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ABSTRACT

A series of tests was conducted to study the mechanical release
of non-volatile fission products during sodium-concrete reaction, in
which hydrodynamic break-up by the hydrogen bubble bursting is
predominant at the sodivm pool surface.

In the tests, non-radioactive materials, namely strontium oxide,
europium oxide, and ruthenium particles whose sizes ranged from
some microns to several tens of microns, were used as simulated non-
volatile fission products.

The following results were obtained from the present study:

(1) The sodium aerosol release rate during the sodium-concrete
reaction was larger than that of natural evaporation. The difference,
however, became smaller with the increase in the sodium temperature;
nearly 10 times at 400 °C and 3 times at 700 °C.

(2) Retention factors of these non-volatile materials in sodium pool
increased in the range of 0.5 to 104 with the increase in the sodium
temperature from 400 °C to 700 °C.

INTRODUCTION

In the vessel melt-through sequences of hypothetical core disruptive
accidents in a liquid metal fast breeder reactor, it is postulated that the hot
sodium containing fission products drops on a steel liner in the reactor
cavity. When the dropped sodium is heated up to a very high temperature
by decay heat, the steel liner may experience failure leading to a sodium-
concrete reaction. During the reaction, hydrogen gas bubbles emerging
from the reaction layer agitate the sodium pool, and enhance the sodium
aerosol generation due to the hydrodynamic break-up by the bubble bursting
at the pool surface. Involved in the released aerosols, the particles of the
non-volatile fission products (n-VFPs) will also be released from the pool.

So far, many experimental and code development studies1-6 have been
conducted on the thermal and chemical processes of the sodium-concrete
reaction. However, no experimental data was available on the releases of
sodium aerosols and n-VFPs that were essential for assessing the source
term in the later phase of the accidents. ;

Therefore, two types of test have been conducted to determine the

aerosol and the retention factor (R.F. : the ratio of
the mass concentration of n-VFPs in the sodium pool to that in the sodium
aerosol) of n-VFPs in sodium pool; one is the sodium-concrete reaction test
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to demonstrate the increase in sodium aerosol release and the retention
capability of n-VFPs in liquid sodium pool, and the other is the simplified
test in which agitation of sodium pool by hydrogen gas during the sodium-
concrete reaction was simulated by gas bubbles from a nozzle located at the
bottom of the sodium pool. The later is to interpret the eifects of sodium
pool itemperature and bubbling gas flow rate on the acrosol release rate and

R.F. becapse the results of sodium-concrete reaction test were obtained in
the complicated conditions.

I. EXPERIMENT
1. Test Rig

(1)Sodium-concrete reaction test

Figure 1 shows an arrangement of the test rig for the sodium-concrete
reaction. The test rig mainly consists of three parts; a concrete block,a
sodium pool, and a cover gas space.

The concrete block of graywacke aggregates was prepared in a
stainless steel bucket. The block is 300 mm high and 203.3 mm in
diameter. Seven thermocouples were embedded at various axial locations in
the concrete to measure the temperature profiles during the test.

The instruments in the sodium pool are three thermocoupies for
measuring temperature in the sodium pool and a wave guide with an acoustic
sensor attached on the outer surface of the test vessel for monitoring
hydrogen evolution regime.

The cover gas space over the sodium pool is about 850 mm high and
about 27.5 litters in volume. Thermocouples are installed to measure the
temperature of the cover gas space and the lower surface of the top flange of
test vessel. A pressure gauge, a gas flow meter, settling acrosol samplers,
and a rupture disk are mounted directly on the vessel or in the vent line that
connects the vessel with a gas scrubber. Aerosol sampling filters made of
:intered stainless steel are connected to the vent line on the both sides of the

lange.

The test data is recorded automatically by using a computer controlled
data acquisition system.

(2)Simulation test by gas bubbling

Figure 2 shows an arrangement of the test rig for the simulation test.
The main part of the test rig is a stainless steel vessel with its axial length
of 1,200 mm and with its inner diameter of 202.3 mm. A gas bubbling
nozzle was installed in the bottom of the vessel and nitrogen gas was blown
into sodium pool from the bubbling nozzle to simulate hydrogen evolution
in sodium-concrete reaction.

Other arrangement of the test rig is almost the same as that of the
sodium-concrete reaction test rig described above.

2. Test Conditions and Procedures

Test conditions in the sodium-concrete reaction test and the simulation
test are shown ia Table 1. '
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(1)Sodium-concrete reaction test

Non-radioactive particles of strontium oxide (SrO), europium oxide
(Eu203), and ruthenium (Ru) were scattered at the same time on the
concrete surface as simulated n-VFPs. Then, about 10 kg of sodium at the
temperature of 600 °C were poured onto the concrete surface and were being
heated to keep the temperature by electrical heaters surrounding the test rig.
The cover gas and the top flange of the test rig were maintained at a
constant temperature of 300 °C during the test. Released aerosols and

simulated n-VFPs were collected by using both aerosol sampling filters and
settling samplers.

(2)Simulation test by gas bubbling

The bubbling gas flow rate and the sodium temperature ranged from 1
N1/m2/sec to 10 NI/m2/sec and from 400 °C to 700 °C, respectively.
Regarding the simulated n-VFPs, particles of SrO and Eu203 with various
diameter were used to obtain data on the effect of particle size on the R.F.s.

II. RESULTS AND DISCUSSION

Because the detailed explanation on thermal and chemical processes of

the sodium-concrete reaction has been given in papers,1-6 only the results
related to the aerosol release rate and R.F. will be described below.

1. Aerosol Release Rate

Figure 3 shows (a) temperature changes of sodium pool and concrete,
and (b) changes of hydrogen evolution rate and acrosol release rate during a
typical sodium-concrete reaction test (Run-2). Here, the hydrogen
evolution rate and the aerosol release rate are expressed by the static sodium
pool surface area because the free surface area during the reaction is
unknown. The hydrogen evolution rate and aerosol release rate during the
first 40 minutes are relatively low because an energetic sodium-concrete
reaction, in which the chemical reaction between the ingredients of the
concrete and sodium hydroxide is predominant, ! does not occur yet. As
soon as the energetic reaction starts, these rates increase rapidly. The peak
values of these rates, however, were not obtained because of the difficulty
of the sampling technique in use. As the reaction proceeds, the hydrogen
evolution rate decreases gradually and reaches a nearly constant value of 2
to 3 NI/m2/sec, which is larger than the value during the first 40 minutes.
On the other hand, the acrosol release rate decreases to a lower value thaa
the initial one.

Several simulation tests by gas bubbling were conducted to interpret
the above-mentioned sodium-concrete reaction phenomena. The measured
aerosol release rate are shown in Fig. 4 together with the results under
natural evaporation. In these results, the aerosol release rates under the gas
bubbling condition increase with the increase in the flow rate of bubbling
gas. The values are larger than those of the natural evaporation, but the
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difference becomes smaller with the increase in the sodium temperature;
nearly 10 times at 400 °C and 3 times at 700 °C. This is explained by the
fact that sodium evaporation, which does not contribute to mechanica!
aerosol release due to hydrodynamic break-up by bubbie bursting, becomes
a dominant source of sodium aerosol formation at high sodium temperature.

Figure 5 compares the results of Run-2 with those of the simulation
tests. The numbers above the results of the sodium-concrete reaction iest
show the sampling order which are consistent with the numbers in Fig. 3.
From the figure, the aerosol release rates obtained in the first half of the
sodium-concrete reaction test agree comparatively well with those in
simulation tests. The reason why the rates obtained after the initiation of
the energetic reaction became lower than those in the simulation tests could
be explained by the effect of reaction products in the sodium pool whick
could prevent the sodium evaporation and the hydrodynamic break-up by
changing the physical properties of the liquid sodium, e.g., viscosity and/or
surface tension.

2. Retention Factor (R.F.)

Figure 6 shows the relation between hydrogen evolution rate and the
R.F.s of SrO, Eu203, and Ru during another sodium-concrete reaction test
(Run-4). Here, for obtaining R.F.s, the mass concentrations of simulated
n-VFPs in the sodium pool were calculated based on the total quantity of
particles added in the pool. From these results, the R.F.s of simulated n-
VFPs seem to be independent of the hydrogen evolution rate and nearly
constant during the period measured.

Figure 7 shows the R.F.s from simulation tests together with the
results of the sodium-concrete reaction test. The results of a NARA-II

experiment conducted under natural evaporation condition by Sauter et al.,”
are also presenied in the figure. From the figure, it is seen thai the results
of the simulation tests scattered within the range of two orders in
magnitude. This is due to both the settling effect of the particles in the
sodium pool and the formation of condensed layer of them near the pool
surface which were observed during and after the tests. The effects of
particle sizes, flow rates of bubbling gas, and chemical species upon the
R.F., therefore, were not clearly observed from these results. However,
sodium temperature effects on the R.F., which increases with the increase

in the sodium temperature in the range of 0.5 at 400 °C to 104 at 700 °C, is
observed from the figure. The R.F.s obtained from the sodium-concrete
reaction test agree well with those obtained from the simulation tests. On
the other hand, the results of NARA-II indicate the upper bound of the
results of this test series. The measured R.F.s of n-VFPs in sodium-
concrete reaciion are smaller than those in natural evaporation.

The mass concentrations of n-VFPs in sodium aerosols are shown in
Fig. 8. This figure shows that the concentration decreases with the increase
in the sodium temperature. As explained in the former section, this is
caused by the fact that sodium evaporation, which does not contribute to the
mechanical release of sodium aerosol containing n-VFPs, is a dominant
source of sodium aerosol formation at high sodium temperature. This
reflects the obtained R.F.s increase with the increase in the sodium
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temperature as shown in Fig. 7. The nearly constant R.F. value measured
in the sodium-concrete reaction test is attributed to the fact that all data were
measured in the condition of almost constant temperature of sodium pool.

ITII. CONCLUSIONS

A sodium-concrete reaction test and a simulation test using a gas
bubbling nozzle were conducted in order to study mechanical release of non-
volatile fission products from sodium pool during a sodium-concrete
reaction. In these tests, non-radioactive materials, namely strontium oxide
(£10), europium oxide (Eu203), and ruthenium (Ru) particles whose sizes
ranged from some microns to several tens of microns, were used as
simulated norn-volatile fission products (n-VFPs), then the retention factor
(R.F. : ratio of mass concentration of n-VFPs in sodium pool to that in
sodium aerosol) of these materials were measured with the aerosol release
rate. The range of bubbling gas flow rate and sodium pool temperature
studied were from 1 NI/m2/sec to 10 NI/m2/sec and from 400 °C to 700°C,

respectively. The foliowing conclusions were obtained from the present
study:

(1) The increase in aerosol release rate due to the hydrodynamic break-up by
bubble bursting at liquid sodium surface was confirmed. Although the
sodium aercsol release rate during the sodium-concrete reaction was
larger than that of the natural evaporation, the difference became smaller
with the increase in the sodium temperature; about 10 times at 400 °C
and about 3 times at 700 °C.

(2) The effects of particle sizes, bubbling gas flow rates, and chemical
species upon R.F. were not clearly observed. Obtained R.F.s increased

from 0.5 to 104 with the increase in the sodium temperature from 400 °C
to 700 °C.
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Table 1 Test Conditions and Test Parameters

\ Sodium — Concrete Reaction Test Sodium Bubbling Test

Mass of Sodium Pool

(ka) 89 8.9
400
Sodium Pool 350~706 500
Temperature Cc) (500 before discharge) 600
700
Depth of Sodium 32~35 32~35
Pool (cm)
Temperature of
Y
Vessel Ceiling  (°C) 390 (constant) 300 (constant)
Bubbling Gas Hydrogen (H;) Nitrogen (N;)
Gas Evolution Rate 1~20° ;
(N 2/m/sec) (own course) 10
n-VFEPs SrO Eu,0, Ru S0 Eu.0,
Mass Mean 30.7 34
Diameter of 30.7 34 73 126 1' N
Particles (um) 97 :

Quantity added to -
Sodium Pool (g) 25

Mass Concentration

of Simulated FPs

in Sodium Pool
(mg/g —Na)**

2.80 2.80

* assumed peak value
% ¥ based on total quantity of simulated
FPs added in pool
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