greatest oscillatory tendency is found 
here. 

A third harmionic is quite noticeable. 

Water level is believed to be crossing 
the top of the shroud (which is about 
3 ft above the fuel) approximately 

2:14 

2:15 

250 

250 

12 

0 

0.178 900 

900 Oscillatory tendency is reduced in the 
absence of feedwater. 

2:40 10 256 0.266 1800 In coming up in power an oscillation 
threshold at~1000 kw was observed. 

3:25 

3:35 

80 

110 

305 

310 

0 

0 

0.30 

0.0934 

4 

6 

2700 

2700 Oscillatory character is insensitive 
to feed-water flow here. 

3:50 130 345 2700 No oscillations occur at pressures 
beyond 130 psig at this power level. 



12:42, FIRST OSCILLATIONS: 

l :00 , AFTER POWER REDUCTION: 

1:33, GREATEST OSCILLATORY TENDENCY: 

2:00, THIRD HARMONIC'S APPEARANCE: 

3:35, LAST OBSERVABLE OSCILLATIONS: 

/vA/VV Y V V ^ N A -

2025 

1.5 I .5 0 
1800 

1012 

788 
1.5 I .5 0 ii; 

g 
1350 I 

1125 -
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1012 2 
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1.5 I .5 0 
788 

^ryy^rVrv^ 
2700 

1.5 I .5 0 
TIME IN MINUTES 

(ARBITRARY ZERO) 

2250 

FIG. 14 
POWER OSCILLATIONS AT LOW PRESSURE 

(1) The harmonic content i s high, in view of smal l ampli tudes 
involved. 

(2) The fundamental frequency, as well as harmonic s t ruc tu re , 
i s sensit ive to quantities affecting flow condit ions. 

(3) The power density and react ivi ty available for voids a r e 
quite low. 

F igure 15 shows cr i t ica l control rod posit ions obtained at 
various t empera tu re s and essent ia l ly zero power . 

B . Boric Acid in the P r e s s u r i z e d Reactor 

Initial operation at 20 mw was with borated water , since this 
reduced the react ivi ty in voids and also reduced the power density by en­
abling the control rods to be further out. Borating also had the advantage, 
especial ly in combination with xenon buildup, of providing cal ibrat ion points 
over extended regions of rod t r ave l . 

Four methods a re available for the determinat ion of the 
concentration: 
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(1) the quotient of the amo\int added and the r eac to r water 
volume; 

(2) t i t ra t ion of a sample of the r eac to r water ; 
(3) compar i son of neutron absorpt ion of the r e a c t o r water 

sample with that of a s tandard bor ic acid solution;^ 
(4) the quotient of the m e a s u r e d reac t iv i ty change and the 

value 1.660%/gram of HjBOj/gal . (calculated from 
reac to r theory at 600 ps i and 0% voids) . 

Methods (2) and (3) agreed within 4%. The ave rage of ( l ) , (2) and (3) in 
g r a m s per gallon multiplied by 1.660 is seen in F ig . 16 to ag ree well with 
the reac t iv i ty from the cal ibrat ion of control rods as implied by (4). 

Removal of the bor ic acid was accomplished while the r e a c t o r 
r an at 20 mw with equi l ibr ium xenon by c i rcula t ing the water continuously 
at 9.25 gpm through an ion exchange column. It is eas i ly shown that the 
removal law is 

dM / dM \ / F E > 
dv =(dv)^^„^^P^--v-*) ' 

where M is the bor ic acid m a s s in volume V; F is the flow r a t e ; and E i s 
the column efficiency. The theory is borne out in F ig . 17, which shows E to 
be 0.8 to 1. 

Various amounts of bor ic acid and xenon placed the rod bank in 
the var ious posi t ions r equ i r ed for ca l ibra t ion by long p e r i o d s . The technique 
finally found adequate for accu ra t e ca l ibra t ion in the p r e sence of t r ans ien t 
xenon, t e m p e r a t u r e changes, and bor ic acid concentrat ion changes was the 
following: five per iods were done in success ion with al l but the th i rd at 
the sancie rod posi t ion. Plot t ing the s imi l a r pe r iods or r eac t iv i t i e s agains t 
t ime gives the p roper value for use with the th i rd pe r iod . 

C. High-Power Operat ion 

When the control rods a r e pulled out from the i r c r i t i ca l posi t ion 
at 600 ps ig , the reac t iv i ty addition is compensated by s t eam voids, manual 
or automatic p r e s s u r e regulat ion prevent ing the p r e s s u r e from r i s ing fur ­
t he r . The definition of this reac t iv i ty in voids used below is that c o r r e s p o n d ­
ing to the posi t ive per iod which would r e su l t f rom the col lapse of all vo ids . 
(An a l t e rna te and numer ica l ly different definition would be the negative 
per iod resul t ing from the appearance of voids with control rods in the z e r o -
power c r i t i ca l position.) 

R. A. Mattson, "The Determinat ion of Soluble Poison Concentrat ions in 
HjO," M a s t e r ' s Thes i s , Michigan College of Mining and Technology 
(1957) 
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Figure 18 shows a typical ion chamber r e c o r d when the r eac to r 
i s at equi l ibr ium. Any osc i l la tory tendency p re sen t in the 600-psig, 20-mw 
condition is obviously l e s s than the boiling no i se . Mild d is turbances (by 
control rods , feed water , or p r e s s u r e ) of the r eac to r in this condition fail 
to excite osci l la t ions of the type found ei ther at low p r e s s u r e s or in other 
r e a c t o r s . 

F i g u r e s 19, 20 and 21 show the dependence of the react iv i ty in 
voids on control rod posi t ions and borat ion. All powers a r e m e a s u r e d f rom 
feed water and s team flows. Qualitatively, the behavior i s as expected. The 
reac t iv i ty i s obtained from the rod posi t ions at power and at ze ro -power 
cr i t ica l i ty , using a cal ibrat ion based on per iods at 600 psig and zero voids . 
Because of the numerous co r r ec t ions applied to the data before plotting, i t 
i s believed that the absolute accuracy of the ordinate of these f igures i s 
±25%. 

F r o m the value of 0.724% react iv i ty in voids at 19.62 mw and 
2.373 gm of HjBOs/gal, and the theore t ica l void coefficient at 7.5% voids , 
dp 
-rrr = - 0.1163, from Table VII it i s possible to compute the average void: 

-0.00724 
V = 

-0.1163 + ( — = 0 . 0 7 5 ) — 4 
2 • / dV^ 

Using 

d^p/dV^ = -0.293 

one obtains: 

V = 6.93% 

Heat t ransfer calcTilations° (cor rec ted slightly for the p r e s e n c e of thin en ­
r iched e lements in the center of the r eac to r ) give 7 .7 ± 1.1%, and the a g r e e ­
ment i s as well as can be expected. In all c a ses the void pe rcen tages re fer 
to coolant channel water only, and the volume averaged voids differ l i t t le 
from the s ta t i s t ica l ly weighted a v e r a g e . 

The slope of the line in F ig . 20 is considerably s teeper than 
would be expected from the void pe rcen tages just given. An unexplained 
react ivi ty shift of seve ra l tenths of a pe r cent during the exper iment might 
account for the anomaly . 

Q 

R. J . Weatherhead, p r iva te communicat ion. 
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The reac t iv i ty s ta tus of loading #46, as de te rmined from the 
above exper imen t s , is as follows: 

Table VI 

REACTIVITIES OF LOADING #46 

Integral of 64F differential rod worth curve from unpoisoned 
cr i t ica l i ty at 64F to all out: 7.40% 

Reactivi ty 7.13% 

Integral of 483F differential rod worth curve from 
unpoisoned zero power cr i t ica l i ty at 483F to all out: 6.57% 

Reactivi ty 6.46% 

Reactivi ty in xenon ( theoret ical value) 2.20% 

React ivi ty in s a m a r i u m (theoret ical value) 0.75% 

Residual reac t iv i ty a t 483F and all rods out for burnup 
and voids 3.51% 

Use is made of the re la t ion: 

p = 1 - exp ( - X Pi ) 

in obtaining the l a rge posi t ive reac t iv i t i e s in Table VI. The res idua l r e ­
activity of 3.51% compares quite favorably with the theore t ica l value of 
3.40% in Table VII (see the Appendix). 
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APPENDIX 

THEORETICAL BASIS OF REACTOR AND 
CONTROL ROD REACTIVITIES 

B. Maxon* and J . A. Thie 

As pointed out in Section IIA, 2-group theory ove re s t ima te s the r e ­
activity by 3.39% and ove res t ima tes the void coefficient by about 0.067. This 
theory has been adequately presented ,9 ,10 and only modifications of it will 
be d iscussed h e r e . The modified theory differs from previous ly used methods 
in that: (l) fast leakage is descr ibed by exp (TB^) ( ra ther than 1 + T B ^ ) ; and 
(2) the U^'* resonance in tegra l i s taken to be 1.209 t imes l a r g e r than that 
based on 

7.5 (i + - . J ^ i ^ ^ b a r n s 

previously used . 

These modifications can be ra t ional ized both empi r i ca l ly and theo­
re t ica l ly : The reac t iv i ty e r r o r between theory and exper iment van ishes , 
while the void coefficient d i sc repancy vir tual ly van i shes . The theore t ica l 
bas i s for adjusting the resonance in tegra l i s threefold: 

(1) Its uncer ta in ty is l a r g e r than any other major p a r a m e t e r of 
2-group theory . 

(2) Macklin and P o m e r a n c e ^ quote a value somewhat l a r g e r than 
7.5 b a r n s . 

(3) Excess ive non-f ission capture of U^^, if not taken into accoiint 
e l sewhere , ac t s to i nc r ea se the resonance in t eg ra l . 

Lat t ice constants and reac t iv i t i e s as computed by the modified theory 
a r e l i s ted in Table VII. The approximation to loading #19 is slightly s u p e r ­
c r i t i ca l by the react iv i ty difference between the approximation and the actual 
loading. Pe r tu rba t ion theory r e s u l t s for loading #33 and #46 a r e obtained by 
applying 2-group per turba t ion theory to thin enr iched loadings . 

*Loaned Employee from Amer i can Machine and Foundry 

'^ANL-5607, "The EBWR" (May, 1957) 

l^Reac tor Engineer ing Division Quar te r ly , ANL-5561 (December , 1955) 
p . 18 

R. L . Macklin, H. S. P o m e r a n c e , "Resonance Capture In t eg ra l s . " 
P roceed ings of the Internat ional Conference on the Peaceful Uses of 
Atomic Energy held in Geneva, 8 August-20 August , 1955, Vol. 5, 
p . 96. 
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Loading 19^^' 

% p in Xe + Sm 0 

gm of HjBOj/gal 0 

T e m p e r a t u r e , F 68 

% P l a t e Voids 0 

No. of E l emen t s 81 

^ 1.0367 

riU"* 2.053 

p 0.8425 

/ U"^ Absorp t ion x ^ p 3 ^ 
\ Total Abso rp t i on / 

k.00 

L ^ cm^ 

T, cm^ 

1.0852 

3.017 

34.75 

^ ^ ( b ) 

0 

2.235 

68 

0 

112 

1.0266 

2.053 

0.8665 

^ ^ ( b ) 

0 

2.235 

68 

0 

112 

1.0282 

2.053 

0.8553 

Table VII 

CALCULATED LATTICE CONSTANTS 

ET(^) 

0 

2.235 

68 

0 

112 

1.0303 

2.053 

0.8358 

33 

0 

2.235 

68 

0 

112 

33 

0 

2.235 

68 

0 

112 

33 

0 

2.235 

68 

0 

112 

^^(b) 

2.95 

0 

486 

0 

114 

1.0300 

2.053 

0.8371 

ET(^) 

2.95 

0 

486 

15 

114 

1.0324 

2.053 

0.8151 

46 

2.95 

0 

486 

0 

114 

46 

2.95 

0 

486 

15 

114 

46 

2.01 

2.373 

486 

0 

114 

46 

2.01 

2.373 

486 

15 

114 

0.6126 0.6252 

1.1187 

2.838 

34.46 

7.02 

1.1287 

3.130 

39.76 

7.54 

0.6428 

1.1363 

3.527 

49.17 

8.25 

0.6400 0.6521 

Refl . Savings, c m 7.02 

0.09611 0.09795 0.09681 0.09527 

0.03196 0.03229 0.02985 0.02653 

Z ' , c m 
a s 

S ,, c m 
af 

B ' , c m " ' 

P 

(dp/dV) 

1.1328 

6.310 

47.59 

9.50 

0.09786 

0.02702 

1.1264 

7.270 

58.42 

10.62 

0.09671 

0.02409 

0.002047 0.001665 0.001640 0.001608 

0.0043 0.0488 0.0494 0.0421 

0.0064 -0.0536 

0.001538 0.001492 

0.0130 0.0121 0.0039 0.0410 0.0208 

-0 .0085-0.0604 -0.1342 

0.0340 0.0113 0.01^*^' -0.0075'**^ 

-0.1513 -0.1163 

(a) Actually: 13.01 T + 13.01 H + 27.49 ET + 27.49 EH 
(b) All e l emen t s a r e thin enr iched 
(c) Equivalent 2200 m / s e c value 
(d) Includes a 0.6% reac t iv i ty gain obse rved exper imenta l ly 

Nl 
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The in tegra l rod worth for loading #46 at room t empe ra tu r e is plotted 
in F i g . 22. To de te rmine the worth of the rods at higher t e m p e r a t u r e s , the 
factor 

/, Ĵ  _ Differential Rod Worth at Tempera tu re T 
T Differential Rod Worth at Room Tempera tu re at Same Posi t ion 

was defined. This factor is useful if it can be considered independent of rod 
position, since it i s not n e c e s s a r y to m e a s u r e the differential worth over the 
ent i re range of rod t r ave l . Theore t ica l methods , as" well a s exper imenta l 
methods, were used to check the validity of the constancy of (1 +6)™ with rod 
posi t ion. It can be shown that the differential rod worth at any posit ion may 
be expressed a s : 

W-^K 4 ^^ [- ^T (̂ IZ - ÔẐ I ^'^ 
where 

B = Axial Buckling with Rods Out 

B^ = Axial Buckling with Rods in, at X 

= {-n/s^ + X + S'̂ ,)^ 

X = Distance from Bottom of Fuel to Rod Bank 

Ml, = Migration Area at Te inpera tu re T 

S = Effective Savings of Rodded Region on Non-Rodded Core 
Region 

S = Reflector Savings at Reactor Bottom 

Equation (1) and the exper imenta l rod worth at 68F (Fig. 22) w e r e 
used to de te rmine the curve plotted in F ig . 23 . F r o m this curve and the 
values of Mi, and S at some t e m p e r a t u r e other than 68F, the dependence 
of (1 + 6) with rod posit ion may be obtained. It was found at 488F that 
(1 + ^Uas "^^s indeed independent of posi t ion. Exper imenta l ly , (1 + 6) was 
also found to be approximately posit ion independent. At 488F (1 + 6) was 
fovmd theore t ica l ly to be 1.334 ± 0.05 as compared to the exper imenta l value 
of 1.306 ± 0.06. 

This method may be employed to es t imate the rod worth at any power 
level provided the average voids in the non-rodded section as a function of 
rodposi t ion a r e known. Quantitatively, the method has exper imenta l support 
for in tegral rod worths obtained during xenon buildup. 
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