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primarily for internal use at the Oak Ridge National Laboratory. It is subject
to revision or correction and therefore does not represent a final report. The
information is not to be abstracted, reprinted or otherwise given public dis-
semination without the approval of the ORNL patent branch, Legal and Infor-
mation Contro]l Department,
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PRELIMINARY REPORT ON EXPERIMENTAL POWER AND FLUX DISTRIBUTION IN HFCE-2

Introduction

The high performance of the HFIR is strongly dependent upon the ability
to minimize the relative maximum power density through the use of radially
contoured fuel. Thus, one of the more important aspects of the critical
experiment (HFCE-E)l was to determine the power distribution for a specified
fuel distribution and to obtain information necessary for making probable
modifications to the originally specified fuel distribution.

One-dimensional, multigroup; two-dimensional, two-group; and one-dimen-
sional, two-group (fuel depletion) calculations were used to investigate the
effects of burnable poison and distributed fuel on power distribution during
a fuel cycle. These calculations indicated that a combination of burnable
poison and fuel distribution could be determined that would result in essen-
tially constant maximum power density during the fuel cycle. Since the
critical experiment could check accurately only the initial distribution, it
was assumed that if the experimental power distribution were the same as the
calculated distribution, the actual variations during the fuel cycle would
be essentially the same as thosecalculated. This is perhaps a risky assump-~
tion to make in view of the likely inaccuracies involved in the calculation
of the window peaking effect that results from movement of the control plates.
Therefore, some experimental power distributions will be obtained with the
core polsoned sufficiently to provide various control-plate window sizes.
This information will then be used to check calculational methods and thus to
a limited extent will provide a check on the power distribution during the
fuel cycle.

In conjunction with the power distribution experiments, information was
obtained for estimating the peak thermal neutron flux in the island, This
value had previously been calculated to be about 5.5 x lO15 nv/Mw initially,
with a variation during the fuel cycle of about i2%.2

This preliminary report considers power distribution and flux experi-
mental data from the critical, clean-core condition only. Tests on poisoned

cores are now underway and will be analyzed and reported on later,






Power Distribution Measurements

The method used for determining the power distribution in the HFCE-2 is
described in Ref. 1. Briefly, it consisted of measuring the activity of pre-
punched fuel-plate foils after low power operation of the critical facility.,
Removable plates containing the foils were located in the vicinity of the
closest point of approach of the three beam holes and also approximately mid-
way between these points, making twelve locations in all (six in both the
inner and outer fuel annuli). Each plate had five approximately equally
spaced-punched foils located between the edges of the fuel at the horizontal
midplane, and an additional eight foils from top to bottom of the fuel along
the longitudinal center of the involute.

The purpose in having removable plates distributed in the azimuthal
direction was to determine if and how much the beam holes perturbed the power
distribution. The initial results from power distribution measurements showsd
that such perturbations were not detectable within the +3% scatter ban for
reproducibility; therefore, cnly four of the six azimuthal positions were used.

From the foil activity measurements and the known amount of fissicnable
material in each foil it is possible to obtain the integrated product &f neu-
tron flux and microscopic fission cross sectionj; and, if it is assumed that
small local variations in fuel concentration have a negligible effect on the
local flux distribution, the above integrals, obtained from the few removatle
plates, can be considered typical for the average fuel distribution in the

core, Thus the "fission flux" distribution for the core is obtained from

KP /
jb¢(E) op(E) aE = A (1)
E
where
#(E) = average flux in volume AV,
AV = volume of meat in foil,

= atom density of U255 in foil,
P = power in AV,
= proportionality factor.
The above assumption councerning the effect of local fuel concentration

on Fflux distribution has heen verified experimentally by using different



removable plates, having different fuel distributiocns, in the same position.
In a typical case the ratio of foil U235 weights for a given position was
1.6; the corresponding ratio of "fluxes" was 1.002, well within the scatter
band. In another case the fuel distribution in one of the outer annulus re-
movable plates was reversed, giving a maximum ratio of foil U235 weights of
2.2; the corresponding flux ratio was 0.982.

To determine the actual average or typical power distribution in the
critical facility it 1s necessary to know what the average or effective fuel
distribution is. The specified distribution and loading are given in Ref. 2,
the measured distribution for the thirty-one removabie plates fabricated for
these experiments is given in Ref. 3, and the total loadings (as reported by
the fabricator) for the inner and outer annuli are given in Ref. 4. At the
horizontal midplane of the core the average fuel distribution (based on infoxr-
mation from Ref. %) for twenty-six of the removable plates differs from that
specified in Ref. 2 by the amount shown in Fig, 1. This comparison was made
assuming that the actual average plate loading was equal to the specified
loading. (According to Ref. 4, this assumption is valid.)

As yet it has not been determined whether the average of the comparatively
few removable plates (as evaluated) was typical of the core. If one assumes
that the specified distribution is more nearly typical, the radial power distri-
bution shown in Fig. 2 would be typical of the critical experiment. A com-
parison of this distribution with the tentatively proposed desired distribution
indicates that at the thinnest edge (inside edge) of the fuel in the inner
annulus the meat thickness will have to be increased by about 18%, and that at
the outer edge a decrease of about 27% would be required. The necessary changes
in the outer annulus would be even smaller,

The apparent discrepancy between the calculated and experimental fission
flux in the fuel annulus can be partly attributed to the existence of the
target in the island of the critical experiment during the power distribution
measurements and to the absence of the target in the fuel distribution calcu-~
lations., Previous studies2 indicate that insertion of the target will depress
the power density locally at the inner edge of the fuel region by about 10%

with 1little change elsewhere.
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In an effort to explain the discrepancy in flux next to the water annulus
between the two fuel annuli, diffusion calculations which considered the
region containing the two aluminum side plates and the water annulus to be
homogenized were compared with those which treated the two side plates and the
water annulus as discrete regions, The difference in the power distribution
was negligible, Another possibility investigated was the hardening of the
thermal spectrum for thermal neutrons entering the fuel reglon from the water

5,6

moderator regions. To aid in this investigation, Calame suggests a very
simple scheme which involves averaging the thermal cross sections for all
regions over the infinite medium spectrum characteristic of the water gaps.
He demonstrates the apparent applicability of this procedure by first intro-
ducing a more precise two-thermal group diffusion theory power-peaking ap-

proximation that uses both core and water-gap spectrum averaged cross sections

as follows:
RS(1-7°) = + RE F® =8 ; =
p = ¢ f g f fe (2)
Rc 24z ’
c f fe
where
P = ratio of power density at the edge of a water gap in an
otherwise infinite slab core to the power density at infinity,
R = Zp/%,
ZR = removal cross section,
Za = thermal absorption cross section,
Zf = thermal fission cross section,
Zfe = epithermal fission cross section,
-1
F = [1+ (Lg/Dg)(Dc/Lc) coth(a/Lg)] s
D = +thermal diffusion constant,
L = +thermal diffusion length,
a = half width of water gap.

Superscripts ¢ and g indicate the thermal spectrum over which the thermal

cross sections are averaged,and subscripts c and g indicate the regions. It



has been assumed in the above equation that the epithermal flux is space in-
dependent.

The first and second terms in the numerator of Eq. (2) represent,
respectively, the fissions caused by neutrons thermalized in the core and
those thermalized in the water gap. Calame then argues that if the materials
in the core have essentially a l/v dependence on energy, then

Z§/ch Y Z%/Z§c°

Furthermore, 1 - F ® 1, and therefore Eq. (2) becomes

g 8 g o8 &
. RC Zf + Rg F Zf + Zfe
P = — (3)
Rc Zf + Zfe

in which thermal cross sections in all regions are averaged over the water

gap thermal spectrum. A further simplification can be made if one assumes

that the epithermal fissions are relatively small. Equation (5) then becomes
R®

P = 1+ ;§ . (¥)

c

Since the ratio of R's is essentially independent of the thermal spectrum,
Eq. (4) is also very nearly independent of the particular thermal spectrum,
if the water gap 1s at least 1 cm thick., Thus, if a Maxwellian spectrum is
used in lieu of the actual water gap spectrum (which is reported7 to be very
nearly Maxwellian) the conditions of Eg. (3) should still be satisfied.

In the HFIR the water gap between the two fuel annuli is about 1 cm thick,
and the power distribution calculations performed employed thermal cross
sections that were all averaged over the Maxwellian spectrum. Thus, the coa-
ditions in Eq. (3) were essentially satisfied., It is tentatively concluded,
therefore, that the discrepancy between the experimental and calculated power
distribution cannot be attributed in large part to thermal spectrum hardening.

Another observation which tends to substantiate the above conclusicn is

that the calculated power distribution was high near the water island and low



s

near the water annulus. If spectrum hardening were the difficulty, it seems
reasonable that the calculated values at the two fuel-water interfaces would
be consistent. This inconsistency does, however, suggest a somewhat empirical
method for improving the agreement between the experiment and the calculations.
The method simply involves increasing the scattering removal cross section in
the water annulus to provide more thermal neutrons in the calculated low power
density region. Although this scheme has not yet been tried, it will probably
be resorted to when making the necessary changes in the fuel distribution.

In comparing the experimental and calculated flux distributions it must
be remembered that changes in fuel distribution do have some effect on the
flux distribution, and since the effective fuel distribution in the critical
experiment is not accurately known at this time the appropriate calculations
cannot be made, In the preceding comparisons it was assumed that the deviaticn
in fuel distribution from that specified was sufficiently small to have negli-
gible effect on the flux distribution. A more precise determination of the
fuel and power distribution will have to await completion of the critical ex-
periments and destructive examination of the HFCE-2 fuel plates,

Measured power distributions in the axial direction along the centers of
the inner and outer removable plates are shown in Fig. 3. Extrapolation of
the end points (using two-dimensional calculational results) indicates that
for a clean, critical core the suppression of the peak power density at the
fuel ends, by means of the 2-in. aluminum fuel plate extension, was adequate.

Power distributions for rod positions corresponding to different points

in the fuel cycle have yet to be investigated experimentally,

Thermal Flux in Island

The maximum thermal flux in the island per unit reactor power was deter-
mined by placing one of the removable plate fuel punchings in the center of
the island and comparing the activity of this foil with the total activity of
the core. Assuming that the fission-product activity in the uranium foils is
independent of the neutron spectrum, the relation between flux and activity

is
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* %A - _A_Ix L (5)
P AT > ¢ ’
25 25 1f 71
o N 1 +———
21 0_25 ¢
2f "2
where
¢M/P = average thermal flux in the island foil per unit power,
AI = activity of island foil normalized to same power as AT’
AT = total activity of core,
N°2 = +total number of U235 atoms in island foil,
25 25 C s .
Oif’UEf = fast and thermal fission cross sections, respectively,
for U222 in island,
¢l/¢2 = ratio of fast-to-thermal flux in island foil,
W= fissions/watt sec.

The above value of ¢M/P must be corrected for the flux perturbation caused
by the island foil in order to obtain the peak island flux.

P Since the removable plate foils covered only a small fraction of the
plate area, the total activity of the core must be estimated on the basis
of calculational results as well as the experimental points. This was
accomplished by using the experimental points to normalize the power distri-
bution obtained from a two-dimensional calculation®. The normalization was

carried out as follows:

A (r,z) AE(r=R,z)/AE(r=R,z=O)
Ag(rsz) = Ag(r,2=0) Ac?r,z=0) * B_(v=R,2)/E_(*+R,z=0) ’ 6)

where

AE,Ac = experimental and calculated activity, respectively, at radial
position r and longitudinal position z (measured from hori-
zontal midplane),

*The particular calculation used was a two-group, two-dimensional calcu-
lation (PDR) having essentially the same characteristics as the critical ex-
periment., A comparison of calculated vs experimental axial power distribution
-~ showed good agreement, thus minimizing normelization inaccuracies.
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z=0 and r=R define the longitudinal position of the radial measurements and
the radial position of the longitudinal measurements, respectively, in the
inner and outer fuel annulus.

The total activity can now be obtained from

A _ Z A-E(l)J)

VR U i N(i) ma(i,d) , (7)
i,j 'E
where
AE(i,j)/WE(i,j) = activity per gram of ° as determined from the

experiment and normalized in accordance with
Eq. (6) for radial position i and longitudinal
position j,

ﬁ(i) = effective average weight of U235 per unit surface
area of the involute plate over the corresponding
area M(i,j),
AA(i,j) = appropriate fraction of plate area.

The quantities used in Eq. (5) to calculate the flux were as follows:

_é?l =
—

1 9,84 2% g _ 3
X 25 = S *Gbmat” 3,84 x 10”°/at ,

where Au is the activity at the point used for power normalization (center

of plate in inner annulus).

A
= = 5. x 107
N
2 ory ¥
02?, = L84, (20°C)

U:EL? 1
[1 = = 1,011 (calculated)

o%r Po

16 .. . .

w = 3,2 x 10 flSSlons/Mw secj (assumes 195 Mev/f1s31on

transferred to primary coolant)

*
The thermal fisslon cross section for U255 was averaged over the
Maxwellian spectrum and was corrected for its non-l/v dependence on energy.
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Y _ 3.8 x 107 x 3.2 x 100

= 4.62 x 1070 nv/Mw.
5.4 x 10° x 484 x 1,011

Ixperiments conducted by Blosser and Hasnian8 in connection with self-
shielding in uranium foils indicate that the total perturbation in the island
uranium foil was 20%. Therefore, the peak thermal flux in the island was
5.5 x 1002 nv/Mw,

For a check on the island thermal flux a gold foil was also irradiated
in the center of the island to determine the flux; the corresponding power
level was determined by removing an inner and outer annulus fuel plate for
radiochemical analysis. The peak thermal flux obtained in this manner was
4.6 x lO15 nv/Mw.6 As yet the discrepancy between the two values is not
understood,

The peak thermal flux obtained in the critical experiment is not neces-
sarily the same as that which will be achieved in the final core because of
the probable difference in power distribution., As mentioned previously, the
radial power distribution in the critical experiment is not accurately known
because of the question concerning the effective fuel distribution, The
values of ﬁ(i) used in Eq. (7) were the specified values rather than those
indicgted by the average of the removable plates, Since the latter values
tended to be lower in the regions of high flux, their use would have resulted
in a smaller value of AT and thus a slightly greater peak thermal flux. If
the effective fuel distribution actuaily is more like that in the removabls
plates than that specified, the use of the specified distribution and par-
ticularly the revised specified distribution indicated by the proposed power
distribution in Fig. 2 will increase the peak thermal flux a few perceut.

(This results from the increase in power density adjacent to the island.)
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