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1. BACKGROUND

The United States Department of Energy/Power Reactor and Nuclear

Fuel Development Corporation (USDCE/PNC) Criticality Data Development

Program was initiated in August 1986, when USDOE and PNC entered into an

agreement to study the nuclear criticality aspects related to the

development of Fast Breeder Reactor (FBR) recycling technology. The

USDOE and PNC Agreement in the Field of Liquid Metal-Cooled Fast Breeder

Reactors of January 31, 1979, served as a basis for this program since

both parties had previously agreed to cooperate in fuel cycle technology.

Both the PNC and USDQE are interested in criticality data because it

has great influence in the design and the safety assurance of fuel cycle

facilities. Plants which recycle FBR fuel will have criticality conditions

•Research sponsored by the Office of Facilities, Fuel Cycle, and Test
Programs, U.S. Department of Energy under Contract No. DE-AC05-840R21400
with Martin Marietta Energy Systems, Inc. and the Power Reactor and
JJuclear Fuel Development Corporation of Japan.
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which are much different from those already experienced in the area of

light-water reactor reprocessing. Cross-section data input to computer

codes and associated criticality calculations have some uncertainties

for the particular conditions of FBR fuel. These input data and computer

codes need further verification based on actual critical experiments to

minimize uncertainties and enhance safety, efficiency, and reliability.

The verification of criticality evaluation methods is a subject of the

regulatory licensing activity.

In such context, the United States started an experimental program

to accumulate the basic criticality data on uraoiian-plutonium aqueous

solution systems, including pin and water systems. This experimental

program, managed by the Cbnsolidated Fuel Reprocessing Program (CFRP),

utilized existing critical experiment facilities. However, Japan at

least for the near future, does not have a facility for conducting

critical experiments where fissile solution can be treated and processed.

Therefore, Japan has promoted the existing U.S. experimental program as

well as enlarged the program so that a close cooperative relationship

may exist in this area.

This paper is an update of a description of the program presented

in September 1985 (ref. 1).

2. OUTLINE OF EXCHANGE PROGRAM

This program was jointly developed based on the interests of both

the United States and Japan with the experimental details decided by

mutual agreement.
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This program comprises two main subjects: one is criticality

experiments using fissile solutions and fuel pins, and the other is

subcriticality measurements. The criticality experiments are being

conducted at the Battelle Pacific Northwest Laboratories - Critical

Mass Laboratory (PNL-CML) in Richland, Washington. Subcriticality

252
measurements using the Cf-Source-Driven Neutron method were conducted

at the OIL to measure the subcritical sensitivity in several experiments.

These measurements required the development of a Subcriticality

Measurement System (SMS). Also, an equipment verification experiment

and an experiment to evaluate the capabilities of the SMS for measuring

time dependent subcritical reactivities were conducted at Oak Ridge

National Laboratory (ORNL).

The data acquired in this program is distributed to both countries.

The ensuing analysis of the data is performed by each country using

its respective calculational techniques, and the analytical results are

exchanged and discussed. Calendar year 1984 was spent in planning and

organizing the exchange program, and the first critical experiment was

conducted in January 1985. This program was revised in April 1987. As

of May 1987, two-thirds of the critical experiments and all subcri-

ticality measurements were completed. This program, which includes all

of the experiments described in this paper, is scheduled to be completed

by the sunner of 1988.

3. CRITICAL EXPERIMENTS

The primary purpose of the experimental program is to verify the

accuracy of computer codes and associated cross-section data libraries

which are used to predict criticality. The verification is done by

comparing experimentally measured critical conditions to calculated ones.
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The experimental program covers a variety of critical parameters

such as fuel type (solution or fuel pins), shape and dimension of the

configuration, chemical phase (aqueous or organic), reflection, fissile

concentration, isotopic content of plutonium, fraction of plutonium in

total heavy metal, and neutron poisoning. Table 1 categorizes these

experiments based on fuel type. Prior to the establishment of this

program, many critical experiments were conducted with arrays of fuel

pins surrounded by water. A total of 63 critical experiments are

planned.

3.1 SCOPE AND PRESENT STATUS

Table 1. Areas to be examined in exchange program.

Fuel type Subtask Item of verification

Pu+U aqueous solution 110 Limiting concentration
120 Basic cases
140 Fixed poison

Fuel pins in organic solutions 220 Basic cases

Fuel pin and assembly 310 Basic and fixed poison
320 Aqueous solution and

soluble poison;
heterogenity

Most experiments in the exchange program utilize a Pu/U solution

with isotopic contents of =8% Pu in plutonium. The experimental

program is organized by tasks as follows:

3.2 Task 100 (Pu+U Aqueous Solution Experiments)

This series of experiments comprise three subtasks by which the

basic features of Pu/U aqueous solution systems are investigated under a

variety of conditions. The effect of fixed poison is also examined.
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3.2.1 Subtask 110 (Limiting Concentration)

In this subtask the minimum fissile concentration for criticality

in an effectively infinite cylinder is investigated. Such a limiting

concentration is a fundamental datura unique to the particular fuel

mixture studied.

The 69-mm diameter, 108-cm height cylinder shown in Fig. 1 was used

to simulate an infinite system. The cylinder was installed in water to

have neutron reflection. The limiting concentration was determined by

searching for the fissile material concentration that just achieved

criticality when the vessel was essentially full. Three experiments

were completed at two different Pu/Pu+U ratios (20% and 52%). Analysis

of these experiments with the SCALE computer code system indicates good

agreement between experiment and calculations (ref. 2).

3.2.2 Subtask 120 (Basic Case)

This subtask surveys the basic criticality conditioning relating to

simple physical configurations that do not contain neutron poisons.

This subtask systematically acquires fundamental critical data covering

as wide a range of design conditions as possible. A generic data base

will then be developed for equipment design instead of performing

criticality measuranents on actual equipment. Thus, the task provides a

basic understanding of the effect on the reactivity of such parameters

as Pu/Pu+U ratio, concentration, neutron reflection, and others in the

various critical configurations. There already exist some data

concerning Pu-U aqueous solutions experiment; however, they are not

sufficient, especially in the range of high and middle Pu/Pu+U ratios

and high heavy metal considerations.
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Experiments are conducted using the 35 an diameter, 108 nm height

cylinder shown in Fig. 1 and the variable-thickness slab tank shown in

Fig. 2. In addition to the experiment where the vessel is essentially

bare, water and concrete reflectors are used. Pu/Pu+U ratios of 52%,

40%, and 20% and heavy metal concentrations of 100, 200, 300, and 450g/L

are investigated. As of May 1987, all experiments at Pu/Pu+U ratios of

5T% and 40% were completed with cylinder and slab tank. The experiments

with the cylindrical vessel were conducted with a water reflector, a

concrete reflector, and without added reflector. The experiments with

the slab tank were conducted with a water reflector and without an added

reflector. Analysis of experiments at Pu/Pu+U ratio of 52% and 40% with

the SCALE computer code system indicates good agrearant between

experiment and calculation.

3.2.3 Subtask 140 (Fixed Poison)

This series of experiments investigates the effect of neutron

absorption, or the combined effect of absorber and moderator, located

either outside of between two fissile systems. Such complex configura-

tions may cause difficulty and error in calculations due to the steep

curvature and local variation of flux distribution. The annular vessel

shown in Fig. 3 is used for this subtask with the annular region filled

with fuel solution and the inner region containing an absorber or a

combination of absorber and an inner bottle; the inner bottle contains a

solution with the same Pu/Pu+U ratio as the solution in the annular

region. Three kinds of absorbers are investigated: borated concrete,

cadmium-sandwiched plastic, and cadmium-lined plastic. The shape of the
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Fig. 2. Expandable slab assembly
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absorber is either pipe-type or solid-type, depending on whether the

inner bottle is used or not. A variety of system configurations is

illustrated in Fig. 4.

The case involving an inner bottle of fuel simulates interaction of

two separate fissile regions separated by an absorber and/or moderator.

The case with the cadmium-lined solid-type plastic insert in the inner

region simulates a flooded annular tank. The results of this double

region experiment will be applied to the design of vessels that have

similar annular or double-region shapes.

The Pu/Pu+U ratios of 20%, 52%, 100% and heavy metal concentrations

of 50, 100, 200, 300, and 450 g/L absorbers containing 0.0 wt %,

0.7 wt %, 2 wt %, and 6 wt % natural boron are prepared to check the

effect of boron in concrete. As of May 1987, all experiments at Pu/Pu+U

ratio of 52% were completed. These experiments had the borated concrete

absorber containing 2 wt % natural boron. Analyses of these experiments

with the SCALE computer code system indicate good agreenent between

experiment

and calculations.

3.3 TASK 200 (FUEL PINS IN ORGANIC SOLUTION)

This task originally proposed experiments using organic solution-

bearing fissile material. However, due to the high cost of preparing

these solutions, only one series of experiments was conducted. This

series involves arrays of Fast Flux Test Facility (FFTF) fuel pins in

organic solutions.
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Fig. 4. Annular cylinder inner region configurations
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3.3.1 Subtask 220 (Basic Case)

The purpose of this subtask is to investigate the reactivity of

fuel in an organic phase. In prior criticality safety analyses, it has

been necessary to assume that aqueous solution experiments provide an

adequate data base to validate organic solution calculation. These

experiments provided a limited data base of organic solution experiments

to test the adequacy of this assumption.

In the experiments of this subtask, FFTF fuel pins were used in a

lattice arrangement and immersed in organic solution. The 1200 fuel

pins contained approximately 25 wt % plutonium and 75 wt % uranium in

the mixed oxide. The organic solution was 30% tributyl phosphate/70%

normal paraffin hydrocarbon. Lattice pitches of 0.761 cm, 0.968 an,

1.242 cm, 1.537 cm, and 1.935 cm were used. As of May 1987, all of five

experiments were completed. In addition to these experiments, two

experiments which had lattice pitches of 0.761 and 1.537 cm and were

moderated by water were completed. The critical number of fuel pins

moderated by water was larger than that moderated by organic solution in

the experiment which had 0.761-cm lattice pitch. Ihe experiments which

had 1.537-cm lattice pitch had the same critical number of fuel pins

within one standard deviation. Analyses of seven experiments with the

SCALE computer code system indicate good agreement between experiment

and calculations.
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3.4 TASK 300 (FUEL PINS AND ASSEMBLY)

This task simulates critical conditions during nuclear fuel disso-

lution. Many critical experiments, using arrays of FFTF fuel pins

moderated by water, were completed. The experiments of this task also

examine the effect on criticality of fuel pins in fissile solution.

3.4.1 Subtask 310 (Basic and Fixed Poison)

This subtask involved critical experiments with water and concrete

reflected FFTF fuel pins. Experiments were also performed with fuel

pins interspersed with solid neutron poisons. All experiments have been

completed, and the results are discussed in the report, "Suimary of

Experimental Data for Critical Arrays of Water Moderated Fast Test

Reactor Fuel," PNL-3313.

3.4.2 Subtask 320 (Aqueous Solution and Soluble Poison)

This subtask investigates a system consisting of aqueous fissile

solution and FFTF fuel pins. This system simulates the ongoing disso-

lution process in which dissolved and undissolved fuel coexist. The

effect of soluble gadolinium neutron poison in fissile solution will

also be investigated in such a configuration.

A boiler tube-type tank was required to avoid the contamination of

fuel pins from the fissile solution. The pins are insulated from the

solution by the use of guidetubes made of thin stainless steel which are

installed in a lattice arrangement. The square lattice pitch is fixed

at 1.4 cm. The space around the tubes is filled with aqueous Pu+U



14

solution. A Pu+U ratio of 20%, and heavy-metal concentrations of

100 g/L, 200 g/L, 300 g/L, and 450 g/L will be investigated The vessel

will be reflected with water.

4. SUBCRHTCALITY MEASUREMENTS

From the viewpoint of enhancing criticality safety, it would be

useful to be able to measure the subcriticality (actual ̂ -effective) of

equipment that is in service in reprocessing facilities. Since certain

equipment may not always have favorable geometry, plant efficiency could

be enhanced by reducing excessive design safety margins in such

equipment. In addition to such applications for in situ use, this

monitor would be an effective way to verify actual reactivity of

critical systems in experiments. Conventional techniques (e.g., pulsed

neutron method and Rossi alpha method) are difficult to use in situ for

measuring reactivity because they require special devices such as pulse

neutron generator and neutron sources to be installed in the midst of

the system.

The subcriticality measurement task of this program is devoted

primarily to measuring subcriticality in various geometries. This

required the development and testing of the SMS by ORNL. This system is

252
based on the Cf source driven neutron noise analysis method for

determining the reactivities (k-effective) of configurations of fissile

materials. The technique utilizes simultaneous measurements of cross-

power and auto-power spectral densities between the fluctuating

components of signals from three detectors installed on the outer
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surface of the critical system. The measurement provides the ratios of

252

spectral densities from which Ak/k is derived. The Cf source method

has the following advantageous characteristics:

1. Absolute reactivities are measured.

2. Calibrations at or near the critical state are not required.

3. Measurements are independent of detector efficiencies.

4. Measurements may be feasible in dynamic process conditions.

The experimental program consists of two general types: static

measurement in which the /c-effective of the system is constant during

the course of the measurements and dynamic measurements in which

k-effective is changing with time during the measurements.

4.1 SCOPE AND PRESENT STATUS

The experiments performed, the type of measurements made, and the

site for these are as follows:

1. Verification experiment (two interacting cylinders containing

fissile solutions), static measurements, QRNL.

2. Slab geometry experiment, static measurements, PNL.

3. Annular cylinder geometry experiment, static measurements, PNL.

4. Solution draining tracking experiment, dynamic measurements, ORNL.

As of May 1987, all subcriticality measurements were completed.

4.2 VERIFICATION EXPERIMENT

The purpose of this experiment is to experimentally verify the

performance of the SMS by comparing the results obtained using the SMS

with results obtained using the outdated Hewlett Packard equipment

system.
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The experimental apparatus to be used in this experiment is shown

in Fig. 5. The two Plexiglas cylinders are 19 cm inside diameter. One

cylinder is stationary, and the other can be motor driven on a track by

remote controls; the used fuels was uranyl nitrate solution. In the

experiments, a number of ne proportional counters were used, and

measurements were performed for various source-detector configurations.

The verification experiments were completed on January 15, 1986. The

results of these experiments were that the SMS equipment and the outdated

Hewlett Packard equipment systan provided identical data, within

statistical uncertainties (ref. 6).

4.3 SLAB GEOMETRY EXPERIMENT

The purpose of this experiment is to test the applicability of the

252

Cf source-driven neutron noise analysis method for the measurement of

subcriticality of fissile solutions in a slab tank.

Prom May 19, 1986, through May 23, 1986, a series of experiments

were performed in slab geometry shown in Fig. 2 using a mixed plutoniian-

uranium aqueous nitrate solution. The solution concentration was 173

and 262 g/L of plutonium and uranium, respectively. The Pu contained

91.1 wt % 239Pu while the depleted uranitm contained 0.57 wt % 235U. In

these experiments, the thickness of the slab was varied from 11.4 to

19.1 cm for a fixed height of 71 cm; the height of fissile solution was

varied from 71 to 41 cm for a fixed thickness of 19.1 cm. Two types of

detectors were used, "Tie proportional counters and scintillation

detectors, and measurements were performed for various source-detector

configurations. The results of these experiments are: (1) the capability

to measure the subcriticality for a multiplying system of slab geometry
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Fig. 5. Verification experiment
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in as low a k-effective as 0.70 was demonstrated, (2) calculated neutron

multiplication factors agreed with the experimental within approximately

0.02 in fc-effective, (3) measurement times for this geometry were not

significantly different from cylindrical geometry and were sufficiently

short to allow practical measurements (ref. 7).

4.4 ANNULAR CYLINDER GEOMETRY EXPERIMENT

The purpose of this experiment is to test the applicability of this

252

Ct source-driven neutron noise analysis method for the measurement of

subcriticality of fissile solutions in an annular cylinder tank.

From May 5 through May 10, 1986, a series of experiments were

perforrad in unreflected annular geometry shown in Fig. 3 with a mixed

Plutonium-Uranium aqueous nitrate solution with 173 and 262 g/L of
239Plutonium and uranium, respectively. The Pu contained 91.1 wt % Pu,

while the depleted uranium contained 0.57 wt % \J. In these

experiments the height of solution in the annulus was varied from

17.8 cm to 84.2 cm. Two types of detectors were used, Tie proportional

counters and scintillation detectors, and measurements were performed

for various source-detector configurations. The results of these

experiments are: (1) the capability to measure the subcriticality for a

multiplying system of annular geometry to as low a ^-effective as 0.70

was demonstrated, (2) calculated neutron multiplication factors agreed

with the experimental within approximately 0.02 in fc-effective,

(3) measurement times for this geometry were not significantly different

from cylindrical geometry and sufficiently short to allow practical

measurements (ref. 8).
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4.5 SOLUTION DRAINING TRACKING EXPERIMENT

The purpose of this experiment is to assess the dynamic capabilities

252
of the Cf source-driven neutron noise analysis method for measuring

time dependent subcritical reactivities.

From February 10, 1986, through March 17, 1986, a series of

experiments were performed in a 25.1 cm in diameter plexiglas cylindrical

tank containing aqueous uranyl nitrate solution with 482g/L of uranium.

The uranium contained 93.2 wt % u. Dynamic measurements of the

subcriticality neutron multiplication factor, ^-effectives were

performed as the solution height was changed at rates of 1 cm/min to

23 cm/min. Two types of detectors were used in these experiments, "Tie

proportional counters for the static measurements and scintillation

detector for the dynamic measurements. These experiments, which were

the first tests of this method of measuring fc-effective while it was

changing, showed that (1) this method has the capability to measure

subcriticality for a multiplying system to a fc-effective as low as 0.30;

(2) experimental Zc-effective values can be obtained from the ratio of

spectral densities in as little as 6 s, while a solution tank was

drained from 29.5 to 6.5-cm height in approximately 60 s; (3) the

measured fe-effective values obtained do not depend on the speed in which

the solution height is changed or whether it is filling or draining;

(4) the results of the dynamic measurements agreed with the static

measurements; and (5) the calculated ̂ -effective compares well with the

experimental (ref. 9).
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