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Abstract

In the WIND Project at Japan Atomic Energy Research Institute, the aerosol behaviors such
as deposition, revaporization and resuspension have been investigated under the severe accident
conditions. The present paper describes the deposition of Csl aerosol in horizontal straight pipes.
The test results showed that the aerosol deposition depended on thermo-fluiddynamic
characteristics of the carrier gas. In the test with the temperature gradient of the pipe, the deposition
of Csl was remarkable within the downstream side, where the temperature of the gas was higher
than that of the pipe wall. It is thus supposed that the major mechanism of the deposition was
thermophoresis caused by the temperature gradient within the gas phase. However, circumferential
distribution of the deposited Csl was influenced by the argon flow rate. In laminar flow case, larger
amount of Csl was deposited on the ceiling than the floor area. Three-dimensional
thermo-fluiddynamic analysis suggested that much sharper radial temperature gradient was
developed within the gas near the ceiling area due to the formation of a natural convective
secondary flow. This could result in the promotion of the thermophoretic aerosol deposition. On
the other hand, slight circumferential distribution was observed in case of the high flow rate,
probably due to a uniform temperature field. It was also found that the close coupling of the FP
behavior and the detailed thermohydraulic analyses is essential in order to accurately predict the Csl
deposition in the pipe. The findings on aerosol behaviors will also be utilized for the evaluation of
sodium aerosol behaviors of fast reactors.

1. INTRODUCTION

In a severe accident of nuclear reactors, fission product aerosol behaviors within a reactor
coolant system could significantly affect the source term because of the increase or reduction of
released fission products. The deposited fission products on piping might be a source of thermal
loads to the piping and also become one of dominant contributors to source term due to a late phase
release by revaporization or resuspension[l]. Therefore it is important to investigate the fission
product aerosol behaviors in piping. WIND(Wide range Piping INtcgrity Demonstration) Project at
Japan Atomic Energy Research Institute aims at the evaluation of aerosol behaviors such as
deposition, revaporization and resuspension, and piping integrity due to thermal loads from
deposited fission product aerosols[2-3].

Several tests have been conducted to clarify the deposition characteristics of cesium iodide
(Csl) aerosols in a horizontal straight piping in WIND Project. In order to reduce uncertainties in

the FP behavior analyses, the detailed coupling of thermohydraulics and FP behavior was found to
beimportant[4]. However, inmost of previous studies in this field, the detailed thermohydraulics
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was not well reflected on the FP behavior analysis. In WIND Project, three-dimensional
thcrmohydraulic analysis code WINDFL0W[5] and radionuclide behavior analysis code ART[6-7]
both developed by JAERI were connected with a newly developed interface module. One-through
analysis for the WIND experiment was conducted with emphasis on the appropriate coupling
between the thermohydraulics and FP behavior.

2. AEROSOL DEPOSITION TEST

2.1 Test Facility

Schematic of the WIND test facility is shown in Fig. 1. The facility consists of aerosol
generator, aerosol chamber, test section, heat exchanger, aspirator and condense pot. Two kinds of
aerosol generator are used for the experiment. One is the unheated type and monodispersc aerosol
generator with nebulizer which is used for the calibration of measurement system. The other is the
heating type in which aerosol is generated by evaporation and condensation with induction heating.
In the present experiment, the heating type aerosol generator was used. In order to stabilize the
initial aerosol conditions, aerosol chamber with the volume of 0.12 m3 was placed before the test
section.

The test section is a stainless steel (SUS304) straight pipe of 2.0 m in length with 0.1063 m
in diameter. The length of 0.41 m from the pipe inlet was taken as entrance region to realize fully
developed flow. The rest of 1.59 m was assigned as test region for aerosol deposition experiment.
Temperature of the test pipe was controlled by ten half-cylindrical electric heater units.
Thermocouples were installed at 7 different locations on the outer surface of piping and at 15
different locations inside the test piping. Locations of thermocouples arc shown in Fig. 2.

Schematic of aerosol sampling line is shown in Fig. 3. The Andersen type cascade impactor
and the light scattering aerosol monitor were used for the measurement of the concentration and size
distribution of aerosol particles. Aerosol sampling was conducted at the pipe inlet and outlet. The
test pipe contains three 2.0 m long and 0.02 m wide stainless steel (SUS316) coupons located at
floor, wall and ceiling in the piping as shown in Fig. 4. After the experiment, three coupons were
collected and deposited aerosol mass onto the coupons was measured. The other pipes except for
test pipe were equipped with preliminary heaters which can heat the pipes up to 923 K in order to
avoid the aerosol deposition.

2.2 Experimental Conditions

Major conditions of the three tests are summarized in Table 1. Temperatures on the outer
surface of the test section were decreased from approximately 1273 K at the vicinity of the entrance
to approximately 673 K at the exit of the test section for WAD1 and WAD2 as shown in Fig. 5.
Concentration, mass median aerodynamic particle diameter and geometric standard deviation of Csl
aerosols at the test section entrance were ranged from 1.3 to 3.0 g/m3, from 2.0 to 2.6 mm, and
from 1.4 to 2.2, respectively. The flow rates was 21/sec or 71/sec at the standard condition,
corresponding to Reynolds number of approximately 800 or 2800, respectively at the entrance of
the test section.

2.3 Experimental Methods

Before Csl aerosol injection into the test section, a steady-state thermohydraulic condition
was established. Since it takes some time for aerosol generation rate to be stabilized, just after the
initiation of aerosol generator operation, aerosol was lead to a bypass line. Aerosol began to be
injected into the test section under the steady-state thermohydraulic condition after the stabilization
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of aerosol generation. Aerosol sampling was conducted two times at pipe inlet and outlet,
respectively by connecting sampling line nozzles. Aerosol was lead to four cascade impactors
through the sampling line by sucking force. In the post-test measurement, the three coupons were
soaked into pure water for 12 hours to extract the deposited Csl into the water. After that, Csl
dissolved in water was measured for each element. Iodine was extracted by organic solvent and
measured with the spectro photometer. Cesium was measured with the liquid ion chromatography
method. The spectro photometer and the liquid ion chromatography method are detectable for the
deposition mass, at minimum, equal to 0.1 and 0.01 mg, respectively.

3. TEST RESULTS

Distribution of Cs on a deposition coupon is shown in Fig. 6 for WAD1 under a laminar
flow condition. Deposited mass of Cs was drastically increased at approximately 1.1 m from the
test section entrance. Thermophoretic deposition could be the dominant mechanism since the
temperature of the argon gas exceeded that of the test section pipe near the corresponding axial
location. It is also shown that larger mass was deposited on the ceiling than on the other areas.
According to three-dimensional fhermo-fluiddynamic analyses with WINDFLOW code[5], a
sharper radial temperature gradient within the circumferential boundary region could be developed
over the ceiling area due to formation of a natural convective secondary flow as shown in Fig. 7.
This sharper temperature gradient could drive the thermophoretic aerosol deposition onto the ceiling
surface.

No remarkable ununiformity was observed for the circumferential Cs deposition in WAD2
where Reynolds number was highest among three tests as shown in Fig. 8. An analysis with
WINDFLOW code suggested that the radial temperature gradient was nearly identical over the
circumferential boundary of the flow area. It is considered that the inclusion of a turbulence
promoted the mixing of the argon gas, resulting in uniform deposition of Csl onto the test section
surface.

4. ANALYSIS

In the present analysis three-dimensional thermohydraulic analysis code WINDFL0W[5] and
radionuclide behavior analysis code ART[6-7] were connected with a newly developed interface
module. One-through analysis for the WIND experiment was conducted with emphasis on the
appropriate coupling between the thermohydraulics and FP behavior. Noding of WINDFLOW is
shown in Fig. 9. Two kinds of noding in the pipe cross section as shown in Fig. 10 were
considered to investigate the effect of detailed thermohydraulics on the FP deposition.

Measured and calculated Csl mass deposited onto piping is shown in Fig.ll . The experiment
showed that aerosol deposition mass was larger at downstream than that at upstream and aerosol
was mostly deposited as chemical form of Csl. Moreover, deposited mass at ceiling was larger than
that at floor in the downstream. ART code analyses with 1 and 5 nodes mostly reproduced the
trends of experiment. It is noted that 5 nodes calculation succeeded in predicting larger amount of
Csl deposition on the ceiling than the floor at the downstream. This was achieved by giving the
detailed thermohydraulic information calculated by WINDFLOW to the 5 nodes in the pipe cross
section. The reason for larger amount of Csl deposition at the downstream ceiling is that the
temperature gradient of gas near the ceiling was steeper than that near the floor and therefore at the
ceiling the deposition velocity due to thermophoresis was larger than that of the floor. One node
calculation predicted the same deposition concentration for ceiling and floor. In the experiment,
deposited mass slightly increased at upstream due to cesium deposition. Present calculations could
not reproduce it because ART does not model chemical reaction and only the chemical form of Csl
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was treated in the calculation.

5. CONCLUSION

From the present WIND test and analysis on the Csl deposition behavior in horizontal
straight pipes, the following conclusions have been obtained:

(1) The aerosol deposition behaviors much depended on thermo-fluiddynamic characteristics of the
carrier gas.

(2) The major mechanism of the deposition was found to be thermophoresis caused by the
temperature gradient within the gas phase.

(3) Three-dimensional thermo-fluiddynamic analysis suggested that the sharp radial temperature
gradient near the ceiling due to the natural convective secondary flow, could result in the
promotion of the thermophoretic aerosol deposition.

(4) The close coupling of the FP behavior and the detailed thermohydraulic analyses was found to
be essential in order to accurately predict the Csl deposition in the pipe.

(5) The findings on aerosol behaviors will also be utilized for the evaluation of sodium aerosol
behaviors of fast reactors.
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Table 1 Major Test Conditions
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Bypath Una

WAD1
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Argon Gas Conditions
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Temp.

(K)
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(m/s)
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Re(-)

850
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850
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Fig. 1 Schematic Diagram of Aerosol Test Facility
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