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ABSTRACT 

Cri t ica l i ty and reac t iv i ty calculat ions have been made for 
some specific la t t ice designs for use in the p resen t EBWR r e a c t o r 
ve s se l . DgO has been cons idered a s a coo lan t -modera to r . 

More specifically, c r i t i c a l en r i chmen t s , t e m p e r a t u r e c o 
efficients, the effects of smal l amounts of HjO in the DgO, and the 
effects of power excurs ions on reac t iv i ty have been studied. The 
accu racy of these calculat ions is l imi ted by that of the method of 
the two-group diffusion theory and the four-factor formula . 

The value of the constant "TJ" used in the four-factor fo rmu
la r e f e r s to t h e r m a l energ ies and does not allow for the i n c r e a s e d 
value of "a" (capture to f ission ra t io) of U^̂ ^ a t resonance energy 
l eve l s . This has r esu l t ed in a lower c r i t i ca l enrichmient than r e 
quired. This should not affect appreciably , however , the accu racy 
of the var ious r eac to r c h a r a c t e r i s t i c s studied in this r epor t , such 
a s t e m p e r a t u r e coefficient of reac t iv i ty , effects of HgO addit ions 
in the mode ra to r on reac t iv i ty , and power excu r s ions . 
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20-MW D2O-MODERATED EXPERIMENTAL BOILING 
WATER REACTOR DESIGN STUDIES 

by 

H. P . Iskender ian 

Introduction 

In this r epor t a r e r eco rded the rest i l ts of s tudies on a 20-mw, 
DgO-cooled and m o d e r a t e d boiling r e a c t o r . The la t t i ce designs w e r e cho
sen to allow the core to be placed in the p r e s s u r e vesse l of the E x p e r i 
menta l Boiling Water Reactor (EBWR), and to be compatible with the p r e sen t 
a r r a n g e m e n t of i ts control r o d s . 

La t t ice designs that cotild mee t these r equ i r emen t s a r e shown in 
F i g u r e s 1 and 2- In design I, F ig . I, 5-in. tubes enclosing a set of 8 pa ra l l e l 
fuel p la tes a r e spaced 8 in. center to cen te r . In design II, F ig . 2, the bot tom 
grid of the p re sen t EBWR is used; the fuel tubes a r e insc r ibab le in the fuel 
boxes of the p r e sen t EBWR (3.6 in. d i ame te r ) , only every other box space 
being used. 

In design III, 3 out of 4 of the fuel boxes in the p r e sen t EBWR a r e 
taken out and the remain ing fuel boxes a r e enclosed in tubes . This design 
p e r m i t s study of a r e a c t o r in which HgO is rep laced by D2O, but in which no 
fuel e lement redes ign is n e c e s s a r y . 

It i s es t imated that the fuel e lements of design I approximate the 
prototypes of D20-modera ted power r e a c t o r s , using a min imum U^̂ ^ r e q u i r e 
ment . Design II, which u se s the p re sen t grid of the EBWR, should r e su l t in 
a corresponding economy. However, this gain is nea r ly wiped out due to the 
g r e a t e r amount of U^^^ required^ as explained in this r epor t . 

In designs I and II, the fuel p la tes a r e of equal th ickness and have 
uniformly enr iched fuel e l emen t s . Spikes m a y b e u s e d f o r b u r n u p allowstnces. 

In design III, fuel p la tes enr iched uniformly to 1.44% m a y be used. 
All the fuel p la tes of design III have a th ickness of 0.205 in. (compared to 
0.16 in, of design I and II), as a r e p re sen t ly used in the EBWR, 

The number of fuel tubes used in designs I and II a r e 32 and 5Gpre~ 
spect ively. The cores have nea r ly the s a m e d i a m e t e r s of 4.25 ft but have 
heights of 4.75 ft auad 4 ft, r espec t ive ly . The ave rage heat fluxes a r e 100,000 
and 107,000 BTU/ ( sq ft)(hr), respec t ive ly , at a r a ted r e a c t o r power of 20 mw 
(Table I). 
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There a r e only 22 tubes used in design III, and the r eac to r power 
is only 9 mw, with a heat flux of 100,000 BTU/(sq ft)(hr). Power g rea t e r 
than 9 mw could be obtained in design III by using fuel tubes in the ref lec
tor region. 

Thermal Power Calculations 

The heating surface requ i red is based on an average allowable heat 
flux of about 100,000 BTU/(sq ft)(hr). F o r a r eac to r power of 20 mw this 
surface is given by 

20 X 10* watts , o , .^ 
= 683 sq ft. 

100,000 ^-^T^^ ^ 0-293 ^ ^ (sq ft)(hr) B T U / h r 

The core of design I (see F ig . 1), due to M. Treshow, was based on 
the above average heat flux with 32 tubes in the r eac to r . 

Design II, with 56 tubes , has a heating surface of about 640 sq ft; 
the average heat flux will be , there fore , about 107,000 BTU/(sq ftXhr) at 
ra ted power. The maximum to average neutron flux is thus nea r ly the same 
for these des igns . 

Calculations were made for design II to es t imate the coolant veloc
ity and p r e s s u r e drop during operat ion. The velocity was found to be about 
9 f t / s ec and the p r e s s u r e drop about 3 ps i , both of which appear to be mod
e ra t e . The choice of c i rcu la r tubes (or shrouds) instead of rec tangular was 
made in o rder to min imize poss ible damage during power excurs ions . 

Fo rced circulat ion of coolant may be used in all t h ree des igns . 

Reactivi ty Calcxilations 

F o r cr i t ica l i ty , 

^ef^ " (1 + L 2 B ^ ) ( 1 + T B 2 ) " ^ ' 

In the evaluation of k = T]epf, the constants p , f, e and T] were cal 
culated as follows: 

Resonance Escape Probabi l i ty "p" 

A typical cell is divided into two regions (radially) as follows: 



Region " 1 ' 

Region "0 ' 

Region "0" The fuel-bearing region is of radius r@, where fuel, 
DgO and Z r a r e considered to be homogeneously dis tr ibuted, but allowance 
is made for the shielding effect of resonance neutrons due to proximity of 
m e t a l s . The volume absorpt ion t e r m is that of u ran ium alloy. 

Region " 1" is taken as annular r i m of D^O associa ted with each cell . 
The radius r i , i s de termined from the condition 

2 volume of r eac to r core per unit length of core 
TTrs = ; — ; — , , : 

number of fuel tubes m core 

The resonance escape probabil i ty is calculated from: 

p = exp ^ - j ^ (1) 

where 
fr = resonance util ization of uranium in the cell (or reac tor) 

= ( resonance uti l ization of region "0" in cell) 
x ( resonance uti l ization of uran ium in region "0") . 

J 2ro0odV f YjjS^<P^dY 

u = X? X X? Lj. 

u e s 

J 2ro 00 dV + J Eri 01 dV J vy \ ^jj dY ^ J ^jy^o^?f<t>j^^o^y 

Since, for thin p la tes , <p ^ = ̂  ro ~ ^ r o ' '^'^^^ using averaged val-

( i .e . , writ ing / ^ 2^.^ 0Q dV = S .̂̂  0 ^ Vg) and noting that 

.ro = v u z. r + vj5 Q Z ^^ 

where v denotes the volume fraction, the express ion for f-̂. becomes : 



/ v u SU 0, dV v^j EU 

f - 15 - (2) 

f E r o 0 s d V + f Zr i0 i dV Z^o + 2 „ ( ^ Y T W 

where 

0i/^o = Disadvantage Fac to r " F " . 

The average flux (or integrated flux) in regions 0 to 1 a r e obtained 
from one-group diffusion theory equations: 

Region "O": Do V2 0^^+ ^ro '^ro + Qv„ ^ = 0 

Region " 1 " : Dj V̂  01-̂  + Sj-i 0ri + Q = 0 

where the constants a r e defined as follows: 

Region "0" : 

U _ N U / fOrdE\ 

6 

where 
Ex, 

6 = l n ^ 

r 5 

2^ r _ ^ ^ - ^ ^ negligible for resonance neutrons 

0 i . dE \ _ r S(l - C)l evaluated under heading of 
E j„ff ~ L M J "Reactor Constants ." eff 

S r o ^ V u S U + VjD^^zD^O 

y y U , yDzO . v Z r 
^ t r o = vy 2^^^ + vp^o \^l + v ^ r ^ t r o 

3 2 t r o 

(3) 

where values of constants a r e r e f e r r ed to resonance energy leve ls . 

Q is the source t e r m in the modera to r . 
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Region 1 : 

Same as region "0 , " except only modera to r t e r m s appear . 

Solution of the above diffusion equations (3) (in the rad ia l direction) 

Q V, 
a r e 

00 (r) = Ao lo (Ko r ) +~—^^ 

r o 
Q 

01 (r) = Aj lo {iCi r ) + Cj Kg (/c^ r ) + ^ -
(4) 

w h e r e 

K. = 3 E . 2 . 
1 r i t r i 

The constants Ag, Aj and Ci a re obtained from the th ree boundary 
conditions °. 

[ ^ 0 = * i J r = ro 

[ D, V0O = D, V0/t ^ ^ 

[̂ ^ ^^]r = r, = ° 

r o 

Substitutions of the 0. 's in equation (2) yields f and hence p . 

The rma l Utilization f 

Using t h e r m a l energy cons tants , the p rocedure outlined above was 
used to obtain f, except for the inclusion of the t e r m s : 

Zr Xe ^Snn 
E , E and E 

a a a 

In these calcula t ions , it was a s sumed that all of the z i rconium was 
homogeneously dis t r ibuted in the fuel zone "0" where it is mos t ly located. 

Fas t F i s s ion Constant, e 

The fast f ission constant was evaluated by an extension of the meth
od outlined in Glas stone and Edlund to a mixture of fuel, coolant and 
z i rconium in the fuel zone "0 . " 

1 
S. Glasstone and M. C. Edlund, "Nuclear Reactor Theory , " 
(D. Van Nostrand Co. Inc., New York, 1952) 
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In c r i t ica l i ty ca lcula t ions , ' ^ ^ ( E ) was obtained from 

^U«5 

P ^ U 2 3 5 
(E) 

23- U235 U^25 

where p = enr ichment of U in a tom fraction. Values of TJ ,a (E), 
U23^ 7 1 ^ TT238 and a (E) were obtained from BNL-325.^ The —- cor rec t ion for a " a V a 

was obtained from F igure 3. 

Having de te rmined the mic roscop ic constants p , f, e, andT] of the 
r e a c t o r , the miacroscopic constants L.̂  and T were calculated as shown be 
low in the section "Calctdation of Reactor Constants ." Cri t ica l i ty ca lcu
lations were then m.ade, for operat ing conditions, by two-group diffusion 
theory, an i tera t ion p rocedure being used in the usual manner . Values of 
the c r i t i ca l enr ichments and the bucklings a r e given in Tables 11 and IV. 

In o rde r to de te rmine changes in reac t iv i ty at var ious operat ing 
conditions, changes in ref lec tor savings , and hence buckl ings, were eval
uated by the use of Volkoff's method.^ Values for operat ing conditions were 
normal i zed with the two-group diffusion theory va lues . 

Calculation of Reactor Constants 

1) Effective Resonance Integral / ( } , for the u ran ium alloy, 

/ (1^)e«- (1 +^AT) + 3.18 (1 + 27AT) - ^ 
M. 

(5) 

where 

^ = Doppler coefficient, 1.4 x 1 0 ' * / c 
7 = meta l expansion coefficient, 2.84 x 1 0 ' y C 

AT = r i s e in u ran ium meta l t e m p e r a t u r e 
Seff = effective surface of pa ra l l e l fuel p la tes . 

F o r n para l le l pla tes of a r e a 2A per p la te , 

Seff = 2A + (n - 1) 2A(l - C) 

2 D. J. Hughes and J. A. Harvey, "Neutron C r o s s Sect ions," BNL.-325 

(July 1, 1955) 

^G. Volkoff, "Lec tu res in P i le Theory" MTL-5 



11 

o 
m 

% 
e 
K 

m 
c 

5 
3 o 

b 

u o 

6 3 0 0 

6 2 0 0 

6100 

6000 

1.02 

I.OI 

1.00 

— 

— 

— 

— 

f . 

^ ^ ^ - ^ 

^ - ^ ^ 

maxwellion 

maxwellian ,̂.....-"'''''''"'"*'̂  

^ . . . . - - - • ^ ' ' ^ ^ 

" f " values obtained from 
J. Harvey of ORNL 

JO .20 ev 

FIG. 3 
Variat ions in " 

With Most Probable Energy (kt) 
a^U" and "f"-factor of Û ®̂ 
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where 

C = self-shielding factor due to proximity of me ta l s 
= 2 E3 (^sd-) for infinite pa ra l l e l pla tes (see Appendix). 

Eh 
2) In resonance calculat ions, 6 = I n — - = 2.7 was used in accordance with 
ANL-5058.^ ^ 

3) F e r m i Age T^. In view of the low concentrat ion of meta l in DgO r e 
ac to r s , as well as due to the good slowing down p roper t i e s of U for high 
energy neut rons , and some contribution to slowing down by z i rconium due 
to its sca t te r ing p rope r t i e s , the value of the F e r m i T , T p , in the cold r e 
actor core was taken to be that of cold water . 

At higher modera to r t e m p e r a t u r e s , values of T-p we re evaluated by 
allowing for the usual void effects in water ( i .e . , noting that 

1 . 
^ " (density)^ , 4. ^ ^ ' m o d e r a t o r 

In making two-group calculat ions, two-group '^2G '̂ ^-S obtained from: 

r e"^°' - l 

F o r reac tor studies with mix tu res of HgO in DgO, the values of r 
were evaluated from: 

dE 1 r ^ ™-^^ dE 
/ 2 mev . 

' '"mixture = 2 ™®^- E _ 3 J .025 ev E 3 J 

.025 ev 3 ( | 2 s ) m i x t ( ^ t r ) m i x t (?2s)mixt (^ tr) mixt 

6 

(^^s)mixt ^^ t r )mix t 

where 

(2 t r )mixt = ='(^tr)H20 + (^ " ^) ^^tr)j3^Q 

X = volume concentrat ion of H2O in DgO. 

2^^2 = — = 0.2916 at room t e m p e r a t u r e . 
^HzO 

ZfJ^ - 3Dx =0.2681 at room t e m p e r a t u r e . 
^ DzO 

ANL-5058 (Oct. 1953), p. 78 
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XT fS 

T^2^ _ 30 at room t e m p e r a t u r e . 

7-D2O - i2J at room t e m p e r a t u r e . 

| Z g may be obtained from T and2^^ va lues , from the above equa
tion for T, i .e . , 

i^"f - S0K0.Z9U = 0.685,;52?^° = ,,, Az6Sl ' ° " " ' 
Recent neutron age m e a s u r e m e n t s made at Savannah River Labora 

tory^ on mix tures of light and heavy water for HgO concentrat ions of up to 
8 volume per cent, have indicated a uniform ra te of dec rea se of T with con
centrat ion - 4 cm^ per percent of HgO. 

With this ra te of dec rea se , the T values of mix tu res of 5 and 10 
volume percent of H2O a r e sma l l e r than our calciilated va lues , all l i s ted 
below: 

Comparison of Measured and Calculated T 

Volume per cent of HjO 0 
Calculated T 127 
Measured r 127 
Discrepancy 

In the p resen t study, the calculated values of T for different mix tu res 
of H2O and D2O were used unless otherwise indicated. 

F a s t Diffusion Constant (Df) of Mixtures 

The fast diffusion constant for the mix tures (Df) rn ixture ' ^^ eval
uated in the manner indicated above in obtaining "^mixture' from 

1 
\^£l mix ture ~ ̂ UW~~\ . 

-"V^tr/mixture 
Diffusion Length, L, and Diffusion Coefficient, Dg 

L) 

In radial direct ion, , 

5 
110.5 
107 

3.3% 

10 
98 
87 
12.5% 

Li = 
=̂ 3{(I^.Z„V.)(£l^,Z,„V,)} 

^J. W. Wade, "Neutron Age in Mixtures of Light and Heavy Water ," 
DP-163 (June 1956). 

5aB. I. Spinrad, "Anisotropic Diffusion Lengths in Diffusion Theory," 
J. Appl. Phys . 26 548-550 (1955). 
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In a x i a l d i r e c t i o n , 

T 2 _ I^os Vo + B,s Vj 
Vo + 2 a i 

3 E t r o . 32 t r i 

^ao Vo + 2 a i V^ 

Ds) 

In r a d i a l d i r e c t i o n , 

+ V, 
Ds = 

( • ^ ^ t r o + V , S t r i ) 

In a x i a l d i r e c t i o n , 

Vo + _Ji 
j3 _ ^ ^ t r o ^ t r i 

W^ 
R e f l e c t o r Sav ings 

The r e f l e c t o r s a v i n g s for t h e o p e r a t i n g r e a c t o r s w e r e o b t a i n e d b y 
t w o - g r o u p diffusion t h e o r y and b y Volkoff ' s method-^ no t ing t h e i r r a t i o s . 
Al l o t h e r r e f l e c t o r s a v i n g s c a l c u l a t i o n s w e r e m a d e by the m e t h o d of Volkoff, 
bu t n o r m a l i z e d to t w o - g r o u p v a l u e s wi th t h e a i d of t h e above r a t i o s . 

E q u i l i b r i u m Xenon and S a m a r i u m 

Zf^ + 2|™ 0.1516 X l O - " 0 o 
+ 0 .01182 

^U^^^ 2 .47 X 1 0 " 5 + 3.04 X l O - " 0 o 
3. 

w h e r e 0© = a v e r a g e r e a c t o r f lux. 

In i t ia l C o n v e r s i o n R a t i o , ICR 

ICR = 
^K 

238 U' •23B 

^ t h 

l|235 . , T ^ R Z c(fast) 
+ T}^ (1-p) ee-^^ + ^ r̂ 

7] 
U235 ,U 

T) U 
+ 2.08 (l-p) ee- 'B^ + iJHS^Alj^ 

^c(fas t ) 

1 -f a ^ 
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where 

fast f ission in U^** 
f = the rmal fission in U^ ŝ 

is obtained from 

e = 1 + f 
y^g, l -a^» 

7,25 

r * is the neutron age down to resonance leve ls of U . 

Discuss ion of Restil ts 

Design I 

As a l ready s ta ted, th is design was cons idered to approximate opt imum 
conditions for a rep lacement of the H^O core in the D^O vers ion of this r e 
ac tor , re taining the p r e s s u r e vesse l and the five cen t ra l control rods . 

This study cove r s calculat ions for c r i t i ca l i ty , t e m p e r a t u r e and void 
coefficients, and of effects of power excurs ions on react iv i ty . It was con
s ide red to be of in t e re s t to de te rmine the effects of smal l amounts of HgO 
in the D^O mode ra to r . Hence, these calculat ions were made for m ix tu r e s 
of 0, 5, 10, and 15 volume percent HjO in D2O. 

The physical and nuc lear c h a r a c t e r i s t i c s a r e shown on Tables I and 
IL The flux dis t r ibut ions (radial and axial) for the all D2O r e a c t o r a r e shown 
in F i g s . 4 and 5. 

A. Effects of Small Axnotmts of H2O in the Modera tor on Reactivity 

The effects of adding smal l amounts of H2O in the mode ra to r of 
this r eac to r a r e to i n c r e a s e p and to reduce f, T, L ^ and ref lec tor savings . 
The overa l l effects a r e a reduction in k and in A = (l+L^B^) (l+rB^) (see 
F i g s . 6, 7, and 8, and Table II). 

k 
F igu re 7 shows graphs of k^ff = — vs . concentrat ion of H2O as 

A 
based on our calcula ted values of r and the values of r m.easured at Savannah 
River Labora tory . When using the "measured" values of r , t h e r e i s a r i s e 
in react ivi ty of 1.7% for H2O concentra t ions of about 10%. 

Data of Table II we re obtained by two-group diffusion theory , for 
the operat ing r e a c t o r , using "calculated" r v a l u e s . When using "measured" 
r v a l u e s , co r rec t ions were made to allow for reduct ion in re f lec tor savings 
by Volkoff's method (see Table IIAfor evaluation of kgff, based on m e a s u r e d 
r values) . 
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PHYSICAL CONSTANTS OF A 

Reactor power 

Core height (ft) 

Core d iameter (ft) 

I .D. of r e a c t o r tank (ft) 

Number of fuel tubes 

Diameter of fuel tubes (in.) 

Number of fuel p la tes per tube 

Thickness of fuel plates (in.) 

Thickness of mea t in plate (in.) 

Water gap th ickness (in.) 

Tons of u ran ium 

Tons of z i rconium 

Moderator to U-Metal ra t io 

Total heating surface (sq. ft.) 

B T U / s q . f t . / h r . for 20 m^w (average) 

Ki lograms of U^ ^ (in excess of that 
in na tu ra l U) 

Cell constants 

Volume of fuel zone/Volume of cell 

Volume of fract ions in fuel zone Vu 

Vzr 

Vcb 

VMod 

Average operat ing voids in fuel zone 

Operat ing t e m p e r a t u r e (*F) 

rable 1 

3F A D2O-MODERATED EBWR 

Design I 

20 

4,75 

4.25 

7 

32 

5 

8 

0.16 

0,12 

0.34 

1.55 

0.55 

23.4 

681 

e) 100,000 

Design II 

20 

4 

4.25 

7 

56 

3.75 

6 

0.16 

0.12 

0.25 

1.535 

0.54 

19.4 

640 

107,000 

Design III 

9 

4 

4,25 

7 

22 

3,75 

6 

0,205 

0.165 

0,46 

1,0 

0.32 

24,3 

308 

100,000 

10.47 13.07 

0.3067 

0.1284 

0,1195 

0.0046 

0.7476 

25% 

486 

0.314 

0.1474 

0,149 

0.0052 

0.698 

25% 

486 

0.25 

0.1538 

0,1489 

0,0057 

0.6915 

25% 

486 
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Table II 

REACTOR CHARACTERISTICS OF A 20-mw EBWR, Design I, 
MODERATED BY DjO OR MIXTURES OF DjO AND HgO 

p 

f(no Xe) 

f(with Xe) 

?l 

kco(no Xe) 
(with Xe) 

L^ 

2-g roup 
B ^ 

(1 + L^B^)(1 +TB^) 

kejf(no Xe) 

keff{with Xe) 

Akgff(cold to hot) 

Akeff{hot to boil) 

Akeff(Xe + Sm) 

Akgff{total) 

E n r c r i t i c a l 

I C R 

Cold 

0.8700 

0.9772 

1.022 

1.5925 

1.3837 

65 

133 

0.000899 

1.1863 

1.1664 

All D2O 
H o t 

0.8441 

0.9783 

1.023 

1.5741 

1.3298 

100 

2 0 8 

0.000797 

1.2651 

1.0511 

Boil ing 

0.8408 

0.9784 

0.9425 

1.024 

1.5741 

1.3259 
1.2773 

9 8 

2435 

0.00077 

1.2773 

1.038 

1.00 

-0 .115 

-0 .013 

-0 .038 

0.166 

0.0146 

0.63 

5 v / o H2O + 
95 v / o D2O 

Boil ing 

0.876 

-
0.901 . 

1.024 

1.5590 

_ 
1.2600 

87 

2 0 8 

0.000838 

1.2600 

-
1.00 

0.0140 

0.57 

10 v / o H2O + 90 
Cold 

0.9154 

0.8595 

1.022 

1.5873 

1.2763 

51 

101 

0.00104 

1.1660 

1.0946 

H o t 

0.0918 

0.8913 

1.023 

1.5691 

1.2902 

77 

157.5 

0.000959 

1.2427 

1.0382 

v / o D2O 
Boil ing 

0.8995 

0.8944 

0.8643 

1.024 

1.5691 

1.2928 
1.2492 

75 

184 

0.000918 

1.2494 

1.0347 

1.00 

-0 .0564 

-0 .0035 

-0 .038 

-0 .098 

0..0144 

0.53 

15 v / o H2O + 
85 v / o D2O 

Boil ing 

0.915 

-
0.832 

1.024 

1.5803 

-
1.2319 

61 

165 

.000983 

1.2319 

-
1.00 

0.0148 

0.49 

Exce&s grams of 
U"5 mw* 

Mean neutron 
Life time 
2.7x10-" sec. 

i> average 

(*max/-av) ^-adial 

(*max/*av) axial 

(*max/*av) î î îde tube 

( ' 'max/*av) reactor 

523 

1.5 X 
10'^ 

1.23 

1.17 

1.13 

1.63 

485 511 

2.5 X 
10-^ 
sec. 

540 

•Grams of u in excess over that contained in natural-U. 
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f 

20 40 60 80 100 110 

RADIAL DISTANCE FROM CORE CENTER 

FIG. 4 
Radial Flux Distr ibution in D^O Moderated EBWR 

(Initially Cri t ical Reactor) 
(Operating Tempera tu res ) 
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^ ) - 1.17 
^ave /slow flux 

REFLECTOR 

10 20 30 40 50 60 70 80 90 lOOcm 

AXIAL DISTANCE FROM CENTER OF CORE 

FIG. 5 
Axial Flxix Distr ibution in DgO Moderated EBWR 

(initially Cr i t ica l Reactor 
at Operating Tempera tu res ) 
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95^ 

90 

85 

80 

\ 

" 

_ ^ ^ 

^^^^^:xcZ^ 
" " ' ' ' ^ ^ ^ ^ ^ ^ ' ^ - - ^ 

VH,O 
^ B- = 

1 1 1 1 
.08 .10 .15 

VOLUME CONCENTRATION OF H2O 

FIG. 6 
Variat ions in Resonance Escape Probabi l i ty p, and Thermal Utilisation f, 

Due to Addition of Small Amotints of H2O in the Moderator (D20)j 
for the Same Enr ichment for Cri t ica l i ty . 

(Operating Reactor) 

1.03 

? I.OI 

1.30 

1.28 

A=(l + LV)( l + rB*) 

^"'•arit. 

0138 ». 

0I3S I 

0134 1 

0132 % 

0130 I 

0128 £ 

.02 .04 .06 .08 .10 .12 .14 .16 

VOLUME CONCENTRATION OF HgO 

FIG. 7 
Variat ions in k„ , A= (1 + L^B^) (1 + T B ^ ) and kgff Due to Addition of 

Small Amounts of HgO in D2O F o r the Same Enr ichment of U-235 
Variat ions in Enr ichment for Cr i t ica l i ty , Enr^-j.^^^, for Different 

Concentrat ions of H2O in Moderator (Operating Reactor) 
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-J 80 - ISO 

e ^ ^CF@rmij-| 
2 GROUP 

, whare values 

of B^ are taken from table IE 

.05 .10 

CONCENTRATION OF HgO 

FIG. 8 
2 Variat ions in T2 Group ^^"^ ^ Due to Addition of Small Amounts 

of H2O in D2OJ at Operating T e m p e r a t u r e s 

Table 11 A 

OPERATING CHARACTERISTIC OF A 20-mw EBWR 
MODERATED BY MIXTURES OF H2O AND DgO, 

AS INDICATED 

(Note: T values a r e based on Savannah River 
Labora to ry measu remen t s ) 

5 v /o H2O 10 v /o H2O 

T 

B^ 

1 + TB^ 

1 + L^B^ 

A = (1 + L^B^) (1 + TB^) 

kfio 

l^eff 

87 

201 

0.000840 

1.1688 

1.0731 

1.2542 

1.2722 

1.0144 

75 

161 

0.000938 

1.1510 

1.0703̂  

1.2320 

1.2531 

1.0171 
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The effect of adding 10 v / o of H2O to the DjO mode ra to r is seen 
(Table II) to reduce Akgff (cold to hot) f rom -0.115 (for the all DgOmoder-
ator) to -0.0564, and Akgff (hot to boil) f rom -0.013 to -0.0035. It follows, 
a s expected, that for g r ea t e r concentra t ions of H2O, a posit ive t e m p e r a t u r e 
coefficient of react iv i ty may resu l t . 

B. Study of Power Excurs ions 

In the study of the inherent safety of this r e ac to r , two c a s e s 
which may resii l t in accidental i n c r e a s e s in react iv i ty a r e of i n t e re s t : 

Type I: The effect of rap id i n c r e a s e s in react iv i ty , resul t ing 
in rapid r i s e of meta l t e m p e r a t u r e , but no lo s s of coolant. 

Type II: The effect of l a r g e but slow i n c r e a s e s in react iv i ty 
resul t ing in the r i s e of meta l t e m p e r a t u r e and expul
sion of coolant f rom the fuel tubes . 

Type I 

The r eac to r i s assurned to be init ial ly at room t e m p e r a t u r e . 
This shotild be the mos t se r ious c a s e . 

where 

The change in react iv i ty i s given by: 

^fr M A ^ U d M 
^P 1 dp dT ^ r ST ^ro " ^ r o ^x ^ ^ o 
^T = " k g f f P ^ " ke f f ( l - f r ) ' " keff( 

,U 
• ' ro 

.Mv2 
+ 2 n (1 - f r r 

r ro Vo r i 

ro - 5 8 I 

Seff = So -I- S(l - C) 

M ± JJ ^ ^ U d M 
r dT ^o ro S T ro 

k e f f C ^ f ) ' 

8(l4.27Ar)p^-^^J^^^l| 

(6) 

(7) 

and, 

^ {4o) = 1 4 ^ ^ ^-36.(^1- 3.18(1 . 2W)(|,) (H 

d T ro 

(8) 

(9) 
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^ -

Substitution of equations (8) and (9) in equation (6) y ie lds . 

S ^ ( N / 6 ) 8 [ p + 6 . 3 6 7 ( . 5 s f f ) . 3.18(1 + 2 7 AT)(-^)( ^ ) ] + z U 72^4 

The t e r r a s appear ing in equation (10) give the total changes in 
reac t iv i ty during an excurs ion of Type I. These t e r m s r e p r e s e n t , in the 
indicated o r d e r (see Table III), (l) Reduction in reac t iv i ty due to Doppler 
broadening, (2) Reduction in reac t iv i ty due to i nc r ea se in (Sgf£/M) caused 
by expansion of metals (3) Reduction in reac t iv i ty due to loss of coolant, 
hence i nc reased uti l izat ion of resonance neutrons by U^'^; (4) Inc rease in 
reac t iv i ty due to a reduction in shielding of resonance neut rons caused by 
reduced spacing between fuel p la tes . 

Table III 

CHANGES IN REACTIVITY FOR lOOOC RISE IN U-METAL 

Moderator 

Doppler 
Broad
ening 

All D^O -0.012 

90 v /o D^O + 10 v / o HgO -0.0072 

Metal 
Expan

sion 

^0.0029 

0,0020 

Loss of 
Coolant 

Reduced 
Shielding 

of Res . 
Neutrons Total 

-0.00094 +0.00056 -0.015 

•0.00054 +0.00034 =-0.0094 

It appears from the above data that the g rea te s t contributions 
to changes in reac t iv i ty a r e due to Doppler broadening and meta l e^qsansion; 
the other two termis a r e ve ry smal l . It is a lso seen that the effect of the 
addition of 10 v / o of H^O is to lower the magnitude of reduction in reac t iv i ty 
due to Doppler broadening and meta l expansion. F o r a uniforxa t e m p e r a t u r e 
r i s e of lOOOC in the fuel p la tes , these reduct ions woiiLd be 1.5% and 0.94%, 
respect ive ly . 

F o r an accura te evaluation of these reduct ions in reac t iv i ty it 
is n e c e s s a r y to obtain the spat ia l t e m p e r a t u r e dis t r ibut ion in the fuel e l e 
m e n t s . There should be a m o r e uniform spatial flux and t e m p e r a t u r e d i s 
t r ibut ion in the alL-DgO and 90 v /o D?0 + 10 v / o H^O r e a c t o r s , than in the 
HgO-moderated EBWR. F r o m this considerat ion alonej, the D^O-moderated 
EBWR should be able to withstand g rea t e r sudden reac t iv i ty i n c r e a s e s than 
the p re sen t HgO-moderated EBWR. The addition of 10% H^O reduces the 
magnitude of the allowable sudden reac t iv i ty i n c r e a s e s by a factor of 1.5, 
compared to the al l-D^O-mo dera ted r eac to r . It should be noted, however, 
that in view of the long neutron l i fe t ime m these D^O r e a c t o r s (2.5 x 10""* to 
2.7 X 10 ' ' sec)5 it is expected that the shutdown mechan i sm would be due to 
expulsion of the coolant from the fuel tubes , d i scussed below for smal l va l 
ues of kg^, corresponding to r eac to r per iods of about 20 m s e c . 
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Type n Excurs ion 

The effects of slow but l a rge i n c r e a s e s in react ivi ty , resul t ing 
in total expiilsion of coolant from the fuel tubes , a r e shown in Tables V to 
VII (for a uniform r i s e of lOOOC in fuel p la tes ) . No allowance has been 
made for d e c r e a s e in reac t iv i ty due to " s t r eaming" of neutrons during the 
total expulsion of coolemt. 

Data of Tables V to VII do not include (Xe + Sm) poisoning, ex
cept for the operat ing r eac to r . 

It may be seen f rom data of Table VII that apprec iable l o s s e s 
in r e ac t i v i t y will r esu l t due to power excurs ions of Type 11, due mainly to 
l a rge i n c r e a s e s in flux leakage . The s t r eaming effect of neutrons during 
such excurs ions woxild affect a further reduct ion in react iv i ty . These l a rge 
i n c r e a s e s in neutron leakage a r e typical of smal l D2O r e a c t o r s . 

F o r a detai led view of the p r o c e s s of excurs ion and i ts effects 
on the r e a c t o r constantSs values of constants involved in the calculation of 
p and f a r e l i s ted in Tables V and VI. 

F o r example, in a Type II excursions C (the self-shielding factor 
due to proximi ty of U^-") i n c r e a s e s ; t he re iSj the re fo re , a corresponding de
c r e a s e in Sgff/M and m the effective resonance in tegral (R. I.). This de
c r e a s e i s , however, m o r e than compensated for by the l o s s of coolant in the 
tubes , resul t ing in an o v e r - a l l gain in resonance neutron uti l ization, and 
hence in a loss of p . In this evaluation^ due account is also given to drop in 
the disadvantage factor (F) during excurs ion (Tables V and VI). 

L o s s of coolant r e su l t s in a g r e a t e r reduction in p of the D2O-
modera ted r e a c t o r than of the (10 v /o H^O + 90 v / o D2O)-moderated vers ion . 
F o r s imi l a r r e a s o n s , the l o s s of coolant has g r e a t e r effect on the p of a hot 
r e ac to r , as compared to the cold r e a c t o r . 

As expected, the effect of excurs ions on the f of the D^O-mode ra ted 
r eac to r i s smal l . F o r the r eac to r with 10 v / o HgO + 90 v /o D^O, the effect 
of an excurs ion is an i n c r e a s e in f due to a reduction in pa r a s i t i c abso rp 
tion., allowing for a reduced disadvamtage factor . 

The effects of excurs ions on the values of e, k, L.^, r , R.S. (hence 
the leakage factor A) and kgff a r e given in Table VII. ( Increase in e, during 
excurs ion lis is due to i nc r ea sed coll isions of- high energy neutrons with 
U^^^ atoms.) 



Design 11 

As previous ly s tated, this design was cons idered so as to be able 
to use the p resen t gr id in the EBWR. The core height is 4 ft (compared 
with 4-|-ft for design I), and the d iamete r is about the s a m e as in design I. 
The D^O-to-U meta l ra t io is 19.4 (compared with 23.4 of design I). The 
same fuel plate th ickness as in design I is used, and the total heating s u r 
faces a r e the s a m e , within about 7% (Table I). 

Compared with design I (see Tables II and IV) f is nea r ly the s a m e , 
but p is 2,3% lower . This reduct ion of p i s due to the lower value of D2O-
t o - 0 meta l ra t io in design II. This ra t io could be i nc reased to nea r ly equal 
that of design I by reducing the fuel mea t th ickness f rom the p r e sen t 0.12 in. 
to 0.10 in. This , however , would r e su l t in a re la t ive i n c r e a s e in content of 
z i rconium (for an unchanged minimtim th ickness of z i rconium clad of 0.020 in.), 
and hence in a reduced f. In a previous study on l a r g e power r e a c t o r s 0.12 in. 
th ickness for the fuel m e a t th ickness appea red to be a n e a r opt imum. On the 
bas i s of these cons idera t ions , the above fuel mea t th ickness of 0.12 in. was 
used for both designs I and II. The axial ref lec tor th icknesses (top and bot
tom) for design II tota l 83,8 cm as compared to 61 cm of design I, which has 
a 3/4 ft longer co re . The. total buckling (in operation) of design II is g r e a t e r 
by AB^ = 0.000015 over that of design I. 

The enr ichment r equ i r ed for c r i t ica l i ty is 1.65%, as compared with 
1.46% of design I., and the init ial convers ion ra t io , 0.62, is nea r ly equal to 
that of design I (0,63). The excess g r a m s of U '̂̂ ^ r equ i red per naw of r e a c 
to r power a r e 653 and 523, respec t ive ly . The costs of U^̂ ^ (©.ssuming ^25/gr 
of U^̂ ^ in excess of that in na tura l uranium) a r e : 

1.535(tons) X 907,000 x (0,01653 - 0,00714) x 25 = $327,300 - for design II 

1.55 (tons) X 907,000 x (0,01459 -* 0,00714) x 25 = |262,000 - for design I 

or a difference of $65,300, 

Also in favor of design I is an i nc remen t of 0.01 in ICR, which is 
equivalent to about Ap = 0.00064 and hence a gain of $24,000. The differ
ence in cost of U^̂ ^ now becomes about 86,000, which is of the s a m e o r d e r 
as that of set t ing in a new gr id in the EBWR. 

It is e s t ima ted that the ana lys is applied to design I in r e g a r d to the 
effects of smal l amounts of H^O, and of excurs ions , should yield h e r e s i m i 
l a r r e s u l t s , except for slight differences in the magni tudes of these effects. 

Design III 

This design involves the minimiom of effort and cost in convert ing 
the p r e s e n t H^O-moderated EBWR to i ts D2O ve r s ion . It involves the r e 
moval of 75% of the p r e sen t fuel boxes and enc losure of the remain ing 25% 
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{S with Xe 

{ 
k (no Xe) 
k (with Xe) 

iJ' (iinif. en r . fuel) 

Jj (nat. U) 

' ' ' 2 -Group 

B^ 

(1-I-L^B^)(1+ TB^) 

{i 
kgff (no Xe) 
kgff (with Xe) 

Akgf£ (cold to hot) 

Akg£f (hot to boil) 

Akgff (Xe * Sm) 

Table IV 

REACTOR CHARACTERISTICS OF A 20-mw EBWR, 
DESIGNS 11 AND III, MODERATED BY D2O 

Design 11 Design III 
Cold 

0.8532 

0.9772 

1.022 

1.638 

1.3957 

44 

133 

0.00093 

1.1697 

1.1932 

Hot 

0.8276 

0.9783 

1.023 

1.621 

1.3426 

80 

208 

0.00083 

1.2505 

1.0736 

Boiling 

0.8237 

'0.9784 
'_0.9425 

1.024 

1.621 

'1 .3377 
\ l . 2 8 8 6 

83 

243.5 

0.00080 

1.273 

fl.OS 
"[l.Ol 

-0.1196 

-0.0236 

-0.0400 

Cold 

0.880 

0.977 

1.025 

1.588 

1.4009 

49 

80 

133 

0.00093 

1.1749 

1.192 

Hot 

0.858 

0.978 

1.026 

1.569 

1.3797 

92 

150 

208 

0.00083 

1.2622 

1.070 

Boiling 

0.855 

ro.978 
\ 0 . 9 4 3 

1.027 

1.569 (unif. enr . fuel) 

r i . 3 4 8 
\ l . 2 9 9 

96 

152 

243.5 

0.00080 

1.2866 

' l . 047 
" 1.009 

-0.12? 

-0 .023 

-0.040 

Akgff (total) 

Enr„ 

ICR 

E x c e s s g r . of U ^ y m w * 

m e a n neu t ron life t ime 2.2xl0"'* s e c 

-0.1832 

0.0165 

0.62 

653 

2.9x10"'* s e c 

-0.185 

0.0144 unif. en r . fuel 

0.61 unif. c a r . 

655 

2.5x10"-^ sec 

• G r a m s of U in exces s over that of n a t u r a l - U . 

file:///l.2886
file:///0.943
file:///l.299
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Table V 

VARIATIONS IN RESONANCE AND THERMAL CHARACTERISTICS 
DURING EXCURSIONS - (ALL D2O MODERATED) 

Cold C o l d E x c I Co ldExcI I Hot H o t E x c I H o t E x c I I Boil 

C 

S/M 

* R . I . 

* * R e s . F 

-^fr 

P 

* * T h F 

f 

0.57 

0.19 

12.78 

1.0983 

0.1224 

0.8699 

-

1.1935 

0.9772 

0.561 

0.203 

14.32 

1.1102 

0.1340 

0.8566 

-1..53% 

1.1935 

0.9772 

0.937 

0.080 

11 . 

1.064 

0.1362 

0.8541 

-1,82% 

1.066 

0.9782 
+ . 1 % 

0.624 

0.175 

12.62 

1.120 

0.1450 

0.8441 

-

1.1355 

0.9783 

0.614 

0.185 

13.87 

1.129 

0.1561 

0.8311 

-1.54% 

1.1355 

0.937 

0,080 

11. 

1.0764 

0.1630 

0.8231 

-2.49% 

1.051 

0.9790 
+ .07% 

0.688 

0.1551 

11.9 

1.0896 

0.8408 

1.127 

' 

*RI = resonance in tegra l 

• •Resonance and t h e r m a l disadvantage f ac to r s , as indicated. 

^Resonance uti l ization 

Table VI 

VARIATIONS IN RESONANCE AND THERMAL CHARACTERISTICS DURING 
POWER EXCURSIONS - (90 v / o -D^O + 10% H2O MODERATED) 

Cold Cold Exc I Exc II Hot Exc 1 Exc II Boil 

C 

S/M 

*RI 

**Res , F 

+ fr 

P 

• • T h e r m , F 

fth 

0.491 

0.215 

13.4 

1.086 

0.0812 

0.9154 

1.5627 

0.8594 

0.49 

0,229 

15.23 

1.103 

0,0902 

0,9056 
-1.07% 

1.5627 

0.937 

0,080 

11,5 

1.064 

0.0918 

0.9039 
-1.26% 

1,4838 

0.8825 
+2.69% 

0.554 

0,1976 

12.96 

1.131 

0.0937 

0.9018 

1.3807 

0,8913 

0.544 

0.208 

14.70 

1.132 

0.1041 

0.8903 
-1.275% 

1.3807 

0.937 

0.080 

11.5 

1.071 

0,1121 

0.8813 
-2.27% 

1.3078 

0.9105 
+2.15% 

0.627 

0.1744 

12.38 

1.121 

0.8995 

1.395 

*RI = resonance in tegra l 
• •Resonance and t h e r m a l disadvantage f ac to r s , as indicated. 

"^Resonance uti l izat ion 
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00 

All D2O 

Table VII 

DECREASE IN REACTIVITY DUE TO METAL TEMPERATURE 
COEFFICIENT AND LOSS OF COOLANT (DESIGN I) 

(Excurs ion is of Type 11, as Explained in Report) 

Cold 

C old- Excur s ion 

Hot 

Hot-Excurs ion 

• •Opera t ing 

P 

0.8700 

0.8541 

0.8441 

0.8231 

0.8408 

€ 

1.022 

1.046 

1.023 

1.046 

1.024 

f 
[no (Xe + Sm) ] 

0.9772 

0.9782 

0.9783 

0.9790 

0.9425 

1.5982 

1.5982 

1.5741 

1.5741 

1.5741 

^ 0 0 

[no (Xe + Sm) ] 

1.3886 1.3967 

1.3298 

1.3268 

1.2773 

L* 

64.7 

76.5 

100.3 

121.4 

98.3 

"F 

127 

264 

198.4 

4 1 3 

2 3 3 

R.S.T 
(Radial) 

30. 

34.4 

35.0 

43.8 

38.1 

B^ 

.000900 

.000828 

.000797 

.000695 

..00077 

*A 

1.1863 

1.3235 

1.2651 

1.3847 

1.2773 

keff 

1.1705 

1.0553 

1.0511 

0.9581 

1.0 

^ ^ « . x 100 
keff 

„ 

- 9.8 

-10.2 

- 8.8* 

90% D2O + 10% HjO 

Gold 

Cold- Excur sion 

Hot 

Hot-Excurs ion 

0.9154 

0.9039 

0.9018 

0.8814 

1.022 

1.046 

1.023 

1.046 

0.8595 

0.8825 

0.8913 

0.9105 

1.5934 

1.5934 

1.5691 

1.5691 

1.2812 

1.3295 

1.2902 

1.3171 

51.3 

59.6 

76.8 

92.2 

97.7 

203 

152.6 

317.5 

22.8 

29.3 

26.6 

36.5 

• •Opera t ing 
(with Xe + Sm) 0.8995 1.024 0.864 1.5691 1.2492 74.9 179 28.6 

.00104 1.1660 1.0988 

.000907 1.2674 1.0490 

.000959 1.2427 1.0382 

.000787 1.3769 .9565 

..000918 1.2492 1.0 

- 4.5 

- 5.5 

- 7.8* 

•A = (1+L*B^)(1 + TB^) 

• •Opera t ing constants only include equi l ibr ium (Xe + Sm) poisoning. 

Variat ion in R.S. f tom operat ing conditions a r e computed by method of G. Volkoff (MTL-5) . 



with t u b e s . F u e l p l a t e s wi th 0.205 in. t h i c k n e s s only a r e c o n s i d e r e d a s they 
m o r e n e a r l y a p p r o x i m a t e the t h i c k n e s s e x p e c t e d to be u s e d inDgO r e a c t o r s . 

With a D z O - t o - U m e t a l r a t i o of 2 4 . 3 , a v a l u e of p = 0.855 i s ob ta ined . 
Th i s v a l u e i s g r e a t e r t h a n t h o s e o b t a i n e d in d e s i g n s I and II (0 .8408 and 
0 .8237, r e s p e c t i v e l y ) . A s s u m i n g n e a r l y the s a m e f a s in the o t h e r d e s i g n s , 
and e s t i m a t i n g i t s r e f l e c t o r s a v i n g s , h e n c e B^, t h e u s e of 1.44% e n r i c h e d 
p l a t e s m a y r e s u l t in a k^ff = 1.009-

The v a l u e s of Akeff (cold to hot) andAkeff (hot to boi l ) a r e g iven in 
T a b l e IV and a r e s i m i l a r to t h o s e for d e s i g n s I and II. 

The effects of s m a l l a m o u n t s of H2O on the r e a c t i v i t y a r e , aga in , 
e x p e c t e d to be q u a l i t a t i v e l y s i m i l a r to d e s i g n I. 

The r e a c t o r p o w e r o b t a i n a b l e (about 9 mw) i s , n a t u r a l l y , l o w e r t h a n 
for the o t h e r d e s i g n s , s i n c e t h e r e a r e only 22 fuel t u b e s (on t h e b a s i s of 
a v e r a g e h e a t f lux of 100,000 B T U / ( s q ft) (h r ) . G r e a t e r r e a c t o r p o w e r m a y , 
h o w e v e r , be o b t a i n e d by the u s e of fuel t u b e s in the r e f l e c t o r r e g i o n . 

The ef fec ts of p o w e r e x c u r s i o n s shou ld a l s o be s i m i l a r to t ha t of 
d e s i g n I, excep t t h a t we have h e r e m o r e m o d e r a t o r and t u b e s wi th s m a l l e r 
d i a m e t e r ; h e n c e r e d u c e d effects due to t h e s e e x c u r s i o n s m a y be e x p e c t e d . 

C o n t r o l of R e a c t o r 

It i s e x p e c t e d tha t the p r e s e n t s y s t e m of c o n t r o l r o d s for t h e HgO-
m o d e r a t e d E B W R wil l be m o r e t han a d e q u a t e for the D ^ O - m o d e r a t e d r e a c 
t o r , w h e r e v a l u e s of T and L^ a r e m u c h g r e a t e r . 

S o m e a p p r o x i m a t e c a l c u l a t i o n s a r e m a d e h e r e i n to d e t e r m i n e the 
w o r t h of t h e s e r o d s , a s s u m i n g t h a t t he a b s o r p t i o n c r o s s s e c t i o n of a r o d i s 
a p p r o x i m a t e l y tha t of i t s s u r f a c e a r e a . 

F u r t h e r a s s u m p t i o n s m a d e a r e a s fo l lows : 

(1) The effect ive p e r i m e t e r of the r o d i s t ha t of the r e c t a n g l e 
i n d i c a t e d to the r i gh t . 

(2) The n e u t r o n f lux v e r y n e a r the 

r o d i s ^ . 
5 

(3) T h e r e d u c t i o n in e f f e c t i v e n e s s of t h e s e r o d s due to shadowing 
effects n e a r l y b a l a n c e s out the i n c r e a s e in e f f e c t i v e n e s s due to i n c r e a s e d 
l e a k a g e c a u s e d by t h e s e r o d s . 

(4) The c o n t r o l r o d s a r e t h e r m a l l y b l a c k o r a r e the e q u i v a l e n t s 
the reof . 



30 •'.L'' 

T h e e q u i v a l e n t a b s o r p t i o n c r o s s s e c t i o n of a r o d of l e n g t h i = l e n g t h 
of c o r e w i l l b e , t h e n , 

2^(CR)4l i I%S=0.36^ . 

In t h e c o l d D g O - m o d e r a t e d E B W R , 

2 a (CR) = 0.36 X •^^•'^ f^' = 0.0Q123 . 
* (61)2 

F o r 9 r o d s a s s e m b l e d in a c e n t r a l r e g i o n of a b o u t 24 in . r a d i u s , t h e 
X 

s t a t i s t i c a l we igh t c o r r e s p o n d i n g to—- = 0 .78 i s 0 . 9 3 ; h e n c e for 9 r o d s , 

S a (CR) = 0 .00123 X 9 X 0 .93 = 0 .0103 . 

T h e a v e r a g e d 2g_ ( c o l d r e a c t o r ) = 0 .01356 . H e n c e , t h e r e d u c t i o n in 
k wi l l b e : 

Ak __ 0 .0103 - 0 43 
k ~ 0 .01356 + 0 .0103 - "• ^ • 

S i m i l a r c a l c u l a t i o n s for t h e u s e of 5 c e n t r a l r o d s only (u s ing t h e 
s a m e p a t t e r n of r o d s shown on F i g u r e s 1 a n d 2) , r e s u l t s in 

and 

2a (CR) ~ 0.0123 x 5 x 0.93 = 0.0057 

Ak 0.0057 ^Q_3Q _ 
k " 0 . 0 1 3 5 6 + 0 .0057 

T h i s i s m o r e t h a n a d e q u a t e to c o n t r o l t h e r e a c t i v i t i e s invo lved . 

S i m i l a r c a l c u l a t i o n s m a d e for t h e H z O - m o d e r a t e d E B W R w e r e in 
f a i r a g r e e m e n t wi th r e s u l t s o b t a i n e d by c e l l m e t h o d p l u s Univac c a l c u l a 
t i o n s , a s i n d i c a t e d b e l o w : 

W o r t h of a l l 9 r o d s 

C e l l m e t h o d p l u s Un ivac 11.65 
A p p r o x i m a t e m e t h o d i n d i c a t e d a b o v e 11.3 

A C K N O W L E D G E M E N T 

T h e a u t h o r w i s h e s to a c k n o w l e d g e t h e c o n t r i b u t i o n s m a d e by 
J . M. W e s t a n d M. T r e s h o w in t h e d e s i g n of the c o r e , a n d a l s o t h a t of 
M i s s M. Sch lopkohl for m a k i n g m a n y c a l c u l a t i o n s of t h e t w o - g r o u p dif
fus ion t h e o r y p e r t i n e n t to t h i s w o r k . 



Appendix 

Effective Surface of U^" Plates 

The effective surface of Û *̂ plates may be evaluated by allowing 
for shielding of resonance neutrons due to proximity of metals as described 
by Dancoff and Ginsberg.* 

For a set of n plates of surface 2A per plate, the total effective sur
face Seff will be: 

Seff = 2A + (n-l)(2A)(l-C) 

= 2A [1 + (n-l)(l-C)], ^^^ 

C may be evaluated with reasonably good accuracy by assuming 
that the plates are infinite in dimensions. 

According to CP-2157 

1 e- I ̂ ' I / X 
C = —^ / / dA dA' c o s a c o s a ' ' ' (2) 

TTA I r-r ' j 2 
where, for parallel plates (see Fig, A): 

d - — . | / d ^ 7 ^ 

dA = 27rxdx; dA' = 2Trr' dr' 

X = mean free path for scattering of resonance neutrons = •=— 

By substitution of the above (1) becomes: 

C = ̂  /« 2 TTr. dr. / 27rxdx . ^ . | , 

2̂ 00 e - ^^^"^^A 

C=-^A '27r Jo xdx ^̂ 3 ̂  ^ ,^ , 

Making a transfornnation d̂  + x̂  = ŷ  

C =2d2 / J y-^e-yA dy . (3) 

*Dancoff and Ginsberg, "Surface Resonance Absorption in a Close-packed 
Lattice" CP-215 (Oct. 1944) 



To e x p r e s s C a s an E3 funct ion , we m a k e a t r a n s f o r m a t i o n of 
y 

v a r i a b l e y, i . e . , -T- = v . 

T h e n (3) b e c o m e s : 

C = 2/1 v-^ e i^ dv (4) 

o r 

C = 2 E 3 ( - Y ) = 2 E 3 (Sg d) 

AREA OF METAL=A' 
=A 

dA'- 2ir r'dr' 

l ^ ' l ^ / + x ' 

cos a' - cos a -
r-r' 

AREA OF METAL=A 
^ =A' 

(r) 

dA=2Txdx 

C = ^ J J dAdA'cosa cosa ' ? i_J I • 
A' A lr-r'\ 

F I G . A 
Sh ie ld ing Effect f r o m R e s o n a n c e C a p t u r e 

Due to P r o x i m i t y of P a r a l l e l P l a n e s 




