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For the examination of neutronic safety design of forthcoming experimental core
configurations in the Static Experiment Critical Facility (STACY), neutronic
characteristics of 80-cm-diameter cylindrical cores fueled with 6% enriched uranyl
nitrate solution have been evaluated by computational analyses. In the analyses, the
latest nuclear data library, JENDL-3.3, was used as neutron cross section data. The
neutron diffusion and transport calculations were performed using a diffusion code,
CITATION, in the SRAC code system and a continuous-energy Monte Carlo code, MVP.
Critical level heights of the cores were obtained using such parameters as uranium
concentration (up to 500gU/)), free nitric acid concentration (up to 8mol//), and
concentration of soluble neutron poisons, gadolinium and boron. It has been confirmed
from the evaluation that all critical cores comply with safety criteria required in the
STACY operation concerning excess reactivity, reactivity addition rates and shutdown
margins by safety rods.

Keywords: Neutronic Characteristics, Critical Experiment, STACY, 80-cm-diameter Cylindrical
Core, 6% Enriched Uranyl Nitrate Solution, JENDL-3.3, Soluble Neutron Poison, Excess Reactivity,
Reactivity Addition Rate, Shutdown Margin
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1. Introduction

For the purpose of nuclear criticality safety of spent fuel reprocessing plants,
the Japan Atomic Energy Research Institute (JAERI) has performed critical
experiments since 1995 using a solution-fueled critical facility, named STACY" (Static
Experiment Critical Facility). In STACY, 10% enriched uranly nitrate solution had
been utilized for various homogeneous core configurations since the first criticality. A
series of STACY experiments provided basic criticality data under reflected and
unreflected conditions, kinetic parameters, i.e. ratios of effective delayed neutron -
fraction to prompt neutron lifetime, and so on.>® The experiments with 10% enriched
uranyl nitrate solution had been completed in 2001.

Following those experiments, heterogeneous core configurations” have been
tested in STACY since 2002 using 6% enriched uranyl nitrate solution and 5%
enriched uranium dioxide fuel pins to simulate sysfems containing fissile materials in
solution and solid forms as models of a spent fuel dissolver. The experiments on the
heterogeneous configurations are currently planned for 3 years in total, as varying
square pitches of a fuel pin lattice. The reactivity effect brought by soluble neutron
poisons in the solution will be measured in the final year.

Prior to the heterogeneous experiments with soluble neutron poisons, -
experiments on homogeneous cores with an 80-cm-diameter cylindrical tank**® are
also scheduled in 2004 using 6% enriched uranyl nitrate solution. These experiments
are considered to be important and indispensable because they will provide
comparative data on criticality characteristics and biases of computation between 10%
and 6% enriched uranium solution systems. Also, the differences in the characteristics
and biases between homogeneous and heterogeneous systems will be easily confirmed
due to the same enrichment of the uranium solution.

As preparation for the experiments on the 80-cm-diameter cylindrical cores
fueled with 6% enriched uranyl nitrate solution, the examination of neutronic design
has been performed by computational analyses from the safety point of view. In
STACY, all critical cores must comply with safety criteria on excess reactivity,
reactivity addition rates at the vicinity of a critical level height, and shutdown margins
by safety rods." They are represented as ‘neutronic limitations’ and fundamental safety
criteria for STACY operations. In general, the compliance with these criteria has to be
confirmed at design and operatibn stages according to the Japanese regulations for
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nuclear reactors. At the design stage, the confirmation is normally made. by
computational analyses, and then completed at the next stage using operational and
experimental data as well as computation. The present examination corresponds to the
former stage. | .

For this purpose, critical level heights of 80-cm-diameter cyiindrical cores
fueled with 6%-enriched uranyl nitrate solution in STACY were surveyed by using a
neutron diffusion code with such parameters as uranium concentration, concentration
of free nitric acid, concentration of soluble neutron poisons, gadolinium and boron.
The compliance with the safety criteria for all critical cores was confirmed using a
_continuous-energy Monte Carlo code as well as the diffusion code.

In Chap.2, core configurations are presented briefly. The procedures of
calculations are described in Chap.3. Results of the analyses and discussion are

summarized in Chap.4. In Chap.5, the present work is concluded.
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2. Core Configurations and Safety System

Details of the configuration of an 80-cm-diameter cylindrical core system were
presented in an earlier report.” Figure 2.1 shows an 80-cm-diameter cylindrical core
tank. The solution core is composed by feeding uranyl nitrate solution into the core
- tank made of stainless steel. Uranium concentration of the solution is limited up to
500gU/I. Critical level heights are also limited from 40 to 140cm. The reactivity is
controlled by the solution level height in the core tank, which is changed by feed of the
solution by a pump. No control rod is utilized for the operation.

The schematic diagram of STACY is illustrated in Fig.2.2. STACY is equipped
with two sorts of solution feed systems, the fast and slow pumps. The slow pump (0.7
to 10 //min) is utilized for reactivity control at the vicinity of a critical level height. The
incremental speed of a level height is limited up to 0.5mm/s by the slow pump.
Devices for driving safety rods and a level meter are installed on the top of the core
tank." The safety rod, boron carbide pellets in a stainless steel pipe, is used for only
emergency shutdown. For the 80-cm-diameter cylindrical core tank, 6 safety rods are
installed and inserted automatically into the solution in case of emergency. The level
meter controls excess reactivity represented by a solution level height beyond
criticality. The level meter is equipped with electrodes, which detect a solution surface.

Figure 2.3 shows the layout of the electrodes. At the vicinity of a critical level
height, a lower electrode is positioned manually at a lower level than that
corresponding to 0.17$ of excess reactivity. The lower electrode functions as stoppage
of the solution feed when the solution surface reaches there. Two higher electrodes are
fixed at the level being 1.8mm higher than the lower electrode. The higher electrodes
are backup systems and used for emergency shutdown in case of malfunctions of the
lower electrode. In STACY, the maximum excess reactivity is defined as the reactivity
corresponding to the level of the higher electrodes, considering hypothetical loss of the
function of the lower electrode.

STACY has three sorts of safety criteria in terms of neutronic limitations, as
follows,

1) Maximum excess reactivity must be within 0.8$,
2) Reactivity addition rates by the slow pump at the vicinity of a critical level
height must be within 3cent/s,

3) Regarding shutdown margins by safety rods, neutron multiplication factors must
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be within 0.985 in the case of all safety rods inserted into the solution, and 0.995

in the case of one safety rod not inserted hypothetically due to its malfunction.
For the maximum excess reactivity and reactivity addition rates, the differential
reactivity”? of solution level height is an important parameter as neutronic
characteristics of cores since they depend greatly upon the reactivity variation due to
increase of the level height.

As the other important neutronic characteristics particularly for solution cores,

reactivity effects by sloshing™® of a free solution surface brought by an earthquake

should be taken into account. In STACY, the reactivity added by the surface sloshing
has to be negative for all critical core configurations.

Nozzle
i/ Nozzle for

-] Nozzle for level meter off-gas vent

] ; - Top plate _Nozzle for
e X safety rod

i | ! T
( 2 ~od,
. 7 Nozzle for . h
Sidewall| JL.. USRS 5 S | thermometer Nozzle for Nozzle for

148

other sensors

Y

other sensors

i Feed/drain pipe

Figure 2.1 80-cm-diameter cylindrical core tank, reproduced from Ref.1
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3. Calculation Method

Critical level heights were surveyed by using a neutron diffusion code,
CITATION,” in the SRAC!? code system, with such parameters as uranium
concentration (up to 500gU/l), concentration of free nitric acid (up to 8mol/)),
concentration of soluble neutron poison (gadolinium and boron). Two-dimensional
cylindrical models were used under water-reflected and unreflected conditions, as
shown in Fig.3.1. Procedures of the calculation are illustrated in Fig.3.2. The Japanese
Evaluated Nuclear Data Library, JENDL-3.3,'" was used as cross section data. Atomic
number densities of the solution were obtained by the density equation reported by
Sakurai ef al.'”” The atomic number densities of stainless steel and water were cited
from Ref.3. Temperature of all materials was set to be 25°C. Temperature effects are
shown in the Appendix-1. For critical core configurations, the differential reactivity of
solution level height (dp/dh), effective delayed neutron fraction (Bes), and prompt
neutron lifetime (£) were also calculated by the CITATION code.

For the calculations of surface sloshing effects and shutdown margins by safety
rods, a continuous-energy Monte Carlo code, MVP,>! was used. Figures 3.3.1, 3.3.2
and 3.3.3 show calculation models. In the case of sloshing effects, the solution surface
brought by the first-degree-spatial mode was taken into account, which had been found
to be the dominant mode from mock-up tests performed by using the Large-Scale
Earthquake Simulator at the National Research Institute for Earth Science and Disaster
Prevention, Japan.' In the mock-up tests, the design basis earthquake, S, 1) (334cm/s?
of peak acceleration on the floor of STACY reactor room), had been taken into account.
The shutdown margins by safety rods were calculated under the sloshing conditions as
well as stationary ones. The maximum level variation (AH;) under the sloshing
conditions was considered conservatively up to 30cm although the mock-up tests had
shown 25cm of AH; in maximum. The cross section library, atomic number densities
and temperature of materials were the same as those in the CITATION calculations.
The density of natural-boron carbide of safety rods was 2.38g/cm’®. The number of
particle histories was 5 millions (25,000 particles per batch by 300 batches, initial 100
batches skipped) for all cases. The validity of the calculation methods is discussed in
the Appendix-2.
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Figure 3.3.2 Models of MVP calculation for shutdown margins by safety rods for
stationary surface
The water is replaced by void in case of unreflected conditions.
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The water is replaced by void in case of unreflected conditions.
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4. Results and Discussion

4.1 Criticality Conditions

Figure 4.1.1 shows the relation between critical level heights and uranium
concentration for cores not containing soluble neutron poisons. The critical level
height decreases monotonously as the uranium concentration increases. In the case
of Omol/I of free nitric acid concentration, the uranium concentration can be
changed from 330 to 500gU/I under the water-reflected conditions. As the free
nitric acid concentration increases, the range of the uranium concentration for the
attainment of criticality becomes smaller because of neutron absorption by "N in
nitric acid. The relations between critical level heights and concentration of
gadolinium and boron are shown in Figs. 4.1.2 and 4.1.3, respectively, under the
conditions of 400 and 500gU/! of uranium concentration. It is found that the
maximum concentration of gadolinium and boron are 0.068 gGd// and 0.23gB/I,
respectively.

The differential reactivity of solution level height (dp/dh) varies mainly with
the critical level height.z) According to the well-known modified - one-group
diffusion theory, it can be expressed by,

p___C
dh (H,+A)"

where H,, A and C represent a critical level height, an extrapolated distance and a
constant, respectively. Figure 4.2 shows a typical tendency of the differential
reactivity of solution level height against the critical level height. The reactivity is
represented in the unit of $ by using the calculated effective delayed neutron
fractions described below. The differential reactivity of solution level height
becomes the maximum at the minimum critical level height (40cm), as foreseen by
Eq.(4.1.1). The variations of the differential reactivity of solution level height with
the uranium concentration and the concentration of soluble neutron poisons are
also shown in Figs. 4.3.1, 4.3.2 and 4.3.3, respectively. The differential reactivity
of solution level height increases as the uranium concentration increases and the
concentration of soluble neutron poison decreases because these variations of the
concentration lead to lower critical level heights. The maximum differential
reactivity of solution level height, 0.072$/mm, is confirmed under the following
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condition.
- Uranium concentration: 500gU/e.
- Concentration of free nitric acid: Omol/4.
- Soluble neutron poison: none.
- Critical level height: 40.0cm.
- Reflector: water.

Figures 4.4.1, 4.4.2 and 4.4.3 show the effective delayed neutron fraction
(Betr). The effective delayed neutron fraction increases as the uranium
concentration increases and the concentration of soluble neutron poisons decreases.
This is because these variations of the concentration lead to lower critical level
height and to larger leakage of neutron from the core. The effective delayed
neutron fraction under unreflected conditions is found to be slightly larger than
that under water-reflected conditions because the neutron leakage of unreflected
systems is larger than that of reflected systems.

Also, Figs 4.5.1, 4.5.2 and 4.5.3 show the prompt neutron lifetime (£). The
prompt neutron lifetime decreases as the uranium concentration and concentration
of soluble neutron poison increases. This is because these variations of the
concentration lead to larger absorption of neutron in the core. The prompt neutron
lifetime under unreflected conditions is found to be slightly smaller than that under
water-reflected conditions because the neutron leakage of unreflected systems is

larger than that of reflected systems.
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4.2 Excess Reactivity and Reactivity Addition Rate
The maximum excess reactivity is defined as the reactivity corresponding to
a level of the higher electrodes of level meter (see Fig. 2.3), as mentioned in
Chap.2. According to the definition, the maximum excess reactivity (pex) can be
evaluated by,

pu=21 0 7,12,
dh| AP e,
- , (4.2.1)

=o.17+-‘1p-(ze+zm)
dh

where dp/dh, Z, and Z,, represent differential reactivity of solution level height in
the unit of $/mm, distance between the lower and higher electrodes (1.8mm) and
maximum incremental level (0.5mm) due to time delay in stoppage of the solution

feed after the level detection by the higher electrodes, respectively. For the

— 1R —
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maximum incremental level, we assumed that there was one-second delay in the
stoppage of the solution feed while the incremental speed of level was set to be
0.5mm/s as its maximum. From Eq.(4.2.1), the maximum excess reactivity
obviously increases as the differential reactivity of solution level height increases.
Consequently, the maximum excess reactivity is evaluated to be 0.34$ by using the
maximum differential reactivity of solution level height, 0.072$/mm, confirmed in
Sec.4.1. The evaluated value, therefore, complies with the criterion (within 0.8%)
sufficiently. ‘

The reactivity addition rate at the vicinity of the critical level height (dp/dt)
is expressed by,

dp _dp W 10000
dt  dh 60 (D)”
\y

where W and D represent a flow rate by the slow pump in the unit of //min and an
inner diameter of the core tank (79cm), respectively. The slow pump can control a
flow rate in the range of 0.7 to 10//min, as described in Chap.2, which is manually
adjusted prior to the operation. Using Eq.(4.2.2), the flow rate corresponding to
the maximum reactivity addition rate (3cent/s) is evaluated to be 12//min in the
case of the maximum differential reactivity of solution level height, 0.072$/mm.
The maximum flow rate of the slow pump is sufficiently smaller than the
evaluated flow rate corresponding to the rate of 3 cent/s. For this reason, it is
confirmed that the slow pump satisfies the required condition to control reactivity
addition rates within 3cent/s.

Reactivity Effect by Free Surface Sloshing

Figure 4.6 shows typical results of reactivity effects brought by free surface
sloshing. It is confirmed from Fig.4.6 that the negative reactivity is added by the
sloshing. According to the study by Miyoshi ef al.,® the reactivity effect by the
sloshing is always negative on condition that the minimum critical level height is
40cm for cylindrical cores having a diameter within 80cm. The sloshing effect
depends mainly upon variation of neutron leakage toward the vertical direction.
For cores having small amounts of such neutron leakage, i.e. a high solution level,
the reactivity effect becomes small. For this reason, the negative reactivity

decreases as the solution level height increases, as seen in Fig.4.6. Also, the larger



JAERI-Tech 2003-057

negative reactivity is found under the unreflected conditions compared with that

under the water-reflected conditions. This is also due to the same reason.
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Figure 4.6 Reactivity effect caused by free surface sloshing

4.4 Shutdown Margin by Safety Rods

For the stationary surface of solution not containing soluble neutron poisons,
Figs. 4.7.1(1) and 4.7.1(2) show the neutron multiplication factors in the cases of
all safety rods inserted and one safety rod not inserted into the solution,
respectively. Also, Figs. 4.7.2(1) to 4.7.3(2) show the neutron multiplication
factors for cores containing gadolinium and boron. The plotted points in these
figures are calculated values plus tripled standard deviations due to Monte Carlo
technique. For all cases, the neutron multiplication factors (K.) were evaluated by,

o itecasssesasasesescresaseresasena (4.4.1)
= 4.

* 1_(pex+pm)+pmd’

where prod, Pex and pm represent reactivity worth by safety rods, maximum excess
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reactivity (0.8% multiplied by effective delayed neutron fraction) and a safety
margin (=0.5%Ak/k), respectively.

It is considered that the reactivity effect by safety rods basically depends on
the following points,

- Neutron absorption rates of solution, increase of which will lead to the
decrease of reactivity effect by safety rods,
- Neutron leakage from the core, decrease of which will lead to the decrease

of reactivity effect. '
In addition, geometrical conditions on the vertical position of safety rods in the
core will greatly affect the reactivity effect. As illustrated in Fig.3.3.2, the neutron
absorber (boron carbide) does not reach the bottom of core even if the safety rod is
fully inserted into the core. This implies that the reactivity effect by safety rods
will decrease relatively as the critical level height becomes smaller. As seen in
Figs, 4.7.2(1) to 4.7.3(2), the neutron multiplication factors slightly decrease as the
increase of concentration of soluble neutron poisons and free nitric acid, which
lead to larger neutron absorption rates and to larger critical level heights. They
provide larger neutron multiplication factors in terms of neutron absorption in the
core and leakage from the core. The tendency of the neutron multiplication factors
in Figs. 4.7.2(1) to 4.7.3(2) is, however, considered to be mainly due to the .
above-mentioned geometrical conditions of the inserted safety rods, which result-
in smaller neutron multiplication factors for larger critical level heights. In the case
of cores not containing soluble neutron poisons, the neutron multiplication factors
increase as the uranium concentration increases, as seen in Figs. 4.7.1(1) and
4.7.1(2), since such variation of the concentration will lead to larger neutron
absorption rates and smaller critical level heights. For all cases, the neutron
multiplication factors under water-reflected conditions are larger than those under
unreflected conditions. This is because the effect of reflector brings smaller
neutron leakage from the core as well as lower critical level heights. It is also
confirmed that the neutron multiplication factors for all cases comply with the
criteria mentioned in Chap.2 sufficiently. The shutdown margin by the safety rods
under the stationary surface conditions becomes minimum under the following

condition.
- Uranium concentration: 500gU/1.
- Concentration of free nitric acid: Omol/l.
- Soluble neutron poison: none.
- Critical level height: 40.0cm.
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- Reflector: water.

The free surface sloshing effects on the shutdown margin by safety rods
were also confirmed under the condition of 500gU/! of uranium concentration and
Omol/] of free nitric acid concentration. The results are shown in Figs. 4.8(1) and
4.8(2). In the case of all safety rods inserted into the solution, the neutron
multiplication factors do not greatly vary with the maximum level variation. It is
considered that the decrease of safety rod worth due to the sloshing might be
compensated by the negative reactivity effect brought by the sloshing shown in
Fig.4.6. The neutron multiplication factors, however, increase significantly with
the maximum level variation in the case of one safety rod not inserted into the core
having the smallest critical level height. For small critical level heights, it is
considered that the safety rod placed at the horizontally symmetrical position to
the safety rod not inserted is not effective to add negative reactivity in the case of
the sloshing surface, as illustrated in Fig.3.3.3. This leads to the condition that two
rods are not inserted substantially. Even if the sloshing effect is taken into account,
it is confirmed that the shutdown margin by the safety rods complies with the

criteria sufficiently.



JAERI-Tech 2003-057

41.00 ¥ Ty
{ Criterion: 0.985
s 0.88 b OO TS PO J
-3 Water-reflected )
© —C- Acidity Omol/l —A— 4molil T
Y= 0-96 > . Unreﬂected """""""""""""""""""""""""""""""" :
s ~©-- Omol/l -4~ 4mol/l
"&‘ 0.94 - H SO SO SOOI
L
=
= (.92
s
£
e 0.90
o.
N
3 0.88
-
086ag.
300 350 - 400 450 500 550

Uranium concentration (gU/l)

Figure 4.7.1(1) Neutron multiplication factor in case of all safety rods inserted into
solution without soluble neutron, having stationary surface

1.00 T
Criterion: 0.995
0_98 G L T T S PO S A OSSR Higher ........... .
limit
PO S RO N S | (s00gun)

Neutron multiplication factor

0.92 - ............................ é....A_-.,..n..—_:,:::é‘.:.::.:r:.T..',.’...“.!‘ .......................... ]
0.90 — Water-reflected @ | ------------------------------------------- S h
! —0— Acidity Omol/i —a— 4mol/l : ]
A Unreflected : 4
0.88 - ~@-0molll-A-4moll | R &

086"‘
300 350 400 450 500 550

Uranium concentration (gU/l)

Figure 4.7.1(2) Neutron multiplication factor in case of one safety rod not inserted into
solution without soluble neutron poison, having stationary surface



JAERI-Tech 2003-057

b
[=]
(=]

e
'6 [ 7. ) —— ............... A p
© 1 Water-reflected
E 096 [ e - -0-U conc.500gU/(Acidity Omoit) | . ]
e oL : ; —A— 500gU/I(4mol/§D- 400gU/I(Omolil ]
o) b : ; Unreflected

2 ! ; ; ~@-500g U/l(0molil) 1
s 0.94 - R o &~ 500g U/I(4mol/t) - 400gU/{0mol/t] ]
E 0.92 o N
= : ; : T 9———————0]
E e e S
< 0_90 Eiaiaterted Pl e et e [ e dromenrares e B b
o
By
5
a 0.88
= [ :

0.86 Lossi i

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Gadolinium concentration (gGd/l)

Figure 4.7.2(1) Neutron multiplication factor in case of all safety rods inserted into
solution with soluble neutron poison: gadolinium, having stationary surface

e
(=4
(=]

Criterion: 0.995

B 0_98 ................................................................................................................... -
o <
b

&

Y= Q6 [ e o
=

2

=

G 0.94

2

2 I

= 0.92

: 1 . .

E g Water-reflected q
S 090t -O-U conc.500gU/I(Acidity Omolft) |~ .
= q —A—500gU/I(4moi/HT- 400gU/I(0mol/l )
5 Unreflected ]
1Y 7 S OO S -@-500gUNI(OMotty {0 R
=z - 500gU/I{4mol/lE- 400gU/I(0mok/l .

0.86 [ . M TP TPU P T S
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Gadolinium concentration (gGd/l)

Figure 4.7.2(2) Neutren multiplication factor in case of one safety rod not inserted into
solution with soluble neutron poison: gadolinium, having stationary surface



JAERI-Tech 2003-057

1.00 RS SRR B B SR A A e

! Criterion: 0.985
0-98 .., .......................................................................................... .
A ; : Water-reflected ]
0.96 | -erermer b —O-U conc.500gU/l(Acidity Omol/t) | . )
A | ; : ~A—500gU/I(4mol/T- 400gU/{0mol/l ]
, : : Unreflected
: ; : -8~ 500gU/(0Omoli) 9
0.94 oo R &~ 500gU/(4mol/) & - 400gU/(Omol/is -

T S T DR
e Nk : 5 ]

0.90

0.88

Neutron multiplication factor

0.86 1 PP Y Ty
0.00 0.05

0.10 0.15 0.20 0.25 0.30
Boron concentration (gB/I)

Figure 4.7.3(1) Neutron multiplication factor in case of all safety rods inserted into
solution with soluble neutron poison: boron, having stationary surface

=N
[=]
(=]

LA I e e e s
Criteridn: 0.995

i 0,98 [ e e e -

2

o

= (.96

=

2

® 0.94

2

2

= 0.92

= i

E Water-reflected J

e 0.90 i —O-U conc.500gU/i(Acidity Omol/l) ... -

o —A—500gU/l(4mol/H~400gU/i(0mol/i <

5] Unreflected

= -©-500gU/i{0molll) 9

§ e &~ 500gU/I{(4mol/hB- 400gUN(Omol/t y

0_86'...i....i.....‘.....a....i....
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Boron concentration (gB/l)

Figure 4.7.3(2) Neutron multiplication factor in case of one safety rod not inserted into
solution with soluble neutron poison: boron, having stationary surface



JAERI-Tech 2003-057

1.00 [T T

Criterion:\: 0.985 : : : :
0.98 - , ................. ................. ................. , ............... -
Water-reflected i i
—O—Without poison{Critical level height 40cm)

0.86 |1 —A-Gd:0.068gGd/l(140cm)—0—B:0.23gB/{140cm) |t ]
Unreflected : :

, -©-- Without poison(43cm) : : -
0.94 A~ Gd:0.061gGd/l(140cm)- 8- B:0.21gB/140cm) [+ F i y

082

e . —

Neutron multiplication factor

0.88 [ SR A— ST S— — I — b
! : i 5 5 i i Errorhar:30 ]

0.86'““5--- ; NN D TN IS T

0 5 10 5 20 25 30 35 40
Maximum level variation (cm)

Figure 4.8(1) Neutron multiplication factor in case of all safety rods inserted into
solution under sloshing condition (U conc. 500gU/¢, Acidity Omol/¢)

) —
L i Criterion: 0.995: : : i
S H H H Error bar: 35 -
0,98 b e —— froesne e 1
0.96

0.94 :

0.92f

! i Water-reflected I
0.80 L AR —O—Without poison{Critical level height 40cm) |.... ... .
= : —A— Gd:0.068gGd/i(140cm)-0- B:0.23gB/l(140cm) | :
; Unreflected
0.88 e --@-- Without poison{43cm)
R A ; -#&-- Gd:0.061gGd/l(140cm)- &~ B:0.21gB/i{140cm)

‘Neutr'on mulitiplication factor

0.86""'5"- ;

0 5 i0 15 20 25 30 35 40
Maximum level variation (cm)

Figure 4.8(2) Neutron multiplication factor in case of one safety rod not inserted into
solution under sloshing condition (U conc. 500gU//, Acidity Omol/?)

— 96 —



JAERI-Tech 2003-057

S. Summary and Conclusion

As a preliminary safety examination of the 80-cm-diameter cylindrical cores
fueled with 6% enriched uranyl nitrate solution in STACY, neutronic characteristics of
cores have been evaluated by the method of neutron diffusion and transportation
calculations. First, critical level heights of cores were surveyed with such parameters

' as uranium concentration, concentration of free nitric acid, concentration of soluble
neutron poison, gadolinium and boron. It has been confirmed from the evaluation that
all critical cores comply with the safety criteria sufficiently concerning the excess
reactivity, reactivity addition rates at the vicinity of a critical level height, and
shutdown margins by safety rods, which are fundamental criteria for the STACY
operations.

After the core is composed at STACY, the compliance with the safety criteria
will be examined again by using operational and experimental data as well as

computational results. These results will be also presented in the future.
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Appendix-1 Reactivity Effects by Temperature Variation

The reactivity effects brought by temperature variation up to 40°C, which is the
maximum temperature of the STACY cores, were evaluated by using the CITATION
code in the SRAC code system. Figures A.1.1, A.1.2 and A.1.3 show results of the
reactivity effects. For homogeneous uranium solution systems, the reactivity variation
by temperature increase is considered to be mainly due to the decrease of solution
density, which leads to the increase of neutron leakage and harder neutron energy
spectrum. For this reason, the reactivity is negative. In the case of unreflected
conditions, the negative reactivity is slightly larger than that under water-reflected
conditions. This is because the neutron leakage under unreflected conditions is larger
than that under water-reflected ones.
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Figure A.1.1 Reactivity effect by temperature variation of solution without soluble
neutron poison
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Figure A.1.2 Reactivity effect by temperature variation of solution with soluble neutron
poison: gadelinium
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Appendix-2 Validation of Calculation Method

The validity of the calculation methods has been confirmed by benchmark

calculations on published experimental data, of which conditions are similar to the

present core configurations. The results of benchmark tests are described below.

(1) Criticality

STACY experiments using low-enriched uranyl nitrate solution
The 80-cm-diameter core tank had been used in STACY with 10% enriched

uranyl nitrate solution containing no soluble neutron poison. The results were

published as benchmark problems in the International Criticality Safety
Benchmark Evaluation Project (ICSBEP) handbook.*® For these benchmark
problems, the validity of the present calculation methods was confirmed. As
reference, two-dimensional neutron transport calculations (P;Sg) were also
performed using the TWOTRAN'? code in the SRAC code system.

Table A.2.1 lists the results of benchmark tests. For the CITATION code, the
biases of neutron multiplication factor (keg) are confirmed to be in the range of -1
to -0.3%. The biases of kg by the MVP code are much smaller than those by the
CITATION code, which are in the range of -0.2 to +0.1%. The discrepancies of Keg
between the CITATION and TWOTRAN codes are 1.3% in maximum. It is

confirmed that these computational codes well reproduce the experimental results.

Table A.2.1 Results of benchmark tests on neutron multiplication factors of STACY
80-cm-diameter eylindrical cores fueled with 10% enriched uranyl nitrate solution

Run? Ref- Experimental ke SRAC-CITATION  SRAC-TWOTRAN MVP

lector o CIE Keft C/E Kerr C/E
216 0.9995+0.0010 0.9900 0.9905 1.0029 1.0034 1.0004+0.0003 10009
217 \oter  0-999620.0010 09917 09921 1.0033 1.0037 0.9998:0.0003  1.0002
220 0.9997+0.0012 0.9935 0.9938 1.0033 1.0036 0.9989+0.0002 0.9992
226 0.9998-+0.0012 0.9959 0.9961 1.0045 1.0047 (.9098--0.0002 1.0000
215 0.9983+0.0008 (.9883 0.9900 0.9999 1.0016 0.9959+0.0003 (9976
218 . 09985100010 09909 09924 1.0013 1.0028 0.9972+0.0003 0.9987
221 0.9989+0.0011 0.9927 0.9938 1.0013 1.0024 0.9968-:0.0002 0.9979
223 0.0993-+0.0012 0.9959 0.9966 1.0033 1.0040 (.9988=+0.0002 0.9995

a) See Refs. 3 and 4.
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The comparisons of the differential reactivity of solution level height (dp/dh)
between the CITATION and TWOTRAN codes on 80-cm-diameter cylindrical
cores fueled with 6% enriched uranyl nitrate solution are also lists in Table A2.2,
aiming at water-reflected and unreflected cores having the smallest critical level
height. As described in Chap.4, the smallest critical level height leads to the largest
differential reactivity, which is used for the evaluation of the maximum excess
reactivity and reactivity addition rates. The CITATION code provides about 6%
larger differential reactivity in comparison with the TWOTRAN code and more
conservative results than those by the TWOTRAN code, as listed in Table A.2.2.

Table A.2.2 Comparisons of differential reactivity of solution level height
between CITATION and TWOTRAN codes on STACY 80-cm-diameter
cylindrical cores fueled with 6% enriched uranyl nitrate solution
(U conc. 500gU/L, acidity Omol//, without soluble neutron poisons)

Ref- Level SRAC-CITATION ~ SRAC-TWOTRAN

lect height CITATION / TWOTRAN
ector (cm) dp/dh (%Ak/k) dp/dh (%Ak/K)

Water  40.04 0.052 0.049 1.064

None  42.97 0.046 0.043 1.056

IPPE experiments using highly enriched uranyl nitrate solution containing
gadolinium

For low-enriched uranyl nitrate solution containing soluble neutron poisons,
no benchmark data is currently available in the ICSBEP handbook. The handbook
covers experimental data on 89.04% enriched uranyl nitrate solution containing

gadolinium obtained by the Institute of Physics and Power Engineering (IPPE),
Russia.'®? The experiments were carried out by using a 40-cm-diameter
cylindrical core tank with water reflector. The uranium concentration was in the
range of 70 to 400gU/l. The uranium-235 concentration was 62U/l for the
solution of 70gU/I, which is the closest to that of STACY with 6% enriched uranyl
nitrate solution (max. 30g™°U/)). Therefore, the benchmark calculations were
performed on the solution of 70gU/I"® using CITATION, TWOTRAN and MVP
codes.

Table A.2.3 lists the results of the benchmark tests. It is found from the
CITATION calculations on the cases 1 and 2 that the discrepancies in ke are larger
than that of 10% enriched uranium of STACY listed in Table A.2.1. This is
considered to be due to fairly small critical level heights for these cases. For the
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cases 2 and 3, larger discrepancies in keg are also found in the MVP and
TWOTRAN calculations. Similar discrepancies are confirmed even though the
different Monte Carlo codes and nuclear data libraries are used.'® Figure A.2.1
shows ratios of the calculated keg. The ratios of keg of the CITATION code to the
MVP code tend to decrease significantly as the critical level heights decrease. This
tendency is also found in the ratios of keg of the TWOTRAN code to the MVP
code, but their variation is much smaller than that of the ratios of keg of the
CITATION code to the MVP code. This implies that the neutron-diffusion
technique might not be applicable to the systems having small critical level heights
like the IPPE cases 1 and 2. The IPPE experimental cores had water reflector
under the core tank as well as the same reflector for the horizontal direction. On
the solution core, however, no reflector existed. This configuration is similar to
STACY. In particular, the Fick’s law is considered to be not applicable to a region
at the vicinity of the unreflected top boundary. In the case of smaller core heights
presented in the IPPE cases 1 and 2, this region becomes relatively greater in the
whole of core.

Figures A.2.2 and A.2.3 show calculated neutron energy spectra on the IPPE
case 1 and 3 experiments, respectively. For both cases, the neutron spectra at the
center of core by the CITATION code well agree with those by the TWOTRAN
code. On the other hand, it is clarified from the results of case 1 that the neutron
spectrum at the vicinity of the top boundary by the CITATION code is harder than
that by the TWOTRAN code. For this reason, ke by the CITATION code is
smaller than that by the TWOTRAN code, as listed in Table A.2.3. For the case 3,
the discrepancy of the spectra at the vicinity of the boundary is reduced, as shown
in Fig. A.2.3(b).

The minimum critical level height is, however, 40cm in STACY. Besides,
the CITATION code well reproduces the IPPE case 3 (45cm of critical level
height), as listed in Table A.2.3. The neutron-diffusion technique is, therefore,
considered to be applicable to the STACY systems as useful approximation.

— 24 —
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Table A.2.3 Results of benchmark tests on neutron multiplication factors of uranyl nitrate

solution systems (70gU/l) containing gadolinium

a) . SRAC-CITATION SRAC-TWOTRAN MVP
Case Experimental ke
Kef C/E Kefr C/E Kest CIE
1 1.0000+0.0028 09519 0.9519 0.9865 0.9865 0.9947-0.0004 0.9947
2 1.0000+0.0052 0.9811 0.9811 1.0103 1.0103 1.0115==0.0004 1.0115
3 1.0000+0.0087 1.0016 1.0016 1.0256 1.0256 1.0205 +0.0003 1.0205

a) See Ref. 18.
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Figure A.2.1 Ratio of calculated neutron multiplication factor
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IPPE experiments using low-enriched uranyl nitrate solution containing absorber

rods

In addition, benchmark tests on low- enriched uranyl nitrate solution systems
containing boron carbide absorber rods were performed to confirm the validity of
the calculations of safety rod worth. The benchmark problems are based on the
criticality experiments carried out at IPPE.>**>) In the experiments, absorber rods
(5.5cm of outer diameter) were inserted into 5.64% or 10% enriched uranyl nitrate
solution cores with water-reflector. The benchmark tests were performed by using
the MVP code. Table A.2.4 lists the results of benchmark tests. The ‘biases of keg
by the MVP code are confirmed to be sufficiently small in the range of -0.1 to
+0.7%, compared with the uncertainties in the experimental keg.

Table A.2.4 Results of benchmark tests on neutron multiplication
factors of uranyl nitrate solution systems
containing boron carbide absorber rods

235
Case® (%l; Experimental ke = MVP o

1 1.0000+0.0042 0.9990+0.0003 0.9990
2 564 1.0000+0.0051 0.9993+0.0003 0.9993
3 1.0000+0.0064 1.0001+0.0003 1.0001
1 1.0000+0.0037 0.9998+0.0004 ( gggg’

"2 1.0000+0.0038  1.0056+0.0003  1.0056
3 10  1.0000+0.0041 0.9999+0.0004 0.9999
4 1.0000+0.0041 1.0007+0.0004 1.0007
5 1.0000+0.0047 1.0066+0.0003 1.0066

a) See Refs. 24 and 25.

(2) Kinetic parameter (Bes//)
STACY experiments using low-enriched uranyl nitrate solution

For kinetic parameters involving Bes Which is used for reactivity in the unit
of $, benchmark calculations using the CITATION code were performed on the
STACY 80-cm-diamerer cores with 10% enriched uranyl nitrate solution under
unreflected conditions.” Table A.2.5 lists the results of benchmark tests. The
biases of Bew/¢ are confirmed to be in the range of —1.8 to -0.6%, of which range is
almost the same as reported.®

— 29 —
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Table A.2.5 Results of benchmark tests on kinetic

parameters (Beu/{) of STACY 80-cm-diameter
cylindrical cores fueled with
10% enriched urany! nitrate solution

Run® Experimental SRAC-CITATION
. -1
Bewlt (s7) Benlt (')  CIE
215 109.2x1.8 107.8  0.9873
219 102.7+1.6 101.4 0.9878
222 95.4+1.7 93.6 0.9815
224 90.0+2.2 89.4 0.9935
a) See Ref. 6.
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¥ E 1Pa-s(N-s/m?)=10P (F 7 X)(g/(cm-s)) 133322X10™ | 135951X107* | 131579X107 1 193368 X107
RSB 1m/s=10°St(X } — 2 R)(cm’/s) 6.89476X107 | 7.03070X107 | 6.80460X107" 517149 1
—;— J(=10" erg) kgf-m kW-h cal(RB &) Btu ft-1bf eV 1 cal= 4,186057 (B &)
Q; . 1 0.101972 277778X 107 0.238889 9.47813X10™* 0737562 6.24150 X 10'® = 4.1847 (B4L2)
] 9.80665 1 2.72407X 107 2.34270 9.29487X 107 7.23301 6.12082X 10" = 4.1855] (15C)
g 3.6X10° 3.67098 X 10° 1 8.59999 X 10° 3412.13 2.65522X10° | 2.24694X10% =4.1868] (HIEBERE)
N 4.18605 0426858 1.16279 X107 1 3.96759X 10" 3.08747 261212X10°  prms | pS(LET)
ey ~4 21
by 1055.06 107.536 2.93072X10 252,042 1 778.172 6.58515X 10 = 75 kgf-m/s
) X A >< -7 . . >< -3 . X 18
135582 0.138255 3.76616X10 0.323890 1.28506X 10 1 8.46233X10 - 735.499W
1.60218X107° | 1.63377X107° | 4.45050X107% | 3.82743X107® | 1.51857X107% | 1.18171X10™% 1
i d Bq Ci % Gy rad i1 Crkg R i Sv rem
5 s ) g
4 1 2.70270X 10 5 1 100 i 1 3876 % 1 100
H o " &' B
37X10 1 0.01 1 2.58X107* 1 001, 1
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Evaluation of Neutronic Characteristics of STACY 80-cm-diameter Cylindrical Core Fueled with 6% Enriched Uranyl Nitrate Solution
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