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The objective of thece experiments, as ir the previous experiments,
is to provide clean, definable, integral data that can be described in

calculations exactly as-run without corrections or approximations having

to be made.
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CRITICALITY EXPERIMENTS WITH
SUBCRITICAL CLUSTERS OF 2.35 WT- AND 4.31 WT% 23%
' ENRICHED UO, RODS IN WATER AT A

WATER-TO-FUEL VOLUME RATIO OF 1.6

INTROCUCT 10

A research program, funded by the United States hu;lear Regula-
tory Conn1551u*. to provide experimental criticality data on conditions
simulating Light Water Reactor (LWR) fuel shipping and storage configura-
tions was begun in 1976 at the Battelle operated Critical Mass Laboratory
at Hanford. The initial three series (1-5) of experiments in this Brogram
were concerned with determining the critical separation between clusters

s & ? o 235
of either 2.35 wti or 4.31 wt%

U enriched UO2 fuel rods immersed in
water at near optizum neutron woderation. The effect that various neutron
absorber plates positioned between the fuei clusters had on the critical
separation was investigated. Also the effect that lead and depleted

uranium reflecting walls had on this critical separation was investigatad

in these earlier experiments.

The fourth series of experiments in this NRC prugram are covered in
this paper and 1nvolve the same fuel irmersed in water as before but at
a neutron moderation approx1mat1ng that found typ1ca11y in Boiling Water

Reactor (8WR) and Pressurized Water Reactor (PWR) fuel assemblies.
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Measurements similar to those performed at near optimum neutron modera-

tion were repea‘ad with the same neutron absorber materials plus a new

material called Boroflextm and two different types of Boral.tm

The objective of these experiments, as in the previous experiments, is
to provide clean, definable, integral data that can be described in calcula-

tions exactly as-run without corrections or approximations having to be made.

Boroflex is a trademark product of Brand Industrial Services, Inc.
Boral is a trademark product of Brooks and Perkims, Inc.
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ABSTDACT

The fourth in a series of Nuclear Regulatory Commissinn funded

criticality experiments have provided data for 2.35 wti and 4.31 wtl

235U enriched UO2 rods at a water-to-fuel volume ratio of 1.6. The

results from some 147 critical experiments are presented. They in-

clude for each enrichment:

. The critical size of single lattices or clusters of fuel
. The critical separation between sub-critical clusters of fuel

. Tha critical separation between sub-critical clusters of fuel

having fixed neutron absorbers between the fuel clusters
. The isolation distance between fuwl clusters

. The critical size of fuel clusters containing water holes

and voids

. The critical size of fuel clusters separated by flux traps

The fixed neutron absorbers for which data were obtained include
304-L steel, borated 304-L steel, copper, copper containing 1 wt%
cadmium, cadmium, aluminum, 2irconium and two trade name materials

containing boron (Boral and Boroflex).
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SUMMARY

The results from the fourth in a series of criticality experiments
funded by the United States Nuclear Regulatory Commission are presented
in this paper. The initial three sefies of experiments in this program
were concerned wifh determining the critical separation between clusters

235

of either 2.35 wt% or 4.31 wt% U enriched UOZ'fuel_rods immersed in

water at near optimum neutron moderation. The effect that various
neutron absorber p]ateg positioned between the fuel clusters had on
the critical separation was investigqte&. Also the effect tnat ;ead
and depleted uranium reflecting walls had on this critical separation
was investigated in these earlier experiments. This fourth series of
experiments involve the same fuel immersed in water as before but at a

neutron mederation approximating that found typically in Boiling Water

Reactor (BWR) and Pressurized Water Reactor (PNR)'fuel assemblies.
Measurements similar to those performed at near optimum neutron modera- p k\.,/'
tion were repeated with the same neutron absorber material (Boral,

304-L steel, borated 204-L steel, copper, copper ccntaining 1 wt%

* cadmium, aluminum and zirconium) plus a new material called Boroflex

and two additional types of Boral. Measurements were alsc made to '
determine the effect that water holes, voids, and flux traps in fuel ?

clusters nave on the critical size of the fuel cluster.
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EXPERIMENTS

In these latest experiments, as in the previous experiments, (1-5)

the primary parameter measured was the critical separation between sub-
critical rectangular shaped clusters of fuel rods immersed in water.

In the previous measurements three fuel clusters were a]igﬁed in a row.
In these latest experiments, when the amount of fuel and neutron absorber
plates available permitted, the critical separation detween four fuel
clusters in a rectaﬁgular arrangerent was measured to obtain interaction

data in two dimensions. Whenever there was insufficient fuel or absorber

plates to achieve criticality in this four cluster geometry, measurements

were made as before with three fuel clusters aligned in a row.

A photograph of a water flooded four cluster experimental assembly
is shown in Figure 1 with a set of absorber plates in positicn. For
clarity an artist sketch of a typical four cluster arrangement is shown
in Figure 2. The neutron absorber plates are described in Table I. The.
fuel is described in Figure 3, and the water impurities are presented in

Table II.

The primary neutron absorbing nuclei are homogeneously distributed

throughout the absorber plates listed in Table 1. However, in the Borals

and in the Boroflex these nuclei are contained in 84C particles uniformly

distributed throughout either an aluminum (Boral) or a rubber material

L asdbernna oe
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FIGURE 1. PHOTOGRAPH OF A TYPICAL FOUR CLUSTER
EXPERIMENTAL ASSEMBLY
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4.31 wt% U ENRICHED UO5 RODS

12.776 mm $0 x25.4 mn LONG

Y%03.2 mm

CLADDING 6201 ALONUAUAL TUB ING
LOADING )

ENRICHAEAT 431 = 0.01 wt 230y

FUEL DENSITY 946 « 0.55 - OF THEORETICAL DENS ITY

URANTUM ASSAY 38055 + 0.20] wt OF TOTAL FLEL COMPOS ITION
G, - 1203.33- di2g RUD

2

END CAP-

DENSITY - 1,321 g ¢

COMPOSIT10%- £-58 + | wit S LT s B2w
Mepg s e Tl 0-22 1 wt=1BALANCD

Ca- 114 = Lyt Si-u3 2 latt

2.35 wt% 239y ENRICHED UO, RODS

-~ ~ HULL 1L17orm DIA CLAD 1270 mm 0D x 0.762 mm WALL

= 3 = !
12.7 mm D!A I we [l ]  / / uo,POwR
T

--SO.&)nrr'——; =914 4 NN et |

| 977.9 mm

CLI;DDING 6061 ALUMINUM TUBING SEAL WELDED WITH A LOWER END PLUG

Of 5052-H32 ALUMINUM AND A TOP PLUG UF 1100 ALLNINUM

LOADING.

ENRICHMENT 2,35 ¢ 0.05 wt. 235U

FUEL DENSITY  6.20 mg mm3 184~ THEORETILAL DENSITY!
URANIUM ASSAY - 880 #t..

U0, - 859 ROD 1AVERAGE:

FIGURE 3. DESCRIPTION OF FUEL RODS
7
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TABLE Il
WATER IMPURITIES

concentrarion M

COMPONENT a/m’ (ppm)

I 1.740.6
NO, 0.02 + 0,01
crto <0.91
Zn 0.9+ 1.1
Mn <0.'01
P | 0.008 + 0,001
F 0.15 £ 0.04
Fe <0.03 -
Cu <0.01
cd 0.020 % 0.006
cd 10.4 % 3.6
S0, 134150

DISSALVED SOLIDS 113 + 28

(1) ERROR LIMITS ARE STANDARD DEVlATiONS OBSERVED IN THREE SAMPLES
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(Boroflex). Accordinyg to the manufacturer, these parti;les have the

following size distribution:

Wte Particle Distribution

Particle Size

(mm) ' Boral " Borofiex
> 0.297 0.6 = memm-
> 0.250 8.0 —————
> 0.149 . ——-- Trace
> o.izs 73.6 - ————-
> 0.074 98.6 24
< 0.074 | I S —
> 0.044 100.0 212
<0.088 = emem- 78.8

In addition to meaﬁuring thg critical separation between multiple
ki
fuel clusters, experiments, with both the 2.35 wtX and the 4,31 wt% 2“5U
enriched UO2 rods, were also performed to determine the critical size

of single lattices containing voids and water holes. Experiments were

also perfbrmed at each enrichment to measure the reactivity effect that =

a flux trap of varying thickness between two fuel clusters has on the
critical size of the fuel clusters. The details of these measurements
and those with the neutron absorber plates are covered in the specific

secticns on experimental data that follow.
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A11 of the experiments were perfurmed with rectangular lattices of
rods having a water-tc-fuel volume ratio of 1.6. This ratio lies within
the neutron moderation range of the Bw? and PHR'type f;els. The typicat
BWR fuel elements have rod diameters and rea spacings that result in
water-to-fuel volume ratios between 1.55 and 1.61. Thé_PwR fuel elements
have a range of 1.53 to 1.72. All of thc experimental assemblies were
water flooded and fu]]y reflected on all six faces by at least 15 cm of

water.

EXPERIMENTAL DATA

In each experiment the critical approach was made either by de-
creasing the water separation between a fixed amount of fuel or by
adding fuel to fuel clusters separated by a fixed amount of water.

In the latter. fuel additions to the fuel clusters were made to facili-
tate uniformity of neutron multiplication (fu2l rods were added to the
assembly symmetrically with respect to the neution flux). Consequently,
any partial row of fuel rods can and should be descrébed as a full row

of fractional fuel cells in calculations. Since these are rectangular
lattices, the reactiéity worth of a fuel rod is dependent on its position
in the row of fuel. Although current calculational techniques are probably
not sensitive enough to observe'this in terms of neutron multiplication

(keff)’ it is observable experimentally.

10
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In the experiments involving four fuel clusters, data were obtained
on assemblies in which the water separation between each fuel cluster
was equal, and on assemblies in which each fuel cluster was of the same
size. Additional data also was obtainad in which both ihe separat;on
and cluster sizes were unequal to measure the sensitivi;y of systems

to either water separation or fuel loading.

SINGLE LATTICES OF FUEL RODS

The critical size of single rectangular lattices of both the 2.35 -

wte and the 4.31 wty 235

U enriched UO2 rods was determined for several .
fuel lattices having sides of different length. The results of these
measurements are tablulated in Table III and plotted in'Figuré 4, Both
sets of fuel rods were in a square lattice pitch corresponding to a
water-to-fuel volume ratio of 1.6. The pitch was 1.684 cm for the 2.35
wte 235U enriched UO2 rods, and 1.892 cm for the 4.31 wt% enriched rods.
A1l structural supports, except the lattice grid plates, were of aluminum
(Type 6061) aﬁd outcide the fuel region of each lattice. 'The grid plates
were of 1.27 cm thick polypropylene (0.904 g/cm3) located about 15 cm
below the top of the fuel region and at the bottom of the fuel simiiar

to that shown in Figure 9 for multiple fuel clusters. The fuel was
supported on a.2.54 thick acrylic pléte (1.185 g/cm; 8 wt¥ H, 60 wts C,
32 wt% 0) rgsting‘on two aluminum channels at least 15 cm above the floor

of the epxerimental vessel (see Figure 9 for illustration).
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TABLE Il
EXPERIMENTAL CRITICALITY DATA FOR SINGLE LATTICES

.35WT. % 235 ENRICHED FUEL 1. 684cm SQUARE 4.31 WT. % 235 ENRICHED FUEL 1.892cm SQUARE

LATTICE PITCH ‘ LATTICE PITCH

EXPERIMENT  LATTICEWIDTH  CRITICALNUMBER  EXPERIMENT LATTICEWIDTH  CRITICAL NUMBER
NUMBER = IN RODS oF ropsd) NUMBER IN RODS OF RoDS ()

105 17 614.410.2 046 12 225.8+0.1

094 21 529.31 0.1 045 Y 216.2+0.2

22.87 523 (b) 14.66 215

0% a3 523.910.4 044 16 216.7+0.1

095 24 525.310.2 130 16 216.5 % 0.5 (c)

106 34 595.41 0.1 043 YA 218.6+0.2

(@) ERROR LIMITS ARE ONE STANDARD DEVIATION |
(b) SQUARE ARRAY OBTAINED FROM INTERPOLATION OF GTHER DATA
{c) RERUN OF 044 TO CHECK REPRODUCIBILITY OF MEASUREMENTS

.
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For rectangular lattices the minimim size occurs, of course, for
the square. By interpolation of the data shown in Figure 4, the minimum

sized lattice for the 2.35 wtz 235

U enriched L0, rods was determined to
be 523 rods (a square 22.87 rods on a side). Similarly, for the 4.31 wt%
enriched rods, the minimum size was determined to be 215 rods (14.66 rods
on a side). These points have been added to the previously reported

data (1) (2) (3) (6) shown in Figure 5, which presents the number of rods

required for criticality as a function of neutron moderation.

Some LWR fuel elements have rod positions that are void of fuel to
accomodate control rod and instrumentation clusters. These voided rod
positions occur roughly in a 5 x 5 rod matrix arrangement and are typically
on a 3.5 cm to 4.5 cm center-to-center spacing. When {looded these void
regions become water holes in a matrix of fuel-water cells, and thus create
zones richer in thermalized neutrons than the surrounding relatively under-
moderated fuel-water cells., Experiments, simulating these conditions, were
performed to obtain some integral data that could be used for evaluating
the validity of calculational techniques when applied to systems with
these types of water holes. The experiments were performed with single
lattices of both the 2.35 wt% and the 4.31 wts U enriched fuel con-
taining 25 vacant fuel positions-on a 5 x 5 rod matrix approximately
centered in the fuel lattice as shown in Figure 4. The center-to-center
spacings between vacant fuel positions that could be achieved fn the
measurements was limited by the lattice pftch of each fuel. For the 2.35

wt% enriched fuel, the center-to-center closest to that typically present in

14

B-23

e

o

R




B & v

[LRRCERFT . S TR LRPTY ¥ Y STRESPPPTS PUr ST S0 Sr IR

Lo "

CRETICAL NUMBER OF RODS

100

FIGURE 5. MINIMUM CRITICAL NUMBER OF RODS AS
A FUNCTION OF NEUTRON MODERATION

/W‘"E;\' !'()? VULENE RATI Rasng
i FOR PWR TYPE FUEL BUNOLS

[ I WATER - UNp VOLUME RATIO Rad
ll 4+ FOR BWK 1YP: iUfL BUNDLES

e % ENRICHED L0, RGTS

g

\

\[|

Y
}\J\ 43wt 35y ENRICHED UG, RGOS
PN
I N
i, NG
| -
:I o T —o—
lI
I .
I ' - R : QO PRCF EXPER IMENTS
1 O CMLEXPERIMENTS
(| |

1 2 3 1

VOLUME RATIO, WATERIUOz

15

————

-



LWR fuel elements was 3.368 cm. For the 4.31 wt” enriched fuel, the

spacing was 3.7&4 cm. o/

The results of the “"water hole" measurements are tabulateﬁ in
Table IV. The results are also presentedvin Figure 4 for comparisan
with the data on éingle fuel lattices without the vacant fuel spaces.
Diagram plans indicating the location of the vacant fuel spaces in
each lattice are also shown in Figure 4. Measurements also were made
with each vacant fuel space occupied by an air filled aluminum tube
having thc sare outs}de diameter and length as the fuel rods, in the
lattice. To obtain data on the effect of the aluminum tubing, the tubes
were unsealed and allowed to fill with-water. These data are also pre-

sented in Table IV and Figure 4.

Zcme interesting dissimilarities are obvious:in these "water hole”
data. The presence of water holes in each of the two fuel lattices had K\__/
a positive effect on the reactivity. To a lesser extent the same was
true for the water filled aluminum tubes; however, the presence of alumi-
num tubes in the water holes of the 4.31 wt% enriched fuel lattice has a
less of an effect on the critical size than in the 2.35 wt. enriched fuel
lattice. Also the air filled aluminum tubes had no effect on the critical
size of the 2.35 wt% enriched fuel latiice and very little (6.5%) on the crit-
jcal size of the 4.31 wt% enriched fuel lattice. Because of these differences
the measurements with 25 "water holes" were repeated (experiment 122)
immediately following the measurements with the aluminum tubes (experi-

ment 121). As can be seen in Table IV there is essentially no difference

16
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TABLE IV

EXPERIMENTAL CRITICALITY DATA FOR SINLGE
LATTICES CONTAINING VOIDS AND WATER HOLES

2.35WT. % 235) ENRICHED FUEL 4.31WT. % 2350 ENRICHED FUEL

&Hll)?ﬁonl 1.684cm SQUARE LATTICE PITCH 1.892cm SQUARE LATTICE PITCH
LATTICES 23 RODS WIDE LATTICES 14 RODSWIDE
EXPERIMENT  CRITICAL NUMBER EXPERIMENT  CRITICAL NUMBER
NUMBER ~ OFRODS@) ~  NUMBER OF RODS'a)

25 WATER HOLES 097 485.8+0.2. - 047 167.6+0.1

25 WATER HOLES 122 168.1+0.2()

25 Al CLAD VOIDS 099 523.810.2 048 203.0: 0.1

25 Al TUBES 098 505.4 1 0.2 121 173.510.1

FULL LATTICE 09 523.9 1 0.4 045 216.2 10.2

(@) ERROR LIMITS

ARE ONE STANDARD DEVIATION

(b) RERUN OF EXP 047 TO CHECK REPRODUCIBILITY




between the results obtained in these measurements {experiment 122) and

the one (experiment 047) performed earlier with 2 different set of fuel

lattice platas. ' ' :

FUEL CLUSTERS SEPARATED BY A FLUX TRAP

Fuel element storage raéks in shipping casks or fuel basin storage
pools are generally deiigned and built such that either structural
materials and, or fixe& neutr;n poisons crea;e'neutron flux traps be-
tween the stored fuel elements. Epi-thermal neutrons escaping from the
fuel elements pass through any structural and neutfon absorber materials
present between the fuel elements and tend to become thermalized in the
water. These thermalized neutrons have a very low probability of being
scattered back into the fuel elements because tne structural and absorber
materials, between which the neutrons are "trapped,” generally have a very k\.w/j
high probability for absorbing thermal neutrons.” To provide some experi-
mental data for comparison with calculations, a series of measurements
were performed in which a flux trap was created between tw0'c1usters~of

fuel rods. An artist rendition of the experimental assembly is shown in

Figqure 6.

18
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The flux trap was constructed by attaching sheets of Boral to the
opposing faces of two equal size subcritical clusters of fuel. The
plates identified as Boral C in Table I were used for’this purpose and
were lorated at the outer cell boundary of each fuel cluster. The
Boral plates were positioned such that they covered the fuel region of
the fuei rods and had one vertical edge aligned with an edge (outer
cell boundary) of the fuel cluster. The remaining portion of the plates

extended into the water reflector region as indicated in the photograph

of an experimental assembly shown in Figure 7. As can be seen in Figures

6 and 7, there:was no structural material inside the core boundaries of

the assemblies except for the 0.204 g/cm3 polypropylene grid plates (1.27 =
0.4 cm th%ck) Jocated about 15 cm from the top of the fuel regions and at
the bottom of the fuel rods. As in the single lattices discussed in the
previous sertion, the fuel rods were supported on a 2.54 cm thick acrylic
plate (1.185 g/cm3, 8 wt% H, 60 wt% C, 32 wt% 0) resting on two aluminum

channels at least 15 c¢m above the floor of the tank.

]

Critical sizes were determined for a range of separation'distances
between the flux trap plates that covered from near zero (0.64 cm) to ef-
fectively infinity. At each separation distance, fuel was added equally

to each fuel cluster until the critical size of the system was determined.

235

Measurements were made with both the 2.35 wt% and the 4.31 wtl U enriched

fuel. The results of the measurements are summarized in Table V.

20
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A plot of the data showing the total number of rods required for criti-

cality as a function of the water gap between the fuel clusters is

presentec in Figure 8.

At a separation distance of 3.804 cm, an additional experiment was
performed in which the Boral plates between the 4.31 wt% enriched fuel
clusters were replaced with €.202 cm thick Type 304-L steel plates (see
Table 1 for description). These data are also shown in Table V and
Figure_B. Replacing tﬂ? Roral with Type-304-L steel of approximately
the same thickness reduced the total number of rods requi:ed for criti-
cality by about 2 third (451.2 to 296.2 rods). The replacement also was
made with an effectively infinite separation between the fuel clusters
(one fuel cluster and flux trap plate was removed from the system, and
the critical size determined for a single fuel cluster and its associated
plats). At the effectively infinite separation, the reduction in critical

s1ze was ohserved to be oniy about 102 (494.6 to 448.8 rods).
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: TABLE V
EXPERIMENTAL CRITICALITY DATA WITH FLUX TRAP BETWEEN
TWO EQUAL SIZED FUEL CLUSTERS

DISTANCE BETWEEN  2.35WT. % 235U ENRICHED FUEL  4.31WT. % 2350 ENRICHED FUEL
FLUX TRAP PLATES  1.684cm SQUARE LATTICE PITCH  1.892cm SQUARE LA TTIiCE PITCH

(cm) fa) (b) LATTICES 21 RODS WIDE LATTICES 16 RODS WIDE
EXPERIMENT  CRITICAL NI'MBER  EXPERIMENT  CRITICAL NUMBER
| : NUMBER OF RoDS @) NUMBER OF RODSa)
0.64010.015 100 o 063.110.2 127 380.51 0.1
1.542 + 0, 005 104 1008.6+ 0.3 125 405.1: 0.2
> 12,5934 0.010 103 1049.4 £ 0.3
3,804£0.008 101 1080.2+ 0.4 123 #51.2+0.1()
5.156 1 0. 020 125 461.710.1
oo 102 1151.410.4 124 494.6 1 0. ald)

{a) ERROR LIMITS ARE ONE STANDARD DEVIATION
(b) TYPE C BORAL PLATES, 0.231cm THICK, AT CELL BOUNDARY OF EACH FUEL CLUSTER
{c) REPLACING 0.231=m THICK BORAL PLATES WITH 0.302cm THICK 204-L STEEL PLATE DECREASED
THE NUMBER OF RODS T0 296.21 0.2
(d) REPLAC!:!: U,231cm THICK BORAL PLATES WITH 0.302cm THICK 304-L STEEL PLATES DECREASED
. THE NUMBER OF RODS TO 443.8 +0.8
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0.231cm THICK BORALPLATES  © . . ..v -
AT CELL BOUNDARIES :
r ) : :
s —]
ol
R
1400 -t
P
d le .
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CRITICAL NUMBER OF FUEL RODS
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1.684m PITCH, 21 X L¢ ROOS PER CLUSTER
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U AU S
0.23lcm THICK BORAL PLATES  ° ~
AT CELL BOUNDARIES .
.- o
4.31WT. % B35 ENRICHED UOZ RODS IN WATER L)

1. 892cm PITCH, 16 X L RODS PER CLUSTER

> 10 4948 RODS AS d — == |

o O BORAL REPLACED WITH 0. 3Qcm THICK 304~.L ST;EL : R I
' . . .o . 1
bav ] e 1 e 1 . 1 . | . !
(1] 2 4 6 3 10

FIGURE 8. EXPERIMENTAL CRITICALITY DATA WITH FLUX TRAP

WATER GAP BETWEEN PLATES, d cm

BETWEEN TWO EQUAL SIZED FUEL CLUSTERS
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MULTIPLE LATTICES OF FUEL RODS

To the extent that fuel and neutron absorber plates permitted,
the critical size and separation between four subcritical clucters of
fuel rods in a rectangular arrangement was determined for both the

4.31 wt% and the 2.35 wtg 255

U enriched UO2 fuel rods. Measurements

were made on assemblies having neutron absorber plates between the fuel
clusters and on assemblies with no absorber plates. However there was

an insufficient numbe} of the borated §tee1'and the cecpper cadmium

plates to perform the experiments in a four }luster rectangular gesmetry.
Also there was an insufficient amount of the 2.35 wt¥ enriched fuei to
perform the experiments in this geometry with the borated and cadmium

plates. Consequently these measurements were carried out with assomblies

of three subcritical fuel clusters aligned in a row.

In both the four and three cluster assemblies there was no structural
material inside the core boundaries of the assemblies except for the control
blade guides and the 0.904 g/cm3 polypropylene grid plates (1.27 = 0.4 cm
thick) located about 15 cm from the top 6f the fuel regions and at the
bottom of the fuel rods as fndicated in Figures 9 and 10. As in the pre-
vious assemblies the acry]ic support plate was 2.54 cm thick, had a density

of 1.185 g/cm3, and a composition of 8 wt% H, 60 wt% C.and 32 wt% 0.
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JULTIPLE LATTICES OF 4.31 WT% 235y EMRICHED UG- RODS

The measurement data obtained with the 4.31 wt% enriched fuel
rods in a four cluster rectangular arrangement are cunmarized in
Tables YI and VII. The measurement data obtained with three fuel ,
clusters aligned in a row are summarized in Table VIII. A plan diagram
is given in each table to indicate the sizes of the fuel clusters.and
the shape and location of neutron absorber plates when they are present.
When present, the absorber plates were positioned outside of the fuel -

clusters with the near, surface at the cell boundaries, as indicated

in Table VI, VII and VIII.

In the experiments with four fuel clusters, the size of twc of the
fuel clusters was always constant for a given neutron absorbing material.
For the less effective neutron absorbers these fuel clusters were 9 rods
wide by 12 rods long as shown in Tabie VI. For the more effective neutron
absorbers (borated materials and cadmium) these two fuel clusters were
11 rods wice by 14 rods long as shown in Table VII. For each type of
neutron absorber, the widths of the other two fuel clusters were the
same as the two respective constant size fuel clusters; however, the
length of these two clusters of fuel were allowed to vary in achieving

criticality after a parameter change (i.e., separation or absorber plate).

With no neutron absorber plates in the four cluster assemblies,
the separation distance between the fuel clusters was varied equally.

At zach separation the total number of fuel rods required for criti-
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- EXPERIMENTAL CRITICALITY DATA FOR MULTIPLE FUEL CLUSTERS
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TABLE VII

EXPERIMENTAL CRITICALITY DATA FOR MULTIPLE FUEL CLUSTERS
OF 4.31 WT% U ENRICHED UO,; RODS IN WATER

EXPERIMENT
NUMBER

NEUTRON ABSORBIR

MATERIAL

THICKNESS
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TABLE Vil
EXPERIMENTAL CRITICALITY DATA FOR MULTIPLE FUEL CLUSTERS
OF 4.31 WT% U ENRICHED UO2 RODS IN WATER

12 X 16 ROD

NEUTRON ABSORBER : 1.892cm ' tutt CLusI(RS
EXPERIMENT - TINICKNESS  CRITICAL SEPARATION (b)  SQUARE PITCH : J/ Lmeen e
NUMBER "~ MATERIAL "~ {em) (a) ' Xc, fem) (a) FUEL CLUSTERS (c) :
131 NONE - BERE 122 £ 0.02 C3-12X16
132 - 304-L STEEL 0.302 £ 0.013 ©10.52 % 0.02 ~ o 3-12X16 4
15 304-L STEEL 0,298 + 0.006 1.340.02 3-12X16 “
“ ~  WITHL1WL %8B - ¢
136 304-L STEEL 0. 298 + 0.006 6.63 1 0.03 3-12X16
~ WITHLEWT. %8 - s
133 COPPER 0.337 + 0,008 10.3 £ 0.02 3-12X16 """"”\
133  COPPER-CADMIUM  0.357 + 0.008 7.61 £ 0.02 3-12X16 : , , A

(a) ERROR LIMITS ARE ONE STANDARD DEVIATION,
(b) PERPENDICULAR DISTAMCE BETWEEN THE CELL BOUNDARIES OF THE FUEL CLUSTERS,
{c) NUMBER AND S|ZE OF FUEL CLUSTERS, RODS LONG BY RODS WIDE, ALIGNED 1N A ROW.



cality was determined by incrementally adding rods to the fuel clusters
identified as C anc D in Table VI. This data are plotted in Figure 11
and illustrates the sensitivity of the unpoisoned assembly to the
separation distance between the fuel é]usters. As can be seen in
Figure 11, the criticality of the assemlty is essentially insensitive
to separation below 3 cm. At separatfons above 3 cm, the total number

of fuel rods required for criticality risas very rapidily.

Measurements with no absorber in the Tour cluster assemblies were
also made in which the separation distance (Xc in Tablc Y1 and Figure 11)
in one direction was held constant at 2.83 cm, and the separation distance

in the other direction (Yc in Table VI and Figure 11) was varied to

determine criticality with a fixed amount cf fuel at each separation.

With an equal amount of fuel in each cluster (108 rods per fuel cluster),
the critical separaticn in tha Y directioh was 19.81 = 0.05 cm. As the
amount of fuel in the C and D clusters was decreased the critical separa-
tion, in the Y direction, decreased uniformily, as shown in Figurz 11,
down to a separation of about 11 cm. Below 11 cm, the number of fuel
rods required for criticality was relatively insensitive to separation

in the Y direction.

With neutron absorber plates in the four cluster assemblies,
measurements were made similar to those without the absorber plates
in which the X_ dimension was held constant at 2.83 cm. These data

are presented in Table VI and Figure 11 for the less effective absorbers

32



€h-4

£e

CRITICAL NUMBER OF FUEL RODS

: OX 201 0@cm
500 O X ¥

COPPER 0846 ¢m THICK
—
TSI A (T
et T COPIMR 0 I (m THICK
e Y04 | $TIEL 0 3R ¢ THICK

IR TN X
A el

HER

)
ABSURDIR Y4l 20DS
PIATS N

NUTRON

1

o’/
0’

L Gty —
1892 ¢m PIICH

] A
912 RODY ¥4 12 #0009

0 2 4 6 8 10 12 14 16 18 N 2 24
DISTANCE ¥ BETWEEN FUEL CLUSTERS, cm

FIGURE 11. EXPERIMENTAL CRITICALITY DATA FOR MULTIPLE

FUEL CLUSTERS OF 4.31 WT% 23%U ENRICHED UO:2
RODS !N WATER

o« 84 tm 5 ondmrer

A L]



and in Table VII and Figures 12 and 13 for the more effective bcrated
and cadmium absorber plates. To achieve criticality with these latter
plates, the size cf the fuel clusters had to be increased as indicated
in Table VII and Figures 12 and 13. Measurements were made in the

four cluster arrangement with the following plates:

+ Two different thicknesses 6{ Type 204-L steel

+ Two different thicknesses of copper

. Three different types of Boral

. Two:diffefent thickne;ses of Boroflex, with and witHOut steel cladding
. One th{qkness of cadmium

- One thickness of aluminum

- One thickness of Zircaloy

.The three types of Boral were of different thicknesse§ and slightly
différent boron loadings. The Boral identified in Table ! és type A
was the same material used in previous experiments(z)(3) and has a

105 10ading of 0.092 g/cm?. The other two Borals, B and C, identified

]08 loadings

in Table I were supplied by the same manufacturer and had
of 0.023 g/cm2 ard 0.020 g/c.-..2 respectively. Thesa latter two Borals
were supplied by the manufacturer from a production then in progress

for use in fabricating spent fuel storage racks.

Boroflex is a borated flexible rubber type material that is normally

clad in steel for support and stability. Consequently the measurements

were made with the Boroflex sandwiched between two 0.091 cm thick sheets of
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CRITICAL NUMBER OF FUSL RODS

FIGURE 13. EXPERIMENTAL CRITICALITY DATA FOR MULTIPLE
FUEL CLUSTERS OF 4.31 WT% 235U ENRICHED UO: -
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Type 304-L steel. However, to provide data on the Boroflex aibne. the same
plates were sandwiched between 0.16 cm thick acrylic sheets (P]exig]astm) also.
The Boroflex, like Bcral B and C, was obcained from’a'production run the manu-

facturer was then making fur use in fabricating spent fuel storage racks.

By referring to Figures 11, 12 and 13, it can be seen that the
critical size of the four cluster assembly with any of the neutron
absorbers was much more sensitive to the separation distance between
fuei clusters then was the unpoisoned assembly. In each poiscned
case the critical size increased rapidly for separation distance above
2.83 cm whereas very ligtle change was observed in the comparable

unpoisoned system at separation distances below aoout 11 cn.

Although zirconium and aluminuh are not generally considered neutron
absorbers they are frequently encountered in shipping cask and fuel
storage systems. Consequently some measurements were made with these
materials in the four cluster assembly also. The results of the measure-

ments are included in Table VI. The alumnium appeared to have a poisoning

effect on-the reactivity of the assembly. With 234 fuel rods in the assembly
and a2 fixed separation distance of 2.83 cn in one direction (dimension X, in
Table VI) the critical separation in the other direction (Yc in Table VI)
decreased from 10.86 cm with no aluminum to 9.04 cm (8.415 cm of water)

with the aluminum. The Zircaloy appéaréd to.have an opposite effect on

the reactivity in that its presence cabsed an increase.in the‘Yc dimension

to 11.04 cm for the critical condition. However, if the thickness of

‘Plexiglas is a trademark product of Rho and Haas.
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the Zircaloy (0.652 cm) is cubtracted frem this critical separation,

the total water separation (10.39 cm) is less with the Zircaloy in the

assembly than without it. To obtain data on the alumirum and Zircaloy

at the same critical separation distance the fuel clusters identfied as
A and B in Tablg VI had to be_reduced to 9 rods wide by 10 rods long.
These measurements also indicated that effectively the Zircaloy plates
had a non-poisoning influence on the critical separation between the
fuel clusters. With the separation distanﬁes held constant (Xc at

2.83 cm and Y_ at 8.50 cm), the total number of fuel rods required for
criticality decreased fromv347.4 rods with no Zircaloy to 333.8 rods

with the Zircaloy plates in the assembly.

Measurements with the two borated steels and the copper-cadmium
plates had to be made in a three cluster geometry because a sufficient
number of these neutron absorber piates were not available to construct
the curciform required in the four cluster arrangement. The results
of these experiments are summarized in Table VIII. For comparison

purposes, experiments also were performed in this three cluster arrange-

ment with copper plates, Type 304-L steel plates, and without any neutron

absorbers present in the assembly. As indicated the fuel clusters were

all of equal size (12 rods by 16 rods) and aligned in a row. The neutron

absorber plates were located at the cell boundary on either side of the

center fuel cluster as indicated in Table VIII.
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MULTIPLE LATTICES OF 2.35 WT% 235U ENRICHED UO, RODS

The measurement data obtaired with the 2,35 wtl enriched fuel
rods in a four cluster rectangular arrangement are sumwarized in Table
IX. The measurement data obtained with three fuel clusters éligned in
a row are summarized in Table X. A plan diagram is given in each table

to indicate the fuel and absorter plate arrangement.

The experiments with the 2.35 wt% .enriched fuel ruds were performed
in the samme manner, and'with the same absorber materials, as those with
the 4.31 wt% enriched fuel rods discussed in the previous section of
this report. The‘measurenants were performed in a four cluster arrange-
ment only for the less effective neutron absorber materials. The ex-
periments with more effective neutron absorber materials (the borated
and cadmium matericls) had to be performed in a three fuel cluster
geometry because there was insufficient fuel for the four cluster

geometry.

A plot of the data obtained in the four cluster geometry is pre-
sented in Figure 14. As can be seen the results are very similar to .

those obtained with the 4.31 wt% enriched fuel (Figure 11),
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TARQLE IX
EXPERIMENTAL CRITICALITY DATA FOR MULTIPLE FUEL CLUSTERS OF
2.35 WT% 235U ENRICHED !0, RODS IN WATEER

NEUTRON ABSORB(R

bh-9

B cnmcu SEPARALION !
EXPERIMENT THICKNESS Xc Y CRITICAL S12€
NUMBER MATERIAL _temi® _fem ) et moraL popsyat
106 NONE . 0¢00 0100 $9.41 0.1
069 NONE - 2% 008 2.59¢ 008 000301}
108 NONE 168 002 0100 581 ¢ 1 —Xe—] FULL CLUSHERS
070 NONE 4210008 4214008 192¢04 1.08% ¢m PITCH
07) NONE - 5.95 ¢ 003 5950008 1091.9102 , !
ors NONE 2591009 St 0@ #12.0 00080080000 8000 N06aGnau0S 2 Re 100
on NONE 2594 008 6600 646.0 - 09600905000 10¢ 00 REE PRt PN e
o1 NONC 2.591 003 153100 a0 .509860200002606¢ * 3000a052850008m03
ors NONE cee 2.99: 008 .00:00) 840 0000ANCO00NC0QUL NL ILOOUONDILLLLQA 310
230023000001.000009 0O QYVONCN YV0GLD
E-3 or NONE .o 2.99:¢ 008 991 0@ 985.0 NN00000000(HI0TIN00 L A0LOVO0IIILOAL
[YIv1} < Y19 ’ (G ac
o heut 2900008 LA L00 He 0 PAERE TR N R T
o9 ALUMINUM 0625 + 0 00 2591008 2591008 60).210) .E§§§§g,g§§;§§2:”'_‘j ;Ezzgggi.{;t:i;::_:;_;:;g:’;,;;
080 2IRCALOY-2  0.052 ¢+ 0.008 259,001 2590 008 $98 8¢ 0.1 oot ¢ ' T e
081 AL SIEL 0,382 5 0.01) 259008 2591008 06 8¢ 0) 1Px Ly RODS Vs, ROLS
1154 2991008 S%10.08 943101}
083 2594008 lLete Oy Mez2e02 ashaatucthomy
084 2590008 9.3210.09 N3 0) LBEOOANNLLA0GWI0
08 4L SHEL 04850 0015 2591008 2591 0.08 M6.9¢0) o GBB8LOLEIRIRY
o8 2591004 [} z; 10,08 8104 :E?E,§£§§§¢:‘:’)§§f“?o
085 2.594 0.08 92100 122204 1.0 Yyuo00UuBLaRLOULLO g9
)4L00000C D OO )oo')ol [}
on CoPP(R 0.337 1 0.004 2590008 2550008  J®8:0% gaudacaocaiuoston AR
089 2591008 4201 0.08 %09 1 0) 20002000000003000 :
0%0 2.99:0.08 Tod2000 llS) 110} $UNOLHHAO0LOALUND B ovu
UL ACOO0ACLOODGLN0 . TS OO OR0
o9l COPPER 0.64 ¢ 0.008 2591 0.08 2591 0.08 #5707 8 A
R 2591004 9.9 10.08 na.3aol 12511 RUDS 12512 RODS
NIUIRON .
ABSORSER
0 FRROR LIMITS ARE ONE STAIDARD DEVIATION. TRROR LIATS ARE GIVEN FOR TOTAL RODS ONLY WHEN PLates

o L L R

APPROACH Y0 CRITICALWAS MADE 8Y FULL ADDITIUN,
10! b tNDICULAR OISTANCE BEYWEEs Tast CELL BOUTDARMS OF THE FUEL CLUSTERS
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) “ABLE X ( !
EXPERIMENTAL CRITICALIY_ +ATA FOR MULTIPLE FUEL CLUSTERS
OF 2.35 WT% 235U ENRICHED UO,; RODS IN WATER
- . ‘
' |
NEUTRON ABSORBER 1.684 cm |
EXPERIMENT THICKNESS  CRITICAL SEPARATION (b)  SQUARE PITCH FUFL CIUSTIRS
NUMBER  MATERIAL cm) a) Xc, ¢m {a) FUEL CLUSTERS (c) _/Iomen i
n2 ~ NONE 9.88 + 0.03 1-5X2 el
2-11X2
12 NONE 6.78 £ 0.02 1-18X 5 ]
2-18X20 w
13 304-L STEEL 0,302+ 0.013 7.80 £ 0.03 1-5%X20
. 2-11X20 o 3
114 304-L STEEL 0.298 £ 0,006 3.86 1 0,02 1-5X2 |
WITHLIWTL. %8B 2-UX20 -
15 304-1 STEEL 0.298 2 0,006 3.46 £ 0.02 1-5%X2
: : WITHL6WT. %8 2-171%X2
i BORAL B 0.292 0,013 1.68 £ 0.09 1-5X2
) . ) 2 e II X 20 N L]
16 - BORALC 0.231 1 0,013 1.93 1 0.0 1-5X20 ABSUNBIR
. - 2-11X20 s
s BOROFLEX 0.546 1 0,018 () 1.64 £ 0,05 1-55%X2
._ _ 2-11X2
119 . BOROFLEX 0.408 t 0,034 (¢) .73 0,00 1-5%20 ;
: 2-17X2 I :
13 CADMIUM 0.06] £ 0,003 3.04 £ 0.02 1-5X2 ¢ i
2-17%X2 :
S COPPER 0.337 ¢ 0,008 5.24 £ 0,02 1-25X18(N
: 2-20X18
12 COPPER-CADMIUM  0.357 1 0.008 2.60 1 0.02 1-5X18)

_ {a} ERROR LIMITS ARE ONE STANDARD CEVIATON. ,
Ib) PERPENDICULAR DISTANCE BETWEEN THE CELL BOUNDARIES OF THE FUEL CLUSTERS.
(c) NUMBER AND SIZE OF FUEL CLUSTERS, RODS LONG BY RODS WIDE, ALIGNED IN A ROW.
(d) INCLUDES 0. 160 cm THICK PLEXIGLAS ON EITHER SIDE OF 0.226 + 0.004 cin THICK BOROFLEX.

{e) INCLUDES 0.091 + 0.02 cm THICK TYPE 304-L STEEL ON EITHER SIDE OF 0.226 £ 0.004 cm THICK BOROFLEX.
(f) FUEL CLUSTER WIDTH REDUCED TO ACCOMODATE THE WIDTH OF THE COPPER-CADMIUM PLATES.
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CRITICAL NUMBER Of FUEL RODS
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FIGURE 14. EXPERIMENTAL CRITICALITY DATA FOR

MULTIPLE FUEL. CLUSTERS OF 2.35 WT%
235y ENRICHED UO; RODS IN WATER
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ISOLATION BETWEEM FUEL CLUSTERS

During the course of the reasurements with three.fuel clusters
aligned in a row, neutron count rates were recorded as the fuel clusters
were moved together. A plot of one of these sets of data is shown in
Figure 15 for each fuel enrichment. The neutron count rate observed
for a three cluster assembly refative to the ccunt rate observed with
a single cluster assembly is shown in Figure 15 as a function of the

235

separation between the fuel clusters. For the 2.35 wt% U enriched

fuel, the fuel clusters were essentially isolated from one another at
a separation distance between the cluster of about 12 cm. For the

235U enriched fuel a comparable degree of isolation required

4.3 wtd
about 20 cm of separation between the fuel clusters. The surface area
of the opposing, or interacting, faces were approximately equal for both
sets of data shown in Figure 15. However, it should be noted that the

233y enriched fuel assembly

two outcide fuel clusters in the 2.35 wt%
each contained only about §2% of the number of rods required for a single
fuel.cluster to be critical whereas each of the fuel clusters in the

4,31 wts enriched assembly contained about 88% of the critical number

of rods. Also the H/235U atomic ratio is 220 for the 2.35 wt% 235U

235

enriched fuel assembly and 106 for the 4.31 wt% U.enriched assembly.
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FIGURE 15. ISOLATION DISTANCE BETWEEN WATER FLOODED
SUBCRITICAL FUEL CLUSTERS OF UO2 RODS
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COMCLUSICNS

The minimum of fuel rods required for criticality in a rectangular

array having a 1.6 water-to-fuel volume ratio is 523 for the 2.35 wti. 23°U

enriched UO2 rods and 215 for the 4.31 wth 235U enriched UO2 rogs. As
would be expected, the presence of water holes in these undermoaera:eb
fuel assemblies have a positive reactivity effect. Replacing the water
holes with voids in the 4.31 wti enriched fuel lattices also has a posi-

tive reactivity effect; however, voids in the 2.35 wt% enriched fuel

lattices have no eéffect on the number of fuel rods required for criti-

cality.

The measurements with flux traps between fuel clusters indicate
that the criticality of the lower enriched fuel is slightly more sensitive
to the distance between the material creating ihe flux trap. At eitner

235U anrichment, the critical number of

the 2.35 wti or the 4.31 wti
rods slowly and uniformiy increases as the distance across the fiux trap
increases from near zero to infinity. The measurement date also incicates,
that as the thickness of the flux trep i-creases the type of materiais
creating the trap becomes less important. The difference in critical

size between a flux trap created by either Boral plates or steel plates

was about 35% at a separation distance of 3.3 cm but approached a dif-

ference of only 10% as the distance approached infinity.
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The critical size of unpoisoned fuel clusters in a rectangular
arrangement was observed to be relatively insensitive to separation
distances up to about 3 cm between tie fuel clusters. Abuve 3 cm the

total number of fuel rods required for criticality increases rapidly

for either fuel enrichment. Also for either the 2.35 wti ar the 4.3i

wts 2353 enriched fuel, an optimum critical separation of about 1.5 'cwm
exists. The critical size of the fuel assembly with any of the neutron
absorber plates between the fuel clusters was much more sensitive io
thé separa:ién distance between fuel clusters than was the unpoisoned
assehbly. In each poisoned assembly the critical size increased

rapidly for separation distances above about 3 cm. Very little change

was observed in the critical size of the urpcisoned systems until
235

separation distances exceeded about 11 cm for the 4.31 wtX U
enriched fuel and 5 cm for the 2.35 wts 235U enriched fuel.
|
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APPENDIX C

Reference #2 Benchmark Document

Client/Project: BNFL-01 Revision | Prepared Date Checked Date Sheet
Subject: Criticality Code 0 |qeVEH 8720195 C1l
Benchmark Analysis of

Calculation Number: BNFL1.10.06.16.




