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This suggests t h a t a physically more meaningful expres-
sion for B2 can be obtained by a rearrangement of Eq . (3) 
giving 

B2 = 
[kt/( 1 ~ frr)l ~ 1 

L2 + [ 1 / ( 1 - kr)]r 
(3b) 

with increased fast leakage arising f rom the increased fas t -
to- thermal flux rat io . 

If the two-group equat ions are wr i t t en in the t ime-de-
pendent form, omit t ing the complicat ions arising f rom the 
delayed neutrons, then the reactor t ime cons tan t , X, can 
be shown to have the form 

= I R _ 
h [_i 

kt 

kr + TB2 - (1 + L2B2) (5) 

where lt is the thermal neu t ron lifetime, and lt » If . 
I t is of note t h a t f rom E q . (4) the rat io of resonance to 

thermal captures in the fert i le mater ia l is increased by a 
factor of 1/(1 — kr) as compared to the usual formula t ion . 

In the above, it has been assumed th roughout t h a t the 
resonance captures in fert i le mater ia l come at higher ener-
gies t han those in the fissile mater ia l . If this is not a good 
model of the actual process, then p2S in the expression for 
kr may properly be somewhat larger t han in the expression 
for kt . 

plate was accurate ly known a t t ha t t ime, it was not sur-
prising t h a t the calculated and experimental results were 
not in agreement . Re-es t imates of bo th the power of the 
BSR (2) and the power of the L T S F source plate (3) have 
since become available, however, and a second calculation 
has been made in which the thermal -neut ron fluxes at the 
two facilities have been compared. 

Before a conversion from L T S F d a t a to BSF da t a could 
be made it was necessary to obta in informat ion about the 
se l f -a t tenuat ion of neutrons inside the BSR. This was done 
by placing an al l-aluminum mockup of one layer of fuel 
elements of the BSR adjacent to the source pla te in the 
L T S F and tak ing thermal -neut ron measurements in the 
water beyond the mockup. Three configurations were used: 
no mockup; a nine-plate mockup (one-half of a layer of 
e lements) ; and an 18-plate mockup (a full layer of elements) . 

Since the experimental da t a were for a plane disk source 
it was necessary to convert it to a point source geometry 
by the s t andard t rans format ion (4): 

G(z) = 2 B(Vz2 + va2) 
y = 0 

(i) 

where 

B(z') = - 1 d „ , , 
- — DPi{z ,a) 
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Prediction of Thermal-Neutron Fluxes in the 

Bulk Shielding Facility from Lid Tank 

Shielding Facility Data 

In order to obta in the maximum usefulness f rom shield-
ing d a t a collected a t e i ther the Lid T a n k Shielding Faci l i ty 
(LTSF) or the Bulk Shielding Faci l i ty (BSF), the power of 
the experimental source mus t be accurate ly known. F u r t h e r -
more, the d a t a must be correct ly conver ted by geometrical 
t r ans format ions f rom the experimental source to the re-
actor for which the shield is being designed. One method 
for checking the powers quoted for the L T S F source (a 
disk-shaped uran ium plate) and the BSF reactor , as well as 
a method for checking on the val idi ty of the geometrical 
t ransformat ions , is to perform a calculat ion predict ing the 
neut ron flux in the BSF on the basis of L T S F da t a t rans -
formed first to a point - to-point kernel and then to the 
geometry of the BSF reactor . A discrepancy between the 
predicted and the measured fluxes would indicate e i ther 
t h a t one of the quoted powers was in error or t h a t the 
geometrical t ransformat ions were not properly derived. 

A calculat ion (1) t ha t compared the fas t -neu t ron doses 
was performed in 1952. Since nei ther the power of the Bulk 
Shielding Reac to r (BSR) nor the power of the L T S F source 

2irSz' dz' 
z' = y/ z2 + va2 

G(z) = a t t enua t ion kernel for a point fission source 
a t a dis tance z f rom the detec tor , neu t rons / 
cm 2 / sec /wat t 

S = L T S F specific source s t reng th , wa t t s / cm 2 

Dpi(z,a) = flux at a dis tance z f rom the disk, neu t rons / 
cm2/sec 

a = radius of disk = 35.56 cm 

The source s t rength of the Lid T a n k disk was taken to 
be 5.22 w ± 5 % , the value quoted by Otis (3). Since Otis 
calculated the source plate leakage fac tor for neutrons to 
be 0.94, the actual source s t reng th value used was 4.91 w. 
The assumption was also made t h a t the source pla te power 
was uniform over the whole disk. Otis calculated t h a t the 
source power was constant within approximate ly 10% from 
the mean. 

Thermal -neut ron flux a t t enua t ion kernels were cal-
culated for the three configurations measured from Eq . (1) 
and then ext rapola ted for fuel element thicknesses up to 
six elements, which was the thickness of the BSR Loading 
33. This ext rapola t ion was made approximate ly linear on 
semilog graph paper . The error involved here was kept low 
by the fact t h a t the largest por t ion of the measured flux 
in the BSF came f rom elements near the f ront face of the 
reactor core. 

Equa t ion (1) was not accura te for dis tances greater than 
about 100 cm from the source p la te , however, since, in 
order to compute G(z), it was necessary to have a knowledge 
of the flux, D, for fair ly large distances beyond z, and such 
measurements were not made at points f a r the r out than 
150 cm from the source p la te . 

The flux da t a was therefore ex t rapola ted out to about 
190 cm before this calculat ion was performed. In order to 
check the val idi ty of this ext rapola t ion , the kernels were 
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also computed using the following approximate formula 
( 5 ) : 

UNCLASSIF IED 
2 - 0 1 - 0 5 8 - 0 - 4 7 9 

- (da,+ i ) a) (2) 

where X, the neutron relaxation length in the LTSF, is 
defined as 

X(z) = -
DPi(z, a) 

(d/dz) [Dpl(z, a)j 

Equation (2) assumes that X is only slowly varying in 2. 
At 100 cm the approximate and exact kernels differ by 

about 5%, but the two kernels become closer in value for 
larger distances. 

A check of the geometrical transformation given by 
Eq. (1) was made by integrating the point kernels thus 
obtained over the Lid Tank source plate and then comparing 
them with the original flux data. The results of this in-
tegration furnish good evidence of the validity of the geo-
metrical transformation used. The agreement was ± 5 % 
for distances less than 135 cm, well within the accuracy of 
the measurements of the flux. 

The flux to be expected at a distance z from a reactor of 
any shape can be represented approximately by 

D(R) - i l l 
reactor 
v o l u m e 

p(if,) G(if, if,) dif, (3) 

40 8 

D(R) = S S Pliv G(R„,) 
M=1 f=l 

(4) 

where 
1u = number of each volume in a particular layer 
v — number of the layer 

PnV = average power density of the volume element 
\xv 

/?M„ = distance to the center of the volume element 
fJLV 

The G(Rflv) were obtained from the fuel element mockup 
data by referring to the curve that corresponded to the 
given thickness of fuel element attenuation. The assumption 

where 
R = vector position of detector 

Ri = vector position in reactor 
p(R 1) = power density at Ri 

G(R,Ri) = dose at R due to unit source at Rh taking 
account of the difference in materials in 
the core and shield. 

Since the power distribution through the BSF reactor 
was irregular, it could not be described by a single mathe-
matical expression. Therefore the reactor was divided into 
304 volume elements and the power in each volume element 
was computed. These calculations were based on mappings 
of the thermal-neutron fluxes in the reactor that were 
were reported by Johnson (2). The sum of powers in these 
volume elements was 26.8 kw, which was in reasonable 
agreement with the 27.3 kw reported by Johnson. 

The flux at a distance R from the center of the north 
face of the BSR was approximated by 

DISTANCE FROM BSR (cm) 

FIG. 1. Comparison of predicted and measured thermal-
neutron fluxes near the bulk shielding reactor. 

was made that the self-attenuation of each element was 
small and that G (RM„) was therefore a reasonable approxi-
mation of the mean attenuation kernel for the entire volume 
element. The size of element used was chosen as a com-
promise between the desire for accuracy in this phase and 
the fact that the BSR flux data had to be interpolated over 
these elements. 

The results of the calculation are compared with ex-
perimental measurements in Fig. 1. At a distance of 25 
cm from the reactor the predicted flux is too high by a 
factor of 1.18, while for a distance of 125 cm the predicted 
flux is too low by 6%. The agreement between the measured 
and calculated fluxes appears to be good for the larger 
distances, but there is a discrepancy of 12 to 22% for dis-
tances closer than 60 cm from the reactor. There is a pos-
sibility that the size of volume element used in the approxi-
mate integration over the reactor was too large to be 
accurate for these distances, or that extrapolation errors 
of the attenuation kernels were greater for closer distances. 
Also, the possibility of the source calibrations being in 
error is not completely discounted. This will be partially 
answered by a recalibration of the BSR now being planned. 
Since the self-attenuation data were based on pure alu-
minum dummy elements, the absence of U235 in the elements 
might affect the results close to the reactor. The comparison 
should be valid for large distances, since the thermal-
neutron flux at water at distances greater than about 25 
cm from the source depends only on the fast-neutron flux. 
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The details of this calculation are presented elsewhere 
W. 

REFERENCES 

1. T . A . W E L T O N AND E . P . BLIZARD, Reactor Sci. Technol. 
2(2), 73 (1952) (classified). 

2. E. B. JOHNSON, Power calibration for BSR loading 33. 
ORNL-CF-57-11-30 (1957). 

8. D. R. OTIS, Lid tank shielding facility at the Oak Ridge 
National Laboratory, Part II , determination of the 
fission rate of the source plate. ORNL-2350 (1959). 

4. E. P. BLIZARD, Transformation from disc to point source 
geometry. ORNL-CF-52-3-219 (1952). 

5. E . P. BLIZARD, "Nuclear Radiation Shielding" (Harold 
Etherington, ed.), pp. 7-94. McGraw-Hill, New York, 
1958. 

6. A. D. MACKELLAR, Prediction of thermal-neutron fluxes 
near the bulk shielding reactor from lid tank shielding 
facility data. ORNL-CF-59-1-24 (1959). 

A . D . M A C K E L L A R 

Oak Ridge National Laboratory* 
Oak Ridge, Tennessee 

Received November 25, 1960 

* Operated by Union Carbide Corporation for the U. S. 
Atomic Energy Commission. 

Table I gives characteristics of lattices arbitrarily chosen 
for study. These are all 1.5% enriched uranium metal rods, 
0.3 in. in diameter, and separated by a distance, a, in a 
square lattice. In all cases 2 a o = 0 . 3 8 7 cm -1 and 2tro = 
0 . 3 9 3 cm - 1 for the fuel. Boiling light water with a 6 0 0 psig 
density, 0.8 (1 — a), is assumed to be the coolant, a is the 
void fraction. Lattices near the bottom of the table are 
unlikely in practical reactors, but are useful in this study. 
The choice of a Maxwellian spectrum at 0 . 0 4 5 ev, for all 
lattices, simplifies the study and does not affect the con-
clusions. 

Methods used to compute the fine structure in these cells 
having a constant source in the coolant are as follows: 

1. Monte Carlo (1). This is two dimensional, (xy), and 
it is necessary to approximate the fuel rod as a square with 
the corners removed. 

2. Amouyal's approximation (2). This uses cylindrical 
geometry diffusion theory in the coolant and transport 
theory in the fuel. 

3. Diffusion theory in cylindrical geometry (which gives 
the same result as diffusion theory in the equivalent one-
dimensional slab geometry). 

4. P3 in cylindrical geometry. 
5. Ss in cylindrical geometry. 
6. Si in cylindrical geometry. 
7. Ss using an equivalent one dimensional slab geometry. 
8. P3 using an equivalent one dimensional slab geometry. 

Failure of Neutron Transport Approximations 

in Small Cells in Cylindrical Geometry 

A common problem in reactor design is the calculation 
of the thermal-neutron flux fine structure in fuel element 
cells. When the cell dimensions become less than a mean 
free path, it has been popular to use Pn and Sn approxima-
tions to the Boltzman equation, rather than diffusion 
theory, Pi. However, it has been found that in cylindrical 
geometry, approximations such as P3, St, and S8, can in 
some instances be poorer than Pi. This is not in contradic-
tion to many successful comparisons of P3 with experiment. 
The latter have typically been loosely packed, room-
temperature lattices; the cases studied here are tightly 
packed lattices with a low-density coolant, as might be 
encountered in some power reactors. 

Regarding the Sn methods, these exist in two forms, the 
so-called SNG and the DSN (3) and both are examined here. 

In methods having an outer cell boundary which is 
cylindrical, the cell radius, rh as obtained from 

tp?-!2 = a2 (1) 
To obtain the half-thicknesses of the equivalent fuel and 
coolant slabs, 50 and 5i, from the fuel and cell radii, r0 and 
ri, the criteria 

f̂uel«</>fuel edge — C\ \ <j>(ue 1 edge • ̂ coolant — C 2 (2) 

can be applied to cylindrical and slab geometries using 
diffusion theory, requiring that Ci and C2 be the same in 
both geometries, with the approximate results: 

S v 1 (3) 

T A B L E I 

L A T T I C E CHARACTERISTICS 

Lattice Spacing, a, Void 
No. (in cm) fraction, 7 

H20 cross sections, cm -1 

1 
2 
3̂  
4 
*f 

6j 

1.524 

1.143 

0.25 
0.5 
0.25 
0.5 
0.75 
0.95 

0.0088 
0.00587 
0.0088 
0.00587 
0.00293 
0.000587 

1.053 
0.702 
1.053 
0.702 
0.351 
0.0702 

61 = V e To 
In — 

n 

1 - 2 
m (4) 

Tables II and I I I give the results of these methods for 
selected lattices from Table I. The Pi results in Table I I I 
are the same as those of Table I I by virtue of the definition 
of slab equivalence. The meaning of the error assigned to 
the monte carlo results is that the band defined has a 95% 
chance of encompassing the true answer. If monte carlo is 
regarded as correct the following inferences can be made, 

(a) While possibly for larger lattice sizes (in terms of 


