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Fission products plate-out analysis code, PLAIN, was developed to
calculate the plate-—out distribution in the primary cooling system of
High Temperature Gas-cooled Reactor {HTGR).

As one of the verificatioﬁ works of the PLAIN code, calculations of
the plate-out densities in VAMPYR-L experiments were carried out. The
VAMPYR-I was a test equipment installed in the experimental HTGR in
Germany, AVR, to‘investigate fission products plate-out behavior. The
calculated plate-out densities were smaller than measured ones in the

upper region of the test-tube of VAMPYR-I and it is considered that the

difference is caused by the dust effect.
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1. Introduction

In high temperature gas-cooled reactors (HTGRs), some amounts of
fission products are released mainly from fuel with failed coatings and
are transported in primary cooling system with primary coolant during
normal operation. In that case, condensable fission products plate-out
on the inner surface of components in the primary cooling system and they
affect the shielding design and safety evaluation(1), Therefore, the
plate—out behavior of fission product has been investigated and a fission
product plate-out analysis code, PLAIN(Z), has been developed., The FPLAIN
code has been used to calculate the plate—out distribution in the primary
cooling system of the High Temperature Engineering Test Reactor (HTTR)
for its shielding design and safety evaluation{17:(3), verification works
of the PLAIN code were mainly carried out by comparison with experimental
data of fission products plate-cut distributions obtained in the Oarai
Gas Loop No.l (0GL-1), which is an in-pile loop simulating the conditions
of the primary cooling system of HTGR.

Calculation works were also carried out by using experimental data
obtained in the VAMPYR~I to investigate the in-situ plate-cut behavior,
The VAMPYR-T was installed in AVR, which was an experimental HTGR with
pebble bed-type fuel element, in Germany. The calculation works of the
VAMPYR-I were carried out based on the "JAERT's Participation in the AVR
Investigation Programme, HTA-11".

This paper describes calculated results of plate-out distributions

in the VAMPYR-I by the PLAIN code together with discussions.

2, VAMPYR-I Experiments(q)

The aims of VAMPYR-T were

(1) measurement of deposition and diffusion profiles at different mate-
rials for the determination of plate-out parameters

and

(2) determination of the concentrations of the non gaseous fission prod-

ucts in the hot coelant gas of the AVR reactor.

There were three tubes for exchangeable thermoccuples extending into

the hot c¢oolant flow. A hole was bored on the front side of one tube
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facing the coclant flow. Via this tube, a part of the coolant gas was
extracted and led through a removable sampling tube which was smoothly
inserted into the thermocouple tube. Then, the gas was led to following
absolute filters. The gas flow rate was 15 Nm3/h, i.e. 0.7 g/s. The
flow characteristic was laminar. Figure 1 shows a cross—section of the
reactor showing the installed place of the VAMPYR-I.

A schematic presentation of the facility is drawn in Fig. 2. The
sampling tube, i.e. test-tube was about 2.3 m in length and its inner
diameter was about 20 mm. The sampling tube and the absolute filter-l
were one unit, so called the test section, which could be removed into a
connectable transport container via two ball valves. The test section
was removed by pneumatic treatment using the pressure drop between the
primary circuit and the transport container. Removal and exchange of the
test section were carried out during a short shut down period.

The experiment was usually operated for a period of about 4 weeks
and the operational conditioms such as temperature of the coolant gas,
gas flow through the facility, etc. were kept comnstant during the test
period.

The test tube could be made from different steel materials. However,
there was a restriction for the insertion of high temperature metals be-
cause of high neutron flux in the front part of about 1.5 m in length of
the test tube. This caused high activation of the most materials and it
was very difficult to determine deposited fission products in that region,
especially for short lived isotopes. Thus for measurement on specific
activity in the coolant or oh dust, the insertion was restricted to mate-—
rials having low activation cross-section, titanium for example.

After the test run, the test section and control filter-2 were ex-
changed and examined. This examination includes determination of total
activity and activity profiles on test tube and filters. Activity mea-
surements were donme by gamma spectrometry of the total fission product
spectrum.

Calculations works for the verification of PLAIN code were carried
out for the experimental runs of V09 and V12, which were taken in 1973/74,
respectively, since there were sufficient and accurate post experimental
data for calculations.  Main test conditions and total shut-down activi-
ties of experimental runs of V09 and V12 are listed in Table 1. Calcula-
tions were carried out for Cs-137 and I-131, which are important from the

view point of HTGR design. As shown in Table 1, test tube materials were
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Cr-Mo steel and Ti in V09 and V12 test, respectively. Cr-Mo steel is used
as the material of reactor pressure vessel of HTTR. On the other hand,
since Ti is not used in the HTTR, material data of Ti were added to the
internal material data of PLAIN code to calculate plate-out distribution
of V12 test. Temperature distributions along the test tube used in the

calculations are shown in Fig. 3.

3. Result and Discussion

The analytical model of PLAIN ccde is shown in Appendix-1.
Calculated results of I-131 and Cs-137 are shown in Fig. 4(a) and

Fig. 4(b), respectively, and the following results are obtained.

(1) Calculated plate-out distribution of I-131 in V09 test shows good
agreement with measured one.

(2) Calculated plate-out activities of I-131 in V12 test show gmaller
‘values than measured omes in the upper stream region of the test-
tube,

(3) Calculated plate-out distributions of Cs-137 both in V09 and V12
tests show smaller values than measured ones in the upper stream

region of the test-tube.

The difference between calculated and measured plate-out distribu-—
tions is large in the upper stream region of the test-tube, where tem-
perature is high and thus fisson products easily diffuse into the base
metal. On the other hand, in the down stream region of the test-tube,
where temperature is low, adsorption of fission products on the surface
of the test-tube is dominant. In down stream region, the calculated and
measured plate-out distributions show good agreement. From these results,
it seems that the amount of fission products, which diffuse into the base
metal, are underestimated.

In order to examine the sensitivity of diffusion constant in the
base metal, parameter survey was carried out. In the survey calculation,
diffusion constants In the base metals were changed parametrically. The
calculated results of Cs-137 are shown in Fig. 5. Since the half-life of
I-131 is relatively short, it disintegrates before diffusing into the base
metal and the diffusion constant does not drastically affect the plate-out

distribution of I-131. From the parameter survey, the following results
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are obtained.

(1) The diffusion constant in the Cr-Mo steel must be about 100 times
larger than the base value to fit calculated plate-out distribution
to measured one in the upper stream region of test-tube.

(2) The diffusion constant in the Ti must be more than 100 times larger
than base value to adjust calculated plate-out distribution to mea-

saured ome in the upper stream reglon of test-tube.

These results are not acceptable because the diffusion constants in
the base metal are physically determined as the combinations of nuclides
and the materials, and the differences of the diffusion constants are too
large to fit calculated plate-out profiles to measured omes. Therefore,
the differences between calculated and measured plate-out distributions
in the upper stream region of the test-tube can not be concluded to be
caused from the differences of the diffusion constants in base metal.

On the other hand, PLAIN code can calculate the plate-out distribu-
tions based on given/fixed penetration coefficients. The penetration co-
efficients used in the calculation were taken from the literatures(5), (6},
The calculated plate-out distributions of I-131 and Cs-137 with comstant
penetration coefficients are shown in Fig. 6(a) and Fig. 6(b), respective-
ly, and the following results are obtained.

(1) Calculated plate-out distributions of I-131 in V09 and VIZ tests
become larger than measured values in the upper stream region of the
test—-tube,

{(2) Calculated plate-out distributions of Cs-137 in V09 and V12 tests

show good agreement with measured ones.

Thus, the following considerations are extracted from the calculations.

(1) In the upper stream region of the test-tube of VAMPYR~I, there is an
effect which causes hundred or more times larger plate-out densities
than calculated ones by PLAIN code. This effect is more drastic for
Cs-137 than for I-131. The penetration coefficients described in
the literatures(5),(8) might be determined including this effect.

(2) If this effect is supposed to be caused by the dust which is con-
tained in the helium coolant of AVR, the behavior of the measured
plate-out distributions would be qualitatively explained as follows.

If there are some amounts of graphite or carbon dusts ia the primary

coolant, they might fall down and/or adhere on the surface of the
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test—tube. Since cesium has larger sorptivity to the graphite than
that of iodine, the dusts contain some amounts of cesium, and the
measured plate-out activities in the upper stream region would in-
clude the activity of cesium on the dusts. On the other hand, the
calculaﬁed values by PLAIN code are not considered the dust effect.
Thdﬁgh the similar effect could also occur for iodine, because of
its low sorptivity to the graphite compared with cesium (~x10‘6)(7),
observed plate-out distributions of I-131 would not be affected by
the dust effect. As shown in Appendix-2, the PLAIN code can calcu-
late the plate-out distribution in the OGL-1, because there is no
graphite abrasion mechanism in the 0GL-1, and the similar situation
could be expected in the HTTR.

In order to confirm the cause of differences between measured and
calculated plate-out distributions in the VAMPYR-I, the following
works should be carried out: (a) calculation of plate—out distribu-
tions in VAMPYR-II experiment, which is expected to contain smaller
gmount of dust than the VAMPYR~I, and (b) calculation of plate-out
distributions in the VAMPYR-I by the code, in which dust plate-out
model is introduced. In this case, measured plate-out activities
should be divided into pléte-out activities on dust and on/in the

metal wall.

Conclusions

The plate-out distributions of I-131 and Cs-137 in the VAMPYR-1 ex-

periments in AVR were calculated by the PLAIN code, and the following

conclusions were obtained.

(13

(2)

In the upper stream region of test-tube of VAMPYR-I, there is an
effect which causes hundred or more larger times plate—out densities
than calculated ones by PLAIN code. This effect is comsiderably
larger for Cs-137 than for I-131.

Since there are some amounts of graphite dust on which cesium absorbs
in helium coolant of AVR, the difference between measured and calcu-
lated plate-out distributions is supposed to be caused by the dust

effect.
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Fig. 6(b) Results of Cs-137 Plate-out Distributions by Iniotakis model.
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Appendix 1 Analytical Model of PLAIN Code(Al—l)’(Al_z)

A computer code, PLAIN, has been developed to calculate fission prod-

ucts plate-out distributions in the primary coeling system of HTGR(Al_l).

PLAIN is based on Iniotakis model(Al_B)

but has a modified model in the
fission product penetration process into the base metal reflecting the ex-
perimental results of the OGL-1 which is installed in the Japan Materials

Testing Reactor (JMIR).

1. Analytical Medel
The following two mechanisms are assumed in the PLAIN code.

(1) Adsorption and desorption
Fission products which collide on the inner surfaces of components
in primary cooling system adsorb on them with certain probability and
adsorbed fission products desorb by the thermal excitation of the
metal surface of the components.

(2) Diffusion into and from base metal
The adsorbed fission products diffuse into the base metal according
to the lattice wibration of base metal and again diffuse out when the

surface concentration becomes low.

The behavior of fission products is modeled into following three

regions as shown in Fig. Al-l.

(1) Main flow region (Main stream)
Fission products flow together with coolant and their concentrations
are assumed to be uniform, e.g. the diffusion flow is neglected rela-
tive to the macroscopic transport flow.

{(2) Laminar sub-layer (Material transport region)
Fission product concentration shows a linear decrease in the radial
direction, e.g. the macroscopic transport flow is neglected relative
to the diffusion flow.

(3) Wall flow (Layer of the wall)
This region has a thickness of the mean free path of fission products,
in which the thermal motion of the fission products is the decisive

factor.

The basic equations employed in the PLAIN code are as follows.

i 16 —
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- hi(Ni Nw,i) 6:LMO,J'_ ta Nw,l =0
BMO %
=5 T O F Ay oMy g - Mo g T o Ny
9. 32¢. 34
i i 1 i \ _
it Di<apz vy RS LIRS SOAL S A 0
SMp  { 304
—Hh1 - = — -
se T AiMp,1 T Ai-iMp,i-a Di(fapR, '
i
where,
N figsion product concentration in main stream (n/ms)
Ny fission product concentration in layer of the wall (n/m3)
M, : number of fission product on the wall metal (n/m3)
o) concentration of diffused fission product in the wall metal (n/m?3)
Mp : equivalent number of diffused fission product on coolant flow
surface (n/m3)
SRO pe2mr-dr
My, = Ri
D 2Tz
A decay constant (s~ 1)
o : accommodation factor (-)
a* - a RT
21m
n : sublimation rate (s~ })
Y in-diffusion rate (s~1)
8 desorption rate (s=hH
m : mass number of fission product (g/mol)
D . diffusion coefficient of fission product in wall metal (m?/s)
h. . mass transfer coefficient of fission product in coolant (m/s)
d : equivalent hydraulic diameter of flow region (m)
v : velocity of coolant flow (m/s)
X : distance in flow direction (m)

time (s)
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R ¢ gas constant (J/mol+K)
R;,R,: inmer and outer diamter of flow path (m)
i,i~1: fission product and its precursor

T : temperature (K)

Brief descriptions of the physical constants employed in the PLAIN

code are described below(AI_z).

Diffusion constants in base metal

Qp
D = De RT ' (Al-6)
where,
D, : vibration factor (m2/s)
Q : activation energy (J/mol)

Diffusion constant in coolant

(Al-4)

(Al1-5)

Arnold's or Hirshfelder's formula can be selected. The

calculations were carried out by using the following Hirshfelder's formula.

Dg = 0.00092916 T2/3 L + 1 (Al=7)
Pe(yy0)2e0 My My
where,
P i pressure

-]
Y1> : mean value of coolant and fission product molecular radius (A)
P : collision function of fission product

Mj,M,: mass number of fission product and coolant, respectively (g/mol)

Mass transfer coefficient

For Re < 2300,

h = 0.023 %f rel-8gc0-4 (A1-8a)
For Re > 2300,
. %f 3 6 + 0:0668(1/d)Re:Sc _ (A1-8b)

1+ 0.04(%°Re°8c)2
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where,

Re : Reynolds number in the main flow
Sc : Schumidt number in the main flow
£ : length of flow path

Desorption rate

Qg
6=we NF (A1-9)
where,
Qq : desorption energy (J/mol)
w : Debye constant (s~
In-diffusion rate
Q
y=ue (A1-10)
Sublimation rate
4
n=2, R | (Al-11)
a
where,
a : lattice comstant of wall metal (m)

References of Appendix 1
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Al-2. JAERI: "Fission Product Plate-out Studies in JAERI", 2-4, Dec.,
(1991).

Al-3. N. INIOTAKIS, et.al.: "Initial Results of Investigation into

' Fission Product Deposition In-pile Experiments”, Nucl. Eng. Des.,

34, (1975).
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Appendix 2 Verification Results of PLAIN Code by OGL-1 Experiments(Az_l)

The verification works have been carried out by comparison with
experimental data of fission products plate-out distributions obtained in
the OGL-1 experiments, which simulate the primary cooling system condition
of HTGR. The plate-out distribution in OGL-1 has been measured from the
outside of the primary pipe after every operational cycle using Ge—-detec—
tor, and the range of helium gas temperature is from 1000°C at fuel exit
to room temperature at down stream region. Flow condition is turbulent.
The flow diagram of OGL-1 is shown in Fig. AZ-1.

Examples of verification results of I-131 and Cs-137 are shown in
Fig. A2-2. In the figure, lines and dots show calculated and measured
plate-out densities, respectively. From the results, it is concluded that
the calculated profiles show good consistency with the measured values as
a whole, in spite of the complicated temperature distribution and flow

diagram as shown in Fig. A2-1.

Reference of Appendix 2

A2-1. K.SAWA, et.al.: "The Verification of Fission Products Plate-out
Analysis Code for HTGR -PLAIN-", JAERI-M 91-084, (1991) (in

Japanese).'
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Fig. A2-2 Examples of Verification of PLAIN Code in 0GL-1.



