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FOREWORD

The Criticality Data Center was established under the auspices of the
U.S. Atomic Energy Commission for the development of methods allowing
extension and application of data derived from experiments and from
analyses to problems in nuclear criticality safety, as well as for the
review and evaluation of the data themselves. A necessary part of this
program is a medium whereby information germane to the intent of the
Center is made available. This report series has been inaugurated for
that purpose.

The first five reports were published by and identified with the Oak
Ridge National Laboratory. Subsequent reports, however, issued from
the Oak Ridge Y-12 Plant, are identified by a number sequence including
the prefix Y-CDC.

Inquiries should be directed to E. B. Johnson, P. O. Box Y, Oak Ridge,
Tennessee 37830.

Previous Reports in This Series:

ORNL-CDC-1 Criticality of Large Systems of Subcritical U(93) Com-
ponents by J. T. Thomas (1967).

ORNL-CDC-2 Calculated Neutron Multiplication Factors of Uniform
Aqueous Solutions of “33U and °°°U by J. Wallace Webster

(1967)-

ORNL-CDC-3 Estimates of Maximum Subcritical Dimensions of Single
Fissile Metal Units by W. H. Roach and D. R. Smith (1967).

ORNL-CDC-4 The Effect of Unit Shape on the Criticality of Arrays
by J. T. Thomas (1967).

ORNI~-CIC-5 Minimum Critical 235U Enrichment of Homogeneous Hydro-
genous Uranyl Nitrate by S. R. Bierman and G. M. Hess

(1968).

Y-CDC-6 Some Effects of Interspersed Moderation on Array Cri-
ticality by J. T. Thomas (1969).

Y-CDC-T7 Uranium Metal Criticality, Monte Carlo Calculations and
Nuclear Criticality Safety by J. T. Thomas (1970).

Y-CDC-8 Use of Borosilicate Glass Raschig Rings as a Neutron
Absorber in Solutions of Fissile Material by J. P.
Nichols, C. L. Schuske, and D. W. Magnuson (to be
published).
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PREFACE

For the first time the Oak Ridge Criticality Data Center is
privileged to publish data originating in a laboratory outside the
United States. The Station Expérimentale d'Etudes de Criticité of
the Commissariat A L'énergie Atomique located at Valduc (France) has
completed a valuable series of experiments with uranium hexafluoride
in which the uranium was highly enriched in the 225U isotope. These
results describing critical parameters of a uranium salt when associ-
ated with relatively small quantities of hydrogen are an important
adjunct to the parameters of agueous solutions measured some years

ago.

The UF6 for the experiments was made available by the United
States Atomic Energy Commission and through this medium the results
are published in translation in the United States. The data first
appeared in French in a CEA report identified as R.68.1 dated April
1968.

The Center acknowledges the permission granted by the Commissariat
to report this research and is grateful to M. Lécorché for assistance

in its publication.
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CRITICALITY OF LIQUID MIXTURES OF HIGHLY °3°U-ENRICHED URANIUM
HEXAFLUORIDE AND HYDROFLUORIC ACID

Robert Caizergues, Edouard Deilgat, Pierre Lécorché,
Louls Maubert, and Henri Revol

ABSTRACT

The criticality of spherical and near-spherical volumes of lique-
fied UF6-HF mixtures, in which the uranium was enriched to 93% in 235U,
in Monel containers having 4-mm-thick walls and surrounded by an ef-
fectively infinitely thick water reflector, has been investigated. The
hydrogen-to-uranium atomic ratio of the mixture ranged between zero
and eighty, the latter corresponding to a composition of about 1.23
mol % UF6. The temperature of the mixture during the experiment was
between 70 and 95°C.

Short extrapolations utilizing measured and calculated reflector,
temperature, dimensional, and structural-material coefficients of re-
activity and neutron multiplication data established the critical di-
mensions of spheres of the several compositions. It was observed, for
example, that the critical mass of unmoderated UF6ij;greater than 165
kg of uranium and that the critical spherical diameter of UF6-HF is
greater than 450 mm over the range of concentrations explored. Criti-
cal masses as low as 8.8 kg of uranium were observed.

Monte Carlo and neutron transport theory calculations gave values
of the effective neutron multiplication factor in reasonably good

agreement with experiment.



INTRODUCTION

The nuclearly safe masses of enriched uranium as specified by the
currently accepted criticality guides?™® and illustrated in Fig. 1
apply to metallic uranium or to suspensions of the metal in water for
H:U atomic ratios between zero and infinity and to aqueous solutions
of uranium salts for H:U ratios greater than 20.

The only guide available for compounds or mixtures of enriched
uranium with H:U ratios between O and 20 is the dashed curve of Fig. 1.
To our knowledge there are no experimental data on homogeneous, highly
enriched uranium in the concentration range below 3.2 g of uranium/cm®
for H:U ratios between O and 20. Indeed, the agqueous solutions of
uranyl fluoride (U02F2) utilized in the experiments® ° had a maximum
uranium concentration of 0.8 g/cm3 corresponding to H:U ratios greater
than 20. Similarly, in the critical experiments® with aqueous solutions
of uranyl nitrate [UOE(N03)2], the concentrations were even lower and
the H:U ratios were greater than 60. In both cases the limits were set

by the solubility of the salts.
There have been experiments with uranium hexafluoride”’® but only

with slightly 235U-enriched uranium. Experiments have also been re-
ported®’ *° with materials having low H:U ratios and low uraniumdensity;
the uranium was enriched to 95.1% and 30% in 23%U. This material was a
mixture of UFh and Teflon (CFE)’ with a composition corresponding to
UF6C, compressed into cubes and assembled with similar cubes of poly-
ethylene (CH2) to achieve H:U ratios ranging between O and 220. Of
course, since the heterogeneity resulting from this method cannot be
neglected, its effect has been estimated theoretically. More recent
experiments!? at the Oak Ridge Critical Experiments Facility made use
of a pseudo-homogeneous mixture (UFh-paraffin) at a minimum H:U ratio
of 4 using uranium enriched to 2 and 3% 235U.

1. References are listed beginning on page 77.
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The direct utilization of the above-qiﬁed experimental results with
highly enriched uranium for setting realistic criticality $pecifications
for uranium-bearing salts is difficult. Indeed, there is only one "ho-
mogeneous" point for which the concentration of fissile material is very
high; the other points must be adjusted for the effects of heterogeneity.

As far as we know, the uranium hexafluoride-hydrofluoric acid mix-
ture (UF6-HF) is the only liquid with which high uranium concentrations
and low H:U ratios may be obtained. This homogeneous material readily
conforms to the shape of containers of simple geometry. The hydrogen-
containing hydrofluoric acid possesses the same anion as the uranium
hexafluoride and therefore does not affect the stability of the latter.
In addition, UF6-HF mixtures may be encountered under actual industrial
conditions in processes involving uranium; i.e., isotopic separation by
gaseous diffusion, nonaqueous recovery of reactor fuel elements, etc.

As a result of these considerations, the French Atomic Energy Com-
mission decided to experimentally study the critical masses of UF6-HF
mixtures in the liquid phase at H:U ratios between O and 20. The actual

experiments covered the range of H:U ratios between O and 80.



1. MATERIALS
1.1. Introduction

The preparation of homogeneous UFE—HF in the liquid phase pre-
sents some rather complex technical problems. As a matter of fact,
these liquid mixtures, in equilibrium with the gaseous phase, may only
be prepared under certain specific conditions of temperature and pres-
sure; otherwise, they may crystallize or separate into several phases.

In order to prevent crystallization, the mixture must be kept at
a temperature above 65°C, the triple point of uranium hexafluoride. In
order to avoid separation into several phases, i.e., to keep the mix-
ture homogeneous, the temperature-pressure conditions must lie above
the solubility curve of the phase diagram of UF6<HF binary mixtures.
Actually, for a certain range of values of H:U, the UF6 and the HF are
not miscible in all proportions except at temperatures higher than
103°C, which corresponds to pressures equal to or greater than 15 bars.

Although the physical characteristics of UF6 and of HF are well
known and have been published,!® 2° there are no available data on
UF6-HF mixtures. As far as we know, the only useful data are contained

21 These studies disclosed

in the paper of Rutledge, Jarry, and Davis.
the complex nature of the UF6-HF system caused by the polmerization of
the HF and, in addition to other results, made it possible for Jarry
et al.®2 to establish the phase diagram of the mixture of these two
materials, shown in Fig. 2, which was of great interest to us. Mixtures
of these materials, within the bounds of certain ranges of temperature,
pressure, and composition, exist as two immiscible liquid layers; this
is the region immediately below the solubility curve of Fig. 2. Fhase
diagrams of this type are discussed by Glasstone.®2 However, in view
of the scarcity of specific experimental data on the density of UF6—HF
mixtures, we decided to carry out some additional exploratory experi-
ments.

Because of the highly corrosive nature of UF6-HF mixtures, it was

necessary to find a suitably resistant container material.
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These mixtures are also quite toxic, making precautions to protect
personnel necessary. These two problems were solved by using Monel
L00O, by preparing strict construction specifications, and by enforcing

rigorously the operating instructions.

1.2. Preliminary Experimental Studies

These preliminary experiments, by the Société de Recherches
Techniques et Industrielles (SRTI), had several purposes:

a. the verification of the phase diagram of the UF6-HF
binary system and of the solubility curve;

b. the determination of the density of the mixtures as
a function of temperature and composition;

c. the study of the homogenization of the mixture;

d. the investigation of various practical engineering
problems, such as corrosion, the design and test of
instrumentation for measuring pressure, temperature,
and density, the development of sampling procedures,
etc.

Although Jarry et g;.zz had studied these mixtures at tempera-
tures between 4O and 10L°C in concentration ranges quite close to the
pure substances, the present study by SRTI included temperatures
between 70 and 110°C and H:U ratios between O and 20; the results are
given in Fig. 3.

The UF6-HF mixture deviates clearly from the behavior of an
ideal solution because it exhibits an azeotrope and a region consisting
of two liquid layers, one HF and the other UF6. This makes it impossible
to calculate precisely the density of the mixture because the law of
additivity of partial volumes does not apply. Therefore these densities
were measured at H:U ratios between O and 20 with the equipment used
for the study of the liquid-vapor equilibrium diagram. The results are
presented in Fig. k.
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1.3. Design Requirements
Because of the existence of a region in which the two liquids are

immiscible (Fig. 3), the equipment for criticality studies was designed
to prepare homogeneous mixtures at preselected temperatures between 70O
and 110°C and corresponding pressures between 3 and 17 bars; to homog-
enize the mixtures; and to control, in situ and during the experiments,
all the physical characteristics of interest, such as pressure, tempera-

ture, and density.
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2. [EQUIPMENT

2.1. Iocation

The equipment occupied the western portion of the Station Expéri—
mentale d'Etudes de Criticité of the Commissariat a L'Energie Atomique
located at the Centre d'Etudes de Valduc. This Laboratory was described
at the Stockholm Symposium.®% The installation on the first floor,
shown in Fig. 5 and including the main apparatus and the auxiliary
equipment, was placed in a leaktight caisson with smooth steel interior
partitions formed by demountable panels. The caisson was a rectangular
parallelepiped, 16 x 8 x 8 m, contained within a larger concrete cell
with 1.46-m-thick walls. Also on the first floor were a large room in
which the equipment for the control of the experiment and for the dis-
play of measured quantities were centralized, an analytical laboratory,
the controls for the auxiliary equipment, and a shop for surface treat-
ment and decontamination.

Figure 6 is a plan of the basement which contained vessels for
storing the mixtures following experiments, the cooling equipment, and

various additional auxiliary equipment.

2.2. Description of the Systems

2.2.1 The Basic System. This apparatus, described in Figs. Ta,

7b, T7c, and 8, consisted of the mixing container, the core, and the
drain tanks, listed in the order of the flow of the liquid UF6 and HF
from their storage containers. The mixing container and the core with
its reflector tank were placed in a thermostated compartment, the tem-
perature of which could be varied from 70 to 110°C. The drain tanks
were located in the basement and the liquid was transferred to them by
gravity.

2.2.1.1 The Core. Spherical geometry was chosen for the
criticality studies of the UF6-HF mixtures because of several advantages:
it has a lower critical mass than other geometries, it provides a simple
model for theoretical studies, and a spherical container is a good

pressure vessel.
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Thus the core consisted of a Monel sphere provided with a
vent at the top and systems of piping, from the storage and to the
drain, at the bottom. A temperature-measuring device was located in the
lower piping; the upper piping also contained a temperature probe, a
pressure-measuring instrument, and a level-measuring device. An experi-
mental sphere is shown schematically in Fig. 9a and as a photograph in
Fig. 9b. The design was such that spheres of different size could be
installed conveniently. Four spheres, with diameters of 400, 450, 510,
and 540 mm, each having a L-mm-thick wall, were used successively.

2.2.1.2 The Reflector Tank. The reflector tank, shown

schematically in Fig. 10a and as a photograph in Fig. 10b, was a steel
cylinder having inside dimensions of 1010 mm diameter and 1235 mm
height, certified for a pressure of six bars. It was provided with
access ports and flanges for introducing neutron counters and ioniza-
tion chambers for measurements and for safety. The tank was filled
with water which served as a reflector of neutrons and as a regulator
of the temperature of the UF6-HZF mixtures.

2.2.1.3 Control and Safety Devices. These devices con-

sisted of two separate systems shown in Fig. 10a: a)a spherical segment,
which formed the control system, consisted of a 1-mm-thick cadmium foil
sandwiched between 1- and 5-mm-thick stainless steel sheets, the thinner
one being nearer the core; a geared-down motor, placed outside the tank
and operated remotely from the control room, allowed positioning of the
spherical segment with a precision of 1/3 mm at any desired distance
from the sphere; b) a safety skirt consisting of a sectionof a cylinder
of construction identical to that of the spherical segment. This safety
skirt could be dropped, automatically by the safety system or manually,
tangentially against the sphere. An electromagnetic lifting device
could return the safety skirt to its original position after a drop.

2.2.1.4 The Mixing Container. The homogeneous mixtures

of UFG-H_F having the desired concentration and temperature for the cri-
ticality experiments were prepared in a double-walled Monel vessel (Fig.
8) having a capacity of 130 {. The interior cavity was lined with cad-

mium foil and was filled with water from the reflector-tank supply. The
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Fig. 9a. A Typical Experimental Sphere.
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Diagram of a Sphere Installed in the Reflector Tank.

Fig. 10a.
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container, which also served as the reservoir for filling the sphere,
was provided with a homogenization device consisting of vibrating
blades (a SRTI vibratory mixer) and with various measruing instruments
which will be described in Section 2.3 on instrumentation.

2.2.1.5 Temperature Control. This whole system, con-

sisting of the sphere, the control and safety devices, the reflector
tank, and the mixing container, was placed within a 100 m® thermostated
chamber. At all points within this chamber, the temperature was main-
tained at the required value between 70 and 110°C, with a precision of
+ 1°C, by means of hot air circulating at a rate of 24,000 m®/hr.

The sphere was maintained at the desired temperature by
the reflector water which circulated continuously within the reflector
tank. The water temperature was regulated by the inflow of* hot water,
produced by a resistance heater, on the basis of information from a
temperature-measuring probe.

The temperature of the annular mixing container was kept
equal to that of the sphere to within % 0.3°C by a common hot water
supply. The water circulated through a serpentine tube outside the
mixing container and through its central interior cavity. A reheater
and a cooler completed the circuit. This temperature equality was
maintained by a differential temperature regulator and resistance
probes immersed in the UF6-HF mixture in the two vessels, which oper-
ated either the reheater or the cooler as required. This close con-
trol of the temperature of the mixture minimized the variation of the
level of the UF6-HF mixture in the sphere when it and the mixing tank
were connected during an approach to criticality.

2.2.1.6 Drain Tanks. A system of rapid drainage allowed
the removal of the UF6-HF mixture to a storage system consisting of
five Monel cylinders, 126 mm in inside diameter, located in the base-
ment and shown schematically in Fig. 8. The reflector water could

also be rapidly drained into a container in the basement.



2.2.2 The Separation and Storage Systems. The equipment for

separating the mixture into UF6 and HF and storing them preparatory to
the next experiment is described in Fig. Ta.

2.2.2.1 Separation. For this operation the drain tanks
were used as evaporators and were heated to 110°C by circulating hot
water. The gaseous UF6-HF mixture was subjected to fractional crystal-
lization, the gas passing through a series of crystallizers cooled to
-4o°c by trichlorethylene. The output of these crystallizers was con-
nected to a column kept at -180°C by an automatic liquid nitrogen sys-
tem. Uranium hexafluoride was retained in the crystallizers and HF,
containing traces of UF6, was trapped in the column. The crystallizers
were then reheated to 90°C by circulating hot trichlorethylene and the
UF6 was transferred thereby to its storage container. -

In order to obtain pure HF, the traces of UF6 were ex-
tracted from the mixture in the column by distillation. The column,
which had served as a cold trap for the fractional crystallization, was
used as a distillation column in this second phase. An electrically
heated boiler and a dephlegmator, cooled by circulating water, com-
pleted the apparatus. The azeotropic UF6-HF mixture, formed at the
head of the column upon achieving equilibrium, was removed by repeated
draining of the system. At the end of the operations, the pure HF at
the bottom of the column was transferred by pressure into its storage
container.

2.2.2.2 Storage. The 85-f-capacity UF6 storage container
was located under the crystallizers from which it received the liquid
UF6 by gravity flow. This storage container was similar to the mixing
container and could be heated to 90°C or cooled to -40°C. In order to
control the amount of material transferred to the mixing container,
provision was made to continuously weigh the storage container, an
operation facilitated by the flexibility of all connections to it.

The HF was stored in two containers: one a fixed annulus
of about 80-f capacity and the other a cylinder of about 20-/ capacity
equipped with flexible connections and a weighing apparatus; the latter

container provided a means for introducing the appropriate mass of HF
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into the mixing container in preparation for an experiment. The con-

tainer was heated by 110°C circulating water.

2.2.3 Auxiliary Systems. In order to prepare the mixtures, to

carry out the experiments, and, finally, to separate the components of

the mixture, the operation of a number of devices, designated as auxil-
iary equipment, was required. They provided necessary heating, cooling,
transfer of materials, ventilation, etc. They will not be described in

detail and only the more important ones will be listed. They include:

a. a liquid nitrogen system supplied from two 5000-liter
containers;

b. a system supplying trichlorethylene at -40°C; the
trichlorethylene was cooled by compressors, operating
with Freon 22, having a capacity of 16,500 kilo-
calories per hour;

c. a system supplying trichlorethylene at 90°C, which
was heated by a 20-kW electric heater;

d. a system for supplying hot water at a temperature
of about 110°C for heating the UF. and the HF
storage containers and the drain fTanks; it was
provided with a 20~kW electric heater;

e. a 6-kW, 90°C hot water system for the dephlegmator
of the distillation column;

f. 25-XW electrical resistance heaters wrapped around
the pipes through which the UF6-HF mixture flowed;

g. a gaseous-nitrogen system;

h. a high-quality compressed-air supply for the remote
control and transmitter systems;

i. a system for routine ventilation of the caisson;
j. an emergency ventilation system;

k. a vacuum system for the removal of noncondensable
gases from the entire UF,-HF system and for the
calibration of the pressure transducers; it con-
sisted of a cold trap, a chemical trap, a bank of
vacuum pumps, and a scrubbing column;

1. equipment for surface treatment and cleaning of
the Monel pipes and containers before initial
assembly and for decontamination when modifica-
tions were made.
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2.3. Instrumentation

Separate sets of control instrumentation were installed for the
operation of the critical experiment itself, for the separation of the
components of the UF6-HF mixture, and for the operation of the auxiliary
apparatus. _

All of the equipment was remotely operated from the control room,
shown in part in Fig. 11, which was separated from the experiment cell
by a 1l.46-m-thick concrete wall. An electrical interlock system kept
the cell access doors, each of 0.73-m-thick concrete, closed and locked
during an experiment. These doors slid one behind the other so that
the total thickness of concrete was 1.46 m when both doors were closed.

Displayed in the control room was information from the neutron
~ sensors, including those in the safety channels, the health physics
monitors, the indicators of the physical properties of the mixture, and
the flow diagrams for the various fluid systems. Also available to the
operators were actuators for the valves, the safety skirt, and the
spherical control segment.

Finally, the following lockout and automatic systems were instal-
led to provide maximum safety: electric interlocks to prevent errors
on the part of the operators, such as unintentional flow of the mixture
into the sphere, improper mixing of the components, etc.; and automatic
programming to verify before starting an experiment that the instrumen-
tation operated safisfactorily and the safety devices functioned
reliably.

2.3.1 Physical Measurements

2.3.1.1 Pressure. Twenty pressure sensors located at

various points in the system were connected to.pneumatic or electronic
transducers to either indicate the pressure or to transmit it to the
control system as a command for action. These instruments had a pre-
cision of about 2%. The pressure of the mixture was measured by a null
method utilizing a differential pressure pickup and a manometer precise
to + 0.1%. The pressure to be determined was applied to one side of
the diaphragm of the differential pressure pickup and counteracted by

nitrogen pressure on the other side; the nitrogen pressure was
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determined by the manometer. The equilibrium position of the diaphragm
was controlled automatically. The system allowed measurement of the
pressure of the mixture in the sphere within + 0.3%.

2.3.1.2 Temperature. Several remotely recording tempera-
ture-measuring devices were placed within the system. One of these, a
resistance thermometer, shown in Fig. 9a, recorded the temperature of
the UF6-HF mixture.

2.3.1.3 Density. The density was measured continuously
while the UF6-HF mixture was flowing into the sphere, by means of a
SEAM-type densitometer in the line from the mixing container to the
sphere as shown in Fig. 8. The densitometer (see Fig. 12) weighed a
fixed volume of liquid by means of a frictionless electromagnetic force
balance without removing the liquid from the system. The device in-
cluded a compartmentalized container through which the UF6-HF flowed,
and the inlet and the outlet tubes, which lie in the same horizontal
plane, connected to the external lines by metallic bellows. The con-
tainer and its contents were supported by a pivot at the bellows and
by a vertical rod passing through the container. This vertical rod and
the movable member of the force-balance are parts of another lever sys-
tem. Since the weight of the container was counterbalanced, only the
weight of the liquid needed to be compensated by the force balance.
The force balance was strictly linear; i.e., the torque that it exerted
was proportional to the current supplied. A detector of any motion of
the container generated a signal which, after amplification, determined
the current to the force balance necessary to reestablish equilibrium.
This current indicated directly the density of the liquid which was
recorded on a remote panel. The performance of the densitometer was
verified by measuring the density of pure UF6 and of pure HF which are
reported in Fig. 13. These measurements established that an overall
precision of + 0.6% was attainable.

2.3.1.4 Liquid Level. The level of the liquid in the
sphere is a fundamental parameter for the approaches to criticality.
Knowledge of the level was obtained in two different ways: 1) by de-

termining the level in the mixing container by an ultrasonic device,
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an indirect measurement, and 2) by measuring the level in the sphere
with a magnetic float, a direct measurement. The indirect method,
although imprecise, served as a guide during the early experiments.

Approaches to criticality were controlled by the direct
method of level indication to a precision of + 0.1 mm. The instrument
consisted of 6-mm-diam Monel tube mounted on the vertical diameter of
the sphere serving as a guide for a freely sliding Monel float con-
taining an internal magnet. A member, free to move vertically inside
this tube, was mounted in such a manner that its motion followed that
of the float. When this member was at the same level as the float, a
contact, closed magnetically, controlled the remote indicator of its
position. The system was calibrated for the effect of changes in
density by observations with liquids of various densities.

In addition to this instrument, a second magnetic float
indicated a completely filled sphere.

2.3.2 Physico-Chemical Measurements. These measurements served

to determine the H:U ratio of the mixture and to verify its homogeneity.
They were carried out in an analytical laboratory adjoining the experi-
mental cell; tubing connected the laboratory directly to the sampling
station for "on line" analyses. The analytical system consisted of the
sampling station and its tubing, the analyzers, the control desk, and
a calibration stand (a bank of standards) for the analyzers.

2.3.2.1 Samplers and Their Tubing. Sampling points were

distributed throughout the system at locations appropriate to, for ex-
ample, control of the purity of the materials after separation or con-
trol of the H:U ratio of the mixture during an experiment.

The Monel syringe-type samplers, designed by SRTI and
illustrated in Fig. 14, consisted of a pneumatically actuated piston
sliding within a pressurized stuffing box. Bellows ensured leak tight-
ness between the compressed air region of the system and the volume
filled with the UF6—HF mixture. The sample was taken in two 2-mm-diam
holes at the end of the piston and perpendicular to its axis. In its

forward position, the piston was immersed in the UF6-HF mixture and the
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volume was filled. In its backward position, after the piston passed
through the packing, the volume was connected with an expansion chamber
into which the liquid was vaporized. The expansion chamber was con-
nected with the analyzers of the laboratory through an electrically
heated line.

In order that the gas passing continuously through the
analyzers be maintained at constaht pressure representative of the
liquid mixture, a regulator at the inlet to the analyzers controlled
the frequency of operation of the syringe and of the control valve
located between the syringes and the analyzers.

The samplers were controlled from a central station; the
gas stream could be directed toward one of the analyzers and the return
stream could be directed into the cold trap to store the sample.

2.3.2.2 The Analyzers. The determination of the H:U

ratio of the mixture was made by three analyzers: an infrared spec-
trometer, a gas-phase chromatometer, and a sonic analyzer. The overall
precision of the determination by these instruments was + 9% for H:U
ratios between 5 and 25.

The analyzers were calibrated at frequent intervals by
standard mixtures of natural UF6 and HF.

2.3.3 Neutron Instrumentation. Neutron multiplication measure-

ments during approaches to criticality were made with eight identical
channels, each of which consisted of a BF3 counter able to withstand
temperatures of 120°C and located in the reflector tank, and the neces-
sary electronic and recording equipment. The data were transmitted to
a central printing unit which was able to select automatically the
counting sequence.

One neutron safety channel monitored the UF6-HF mixing and a
second one monitored the actual experiments.

The low flux safety system consisted of two identical parallel

channels, each including a BF, detector placed in the tank, a pulse

3

preamplifier, and an ictometric period meter (a period meter using a

dc charge integrator) with recorded response. Each covered the range

0.7 to 1.4 x 10® neutrons cm™ 2 sec”t.
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The high flux safety system consisted of two identical parallel
channels, each including a CCS-type ionization chamber placed in the
tank, a preamplifier, and a logarithmic period meter with recorded
response; this system covered an overall range between 6 and 6 x 10°

neutrons cm”? sec”?

5 the desired portion of this range was obtained by
changing the location of the detector.

The safety system initiated two methods of shutdown: the fast
shutdown resulted from releasing the safety skirt which introduced a
negative reactivity of 1700 x 10™° in 0.8 sec; the slow shutdown
resulted from draining the sphere through two pneumatically controlled,
normally open, 50-mm-diam valves, in parallel. \

2.3.4 Health Physics Instrumentation. Gamma radiation and sur-

face contamination by alpha particles were monitored in the area where
the experiment was performed and in the areas where the UF6 and HF were

handled, processed, and stored.

2.4, Nuclear Criticality Safety and Personnel Protection
2.L.1 DNuclear Criticality Safety. The UF6 and its mixtures with

HF were stored, transferred, and mixed in equipment of favorable geom-

etry, using either cylinders or annular cylinders that provided safety.
In addition, the mixing container was monitored for neutron multiplica-
tion.

2.4.2 Personnel Protection.

Protection Against Radiation: As mentioned above,
all experiments were remotely operated from the
control room.

Protection Against Contamination: The atmosphere
of the caisson enclosing the experimental system
was continuously monitored.

Protection Against Chemical Agents: Personnel
were provided with protective clothing and safety
equipment for use when handling hydrofluoric acid,
chlorine trifluoride, and uranium hexafluoride.
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3. EXPERIMENT PROCEDURE AND TECHNIQUES

3.1. Sequence

3.1.1 Preparation of the Mixture. In order to make successive

approaches to criticality in the sphere, the following preliminary
steps were carried out in the preparation of a mixture with a given H:U

ratio:

1. Calculate the quantities of UF, and of HF necessary to prepare
the volume of liquid required éo fill the sphere, the densi-
tometer, the connecting piping, and the bottom of the mixing
container (see Fig. 8);

2. Heat the UF6 and HF containers;

Allow the UF,, heated to about 78°C in its storage container,
to flow into the top of the mixing container. The amount
transferred was determined from the continuously weighed UF
storage container. The precision of this weighing was * 1 kg.

4. After the UF, had been transferred, allow the HF to flow into
the bottom of the mixing container. The resulting bubbling
homogenized the mixture. The amount transferred was determined
from the continuously weighed HF container. The precision of
this weighing was % 0.3 kg. In some instances, the required
quantity of HF exceeded the capacity, 22 kg, of the weighing
container, necessitating several incremental additions. The
temperature of the HF in each of the partial transfers was
greater than the temperature at which separation of the
components of the liquid mixture at the concentration under
study occurred.

5. Start a vibrator in the mixing container to homogenize the
mixture as soon as the transfer of HF began. The temperature
during the mixing was controlled at a value appropriate to the
operation.

6. Obtain and analyze one sample from the vapor phase and one
from the liquid phase after two to four hours of homogeniza-
tion, when the temperature of the mixture was well stabilized
at the desired level. The critical experiment was not begun
until the analytical results had been received from the
laboratory and the desired concentration, temperature, and
pressure had been verified on the binary UF6-HF phase diagram.
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3.1.2 Approach to Criticality. The liquid flowed by gravity into

the sphere through a pneumatically controlled valve, a filter to retain
any solid particles present in the mixture, the densitometer, and a
remotely controlled microflow valve, all shown in Fig. 8.

The first phase of an experiment consisted of filling the ~10 ¢
volume between the mixing container and the sphere in order to obtain
a value of the density of the mixture. Knowing this density, the
level-indicating instrument described in Section 2.3.1.4 was calibrated.
A third sample, taken from the flow line, permitted verification of
the previously determined composition of the mixture. At the same time,
the neutron counting channels were put in service to determine the
background.

The second phase of an experiment consisted of the actual approach
to criticality. The spherical segment originally installed for control
was not used during anyof the experiments and remained in its completely
withdrawn position. In each case, a reciprocal neutron multiplication
curve was plotted as a function of the volume of liquid in the sphere.
This volume was obtained from the reading of the level indicator and
from the volume calibration curve of each sphere.

These multiplication curves were based on a large number of
points, each derived from a series of neutron counts and measurements
of the density, the pressure, the temperature, and the liquid level.
The homogeneity of the mixture was monitored continuously throughout
an experiment by density measurements of the inflow with the SEAM-type
densitometer and by controlling temperature and pressure of the mixture
in the sphere and temperature of the water reflector (the constancy of
these parameters shows homogeneity of the mixture).

3.1.3 Termination. An experiment was concluded when extrapola-
tions showed a critical level in the sphere or the filled sphere was
subcritical. At this time the drain valves were opened, allowing the
mixture to flow into the drain tank preparatory to separation for the

next experiment.
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3.2. Auxiliary Operations.

The principal auxiliary operations necessary to preparations for
the actual experiments included evaluation of the performance of the
systems, fractional crystallization, purification of components by
distillation, calibration of the measuring instruments, pretreatment of
the system and regeneration by chlorine trifluoride, dehydration of HF
by gaseous fluorine, determination of the leak tightness of the system
by means of a helium spectrometer, replacement of the spheres, and

maintenance of fittings such as valves, etc.

3.3. Problems Encountered

The experiments imposed a considerable amount of work on the
operating personnel. They had to perform a great variety of operations
with hazardous materials such as UF6—HF mixtures and ClF3. When the
apparatus operated normally, preparation for each experiment required
an average of two weeks; the average duration of an experiment was 15
hours.

Several incidents occurred during the experiments, with no con-
sequence to operators. Typical incidents were leaks of UF6 or of a
UF6-HF mixture into the cell atmosphere, resulting from a break in a
valve bellows, corrosion of a joint, etc. The complexity of the ap-
paratus made decontamination very tedious and time- consuming. Disas-
sembly and replacement of faulty equipment, which required subsequent
fluorination and leak tightness testing, necessitated frequent opera-
tions while wearing special protective clothing and self-contained
breathing apparatus as precautionary measures and caused costly loss

of time.
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L. RESULTS

4.1. Experimental
L.1.1 Quantities Measured.
L.1.1.1 Density. The curves presented in Fig. L were

established during the preliminary experiments and show the density of
the liquid U'F6-HF mixtures as a function of the temperature and of the
composition expressed as the H:U ratio. These results were obtained
with natural uranium by the method described in Section 2.3.1.3. Tables
1 and 2 and the curves of Figs. 15 and 16 show, respectively, the
density of the UF6-HF mixtures, in which the uranium was enriched to
93% in 235U, and the concentration of total uranium (see also Fig. 17)
as a function of the H:U ratio. These values are known with a precision
between 0.5 and O.7%.

The tests of the densitometer established that its preci-
sion was 0.6%.

4.1.1.2 Temperature and Pressure. The error associated

with the temperature measurement of each experiment was = 0.3°C.

The pressure was measured with a precision of + 0.3%. The
measurement revealed a marked difference between the pressure in the
gas phase of the UF6-H'F mixture and the theoretical value derived from
the liquid-vapor equilibrium phase diagram of the binary mixture shown
in Fig. 3. This difference may possibly be due to the presence/of gas,
such as traces of nitrogen, dissolved in the UF6 and more probably to
fluorine in the HF. These gases were used for auxiliary operations,
such as nitrogen for purging the system and fluorine for dehydrating
the HF.

L.1.1.3 Composition of the Mixture. The composition of

the mixture was determined in two steps. Before each experiment, the
analytical laboratory determined the H:U ratio as described in Section
2.3.2. This value was then confirmed from the curves of Fig. 15and the
measured temperature and density. This procedure made it possible to
determine the H:U ratio with high precision and to obtain consistent

values in each experiment.
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Table 1. Density of UF.-HF Mixtures in Which the Uranium Was Enriched
£0 93%in 235U7 The values are expressed in g/cm®.
H:U 70°C 75°C 80°C 90°¢C 100°C 110°C
0 3.626 3.597 3.567 3. 510 3.451 3.394
1 3.062 3.031 3.000 2.938 c.870 2.81k4
2 2.727 2.693 2.660 2.595 2.528 2.4063
3 2.462 2.432 2.402 2.343 2.283 2.224
L 2.247 2.221 2.195 2.1k42 2.089 2.037
5 2.091 2.065 2.039 1.988 1.936 1.88k4
6 1.985 1.960 1.935 1.88L4 1.833 1.783
7 1.909 1.885 1.860 1.810 1.760 1.711
8 1.846 1.821 1.797 1.749 1.700 1.651
9 1.784 1.760 1.736 1.688 1.641 1.593
10 1.723 1.700 1.676 1.629 1.582 1.536
11 1.66k 1.641 1.619 1.573 1.527 1.481
12 1.612 1.589 1.566 1. 520 1.47k4 1.k29
13 1.565 1.543 1.521 1.476 1.431 1.386
14 1.527 1.505 1.482 1.438 1.393 1.350
15 1.492 1.470 1.448 1.406 1.362 1.319
16 1.460 1.439 1.418 1.376 1.333 1.291
17 1.432 1.411 1.390 1.349 1.307 1.267
18 1.405 1.38k 1.364 1.324 1.284 1.244
19 1.380 1.360 1.340 1.302 1.262 1.223
20 1.358 1.339 1.319 1.281 1.242 1.204
21 1.337 1.318 1.299 1.262 1.224 1.187
22 1.318 1.299 1.281 1.245 1.208 1.173
23 1.301 1.283 1.265 1.230 1.195 1.160
oL 1.286 1.269 1.252 1.218 1.183 1.1k49
25 1.273 1.256 1.240 1.207 1.173 1.1k
26 1.262 1.245 1.229 1.197 1.164 1.133
oo} 0.886 0.877 0.869 0.852 0.835 0.818
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Table 2. Uranium Concentration in a Mixture of UF, and HF in Which the
Uranium Was Enriched to 93% in 23%U. The values are expressed

in g/cm®.

H:U 70°C 75°C 80°¢c 90°¢ 100°C 110°C
0 2.434 2.415 2.395 2.357 2.317 2.279
1 1.945 1.925 1.905 1.866 1.827 1.787
2 1.643 1.623 1.603 1.564 1.523 1.484
3 1.h11 1.394 1.377 1.343 1.309 1.275
4 1.228 1.21k4 1.200 1.171 1.1k2, 1.113
5 1.092 1.078 1.065 1.038 1.011 0.984
6 0.993 0.980 0.968 0.942 0.917 0.892
7 0.916 0.90k4 0.892 0.868 0.844 0.821
8 0.851 0.839 0.828 0.806 0.783 0.761
9 0.791 0.780 0.770 0.748 0.728 0.706

10 0.736 0.726 0.716 0.696 0.676 0.65

11 0.686 0.677 0.668 0.649 0.630 0.611

12 0.642 0.633 0.624 0.605 0.587 0.569

13 0.603 0.594 0.586 0.569 0.551 0.534

1k 0.570 0.561 0.553 0.536 0.520 0. 504

15 0.539 0.531 0.523 0.508 0.492 0.b77

16 0.512 0.505 0.497 0.483 0.467 0.453

17 0.488 0.481 0.473 0.k59 0.4k45 0.432

18 0.465 0.458 0.451 0.438 0.k4k25 0.412

19 0.L4hk 0.438 0.431 0.k19 0.406 0.394

20 0.425 0.421 0.413 0.4ko1 0.389 0.377

21 0.408 0.ko2 0.396 0.385 0.374 0.362

22 0.392 0.386 0.381 0.370 0.359 0.349

23 0.377 0.372 0.367 0.357 0.347 0.337

24 0.364 0.359 0.354 0.345 0.335 0.325

25 0.352 0.347 0.343 0.334 0.324 0.315

26 0.341 0.336 0.332 0.323 0.314 0.306

cc 0.000 0.000 0.000 0.000 0.000 0.000
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4.1.2 Data. The 150 kg of UF; available was found to be insuf-
ficient to determine the critical conditions for pure UF6. The 400-
and the 450-mm-diam spheres were found to be subcritical for all concen-
trations studied; they were used in tests checking the instrumentation
and the control of the experimental equipment and they indicated the
final choice of the 510- and the 540-mm-diam spherical containers for
the subsequent experiments.

The experiments with these latter spheres completely covered the
range of concentrations finally selected for the study. Depending on
the experimental conditions and the composition of the mixture, criti-
cality was approached very closely in certain experiments, to within
0.5 £ of the critical volume; in most of the others the critical volume
could be reliably extrapolated from the neutron multiplication curves.
Criticality was achieved in the 540-mm sphere at an H:U of 16.9 as
described in Table 3.

When the filled sphere would have been supercritical, the criti-
cal volume, which is the value given as an experimental result in Table
3, was that of a truncated sphere.

When the filled sphere was subcritical, the critical volume re-
ported in the table of experimental results was obtained from a linear
extrapolation of the neutron multiplication curves. This procedure is
illustrated in Fig. 18.

The capacities of both the 510- and the 54O-mm-diam spheres,
which were constructed of L-mm-thick Monel 400, were precisely deter-
mined by calibration; the mean diameters were calculated from these

experimental values. The results were:

510-mm~diam sphere

Capacity: 69.03 + 0.03 {

Mean Inside Diameter: 508.96 + 0.06 mm
540-mm~-diam sphere

Capacity: 82.07 + 0.0L4 ¢

Mean Inside Diameter: 539.17 + 0.08 mm

The experimental data are given in Table 3.
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Table 3. Experimental Results.

Nominal Diameter of Spherical Container (mm)

Loo 540 540 510 510 510 sh0 510 510 510 510 sho
H:U 0 5.7 9.9 10.8 11.2 15.2 16.9 21.0 26.0 38 h 82
2% (H:U) 0.1 0.2 0.2 0.2 0.3 0.3 0.4 0.7 1 2 3
T (°C) 7 89.0 75.0 85.8 75.1 4.8 94.3 4.3 75.0 75.6 75.1 75.3
AT (°C) 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
e (UF6'HF) 3.58 1.92 .71 1.61 1.63 1.467 1.336 1.321 1.245 1.1k9 0.990 0.973

(g/cm®)

Lo (gfem®) 0.02 0.02 0.01 0.01 0.01 0.009 0.008 0.880 0.007 0.007 0.006 0.006

Liquid Height
in the Sphere ruil ~Full 472.7 Full Full Full 509.6 465.8  461.7  461.0 Full = 461.2

(mm )
s?i%igal Volume 85.0 78.5 76.0 T1.3 69.4  81.3 67.3 67.1 67.0 7.3 77.2
[+
av, (1) 0.4 0.2 0.7 0.5 0.2 0.2 0.2 0.2 0.2 0.3 0.2

a. The values designated by A represent uncertainties in the corresponding quantities.
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4.2. Interpretation of Results and Correlation with Theory.
L.2.1 Transformation of Reactivity to an Ideal Sphere. The dif-

ferences between an ideal sphere and an experimental sphere, apparent

from examination of Fig. 9a, are the guide tube of the level-measuring
float, the lack of absolute sphericity, and the upper and lower connec-
tions.

The 6-mm-i.d. Monel guide tube of the level-measuring float had
l-mm-thick walls and displaced about 250 em® of liquid. The capacity
of the sphere was determined with the tube and the float in position.
Although the tube was a thermal neutron absorber, its effect on re-
activity was neglected because the thermal neutron flux on the axis of
the sphere was small.

It was estimated that the lack of sphericity of an experimental
sphere was sufficiently slight to cause negligible reactivity differ-
ences with respect to an ideal sphere of the same capacity.

The negative reactivity introduced into the experiment by the
Monel wall is calculated in Section 5.1 as 1190 x 10~° per mm thickness.
If the effective neutron multiplication factor ke £f is proportional to
the spherical surface, the reactivity due to the absence of this metal

at the two openings may be expressed as

[keﬁ.(o mn) - LS (b mm)] x (Sl + s2)

s S
where
Sl = the area of the bottom opening (= 15 cm®)
s, = the area of the upper opening (> 31 cm®)
S = the external surface area of the sphere (= 8137 cm®

for a 510-mm-diam sphere)

= -5
Akeffl + 27 x 10 .
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The surface of the upper opening, however, was not completely
water-reflected and this "void" resulted in a negative reactivity. For
a sphere 510 mm in diameter and at an H:U of 17, it was found by DSN
calculations that

k -k =~ 0.28 .

effreflected effunreflected

If keff is proportional to the area of the reflecting surface, the
negative reactivity due to the lack of total water reflection at the

upper opening was

Akeff2 = - 106 x 107° .

The mixture was introduced into the sphere through a L42.7-mm-i.d.
pipe about 400 mm long connected to the bottom of the sphere. The re-
activity due to the mixture occupying this connection was definitely
less than it would have been were the same volume uniformly distributed
off’ attributable to

an increase of 1 mm in the diameter of the sphere is 125 x 10™° as shown

over the surface of the sphere. The reactivity, Ak

in Section 4.2.2.1.3. Therefore the increase in reactivity due to
increasing the diameter 1.4 mm is
N < 175 x 107° .

eff3

Although these evaluations are only approximate, it is possible
to state that the difference in reactivity of an ideal sphere and that
of an experimental sphere of the same volume is very slight.

L.2.2 Extrapolation of Experimental Data to a Critical Ideal

Sphere. The experimental data in Table 3 may be divided into two
groups: (1) those describing a subcritical full sphere and (2) those
describing a critical truncated sphere. It is now necessary to estab-
lish methods of extrapolation to obtain the critical diameters of ideal

spheres.
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4.2.2.1 Extrapolation from a Subcritical Sphere

4.2.2.1.1 Neutron Counter Response. The rela-

tion between the total number of neutrons produced per unit time in

the core and the strength of the auxiliary neutron source is

S
N_
1- Kepr
where

N = the total number of neutrons produced per second in the
core

S = the strength of the auxiliary source, in neutrons per
second

k = the effective neutron multiplication factor.

eff

Consider a homogeneous, spherical, subcritical
core and a BF3 counter placed in the reflector. The total number of
neutrons that leak from the surface of the sphere per unit time, Nf,
is proportional to N in a stable subcritical system.

In the case of spherical symmetry, the leakage
flux is uniform and isotropic; thus the counter always captures the

same fraction of the leakage neutrons. The response of a BF, counter

3

is proportional to the number of neutrons captured:

u4f= a N

where

>

the counter response in counts per unit time

Q
I

a coefficient depending specifically on the counter and on
the relative positions of the counter and the core,

and

N o . ()
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4.2.2.1.2 Determination of k_pp- The auxiliary
source of neutrons in a UF6-HF medium is the spontaneous fissions and

the (a,n) reaction in fluorine. This source is

S=sV
where
s = the specific neutron source strength
V = the volume of the fissile material in the sphere.
Equation (2) becomes
UA/= saV
1- keff
and

- 044 saV

keff LA/ ° (3 )

In the experiment U4fand V were measured. The
value of sa, neéessary to calculate keff’ was determined as follows:
the count rates were measured following successive incremental additions
of the mixture to the sphere and are plotted in Fig. 19 as a function
of the volume of the mixture in the sphere. For small volumes where
the neutron multiplication is negligible, the curve is linear and has
a slope equal to sa', which may be determined graphically.

The coefficients a' and a depend on the counter
and on the relative counter-source position. However, this relative
position changes as the sphere is filled. The neutrons from a full
sphere appear to originate at a point source located at the center of
the sphere. Iet 4 be the distance between the center of the sphere
and the axis of the counter, whose plane of symmetry contains the
vertical axis of the sphere. As the filling of the sphere is begun,
the source may be considered as a point placed at the lower pole of the
sphere; we shall designate by d' the distance between this pole and

the axis of the counter.
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Assuming that the response of the counter is
proportional to the geometric solid angle defined by the assumed point
source and the effective volume of the counter, the following relation
holds: '

Equation (3) is then written as

kK .. = — . (&)

eff
N

This assumption seems reasonable if the neutron paths in the water are
of the same order.

These assumptions greatly simplify the situation.
However, in order to be strictly correct, one should take into accotnt
the true configuration of the source as filling of the sphere is begun
rather than considering it a point source; in addition, the effects of
neutron absorption in the uranium-bearing region and the diffusion and
absorption of neutrons in the reflector water should be considered.

4.2.2.1.3 Variation Sf‘keff with Sphere Diameter.

Consider an ideal spherical container with a 4-mm-thick Monel wall,
reflected by 30 cm of water, and filled with a mixture of UF6 and HF.

The variations in keff as a function of the inside diameter of the
container, Di, for H:U ratios of O and 20, calculated by the DSN code
in Section 5.1, are shown in Fig. 20. keff is essentially a linear
function of the diameter in the region + 20 mm about the critical
diameter; in addition, the straight lines obtained for the two H:U

ratios are parallel. Therefore,

A'keff

= ~ -5 -1
~Di = constant 125 x 10 ° mm

since AkeffLADi is independent of the H:U ratio in the range considered.
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L.2.2.1.4 Example. The Monel sphere having an
internal diameter of 508.96 mm and a capacity of 69.08 { was subecriti-
cal when filled with a mixture having H:U = 15.2 at a temperature of
74.8°cC.

Counters 5 and 6 were placed in symmetrical
positions with respect to a vertical central plane of the sphere as
shown in Fig. 21. Figure 19 shows the count rates as a function of the
volume during the early stages of filling. The slope of the linear

portion of the curve for Counter 5 is

96 0 counts

sa! = Z min
ar\@ 1 ‘ _
The value of (?f> was 375 and of ¢/1: for a filled sphere, was
863,14k counts/min. Equation (L) yields K pp = 0.9985.
Similarly for Counter 6, sa' = 1kk4 %9i§E§,
N = 1,459,378 counts/min, and K pp = 0-9987. The mean value of k_
is 0.9986, and

f

_ -4
1 - keff = 14 x 107%.

According to Section 4.2.2.1.3,

-4
ADi = M = 1.12 mm,

125 x 1075

and the extrapolated critical diameter is

D, = Di + ADi = 510.08 mm,

corresponding to a critical volume of 69.49 f.

L.2.2.2 Extrapolation from a Critical Truncated Sphere.

Monte Carlo calculations were carried out for three volumes of liquid:

a. a truncated sphere with D = 540 mm, height® H = g D and

volume V

%The relatively small height of 3/4 D was chosen to ensure that dif-
ferences in reactivity would not be obscured by the statistical errors
inherent in the Monte Carlo method, which is the only method by which
the geometry of a truncated sphere can be completely described.
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Table 4. Extrapolated Critical Dimensions of Ideal Spheres at the Temperature of the Experiment.
Nominal Diameter of Spherical Container (mm)

sko sho 510 510 510 540 510 510 510 540
H:U 5.7 9.9 10.8 11.2 15.2 16.9 21.0 26.0 38 82
T (°c) 89.0 75.0 85.8 75.1 4.8 9.3 4.3 75.0 75.6 75.3
o (g/cm®) 1.92 1.71 1.61 1.63 1.467 1.336 1.321 1.245 1.1k9 0.973
D, (mm ) 54k9.5 528 534 521 510.1 537 503 502 502 527
AD, (mm ) 0.9 2 2 2 0.5 1 2 2 2 2
v, (2) 86.9 77 79.8 7.1 69.5 81.0 66.5 66.2 66.2 76.5
AV, (2) 0.4 1 0.7 0.5 0.2 0.4 0.7 0.7 0.8 0.7
av /v, (%) 0.5 1.3 0.9 0.7 0.3 0.5 1.0 1.0 1.2 0.9
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b. a sphere of volume V and hence of diameter Dl = 3 7¥
c. a sphere having the same surface-to-volume ratio as the

truncated sphere of case 1 and hence of diameter

D = 6V
2 = nH (@D-H)"

These calculations indicated that the sphere of diameter D1 is super-

critical, the sphere of diameter D2 is subcritical, and the most probable

diameter Dc of acritical sphere lies between D. and D, according to the

1 2
relation

D, =D, + o.6(Dl -D

2 2)

where 0.6 is an empirical quantity derived from DSN calculations.
Following is an example of the transformation of a trun-
cated sphere to an ideal sphere. Starting with the experimental point
having an H:U = 9.9 and T = 75°C, the truncated sphere of diameter D =
539.17 mm is critical at a height H = 472.7 mm, corresponding to a
volume V = 78.5 £. The diameter D. of a sphere of volume V is 531.20

1

mm; the diameter D2 of a sphere with the same surface-to-volume ratio
as the truncated sphere has a diameter of 523.50 mm. Eguation (5)

gives DC = 528.12 mm, which corresponds to a critical volume of 77.13 £.

L.2.3 Critical Dimensions of Ideal Spheres at the Temperature

of the Experiment. The critical dimensions listed in Table L were

obtained from the experimental dimensions by the extrapolation methods
thus described. The critical diameter Dc and volume Vc correspond to
the temperature T of the experiment.

It was assumed that the absolute error in the critical volume is
= +
AVC Al A2

where Al represents the error in the measurement of the volume of the

fissile material contained in the sphere. In the case of a full, sub-
critical sphere, the error A2 in the critical volume due to the extra-
polation was estimated from the uncertainty in keff itself, being due
to the uncertainty in the graphic determination of the slope sa'. In

the case of a truncated critical sphere, it was determined from the
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statistical errors in the Monte Carlo calculation that the absolute
error A2 in the critical volume Vc due to the extrapolation was less
than 2/3 (Vi - Vc) where V1 is the volume of a sphere, of diameter Dl’
having a volume equal to that of the critical truncated sphere. The
value of ANE obtained in this manner seems to be an upper limit. In
every case the error AVC/VC is less than 1-3%-
From the error AVC, the error in the critical diameter AIE is
obtained from AVc
AD b 2_ .
¢ nD?
c

L.2.4 Correlation Between Calculations and Experiments.

4L.2.4.1 Computer Programs. The computer programs

utilized in these correlations included: (1) the DSN code in the S),
approximation, based on transport theory, written for an IBM TO94 and
using the Hansen-Roach 16-energy-group cross sections;®® (2) the SECI
Ol Monte Carlo code,?® written for an IBM 709% and using British cross
sectionsy®” and (3) the SECI 11 Monte Carlo code®® written for the IBM
360 and also using the Hansen-Roach 16-energy-group cross sections.
L.2.4.2 Results of Calculations. The values of k pp for

ff
ideal critical spheres having dimensions given in Table 4 were calcu-

lated by these three programs.

In the materials of these experiments, in which the H:U
ratios were relatively low, there is a predominance of epithermal neu-
trons; thus the 16-group Hansen-Roach cross sections are well suited
and no corrections were made in the thermal energy groups.

The Monte Carlo calculations were carried out with 10*
neutrons (100 neutrons in each of 100 batches); the statistical errors
assigned to keff correspond to a 95% confidence level.

It was necessary to substitute iron for copper in the
SECI 01 Monte Carlo calculations because the British cross-section set
does not include those of copper. As a consequence these results were
systematically too high because of the (n, 2n) reactions in iron;

these reactions were eliminated and keff was recalculated
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according to the relation

_ total number of fission neutrons
eff =~ total number of initial neutrons

k

The results of these calculations are given in Table 5 and
Fig. 22. Table 5 also contains values for a sphere of pure uranium
hexafluoride (H:U = 0) for which no experiments were done.

The effect of errors in the experimental data, such as in
H:U, density, critical diameter, on the value of keff may be calculated
by the DSN code thus determining the upper limit of the uncertainty in
Akeff given in Table 6. The shaded regions on Fig. 22 indicate the

uncertainty in the value of ke due to experimental errors.

ff
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Table 5. Results of Calculations.

o) Dc kef‘f kef‘:t‘ kef‘f
H:U T (g/cm®)  (mm) DSN SECI 0] SECI 11
5.7 89.0 1.92 549. 5 0.993 0.987 +£ 0.028 0.965 + 0.020
9.9 75.0 1.71 528 1.007 1.011 + 0.026  1.015 + 0.023
10.8 8s5.8 1.61 534 1.002 0.992 + 0.026 0.971 + 0.02k4
11.2 85.1 1.63 521 1.006 1.03% + 0.026 0.982 + 0.025
15.2 74.8 1.467 510.1 0.996 1.013 + 0.029 0.981 + 0.023
16.9 94.3  1.336 537 0.995  1.007 + 0.023 0.963 & 0.022
21.0 T74.3 1.321 503 0.989 1.007 + 0.026 0.965 + 0.023
26.0 75.0 1.24k5 502 0.975 0.986 + 0.026 0.968 + 0.024
38 75.0 1.149 502 0.990 0.995 + 0.022 0.967 + 0.022
82 75.3 0.973 527 0.982 0.967 + 0.027 0.982 + 0.022
0 75.0 3.63 552.1 1.000 0.998 + 0.027 1.006 £ 0.020
Table 6. Ca.lculateq Errors in keff Due to Experimental Uncertainties.
. -5
H:U Ak oo x 10

5.7 ~2000

9.9 ~1900

10.8 ~1100

11.2 ~1000

15.2 ~ 950

16.9 ~1000

21.0 ~1100

26.0 ~1200

38 ~ 600

82 ~ 600
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5. EXTENSION OF THE RESULTS

5.1 Effect of the Container Wall on the Reactivity

The points defining the straight lines in Fig. 23, indicating

the variation of ke as a function of the thickness, e, of the con-

£t
tainer wall, were calculated by the DSN code. The curves may be sum-

marized as follows:

A'keff

Le
Material H:U (mm™?)
Monel (67% Ni, 3% Fe, 30% Cu; 0 -1190 x 107°
density = 8.80 g/cm®) 20 -1190 x 1075
Stainless Steel (72% Fe, 18% 0 - 800-x 10°°
Cr, 10% Ni; density = 7.8k4
g/cn®)
Pure Aluminum (density = 2.7 0 + 146 x 1075
g/cm®)

A Monel or a stainless steel wall introduces significant negative
reactivity as a result of the relatively large macroscopic absorption
cross sections of the alloying components for reflected thermal neutrons.
On the other hand, an aluminum wall contributes positive reactivity
with respect to a water-reflected sphere without an intervening wall

Ssince aluminum is less absorbent than water.

5.2 Effect of the Temperature on the Reactivity

For constant H:U ratio, the density changes in the mixture as a
function of temperature may be determined from the family of curves in
Fig. 15. The effect of the temperature on the reactivity for two H:U
ratios was calculated by the DSN code. For the temperature range exa-
mined, 70 to 110°C, these relations are linear as shown in Fig. 2k.
When

H:U = 0, &k o = -108 x 107° AT
and when

H:U

A - -5 .
16, LK pp = 186 x 107% AT
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5.3. Critical Spherical Diameters, Volumes, and Masses in a 4-mm-thick
Monel Container at 75°C

Since the diameters and volumes of critical spheres given in

Table 4 are those established for the varying experimental temperatures,
these dimensions were transformed to those appropriate to a temperature
of 75°C, which was that most frequent in the experiments.

Knowledge of the effect of a variation in the diameter (Section
L.2.2.1.3) and of the temperature (Section 5.2) on the reactivity per-
mits an adjustment, AD, of the critical diameter Dc for the effect of

the temperature by

Ak
AD = AkAD ( Zf) AT -
eff H:U

The values for Dc thus obtained and the corresponding critical
volumes Vc are given in Table 7 and Fig. 25. The critical volume
exhibits a minimum at an H:U ratio near 30.

The density p and the H:U ratio of a mixture are experimentally
measured quantities. From these values C(U)’ the uranium concentra-

tion may be obtained from the equation

¢, . = t235/349) p
(u) (20/349)(H:U) + 1

and the critical mass of the uranium is
MC = C(U) VC .

The critical mass as a function of uranium concentration is
shown in Fig. 26.
The relative uncertainty in the critical mass in terms of the

uncertainties in the concentration and the volume was assumed to be

AV

U) c
+ —
A

U) c

AM AC
c o _(

M - C(

C



Table 7. Critical Dimensions of UF.-HF Mixtures as a Function of the H:U Ratio at a Temperature of 75°C.
(Uncorrected for 4-mm-thick wall of the Monel container)

H:U 0 5.7 9.9 10.8 11.2 15.2 16.9 21.0 26.0 38 82
OH:U 0.1 0.2 0.2 0.2 0.3 0.3 0.4 0.7 2 3
p (g/cm®) 3.63 1.99 1.71 1.65 1.63 1.465 1.413 1.317 1.245 1.1%0 0.973
2o (g/cm3) 0.015 0.01 0.01 0.01 0.009 0.008 0.008 0.007 0.007 0.006
C (g of U/cm®) 2.440 1.010 0.7k 0.687 0.669 0.527 0.509 0.402 0.337 0.242 0.115
AC (g of U/ cm®) 0.015  0.01 0.009 0.009  0.008 0.008 0.0065 0.007 0.010 0.00k
D, (um) 552.1%  537.4 528 523 521 510.4 508 50l 502 502 527
AD, (um) 0.9 2 2 2 0.5 1 2 2 2 2
vV, (1iters) 88.1*  81.3 7 75.1 .1 69.6 68.6 67.0 66.2 66.2 76.5
AV, (1liters) 0.4 1 0.7 0.5 0.3 0.4 0.7 0.7 0.7 0.7
M, (kg of U) 215 82 57.0 52 50 36.7 3k.9 26.9 22.3 16.0 8.8
AMC/MC (%)b 2 0.9 1 1 0.7 0.7 0.7 0.7 0.9 0.k
AM (kg of U) 1.9 1.6 2.1 2.0 1.8 2.1 2.6 3.0 5.4 k.5

&. Calculated by the DSN code.
b. Calculated from the equation of Section 5.3.

69
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AV AC
The relative error in the volume, 773, was taken from Table k. —Eﬁgz
c (u)

was determined from the logarithmic derivative of the expression

giving C(U) as a function of density and of H:U as

)y L oa (20/349) A (H:U)
o) s S+ T120/349) (H:U) + 1

The mean relative error in the critical mass determined in this manner

is 2% and it never exceeds 6%.

5.4. Spherical Critical Masses of UF,-HF in Containers with Infinitely
Thin Walls.
The effect of a Monel wall on reactivity was found in Section 5.1

to be -1190 x 10”° mm~ !, independent of the H:U ratio in the range of

0 to 20. The effect of the diameter on the reactivity of a sphere of
UF¢-HF was found in Section 4.2.2.1.3 to be 125 x 10”° mm~?, also in-
dependent of the H:U ratio; further, it was assumed that this effect is
independent of the wall thickness.

These two effects in combination allow the direct transformation
of the critical diameters of ideal spheres with 4-mm-thick Monel walls
to the critical diameters of spheres with infinitely thin walls. The
curve of critical mass as a function of the H:U ratio, obtained for
such spheres, is shown in Fig. 27 for H:U ranges from O to 20.

5.5. Spherical Critical Masses of Solutions of UOEEEZEEQ
Since Section 4.2.4 indicates that, for H:U ratios up to 20,

there is good agreement between the results of the DSN calculations and
the experimental data for U-F-H mixtures reflected by water, the DSN
code was used to calculate the critical masses of spheres containing
UO_F,-H 0 (with 93% enriched uranium), at a temperature of 20°C fol-
lowing the standard dilution law, for H:U ratios between O and 20.

Thiz curve was also plotted on Fig. 27.

bSee, for ezample, Ref. 23, pp. 954-955.
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6. SUMMARY

The engineering and chemical problems posed by the construction
and the installation of the experimental equipment have been solved;
the operational hazards and the difficulties have been overcome; the
experiment yielded relatively good approaches to criticality in a
geometry close to that of a true sphere.

The liquid UF6-HF investigated in these experiments is charac-
terized by its homogeneity, especially at low H:U ratios. For a given
H:U ratio, the uranium concentration of this medium is, as far as we
know, the lowest one ever studied.

Experimental data obtained for H:U ratios between O and 80 allowed
the determination, with satisfactory precision, of the critical condi-
tions for liquid UF6-HF spheres, reflected by 30 cm of water and at 2
temperature of 75°C. The error in the critical volume is less than
1.3% and the mean error in the critical mass is 2%

Two sets of conditions whereby UF6-HF mixtures are subcritical
may be deduced from these experiments:

a. A water-reflected, S54O-mm-diam sphere of UF,-HF mixtures of
H:U ratio no greater than 5.7 and 235U:U ra glo no greater
than 0.93 will not be critical provided the temperature of
the mixture is 89°C or greater;

b. Water-reflected spheres 450 mm in diameter and smaller con-
taining UF,-HF mixtures at temperatures of 75°C and over
will be subcritical.

Comparison of experimental and theoretical data, obtained by

various methods, permits the following conclusions:

a. The DSN transport code yields data that agree well with
the experimental results for H:U ratios up to 20; for greater

H:U ratios it seems to underestimate k opf DY about 1200 % 107°.

b. The SECI 11 Monte Carlo code underestimates k off O1 the
average by 1600 x 107S.

c. The SECI Ol Monte Carlo code, after correction for the Cﬁ;2n)
reactions in iron, yields results that agree well with the
experimental data.

Critical masses of uranium, enriched to 93% in 225U, as UOQFQ-HEO’
were determined by DSN calculations as a function of the H:U ratio
between O and 20.
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