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INTRODUCTION

The Static Experiment Critical Facility,
STACY in the Nuclear Fuel Cycle Safety Engi-
neering Research Facility, NUCEF. is a solu-
tion type critical facility to accumulate funda-
mental criticality data on uranyl nitrate solution,
plutonium nitrate solution and their mixture "\

A series of critical experiments for 10 wt%
enriched uranyl nitrate solution using a cy-
lindrical core tank of 60 cm in diameter have
been performed with the STACY. The initial
criticality was achieved on February 23 in 1995
and various function tests were carried out for
obtaining the operation license by Science and
Technology Agency (STA) of Japan.

In these experiments, systematic data of
the critical height, differential reactivity of the
fuel solution, kinetic parameter and reactor
power were measured with changing the ura-
nium concentration of the fuel solution from
310 gU/ Q to 225 gU/ G . The differential reac-
tivity of the fuel solution height was obtained
by measuring reactor period at a slightly super
critical solution height in order to evaluate the
nuclear limitations such as maximum reactiv-
ity, maximum reactivity addition rate which are
fundamental quantity for the safe operation.

Kinetic parameters j3 eff //, where j3 eff is
effective delayed neutron fraction and / is
prompt neutron life time which determine the

transient behavior of fuel solution system were
also measured by the reactor noise method and
the pulsed neutron source method.

The reactor power of the experimental core
was calibrated by the gamma ray spectrometry
for fission products in the fuel solution which
was sampled after high-power operation. Neu-
tron introduction method using a start-up neu-
tron source and the activation method of Au foil
were also applied and the availability of these
method were confirmed by comparison with the
evaluated power by the FP analysis method.

The main parameters which determine the
criticality condition of the uranyl nitrate solution
are U235 enrichment, uranium concentration,
acid molarity and fuel temperature. Systematic
experimental data through the first series of ex-
periments for the basic core with a cylindrical
tank of 60 cm diameter are reported in this pa-
per for evaluating the accuracy of the criticality
safety calculation codes.

Reference calculations of the neutron mul-
tiplication factor keff for the critical condition
were made using a neutron transport code
TWOTRAN and a continuous energy Monte
Carlo code MCNP4A with the Japanese evalu-
ated nuclear data library, JENDL 3.2.

CRITICALITY FACILITY

STACY consists of the core tank containing
fuel solution, solution transfer system, fuel
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storage system, solution adjusting system, and
water reflector systemJ'4). The fuel solution is
fed from the storage tank to the core tank
through a critical approach.

The core tank has a cylindrical geometry
with a diameter of 60 cm, which is made of
stainless steel SUS 304.

Solution height in the core tank is measured
with contact type height gauge. This height
gauge has an accuracy of ±0 .2 mm. Two
B10 counters and four gamma compensated
ionization counters were positioned around the
core tank to measure in the source range and
power range, respectively. The maximum
power is limited up to 200 watt. The external
neutron source, Am-Be, is inserted below the
bottom of the core tank at the beginning of the
operation. Reactivity is controlled by adjust-
ing the solution height in the core tank without
control rods.

Initially the fuel solution is fed by a fast
speed pump system to just below half the pre-
dicted critical height. Fuel solution is fed us-
ing a siow speed pump system in the near
critical state. The maximum excess reactivity
and maximum reactivity addition rate are ad-
justed by limiting the position of the contact
type height gauge and the feed speed of the
slow pump system. Four cylindrical safety
rods containing B4C pellets are positioned at
the upper part of the core tank, and are
dropped by gravity in an emergency shut-
down condition. The flow diagram of the
STACY is shown in Figure 1.

EXPERIMENTS

Main experimental items through the first
series of experiments are listed in Table 1.

(1) Critical solution heights
The cylindrical core tank was settled in a re-

flector pool and the light water was supplied
into the reflector pool before the operation. The
side reflector and lower reflector are more
than 30 cm in thickness. The height of the wa-
ter reflector was 20 cm more than the upper
plate of the core tank. The initial critical ap-
proach for a water reflected core was per-
formed on February 23, 1995 using the uranyl

nitrate solution containing 310.1 gU/ 6 and 2.1

moI/Q free nitric acid with a density of
1.4827 g/cm3. The uranyl nitrate solution had
an enrichment of 9.97wt%. In addition to the
two nuclear instruments of B10 counters (Start
up channel A and B), four experimental chan-
nels composed of three He3 proportional
counters and one B10 counter (Channel 1-4)
are positioned around the core tank. The criti-
cal height was estimated by monitoring the in-
verse count rate of these neutron counters dur-
ing subcritical state and the critical height was
estimated 41.53 cm from the 11-step meas-
urements. This value was confirmed by observ-
ing the steady flux with power range nuclear
instruments of two compensated ionization
chambers ( Linear channel A and B). The fuel
temperature was maintained approximately
2 3 ° C .

In addition, the initial critical approach for
an unreflected core was made on April 11,
1995 and the measured critical height was
46.8 cm. The uranyl nitrate solution had a con-
centration of 313gU/G, 2.3mol/J3 free nitric
acid with a density of 1.4881 g/cm3. The detec-
tor configuration in the critical approaches is
shown in Figure 2 and the reciprocal curves
during the subcritical states in the above two
experiments are shown in Figure 3 and Figure
4.

In order to obtain the systematic criticality
data on the solution height for the 60 cm di-
ameter core tank, the fuel solution was diluted
in a storage tank with maintaining the acid mo-
larity about 2.2mol/fi and critical approaches
were repeated. The lowest uranium concen-
trations for the water reflected and unreflected
cores were 225 gU/ G and 242 gU/ Q , re-
spectively under the limitation for the maxi-
mum critical height of 140 cm. Core condi-
tions in this series of experiments are shown in
Table 2, and the measured critical heights are
shown in Table 3 and Figure 5.

(2) Tests on nuclear limitations
The nuclear limitations such as maximum re-

activity and maximum reactivity addition rate
are fundamental quantities for the safe operation
of a critical assembly. As the reactivity of the
STACY is adjusted by changing the solution
height, the differential reactivity as a function
of critical height was one of the most important
properties. By measuring the reactor period at
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a slightly super critical state after attaining criti-
cality, this quantity was evaluated using an
inhour equation.

Results of the differential reactivities for re-
flected and unreflected cores are shown in
Figure 6. The dependence of differential reac-
tivity on the solution height is determined by
the shape of the fundamental mode of the neu-
tron flux along the vertical direction. Fitting
curve in this figure is based on the one energy
group theory.

In the case of a simple geometry such as
cylindrical core, geometrical buckling can be
evaluated by fitting flux distribution in the ver-
tical and horizontal direction to each fundamen-
tal mode function. The neutron flux distribution
along the vertical direction in the reflector region
was measured by scanning a He-3 counter us-
ing a driving mechanism. The Activation distri-
butions of gold wires attached on the outer sur-
face of the core tank were also measured with a
Nal(Tl) scintillation counter using a beta-
gamma coincidence counting technique.

In order to evaluate the shutdown margins
in both conditions of all-rod insertion and one-
rod stuck insertion, the reactivity worth of
safety rods were measured using a rod drop
method. The decrease in the counting rate of
the start up channels A and B after rod insertion
were monitored using a multichannel sealer
with 4096 channels. The dwelling time of each
channel was 0.1 seconds. Examples of the
measured and calculated neutron multiplication
factors after one-rod stuck insertion of the
safety rods are shown in Figure 7. Calcula-
tions were made by the Monte Cairo Code
MULTI-KENO with the nuclear data library
JENDL3.25).

(3) Power calibration
Reactor power of the core was increased

step by step, and the response of the neutron
detectors of the start-up channel, linear channel
and safety channel were measured. Power
calibration was made using an analysis of fis-
sion products in the fuel solution which was
sampled after the operation. The gamma activi-
ties of fission products such as Cel43 and
Bal40, and Np239, which is produced by cap-
ture reaction of U238, were measured with a
Germanium detector.

The activity was corrected to that at the
shutdown time by taking account of the half life

of each nuclei. An example of the decay for
Cel43 and Np239 is shown in Figure 8. Re-
sults of the reactor power based on the fission
products and Np239 is shown in Table 4.

The neutron introduction method using the
start-up neutron source was also tested and the
correlation between the gradient of the power
increase and the initial power level was ob-
tained. An example of the measurement using
the multichannel sealer for start up channel A
is shown in Figure 9. The dwelling time of
MCS is 1.0 sec and total channel number was
4096.

In addition, the activation method of Au foil
attached to the outer surface of the core tank was
applied to the experimental cere, and the validity
of these methods were confirmed by compari-
son with the calibrated power by FP analysis
method. In the irradiation of gold foil, the
integral power of the operation was estimated by
combining the activity of the Au foil and activa-
tion rate calculated by MCNP4A, a continuous

neutron Monte Carlo code6'.

(4) Kinetic parameters
Two different experiments were performed

to measure the ratio of effective delayed neutron
fraction to the prompt life time. In a noise ex-
periment of break frequency method, the current
signal from two compensated ionization cham-
ber (Channel 5 and Channel 6) were converted
to voltage signal and stored using analog data
recorder. Auto power spectrum density, cross
power spectrum density and coherence function
between the two channels were measured using
the fast fourier analyzer at critical state.

In the pulsed neutron experiments, a pulsed
neutron source was positioned in the reflector
region near the core tank. The change in the
count rate of B10 counters after injection of
pulsed neutrons were measured in some sub-
critical states. The subcriticality was adjusted
by changing the solution height within ap-
proximately 5 dollars. The pulse rate was 20 per
second and total number of induced pulses was
approximately 10000. The dwelling time of the
multichannel sealer was 100 micro seconds. The
results of the kinetic parameters j5 eff/ / for the
cores with a uranium concentration of approxi-
mately 310 g/ Q are shown in Table 5.
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CALCULATIONS

(1) Calculation method
Before the initial critical approach, the criti-

cal solution height was estimated using the
SRAC code system developed at JAERI .
The critical concentration of uranium as a func-
tion of solution height was calculated using
two-dimensional transport code TWOTRAN.
The number of neutron energy group vyas 16,
which was condensed using a one dimensional
transport code ANISN. The fine group cross
section data of the SRAC is based on the
JENDL 3.2 nuclear data library. The value of
keff used for searching the critical height was
1.006 with assuming the acid molarity of 2.0
mol/ 6 .

The main parameters which determine the
criticality condition of the solution system of
uranyl nitrate are U235 enrichment, uranium
concentration, acid molarity and fuel tempera-
ture. The sensitivities of the reactivity to these
parameters and core dimensions are important
to estimate the accuracy of the experimental re-
sults. A sensitivity analysis of the neutron mul-
tiplication factor for the above parameters was
performed for typical experimental cores. The
uncertainties of experimental keffs in the critical
state for both the water reflected core and unre-
flectedcore are summarized in Table 6.

(2) Reference calculations
Some calculations of neutron multiplication

factor keff for the critical conditions were con-
ducted using a deterministic transport code,
TWOTRAN and a continuous energy Monte
Carlo code MCNP4A The calculation models
for each code is shown in Figure 10.

When using the Monte Carlo code, a three
dimensional model including the water reflector
above the core tank was adopted. On the other
hand, a simple RZ model was employed in
TWOTRAN, which did not include the upper
part of solution height. Distribution of the cal-
culated Keff for reflected cores and unreflected
cores are shown in Figure 11 and Figure 12,
respectively.

In these calculations, the atomic number
densities of the main nuclides in the fuel solu-
tion were estimated based on the measured
density of the fuel solution. The criticality cal-
culations based on the atomic number densities
which were derived from the SST density for-

mula were also performed with the TWOTRAN
code.

The maximum difference between the calcu-
lated keff and the experimental results (1.0) are
within 1.0% taking account of the experimental
error and the calculation results show that the
SST density formula is suitable for determining
the neutron multiplication factor in the critical-
ity safety analysis ' .

SUMMARY

As the STACY started steady operations,
systematic criticality data on low enriched
uranyl nitrate solution system could be accu-
mulated. Main experimental parameters for the
cylindrical tank of 60 cm in diameter were ura-
nium concentration and the reflector condition.
Basic data on a simple geometry will be help-
ful for the validation of the standard criticality
safety codes, and for evaluating the safety
margin included in the criticality designs.

Experiments on the reactivity effects of
structural materials such as borated concrete
and polyethylene are on schedule next year as
the second series of experiments using 10 wt%
enriched uranyl solution. Furthermore, neutron
interacting experiments with two slab tanks will
be performed to investigate the fundamental
properties of neutron interaction effects between
core tanks. These data will be useful for mak-
ing more reasonable • calculation models and for
evaluating the safety margin in the criticality
designs for the multiple unit system10,11)
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No.

1

2

3

4

5

6

7

8

9

Table 1 Mair

Experimental Item

Critical height

Maximum reactivity

Maximum reactivity addition rate

Reactivity of driving mechanism

Shutdown margin at all-rod insertion

Shutdown margin at one-rod snick

Reactor power

Kinetic parameter /? eff/1

Neutron flux

items of reactor physics test and their requirements

Limit value

40-140 cm

0.8S

3 cent/sec

^30 cent

KeffsS 0.985

Keff^0.995

Power

S200 watt

-

-

-

Measurement

Inverse multiplication

Reactor period measurement

Rod drop method

Neutron source introduction
method
Gamma activity of fission
Droducts and Np239

Activation of gold foil

Reactor noise method

Pulsed neutron method'

Activation of gold wire

Scanning of neutron counter

Instrumentation

B10 counter, He3 counter

Compensated Ionization
Chamber (CIC;

B10 counter, He3 counter

Multi-Channel Sealer (MCS)

B10 counter,CIC,
Am-Be source
Ge(Li) detector,
y -ray spectroscopy
NaI(Tl) Scintillation,
j3 - y coincidence system
Fast Fourier Analyzer, CIC.
Analog Data Recorder

Pulsatoron, B10 counter,
MCS

NaI(TI) Scintillation counter

Counter driving system

Table 2 Experimental condition for a cylindrical tank

of 60 cm in diameter at STACY

Fuel solution : Uranyl nitrate solution

U235 enrichment (%)

Uranium concentration (g/1)

Acid molarity (mol/1)

Temperature (tD)

Core tank : SUS304

Type

Inner diameter (mm)

Thickness of side wall (mm)

Thickness of bottom plate (mm)

Thickness of upper plate (mm)

Reflector : Light water* / None (bare)

Thicicness of lower reflector* (mm)

Thickness of upper reflector* (mm)

Thickness of side reflector* (mm)

9.97

225.3-317.4

2.17-2.28

23.1-25.9-

Cylinder

590

3

20

25

330

200

>700
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Table 3 Measured critical heights for the cylindrical core of 60 cm in diameter

Run
No.

1

12

28

29

33

34

46

51

54

14

30

32

36

49

Reflector

Water

None

Uranium
concentratio

n (g/1)

310.1

312.3

317.4

290.4

270.0

253.6

241.9

233.2

225.3

313.0

290.7

273.1

253.9

241.9

Acidity
(moll/I)

2.17

2.22

2.25

2.23

2.20

2.24

2.27

2.28

2.28

2.25

2.23

2.24

2.23

2.27

Core
Temperature

(1C)

23.1

23.3

25.2

24.8

24.7

24.8

24.6

22.4

23.3

23.8

25.4

25.8

25.8

23.4

Critical
Height
(cm)

41.53

41.22

40.94

46.70

52.93

64.85

78.56

95.50

130.33

46.83

54.20 .

63.55.

83.55

112.27

Density
(g/cc)

1.48266

1.48640

1.49289

1.45717

1.43479

1.40902

1.39357

1.38480

1.37220

1.48807

1.45711

1.43389

1.41018

1.39410

Date

1995/2/23

1995/4/4

1995/5/25

1995/5/30

1995/6/9

1995/6/12

1995/7/6

1995/9/20

1995/9/26

1995/4/11

1995/6/1

1995/6/7

1995/6/21

1995/7/13

Sampling
date

1995/2/22

1995/4/3

1995/5/26

1995/5/26

1995/6/12

1995/6/12

1995/7/4

1995/9/19

1995/9/25

1995/4/10

1995/6/2

1995/6/2

1995/6/20

1995/7/12

* Measured at 25 "C

Table 4 Reactor power calibration based on gamma ray activity of
fission products and Np239 after a reactor opeartion

Date

Run No.

Reflector

U concentration (g/1)

Acid molarity (mol/l)

Critical height (cm)

1995/3/9

6

Water

311.1

2.21

41.48

1995/4/25

19

None (bare)

314.1

2.23

46.84

Fission density (fission/cc)

Cel43

Rul03

Ba24O

Zr 95

Np239

Fission (U235+U238) /
Capture (U238)*

Reactor power based
onCe!43(W.min)

1.008 r 109

1.012xl09

9.738 x 10s

9.484 x 10s

9.125 x 10s

6.204 ±0.002

210.2

3.104 xlO9

3.221 xlO9

3.286 x 10s

3.951 x 109

2.938 x 109

6.070 ±0.002

647.2

• Calculated value with Monte Carlo code, MCNP 4A with
the Japanese Evaluated Nuclear Data Library JENDL 3.2
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Table 5 Measurement of kinetic parameters B eff 11

Core

condition

/?eff/7

Date

Run No.

Reflector

U concentration (g/1)

Acid molarity (mol/1)

Critical height (cm)

Temperature (°C)

Pulsed neutron method

Ch.A

Ch.B

Reactor noise method
CPSD (Ch. 4,5)

1995/5/25

28

Water

316

2.20

40.94

25.2

136.2+4.5

137.9+5.7

139.4+3.6

1995/4/20

18

None (bare)

313.8

2.23

46.83

23.8

133.6+4.9

135.1+3.2

134.1+3.2

* Cross Power Spectral Density between CH-4 and Ch-5 (CIC)

Table 6 Uncertainties of experimental keffs for the

Parameter [p]

235U enrichment (%)

Fuel concentration (gU/1)

Acid molarity (mol/1)

Temperature ("C)

Inner diameter (mm)

Solution height (mm)

Impurity (Fe.Cr.Ni)

Total

Uncertainty of

measurement

+ 0.013 »)

+ 0.5 W

± 0.02 c)

+ 0.3

± 1.5

± 0.2

( < 40 )

nitial water reflected core and Unreflected core

Reflected core (Run No. 1)

Sensitivity

(%Akeff/Ap)

0.35 /0 .1 %

0.06 / l .O g/1

-0.21 /0 .1 mol/1

-0.04 / l .O "C

0.04 /1 .0 mm

0.05 / 1.0 mm

0.005 / 6 0 ppm

Uncertainty ofkeff

(%Akeff)

0.046

0.030'

-0.042

-0.012

0.060

0.009

0.003

0.093

Uneflected core (Run No. 14)

Sensitivity

(%Akeff/Ap)

0.35 /0 .1 %

0.05 / l .O g/1

-0.22 /O.I mol/1

-0.04 /1 .0 "C

0.05 / l .O mm

0.04 / l .O mm

0.01 / 100 ppm

Uncertainty ofkeff

(%Akeff)

0.046

0.025

-0.044

-0.012

0.075

0.007

0.002

0.102

a), b), c). Relative error of the measurement
~235U enrichment <0.13 %, U concentration < 0.2 %, Acid molarity < 1.0 '
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Figure 1. Outline of STACY facilities and flow diagram
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Figure 2 Configuration of neutron counters positioned around the core tank
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Figure 5. Measured critical solution heights of 10% enriched uranyl
nitrate solution in a cylindrical tank
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