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Seventy-six benchmark critical conditions are
reported. Both material and geometry properties are
so well determined as to reduce greatly any contribu-
tion to a theoretical/experimental discrepancy at-

tributable to the experiment. The program uses
uranyl nitrate solution with the uranium enriched
to 93.17% 235U. The concentration ranges from
54.89 to 369.96 g U/Q Unreflected experiments are
reported, as well as measurements within thick-walled
cubical reflector shells composed of such common
materials as concrete and plastic.

For experiments using a single tank, the diameter
of the tank ranged from 27.88 to 50.69 cm, and
arrays of up to 16 cylinders have containers of two
diameters: 16.12 and 21.12 cm. Containers composed
of aluminum or stainless steel are studied. For all
these parameters, the critical heights range from
17.13 t0 110.20 cm.

I. INTRODUCTION

Precise criticality data on systems whose geom-
etry and material compositions are well known can
be used as reference experiments against which both
present-day and future calculational techniques can
be tested. The need for such reference (benchmark)
data, especially for certain ranges of parameters, has
been pointed out many times in the literature.!™®
Specifically, one frequently used calculational meth-
od consistently underestimates ke by a considerable
amount for unreflected systems containing concen-
trated, highly enriched uranyl nitrate solution.®™'?
Another objective of reference experiments is to
describe experiments so completely and accurately
that no part of a discrepancy between calculated
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and experimental results can be laid to that informa-
tion.

The present paper answers these needs by
reporting criticality data for high-enriched uranyl
nitrate solution systems under minimally reflected
conditions and fully reflected by such common mate-
rials as concrete and methyl methracrylate plastic.
Other parameters include the uranium concentration
within the solution, the diameter of the aluminum
or stainless-steel tank containing the solution, and
the number of containers—one or an array. The
geometrical placement and elemental compositions
of all materials within considerable distance of the
fissile solution are accurately specified.

The data reported here are the first from a
series of programs designed to provide reference
criticality data for a wide variety of parameters of
interest to the nuclear industry. Planned future
programs will use low-enriched uranium in differing
forms, so the combined programs will provide a
broad parameter base for testing calculational models
against experimental evidence.

1. SUMMARY OF EXPERIMENTAL RESULTS

A total of 76 experimentally determined room-
temperature critical heights are reported in Tables I
and II for high-enriched uranium solution in various
containers and under various conditions of neutron
reflection. Table I pertains to single tanks, while
the other gives results for square or rectangular
arrays of tall cylinders.

These principal-result tables are keyed to other
tables throughout the paper, wherein equipment
and materials are detailed to an extent necessary
for benchmark data. For example, a complete geo-
metrical description of the 33.01-cm-diam aluminum
tank, found in the first columns of Table I, can
be obtained from Table VII using the diameter
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Rothe and Oh  BENCHMARK CRITICAL EXPERIMENTS
TABLE
Critical Height (in centimetres) of a Single
25.7-cm-thick Concrete Shell
(~122-cm inside dimension)
Tank Minimally Reflected® At Center® In Corner®
Inside Critical Critical Critical
Diameter® | Concentration® Height Bias | Concentration® Height Bias | Concentration® Height
Material (cm) (8 U/9) (cm) (cm) (g U/®) (cm) (cm) (g U/%) (cm)
Stainless
steel 27.92 145.68 31.20+0.04 |+0.10 144.38 29.79 £ 0.03 | +0.16 144.38 24.19 £ 0.01
346.73 28.93+0.09 |+0.10 334.77 27.23+£0.03 | H0.11 334.77 21.79 £ 0.01
28.01 142.92 33.55+0.03 | -0.11 144.38 31.37£0.01 | +0.06 144.38 24.70 £ 0.01
357.71 30.91+0.04%| -0.11 334.77 28.60 £ 0.03 | +0.02 334.77 22.33+0.01
54.89 39.48+0.133 8
Aluminum 59.65 36.67 £0.17% | -0.05 59.65 34.10+0.02 | +0.08 59.65 27.27!
33.01 137.40 2396 +0.133 g
145.68 23.67+0.03 |{-0.05 144.38 22.85+0.03 | +0.12 144.38 18.24 £ 0.01
357.71 22.53+0.05 & 334.77 21.50 £ 0.01 | +0.05 334.77 16.78 £ 0.02
50.69 63.95 20.48 £ 0.05 | -0.04

3 Approximately centered in an ~10-m cubical room having thick concrete walls; see Table X.

Refer to Table X for distances to reflector.
“Refer to Table XI for distances to reflector.

9These four tanks are completely specified in Table VII. Five entries in this table (at 60.32 g U/R) used three taller tanks—also described in
stainless-steel tanks were used for those critical heights reported at 50.52 and 67.48 cm, respectively.
®Refer to Table IV for complete specification of uranium solution, and to Table VI for biases.

fObtained by an extrapolation of reciprocal multiplication curves.
ENo wire height-check correction made.

itself as a key. Similarly, the 59.65 g/ concentration
used in that tank (next column) keys to the second
line of Table IV wherein the solution is described
completely. Finally, the 27.27-cm critical height
itself (several columns to the right) is a key to the
first line of Table XI, which locates the tank relative
to reflector walls.

Critical solution heights in Tables I and II are
the average of two critical experiments in most
cases. Otherwise, a small superscript to the height
indicates the number of experiments contributing
to the average. Two critical heights were determined
by extrapolating reciprocal multiplication curves be-
cause the tanks were slightly too short to achieve
criticality. These are indicated in Table I by square
brackets. The extrapolated data are presented in
Fig. 11 because critical heights obtained in this
manner are more subject to interpretation. Where
two or more experiments were performed, the
uncertainty assigned to the critical height equals
one-half the range between heights measured on
repeated experiments.

Tabled critical heights include a small bias ad-
justment resulting from the wire height-check pro-
cedure discussed in Sec. III. The critical height in
Tables 1 and Il equals the critical height indicated
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by the level sampler during the experiment minus
the bias shown, all three expressed in centimetres.

The uranium solution concentration associated
with each critical height also includes a small bias
correction. This is discussed in Sec. IV, and the
biases are listed in Table VI.

1. PROCEDURE

The critical data given in Tables I and II are
averaged from two or more critical approach experi-
ments. The critical height for each experiment was
linearly interpolated between a slightly supercritical
and a slightly subcritical height. Very few exceptions
to these two statements are identified in the tables.

The reciprocal neutron multiplication technique
was used for all approaches to criticality. By the
time the multiplication of the system reached 50
or more, the critical height was fairly well defined,
and a small 2%*Cf neutron source, used in that
technique, could be withdrawn safely.

Uranium solution was added in alternating in-
cremental steps until the source was so far withdrawn
as to have no further influence and the solution
height yielded a long (approximately a few minutes)

NUCLEAR TECHNOLOGY VOL.41 DEC. 1978



I

Enriched Uranium Solution Cylinder

20.6-cm-thick Plastic Shell
(~122-cm inside dimension)
At Center® In Corner® Centered on Floor®
Critical Critical Critical
Bias | Concentration® Height Bias Concentration® Height Bias | Concentration® Height Bias
(cm) (g U/9) (cm) (cm) (8U/Q) (cm) (cm) (e U/D) (cm) (cm)
60.32 50.52+0.099 | +0.04 60.32 67.48 £ 0.209 | -0.08
+0.01 147.66 29.71 £0.05 | -0.07 147.66 25.03 £0.03 -0.04
+0.01 345.33 27.60+0.01 | -0.03 345.33 22.75 £ 0.01 -0.07
60.32 (78.11]%f | -0.08 60.32 51.67 +0.059 | -0.04 60.32 [(77.1414f | +0.07
-0.03 147.66 31.26 £ 0.01 | -0.09 147.66 25.26 £ 0.00 -0.10
-0.03 345.33 28.84 £0.02 | -0.08 345.33 22.87 £0.01 -0.07
0.00 60.32 34.33+0.02 | -0.05 60.32 27.70 £0.27% | -0.05 60.32 31.75+£0.03 -0.01
66.33 25.10° -0.06
-0.02 147.66 22.78 £0.01 | -0.08 147.66 18.49 £ 0.04 -0.09
-0.02 345.33 21.67+0.00 | -0.10 345.33 17.20+0.03% | -0.12

Table VII. The 76-9-cm-tall aluminum tank was used for those critical heights reported at 78.1, 51.67, and 77.1 cm. The 91.5- and 76.6-cm-tall

positive reactor period. About 5 min later, a small
amount of solution was drained, establishing a
subcritical height and a negative reactor period of
about the same magnitude as the positive period.
The critical height was interpolated between the
reciprocal periods at the two heights. The validity
of this interpolation has been demonstrated for
reactivities close to unity.® Figure 1 illustrates these
procedures for one experiment as recorded by one
of several radiation detectors.

Solution heights throughout every experiment
were determined by an electromechanical device!’
that periodically “‘sampled” the liquid level with a
precision of *0.05 mm. This device measured the
height accurately near the center of a tank, but the
possibility remained that the tank was not perfectly
level or the bottom was bowed or uneven. Either
case would bias critical heights obtained by the
device, so a wire height-check procedure was used
to measure the effect. When the solution touched
a wire, a preset height above the tank bottom, a
feeble current turned on a transistor switch, lighting
a lamp corresponding to that wire. Comparing the
preset height with that indicated on the level sampler
at that time measured the bias in the sampler
readings. The wires were thin (0.08-cm-diam) stain-
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less-steel rods supported at the top of the tank by
a small block of nonconducting material clamped
to the tank. The solution-filling rate during this
procedure was always slowed sufficiently that waves
did not cause premature indications.

This bias measurement was not made on the
earliest experiments, and that fact is footnoted in
Table 1. A single wire was used for most of the
remaining unreflected single-tank experiments; how-
ever, the procedure proved so useful that four
wires equally spaced around the tank perimeter
were used to give multiple measures of the bias
on all reflected and on the 50.69-cm-diam unreflected
single-tank experiments.

Critical heights of Table I have been corrected
for this small bias. The correction given in the
table represents the average over the number of
wires used on each experiment. In 63% of the
individual lamp lightings, the bias was 10.05] cm
or less. The largest bias was 0.25 cm in one case.

A similar height-check procedure was used in
array experiments. Here, the purpose was not to
measure variations within one tank but to relate
the solution height in each cylinder of an array to
that measured by the level sampler in one cylinder.

All cylinders of an array rested on the floor
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TABLE
Critical Height (in centimetres) of an Array of
25.7-cm-thick
(~122-cm inside
Configuration Low Concentration
Array Critical
Diameter Stainless-Steel Concentration® Height Bias
(cm) Size a Sleeve (g U/9) (cm) (cm)
4 X4 Yes 67.28 28.63 £0.03 +0.03
4 X4 No 67.28 27.15 £0.01 +0.13
21.12 2 X2 f.g.jk Yes 76.09 60.70 +0.06 -0.15
2X2 f.g,i,k No 76.09 62.34*+0.16 ¢
2 X2 f.g,j.k No 80.72 57.88! -0.17
4 X4 Yes 83.49 57.34 £0.05 +0.27
4 X4 No 83.49 51.21 £0.02 +0.27
2 X4 a,b.e,f, No
i,j,m,n
2 X3 a,b,e,f, No
16.12 ij
2 X3 efgi, Yes
jk
2 X3 ef.g,i, No
Jk
2 X2 ab.e,f Yes
2X2 a,b,e,f No

4Refer to Fig. 3 for identification of cylinders. Do not confuse lettered cylinder locations in this column with footnotes given
bRefer to Table V for complete specification of uranium solution and to Table VI for biases.

“The adjustment was —0.07 cm for one experiment and +0.09 cm for the other two because two different wire configurations
dThe adjustment was +0.08 cm for one experiment and +0.27 cm for the other two because two different wire configurations

of the reflector, which had been installed as nearly
level as possible. Still, minor imperfections or un-
evenness could allow one cylinder to rest a small
amount above or below another. Two wires were
installed at different preset heights in each cylinder,
providing duplicate measures of such possible vertical
displacement. The average of these two displacement
measurements gave the “bias” for that cylinder
relative to the cylinder having the level sampler. The
average bias over all cylinders in the array equaled the
correction term that was added to the critical height
measured in one cylinder to obtain the average
critical height over all cylinders. This last critical
height is that published in Table II, and the adjust-
ment included in the table is the average bias defined
above. The biases of Table II are larger than those
of Table I because a greater opportunity exists for
members of an array to rest at slightly different
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levels than for height variations to exist within a
relatively small diameter tank. Some 60% of the
individual lamp lightings occurred within 10.2| cm of
the preset height, and an additional 34% occurred
between there and 10.5] cm. The largest single bias
was 0.9 cm in one case. Setting wires a known small
distance above the floor of tall slender cylinders
was not an easy task. The estimated accuracy of such
settings is ~0.1 cm.

IV. URANIUM SOLUTION

The wuranium solution was uranyl nitrate
[UO,(NO;),] dissolved in nitric acid and diluted
to the desired concentration with water. Experiments
with single-tank configurations are reported at three
uranium concentrations, while those involving arrays
of cylinders were performed at only two.
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