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EXPERIMENTAL INVESTIGATIONS OF
SECONDARY CRITICAL CONFIGURATIONS
(ZPR-III Assemblies 27 and 28)

by

Wit GemmellSI K T ong,
and W. P. Keeney

ABSTRACT

Two configurations of a fast reactor core following
a postulated accidental meltdown were investigated. The
configurations were chosen to represent nonuniform distri-
butions of fuel in which calculations of flux and reactivity
worth could be compared with experimental values. The
first configuration, Assembly 27, represented a case inwhich
the center of a core had melted, and the top and center por-
tions had collapsed into a dense fuel mass in the bottom of
the reactor. The dense region is then surrounded by an an-
nulus with the normal core composition, and this in turn is
surrounded by the normal blanket. The second configuration,
Assembly 28, represented a core inwhich vaporizing sodium
caused the expulsion of all material from the axis of the
core, and the annulus had melted and collapsed into a dense
ring of fuel.

If these situations were encountered in an actual
meltdown, a secondary critical or supercritical configuration
of fuel could occur. The history of this secondary configur-
ation would be governed by the spatial relationships of the
fuel worth, power distribution, and degree of criticality. The
relationship of the power and fuel-worth distributions would
determine if further motion of the fuel would result in an
autocatalytic configuration. The experiments in the Zero
Power Reactor III, (ZPR-III) provided fission-rate and
reactivity-worth distributions whichmay be used to evaluate
calculational methods designed to describe the history of
possible accident configurations.

I. INTRODUCTION

Critical studies for the Enrico Fermi Fast Reactor have been per-
formed at Argonne National Laboratory's ZPR-III facilityunder a contractual
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arrangement [AT(11-1)-476] between the Power Reactor Develo;?mgnt
Corporation (PRDC) and the United States Atomic Energy C(();q)’lmmslon.
The original series of critical experiments in this program were begun

in 1958.

The discussions leading to the PRDC critical program had shown
the desirability of meltdown experiments. Meltdown of a fast reacto# (%o.n—
taining more than 400 kg of enriched U?%% certainly presents the pos'51b111ty
of formation of a secondary critical configuration. Moreover, in this con-
centrated reactor, decay heat builds up to a level sufficient to melt the core
by its own gamma field in the event of loss of sodium coolant. Although the
loss of sodium is almost inconceivable, a realistic examination of the con-
sequences of this type of accident is in order. It was not until 1960 that an
experimental program for such an examination was devised to utilize the
unique flexibility of the ZPR-III machine and that could contribute in a very
general fashion to the safety analysis of fast reactors.

The mathematical treatment of meltdown events is subject totwo gen-
eral areas of complication which lead to uncertainties in the results obtained.
The first is the thermal-mechanical problem leading to some sort of collapse
of the core. If the time behavior of the core elements during collapse were
known, it would be possible to estimate the rate of reactivity increase and,
starting from a normal subcritical configuration, to predict at what speed
and in what geometry a secondary critical mass would be assembled. The
heterogeneous nature of the reactor and the varying physical properties of
the supporting structure during collapse are complications which have been
a deterrent to an exact treatment of this phase of the problem.

The second area of consideration may be thought of as taking place
after a secondary critical configuration has been achieved. If, at this time
a fairly large excess of reactivity has been accumulated, the subsequent
course of the excursion will be rapid enough that further gravity collapse
of the core can be either neglected or very simply approximated as by a
linear ramp function. The problem then involves the nuclear reaction cal-
culation with generation of heat, pressure waves, and expansion until the
reactor is disassembled. Methods for handling this part of the calculation
have been proposed by Bethe and Tait,(z) as well as by Jankus(3) and
Nicholson.(4)

It was largely as a result of suggestions by Bethe and Nicholson that
it became apparent that ZPR-III critical experiments could best be applied
to idealized configurations postulated for the first phase to gain a general
understanding of the second phase of the problem. A key point in the prob-
lem requires criticality calculations of the nonuniform fuel distribution of
the secondary critical mass, Although such calculations are straightforward
with high-speed numerical methods, there is probably no previous experi-
mental information available by which to gauge the reliability of the calcu-
lations; at least this is true in the case of dilute fast power reactors. The
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ZPR-III facility could be used to construct nonuniform fuel distributions
which are thought to be typical of possible meltdown configurations, and

the criticality calculations verified. Moreover, in the ZPR-III, the patterns
of flux and reactivity worth throughout the nonuniform core can be deter-
mined experimentally, these patterns being required in subsequent stages
of the excursion calculation. In fact, the expansion of the secondary critical
mass is governed by the pressure gradient pattern which is closely related
to the pattern of the flux gradient. Then, as the reactor expands, the change
in k will be governed by the pattern of the gradient of reactivity worth. In
general, if the fuel expands into a region of higher worth, the reaction is
autocatalytic and considerably more violent than if this does not happen.

Two nonuniform fuel distributions were chosen for study on ZPR-III,
Although they are not derived from rigorous calculations of phase one of
the problem, they are related in a qualitative way to various courses that
a meltdown might conceivably take.

The first of these studies, designated as Assembly 27, Fig. 1, con-
sists of an annular core of "normal" composition and an interior cylindrical
core of a reduced height, in which the normal core constitutents have been
condensed by removing the aluminum which is used to simulate the sodium.
This configuration could be hypothesized as resulting from an accident in
which the central portion of the core melts, the coolant vaporizes, the

central portion collapses to form a condensed or "dense" core at the bottom
of the reactor.

N N
0 0
R R
M M
A voID A vOoID
I8 G
c c
0 o D D
: : 55 e
E | DENSE CORE E SR g
EE EE
BLANKET BLANKET
INTERFACE VIEW INTERFACE VIEW
ASSEMBLY 27 ASSEMBLY 28

Fig. 1. Interface Views of Assemblies 27 and 28

The second study, Assembly 28, Fig. 1, was an annular dense core
of reduced height, with a central void. A configuration of this type could
result from general core melting and the core collapsing with the central
material being ejected from the core region by the vaporizing coolant,
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The dimensions of the experiment and the composition of the normal
core and blanket utilized in these experiments were similar to those of the
previous Enrico Fermi Fast Reactor critical performed in zPR-11L.(1)

These results were transmitted to PRDC in preliminary form at the
time the experiments were performed in order that the safety analysis by
Nicholson(4) might include these data. Since that time the numerical data
have been rechecked and a number of corrections made. In general, these
corrections have not altered the shape of the traverse curves greatly, al-
though magnitudes have been shifted in some cases. Since the gradients of
the flux and reactivity are the quantities entering the excursion analysis
rather than the magnitudes, it is not expected that the new values will alter
any conclusions from Nicholson's already completed analysis.

II. DESCRIPTION OF ZPR-III

The ZPR-III is a split-half critical assembly, each half being com-
posedofa 3l square matrix constructed of stainless steel channels, 2.1755 in,
(5.526 cm) high, 2.1835 in. (5.546 cm) wide, and 33.5 in. (85.1 cm) long. Into
this matrix stainless steel drawers containing the materials composing the
experiment are loaded. A complete description of the facility is contained
in the Hazard Evaluation Report.(5) Figure 2 is a view of the facility.

1ID-103-2099

Fig. 2. General View of ZPR-III in Shutdown Condition
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III. ASSEMBLY 27

To utilize the preferential expansion of the fuel along the axis of
the drawers in the ZPR-III as a safety factor in this assembly, the axis of
the cylindrical core was oriented vertically at the center (interface) of the
machine. This is in contrast to the usual practice of orienting the axis
horizontally. To insure cumulative expansion in the positive radial direction
of the core, aluminum spacers were placed in the regions designated as
void. Figures 3 and 4 are typical drawer-loading diagrams.
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I|I||||l||l|||||||||l|l|||\|||1|\|I|l|1|l
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Fig. 3. Assembly 27, Typical Drawer with Dense
and Normal Core, and Blanket
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T

|I||||II|I‘I|I|K|\1I|\|I |I||‘I|I|I
I 56 0 18

2 3 5 ) 9 2

|ncnes

Fig. 4. Assembly 27, Typical Drawer with Void,
Normal Core, and Blanket

Figure 5, a top view of one quarter of the reactor, shows the approxi-
mate outline of the regions of the experiment and a side view with the critical
dimensions. A representative cross section of the core is shown in Fig. 6,
where a row of drawers has been partially extracted from the matrix to
show the fine detail.
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Fig. 5. Assembly 27, Top and Interface View of Assembly

ID-103-2102

Fig. 6. Assembly 27, Representative View through Cross Section of Core
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A. Approach to Critical

The approach to critical was made by first loading the dense and
normal core regions with depleted uranium occupying the positions of the
enriched uranium. In three increments enriched uranium was substituted
for depleted uranium in the normal core region. Next, the enriched ura-
nium was substituted in small increments in the dense core region, pro-
gressing from the bottom to the top row. To arrive at a critical loading,
and at the same time permit the construction of a top row of uniform level
height in the dense core region within the limits of inventory, it was nec-
essary to expand the dense core radially in the three central drawers of
both halves. This was done in the final loadings by extending the dense
region and displacing the normal region radially by 0.5 in, The mass
additions and the associated inverse count rates for two counting channels,
c; and c,, are tabulated in Table I.

Table I

APPROACH TO CRITICAL, ASSEMBLY 27

Loading Mo s lo=ded Control Rods "Out" Control Rods "In"
No. (kg) (l/cl)xlO5 (l/cz)x 10° (l/cl)x 10° (l/t:z)xlo5
3 299599 882 306 882 520
4 516259 655 301 752 294
5 333.19 450 248 439 247
6 341.78 353 210 321 209
7 349.78 236 161 250 169
8 358.38 155 112 159 112
9 366.38 88 64 81 60
10 371.36 64 48 49 3%
121 375.62 325 24.2 13,3 2.5
12 377.24 24,5 16.0 0, 546
13 379.34 153 9.8 Critical
14 380.574 +59.4 Ih supercritical®
15 381.434 +171.6 Ih supercriticalb

aDetermined by calibration of control rod.

bEntire dense core region loaded to 4.75 drawers high.

The critical height was calculated from the increment in the U?3*®
between loadings 14 and 15, 0.86013 kg, which represented an increase in
reactivity of 112.2 Ih., Based on an average dense core mass per row of
17.147 kg of U?®, this addition represented 4.4708 x 107* row/Ih. As the
total excess reactivity of loading 15 was 171.6 Ih, the critical height was
4.673 rows at 2,1755 in./row, or a critical height of 10.17 in. The critical
mass was then 80.13 kg in the dense core and 299.99 kg of U?® in the normal
core. The composition and average dimensions of the various zones are



lated from the actual

shown in Table II. The average dimensions were calcu
nder of equal volume.

volume of each region and calculating the radius of a cyli
Table II

COMPOSITION OF ASSEMBLY 27 BY ZONES

Volume Fractions

Region e g~ Al Zr Mo Ss

Normal Core 0.0616 0.1995 0.2584 0.0454 0.0530 0.1459

Dense Core 0.1412 0.4091 = 0.0490 0.1497 0.1417
Void 0.0422 0.0932
Blanket 0.0011 0.4870 (1S 0.210

Critical Dimensions and Masses

Dense Core

Average Radius 7.59 in., 19.28 cm
Height 10,17 in., 25.82 em
Mass 80.13 kg of U*®

Normal Core
Average Outer Radius 14.96 in., 37.99 cm
Height 30.46 in., 77.36 cm

Mass 299.99 kg of U?*

B. Fission Rate Traverses

The fission rate distributions were measured along the axis of the
core and radially at seven axial elevations through the core. The counters
used were 0.5-in.-diameter U?* fission chambers, enriched to 93.2% in U%%*,
having a sensitive length of approximately 2 in.

To perform the radial traverses, drawers were modified as shown
in Fig. 7 to accommodate a 0.5-in.-diameter aluminum guide tube through
which the counter was driven by a remote traversing mechanism. The guide
tube is shown in place in Fig. 2. A tube, identical with the connecting rod
from the traverse drive to the counter, was loaded into the guide tube on the
opposite end of the counter to avoid any asymmetries due to the perturbation
of the flux by the connecting rod. This was done only on the radial traverses.

Depleted Uranium Depleted Uranium
Depleted Uranium 45% Aluminum
Depleted Uranium Depleted Uranii .
Zirconium Flg 5T
EEE Depleted lranium EEE EREE D:g!’:ﬂed Uranium =
g854 von 5|75 8 & q2887 v A 8895 Assembly 28/27’ Front
3|33 gl (contains - 1B1E 2T T J333< (contains <A =) i (&
§ §§; traverse tube) E :f é E g E mé traverse tube) é § Views of O.re and
EEE ERE ESEN e 5§ Blanket Regions of
Depleted Uranium i
e —Depleted Liranium Traverse Drawer
Depleted Uranium |__Depleted Uranium |
Depleted Uranium | 45% Aluminum
Depleted Uranium Depleted Uranium

Dense Core Region Blanket Region



At each point in the traverses the number of traverse fission counter
counts per 10* counts on a stationary reference fission counter were re-
corded. The axial fission rate at an elevation Z of 5.44 in., measured from
the bottom of the core, was used to normalize the axial fission rate to unity.
The radial traverses were then normalized to the axial traverse at their
points of intersection. The rates at the points of intersection were deter-
mined graphically. This was necessary because a post-experimental X ray
of the traverse counters redefined the center of the sensitive length and a
more precise measurement of the matrix center spacing was utilized in the
computation of the data. The discrepancy due to the axial traverse tube be-
ing at a radial position of #0.3 in. was neglected due to the small gradient
of the radial traverses at the center of the core.

The traverse data are tabulated in Tables III and IV, and graphed in
Figs. 8 through 15.

Table III

ASSEMBLY 27, AXIAL TRAVERSE,
U?¥% FISSION COUNTER, AT

R'= 0.3 in.

Axial Relative Axial Relative
Position? Count RateP Position? Count Rateb
-0.96 DE551 D302 0.664
0.13 01652 1oZ511e 0.586
1.20 0L TS 1l allels 0.568
2301 0.889 12.10 0.534
39317 02959 T2 c 0.523
4.48 0.998 14.27 0.476
55T 1.000 20.80 0.366
6.65 0.965 27.34 0.276
fILE 0.918 <o fofe)e 0,255
7.74 0.908 31.69 0.228
8:3i1e 0.849 g2:51¢ 0.199
8.83 0.785 34.31¢ 0.158
9.31¢ 0.739 38.22 0.094

aMeasured from bottom of core.
b Arbitrarily normalized to unity at Z = 5.57 in.

¢Indicated points were taken in random order to
determine reproducibility.
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Table IV

ASSEMBLY 27, RADIAL TRAVERSES, U?*® FISSION COUNTER

Traverses Normalized to Axial Fission Counter Traverse

Relative Count Rate

Radial Axial Position
Position?
1.09 3520 5.44 761 9.79 14.14 20.67 20.62¢
21515 0.074 0.091 0.094 0.098 0.100 0.090 0.073 0.073
18315 0.148 0.163 0.167
T 0.174 0.189 0.198 0.204 0.183 0.145 0.141
16.15 0.208 0.224 0.238 0.245 0.216 0.169 02172
15.45 0.200 0.266 0.244 0.184 0.186
112}, 1605 08255 0.263 0.280
14.65 0.264 0.296 0.311 0.264 0.210 0211
14.15 0.278 0.305 0.310
13215 05215 0.322 0.350 0.354
12590 OR3 T 0.326 0.254 0.255
12.15 0.384
11.65 0.327
11215 0.404 0.436 0.438
0385 0.464 0.400 (02l 02313
1015 0.469
glib 0.499 0.522 02515
815 0.556 0.582 0.584
TS 0.490 0.576 0.591 0.544 0.456 0.354 0.362
Tl U 0.613 0.639 0.619 0:557 0.469 0.365 0.360
6.65 0.651 0.678
(Bl 0.569 0.689 0.724 0.687 02595 0.471 0.369 0.368
535 0.815 0.479 0.364 0.376
4.15 0.830 0.850 0.798
3795 0.693 0.641 0.480 0.366 0.363
Sili5) 0.930
2015 0.924 0.953 0.887 0.484 0.366 0.367
qe1L5) 0.919 0.980 0.886
(0, 311 0.792 0.956 1500 059105 0.683 0.478 0.369 0.369
-0.85 0.957 0.989
-1.85 0.951 | 0.973 0.890 0.483 | 0.373 | 0.359
-2.85 0.970
-3.85 0.767 0.881 0.931 0.835 0.474 0.365 05373
-4.85 0.809 0.872
-5.85 0.763 0.811 0558
-6.85 0.676 0732
-7.45 0.640 0.574 0.468 0.359
-7.85 0.595 0.636 0.628
-8.85 0.542 0.582
-9.85 0.518
-10.85 0.472
-11.85 0.432 0.439
-12.85 0.376
-13.85 0.316 0.342
-15.15 0.289b 0.295 0.273 0217
-15.85 0.268
-16.85 0.219
-17.55 0.199 0.209
@Distance from axis of core £0.125 inches.

BRER ki it = LA ) heeirey
CDuplication of traverse to check reproducibility.
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Fig. 13. Assembly 27, Radial U%*
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C. Reactivity Worth Traverses

To eliminate the error due to
the degree of reproducibility of half
closure and save the time consumed
in actually substituting the samples
at the various positions within the
assembly and determining the re-
activity perturbation, as compared
with a void of the same volume,
l/Z—in.-diameter samples of the
materials were obtained and fitted to
connectors to attach them to the

counter traverse mechanism. These samples were traversed through the

core in the same manner as the fission counters.

The isotopic composition

and dimensions of each sample are given in Table V.

Table V

REACTIVITY WORTH TRAVERSE SAMPLES

Sevmal Approx'mr?ate Dia@eter, Uranium Enrichment, Analysis,
Length, in. in. Content, gm % %
w222 0.5 29/64 22.54 93 100 U
U, Natural 1 3/8 3pil5 0.7 100 U

U, Mixed 2 29/64 72193 25 SEREAI

=7.65 Mo

~2.87 Zr

=3.00 SS

The experimental procedure consisted of first traversing with a
dummy sample connector attached to the connecting rod of the traverse

mechanism and determining the perturbation.

Each of the samples was

then run and the total perturbation of the sample, connector, and the



connecting rod obtained, Because of the relatively low worth of the pertur-
bation, period measurements were not made; instead, the worth at each point
was determined by making the reactor critical at each point at a power level
of 0.5 W and determining the perturbation as a function of control rod posi-
tion. The control rod was then calibrated accurately over the region of in-
terest by period measurements.* The worth per inch was applied to the
critical positions obtained to determine the total excess reactivity available
in the reactor with the sample or "blank" located at that position. For the
radial traverses it was then assumed that the samples and blank were worth
zero at R = 21.0 in. and for the axial traverses at Z = 38 in. The worth of
the blank was then subtracted from the sample and the worth normalized to
zero at the above-mentioned points.

In the radial position R =
core, and in the axial position, Z
top axial blanket.

21.0 in., the samples were 5.5 in. from the
= 38 in., the samples were 7.44 in. into the

The relative accuracy of the data is between 0.05 and 0.15 Ih. This
estimate of the error is based upon the reproducibility of the critical posi-
tion of the control rod and the sample. While taking the data using the U-
mixed sample, points were rerun by repeating traverse positions out of
sequence. The five positions which were repeated, at R = 0, gave an aver-
age error of control rod position of 0.0016 in., with the largest error being
0.005 in. This is relatively independent of sample-position error due to the
small worth gradient. A reproducibility of critical position of control rod
position of approximately 0.005 in. is assumed for ZPR-III. When the maxi-
mum rod worth per inch is applied to this position error of 0.005 in., the
uncertainty is £0.09 Ih.

Measurements of sample-position error of this and other assemblies
has been less than #0.125 in. This error when applied to regions of large
worth gradient of both sample and blank could produce uncertainties of
=*0.15 ITh. To reduce the sample-blank position error each point in the
traverses was approached from the same direction.

The reactivity worth traverses are tabulated in Tables VI, VII, VIII
and IX, and graphed in Figs. 16 through 32. The radial natural uranium
traverses were not graphed because of the low worth and scatter.

* ZPR-1II Inhour Curve No. 4, based upon APDA Tech. Memo No. 15,
Begf = 0.00687, 448 In/%, 308 Ih/$ was used.
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Table VI

ASSEMBLY 27, AXIAL WORTH TRAVERSES

Sample Worths (Ih) vs. Axial Position?

Axial 0.5-in. U?3® Sample | 2-in. U-Mixed Sample 1-in. Natural U Sample
Pczis:;on e Worth Ax:al(iitla)smlon Worth
-3.29 1.22 +0.16 -0.84 0.26 + 0.14
-1.11 2.04 + 0.16 2.20 £ 0.16 1.16 0.40 + 0.14
-0.03 2.89 £ 0.16 3.13 £ 0.16 3.16 -0.02 + 0.14
1.06 4.10 + 0.16 3.89 £ 0.16 4.16 -0.18 + 0.14
2:15 4.95 + 0.16 4,35 + 0.16 5.34 -0.15+ 0.14
3.24 5.63 + 0.16 4.65 + 0.16 6.44 -0.02 £ 0.14
4.16 4.76 + 0.16 T2 0.07 £ 0.14
4.33 6.12 + 0.16 4.79 + 0.14 8.56 0:39 + 0U15
4.66 4,77 +£0.14 10.02 0.63 £ 0.15
4.91 4.81 +0.14 10.66 0.49 + 0.15
5.16 4.88 +0.14 11.86 0.27 £ 055
542 6.18 + 0.17 4.86 +0.14 14.16 0.24 +0.15
5.66 4.85+0.14 20.56 0.07 + 0.14
501 4.79 £ 0.14 2714 0.13 + 0.14
6.16 4.74 + 0.14 31.40 -0.01 +0.14
6.41 4.75 + 0.16 37.96 02
6.50 Ll ol 4.72 + 0.16
6.66 4.71 +0.16
[(LZ 4.60 +0.16
7559 4.95 + 0.17 4.55 + 0.16
7.66 4.48 + 0.16
8.16 4.36 + 0.16
8.68 3.96 + 0.17 4.21 +0.16
Gl 2,81 50017 3153+ Q16
11895 LG S0 iy 2.14 + 0.16
14.08 1.48 £ 0.17 ey Bkl
20.66 0.82 + 0.14 Q{8 0514
27:19 0.59 + 0.14 0.36 + 0.14
Gilelz 0529 0714 0.20 + 0.14
38.07 02 02
2Sample worth assumed zero at indicated positions.
Table YIT
ASSEMBLY 27, RADIAL WORTH TRAVERSES, 0.5-in. UZ35 SAMPLE
Worth (Ih) Relative to 21.0 in.2
Axial Radial Position R, in.
Position
Z,in. 2.0 153 1275 102 1.6 6.08 38 0 -1.6 -153
.09 +0. E
3% | okoM | OmaoM | 070l | 1%:0M | Zn:0ls | 3m:0ls | awsodd | sdee0l | 2xeods | ape0ls
500 | 04014 | 013+014 | 049£014 | 1052014 | L8OV | 313:01 | 477014 | 5512014 | 223015 | 060015
7.61 0£014 | 010£014 | 030£016 | 053+016 | 169016 | 2794016 | 4024016 | 453+014 | 197015 | 007015
9.19 04015 | 026015 | 067015 | L11£015 | L60+015 | 188+015 | 225015 | 296015 | 171£014 | 047014
;gg gto.u 032014 | 055+0.14 | 077+014 | 096+014 | 088+014 | 1.02£014 | 1.10£014 | 099014 |-0.49+0.14
X £014 | 037401 | 051004 | 0.65£0.4 | 072+014 | 081404 | 077£014 | 079+014 | 0.69£0.14 | 036014
aWorth at 21.0 in. assumed to be zero.
Table VIT
ASSEMBLY 27, RADIAL WORTH TRAVERSE, 2-in. NATURAL URANIUM SAMPLE
Worth (Ih) Relative to 21.0 in.2
P::ii;tlm Radial Position, in.
Z,in. 210 153 1275 10.2 7.6 6.08 38 0 -1.6 -153
5.44 0£014 | -014£014 | -0.26+014 | -014+0.4 | -0.09£014 | -0.114014 | -0.19+014 | -051£0.14 | -0.23+0.14 | -0.08+0.14
9.79 04004 | 010£014 | 0.05+014 0£014 | 002404 | -007£014 | 024+015 | 068015 0£014 | 003014

AWorth at 21.0 in. assumed to be zero.




Table IX.

ASSEMBLY 27, RADIAL WORTH TRAVERSES, 2-in. U-MIXED SAMPLE
Worth (Ih) Relative to 210 in.2

Axial Radial Position R, in.
Position
Z,in. 21.0 153 1275 10.2 16 6.08 38 0 -1.6 -153

1.09 0+0.14 0.26 +0.14 0.60 +£0.14 0.91 +0.14 170 £0.15 239+0.15 3.09+0.15 401014 222+0.4
3.26 0014 033+0.14 0.68 +0.14 1.26 £0.15 220015 2.85+0.15 3.94 +£0.15 4.62+0.14 2.21+0.14 0.60 +0.14
5.4 0+0.14 0.14 +0.14 0.56 +0.14 0.93+0.14 2.04 £0.16 3,00 0.16 3.86 £ 0.16 470 £ 0.15 2.26 £0.15 0.41 £0.15
7.61 0+0.14 0.26 +0.14 0.44 £0.14 0.97 +0.15 191 £0.15 2481015 3.45+0.15 4.00 +0.14 177 £0.14 0+0.14
9.79 0+014 0.24 +0.14 0.54 £0.14 0.98 +0.14 1231015 1.65 +0.15 242015 339015 155 +£0.14 0.32+0.14
14.14 0+014 0.25+0.14 0.44 £0.14 0.59 +0.14 0.69 +0.14 0.82 £ 0.14 111+0.14 1421014 0.78 +0.14 0.23+0.14
20.67 0+0.14 0.36 +0.14 0.50 £0.14 0.73+0.14 0.79 £0.14 0.92 £ 0.14 110£0.14 112014 0.68 +0.14 0.51+0.14

aWorth at 21.0 in. assumed to be zero.

SAMPLE WORTH,Ih (RELATIVE TO 38.07 in)
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Fig. 16. Assembly 27, Axial Worth Traverse;
Sample: 0.5-in, U?*®




SAMPLE WORTH,Ih (RELATIVE TO 37.96 in)
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Sample: 1-in. Natural Uranium
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SAMPLE WORTH, Ih (RELATIVE TO 3807 in)
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Fig. 18. Assembly 27, Axial Worth Traverse;
Sample: 2-in. U-mixed
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IV. ASSEMBLY 28

Assembly 28 was oriented with the axis of its cylinder vertical in
the same manner as Assembly 27. Figure 33 is a typical drawer loading
diagram.

u238
Depleted Uranium 4
Enriched Uranium 1238
- Depleted Uranium 1238
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l‘ Core J- Blanket
r i

Fig. 33. Assembly 28, Typical Core Drawer

Figure 34 is a top view of one-quarter of the reactor, showing the
approximate outlines of the regions of the experiment, and a side view,
showing the critical dimensions. In Fig. 35 a row of drawers has been
partially extracted from the matrix to show the fine detail.
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Fig. 34. Assembly 28, Top and Interface View of Assembly
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Assembly 28, Representative View through Core Cross Section

Fig. 35.
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A. Approach to Critical

The approach to critical was made by loading the zone to be occupied
by the dense core with aluminum spacers and, in steps, constructing the
dense core from the bottom, fine axial blanket upward until criticality was
achieved. A full-drawer layer of the dense core contained 61.0608 kg of
U?5. Table X gives the count rate obtained from the proportional counters

and the U®® mass at each stage of the approach to critical.

Table X
APPROACH TO CRITICAL - ASSEMBLY 28
Rods Out Rods In
g M“;g“m cyleom) | Calepm) [ (UCx10° | (e 10® | ¢y | [(epxod | (i/cyx 105

1 6106 P2) w | 1010 w | 8| a5 e

2 1212 244 us | 4w s w | 15| a0 810

3 166,73 329 12 3m 0 w| o | o 730

4 05,62 a2 164 21 610 w | m | m 578

5| owmm 819 265 122 3 g | .| us 369

6 | a2a 151 a5 686 a1 83 | w5 | 594 25

7 .93 a0 | 169 2 @6 | 7% | 18 | 128 5.2
8 %53 un |19 1.9 04 | 200 | 529 | a3 189
o | smss | ws15 | 29 95 w0 | s | | 17 7.91
o | ms Critical

The system achieved criticality with an incomplete layer of fuel.
Two experiments (see arrangement in Fig. 36) were performed in which

LOADING NO. 28-10
REACTIVITY 107.81h
TOP VIEW
SIDE VIEW
28-10/28-11,
28-11/28-12,

28-11

51.5Ih

.

28-12
221.71Ih

Lost 56.3 Ih. Therefore flattening the whole core would lose
225.2 Ih and leave the core 117.4 Ih subcritical at a height
of 10.8775 in.

Gained 170.2 Ih or 1349.4 Ih/in.
Therefore, 117.4 Th = 0.087 in.

Critical at height = 10.8775 + 0.087 in, = 10.97 in.
Critical mass = 307.62 kg.

Fig. 36. Assembly 28, Core Configurations Used in Estimating Gritical Mass



one-fourth of the fuel then in the top layer was removed, reducing the excess
reactivity from 107.8 Ih to 51.5 Ih, or an estimated -117.4 Ih if the entire
top row had been removed. Then, 23.17% of a quarter of a layer was added
in one quadrant, increasing the reactivity to 221.7 Ih for a calculated
1349.38 Ih/in. of uniform fuel height. The 117.4 Ih subcritical at 5 rows
high represents 0.087 in. of core height that would be required to make

the reactor critical. The critical height is then (5 x 2.1775) + 0.087 or

10.97 in. and the critical mass 307.62 kg U?*® for a core of uniform height.
The critical composition and average dimensions of the various zones are
given in Table XI.

Table XI

COMPOSITION OF ASSEMBLY 28 BY ZONES

Volume Fractions

e [ Al Zr Mo Ss
Dense Core | 0.1406 | 0.4088 0.0503 | 0.1524 | 0.1416
Void 0.0422 0.0932
Blanket 0.0011 | 0.4870 [ 0.1347 0.210

CRITICAL DIMENSIONS AND MASS

Dense Core Average Inside Radius 5.54 in., 14.07 cm
Average Outside Radius 152808 n s o800 e
Average Height 10.97 in., 27.86 cm
Critical Mass 307.62 kg of U%3®

B. Fission Rate Traverses

The fission rate distributions were measured in the vertical direc-
tion 0.3 in. from the axis of the cylinder and radially at five elevations
through the core. The counters used were l/Z—in‘—diameter U235 fission
chambers enriched to 93.2% in U?%*.

Drawers were modified as shown in Fig. 7 to accommodate the
traverse guide tube. The counter was positioned at each point to a re-
producibility better than +0.125 in., and the number of traverse counter
counts, at each point, were normalized to 10% counts on a stationary
reference fission counter. Tables XII and XIII are a tabulation of the
radial and axial traverses. These data are graphed in Figs. 37 through
42. The axial and radial data have not been normalized to a common
point as was done in Assembly 27.
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Table XII

ASSEMBLY 28, AXIAL TRAVERSE, U?® FISSION COUNTER

At R = 0.3 in.

Axial Relative Axial Relative Axial Relative
Position | Count Rate Position | Count Rate Position | Count Rate
37.16 0.144 21816 ;358 6.16 0.882
353106 0.156 17.16 0.437 5. 16 0.908
33.16 OR212 15.16 0.490 4.16 0.926
S2 8o 0.239 13.16 0.547 BRlio 0.924
SiI6 02T L 12316 0.588 2.16 0.908
30.16 (027 11316 0.619 1.16 0.897
29.16 0.284 10.16 0.694 0.16 0.880
27.16 F208 9.16 0.742 -0.84 0.800
2581 6 0.308 8.16 0.800 -1.84 (0)57/10)
23.16 02331 716 0.837 -2.84 0.663
Table XIII

ASSEMBLY 28, RADIAL TRAVERSES, U?*® FISSION COUNTER

Radial Position

Relative Count Rate at Axial Position

Core Axis at 0.00 9.79 7.61 5.44 3.26 1.09
2l 208 224 229 210 201
18 339 380 381 365 339
16 439 531 550 505 475
15 500 619 655 611 562
14 563 724 744 731 659
13 625 822 882 856 747
11 717 976 1091 1041 899

9 777 1050 1192 1136 1017

7 759 1025 1157 1100 1009

6 736 966 1061 1076 996

5 743 923 995 1013 966

4 740 890 968 972 966

2 719 835 900 919 917

1 724 841 891 917 942

0 719 843 890 917 933
-7 716 850 907 924 949
A 719 855 942 970 959
=G 730 892 964 970 978
=77 755 1000 1119 1074 984
= 713 1041 1192 1163 1003
-13 634 855 934 925 796
-15 525 671 719 705 611
~11] 304 341 349 344 316




C. Reactivity Worth Traverses

The samples used in these traverses were the 2-in. U-mixed and the
1/2-in. U?3 traverse samples (see Table XIV). The traverse locations
were the same as those of the fission rate traverses. For the radial
traverses the worth of the blank and samples were assumed to be zero at
a radial distance of 40.25 in. for the U-mixed core sample and at 41.0 in.
for the U%*® sample, and at axial distances of 38.16 in. and 38.41 10
respectively. These data are tabulated in Tables XV and XVI, and graphed
in Figs. 43 through 54. Although the general shape of the curves seems
apparent, the experimental data are insufficient to define some of the de-
tails. Therefore, no attempt has been made to connect the points with a
smooth curve. The errors in the individual points are of the order of
+0.15 Th maximum, while the absolute value of the worths are subject to
an error in some traverses due to a variation of the "zero worth" as
great as 0.25 Ih.

Table XIV

ASSEMBLY 28, AXIAL WORTH TRAVERSES
Worths (Ih) vs Axial Position,® R = 0.3 in.

Axial PositionP 0.5-in. U%*® Sample 2-in. U-Mixed Sample
40.14 0 R OSL
58041 0 + 0.142
38.16 0 = @)l 0 + 0.142
37.66 0 de () Tk
36.91 0 + 0.14 0.07 £ 0.14
il 0 EEROSL DR110) 22 (U s
28801 @)1k (0 )k 0,26 + 014
23501 OFE2EER0S 0.40 + 0.14
18.91 0.66 £ 0.14 QTR O
L5 el 0.78 + 0.15 Loy 5 (0,01 %2 6WE0NS
1) 121558015
e 1L 27 e Ol L) 2R2 80814 2,08 + 0.14
59 1.40 £ 0.14 L2k s (o e oBye i (001

5.41 1.40 £ 0.14 0:92°+0.14 OST 3E-EN0s 1
o o Gter e (Ui 0D ORRONTE: O RO L
1.07 1 (tn0. 14 1.66 + 0.14 ISP oECRONIE
-0.61 1) 22 (e
-1.09
-1.11 PS5 08 051
—1.75

aAssumed to be zero at indicated positions.
bBottom of core at 0.00 in.
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Table XV

ASSEMBLY 28, RADIAL WORTH TRAVERSES, 0.5-in. U?*®* SAMPLE
Worth (Ih) Relative to 41.0 in.,@ Error is #0.14 Ih Unless Otherwise Specified

Axial Position, in.P
Radial Position,
Lt 9.79 7.61 5.44 3.26 1.09
41.0 0 0 0 0 0
21.0 -0.05 0.10 0.06 ). 71%] 0.04
16.0 0.18 0.62 0.48 0.55 + 0.15 0.53
14.0 0.42 1.09 1.15 1.21 + 0.15 0.87
12.0 0.53 1.61 1.94 1.71 + 0.15 1.18
10.0 0.93 2801 220 2.24 + 1.67
8.0 1.01 2.15 2.39 2.41 1.78
6.0 0.88 1.60 1.87 2017 1.57
5.0 0.82 1.47 1.56 1.84 1.57
3.0 0.90 1.32 1.23 1.49 1.49
0 0.91 1.30 0.92 1.39 1.32
=80 0.95 1.79 2.06 2.30 1.75
-15.0 0.31 0.90 0.74 0.95 0.65

@Worth at 41.0 in. assumed to be zero.
bBottom of core at 0.0 in.

Table XVI

ASSEMBLY 28, RADIAL WORTH TRAVERSES, 2-in. U-MIXED SAMPLE
Worth (Ih) Relative to 40.25 in.,? Error is +0.14 Ih Unless Otherwise Specified

RIEdi Al Eosation, Axial Position, in.?

ity 9.79 7.61 5.44 3.26 1.09
40.25 0 0 0 0 0
21.0 0.23 0.07 0.19 0.16 0.20
16.0 0.42 0.82 0866 0.74 0.48
14.0 0.82 1o27 1.20; 11 155 0.92
1250 1.19 1.52 1,62 1.54 120
10.0 1.53 1.98 1.89 + 0.15 1.75 1.44

8.0 1.58 1.91 1.81 + 0.15 1.73 1.53

6.0 1.58 it (53 1.57 + 0.15 1.48 1.32

5.0 1.82 1.60 1.28 + 0.15 1.18

4.0 1.88 1.45 0.94 + 0.15 0.86 LT

0 1.93 1.19 0.16 0.42 1.08
=7k0 1.39 1.58 1.74 1.65 1.39
~15.0 0.61 1.09 1.04 1.03 0.99

2Worth at 40.25 in. assumed to be zero.
bBottom of core at 0.0 in.
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Fig. 37. Assembly 28, Axial U235
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Fig. 39. Assembly 28, Radial U?*®
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Fig. 41. Assembly 28, Radial U?*®
Fission Counter Traverse;
Axial Position, 7.61 in.

Fig. 40. Assembly 28, Radial U?*®
Fission Counter Traverse;
Axial Position, 5.44 in.
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SAMPLE WORTH, Ih (RELATIVE TO 38.41 in)
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Fig. 43. Assembly 28, Axial
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