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a b s t r a c t

Numerical prediction of fission product plateout and circulating coolant activities under normal oper-
ating conditions is crucial in the design of a high temperature gas-cooled reactor (HTGR). The results are
used for the maintenance and repair of the components as well as the safety analysis regarding early
source terms under loss of coolant accident scenarios. In this work, a new computer code named POSCA
(Plate-Out Surface and Circulating Activities) was developed based on a one-dimensional model to
evaluate fission product plateout and circulating coolant activities within the primary circuit of a HTGR.
The verification and validation of study for the POSCA code was done using available analytical results
and two in-pile experiments (i.e., OGL-1 and VAMPYR-1). The results of the POSCA calculations show that
POSCA is able to simulate plateout and circulating coolant activities in a HTGR with fast computation and
reasonable accuracy.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

One of the key considerations for the design of a high temper-
ature gas-cooled reactor (HTGR) is the distribution of radionuclides
within the primary helium cooling circuit, including the buildup of
fission products that deposit on wetted surfaces over long periods
of reactor operations. This deposition activity is referred as the
plateout activity. Accurate calculations of circulating and plateout
activities are important for both normal operation and accident
scenarios. The numerical predictions on the plateout and circu-
lating coolant activities are used for the design of the purification
system, shielding, maintenance of the components of the coolant
systems, and safety analysis. Under normal operation, circulating
coolant activities and plateout fission products determine the ra-
diation dose rates within the primary circuit, which affect the
exposure dose of plant workers as well as the procedures for plant
maintenance [1]. They also significantly contribute to early source
terms under loss of coolant accident scenarios [2]. Thus, a number
of computer codes have been developed to evaluate the fission
product plateout and circulating coolant activities in HTGRs [3,4]. In
spite of a lot of efforts, however, it is still agreed that the
by Elsevier Korea LLC. This is an
uncertainties in the predicted amount and distribution of the
fission product plateout are quite large ([ 10x) [4]. The major
reasons for these uncertainties are (1) large uncertainties in the
transport models (e.g., effects of particulates and chemical forms)
and (2) large uncertainties in the material property database (e.g.,
sorption isotherms) [4,5].

Two kinds of numerical models (i.e., zero-dimensional and one-
dimensional) are available in the open literature. Zero-dimensional
models such as SUVIUS [6], RADC [7], LoopHTR [8] were used to
evaluate the total amount of the plateout and circulating coolant
activities. Because the fraction of plateout among a given circu-
lating nuclide is hard to predict, very conservative assumptions
such as perfect plateout were used in these zero-dimension
models. Such zero-dimensional models are useful for the design
which needs conservatism (e.g., shielding design). On the other
hand, a one-dimensional model was developed to predict the
detailed plateout distribution in the conduit of the primary loop.
The one-dimensional model can consider non-uniform physical
parameters (such as temperature) across the coolant loop, and it is
required for the maintenance and repair design of components
(such as the heat exchanger) using best-estimate calculations.

PATRAS of Germany [9], PADLOC of U.S. [3,4,10], PLAIN of Japan
[11], DAMD of South Africa [12] adopted the one-dimensional
model. In the past, the Korea Atomic Energy Research Institute
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(KAERI) also developed the GAMMA-FP code [13,14] using the one-
dimensional model for the fission product plateout. However,
critical limitations were found in GAMMA-FP for the simulation of a
long period of time (e.g., 20e60 years) due to poor computational
performance [15].

Therefore, in this work, a new computer code named POSCA
(Plate-Out Surface and Circulating Activities) was developed to
evaluate the fission product plateout and circulating coolant ac-
tivities within the primary circuit of a HTGR. The one-dimensional
model is adopted in the POSCA code but the poor computational
performance of GAMMA-FP was overcome by a change in the
computational approach.

The numerical models of the POSCA code are similar to those of
the PADLOC code (MULTI-PADLOC version). The greatest advantage
of the PADLOC models is the small number of sorption coefficients
which were determined by out-of-pile sorption experiments. Most
of the existing codes (such as PATRAS, PLAIN, DAMD, etc.) use more
sophisticated models which require a greater number of co-
efficients obtained from their own in-pile experiments and these
coefficients are not available in open literature. Compared with the
version of MULTI-PADLOC, additional improvements in the physical
and numerical models were made in POSCA.

This paper presents the numerical models adopted in the POSCA
code and the results of the verification and validation study using
analytical theory and in-pile experiments.

2. Numerical model

2.1. Governing equations

Fig. 1 illustrates the fission product plateout across the primary
coolant loop of a HTGR. Radioactive nuclides can enter the primary
coolant as the result of release from wetted surfaces in the reactor
core or by direct production in the coolant. Radioactive nuclides are
removed by (1) nuclide decay, (2) deposition on wetted surfaces
(i.e., plateout), (3) coolant purification, (4) coolant leak, and (5)
nuclear reaction with neutrons.

In order to describe these phenomena accurately, the one-
dimensional model is preferred for a HTGR because the major
physical parameters are not uniform across the primary loop. For
example, the sorption mechanism is strongly temperature depen-
dent and a large temperature gradient exists across the primary
loop of a HTGR.

The POSCA code adopts the three region model (i.e., coolant
Fig. 1. Fission product plateout across the primary coolant loop of a HTGR.
bulk, thin boundary layer, and structural surface) to model the
fission product transport from the coolant to the wall surface. The
concentration of radioactive nuclide i in the coolant bulk (Ci) is
introduced under the assumption that the coolant is well mixed
across the flow area. In general, a large gradient in the concentra-
tion exists between the bulk and the thin boundary layer (Bi). It is
assumed that the transport of nuclides from the bulk to the
boundary layer can be descried by the mass transfer coefficient (h).
It is further assumed that the relationship between the concen-
tration of the plateout surface (Si) and the boundary layer is gov-
erned by a sorption mechanism. The surface concentration is
divided into two kinds, i.e., reversible (SR;i) and irreversible (SI;i)
forms. Irreversible forms of the surface concentration can result
from chemical reactions on or diffusion into the wetted surface
material.

Based on these assumptions, the mass conservation equations
throughout the coolant and surface regions can be formulated as
follows:

Mass conservation in the coolant bulk:

vCi
vt

¼ _qc;i þ
XnT

j¼1

a*i; jCj �
PW
AF

hiðCi � BiÞ � 1
AF

v

vx
ðAFvCiÞ (1)

where _qc;i ¼ generation source in the coolant, nT ¼ total number of
considered nuclides, a*i;j ¼ decay chain and removal matrix,
Pw ¼wetted perimeter, AF ¼ flow area, and v¼ coolant velocity. The
removal mechanism includes a nuclear reaction, purification, and
coolant leak.

Mass conservation of reversible nuclides on the wall surface:

vSR;i
vt

¼ _qR;i þ
XnT

j¼1

b*i; jSR; j þ hiðCi � BiÞ (2)

where _qR;i ¼ reversible nuclide generation source, and b*i;j ¼ decay
chain and removal matrix. The removal coefficient includes the
nuclear reaction and transformation into the irreversible form.

Mass conservation of irreversible nuclides on the wall surface:

vSI;i
vt

¼ _qI;i þ
XnT

j¼1

c*i; jSI; j þ biSR;i (3)

where _qI;i ¼ irreversible nuclide generation source, c*i;j ¼ decay
chain and removal matrix, and the parameter bi controls the rate at
which surface activity transforms from a reversible form to an
irreversible form. Both chemical reaction and diffusion mecha-
nisms can be modeled with expressions of the following form

biSR;i ¼Ao;iS
m
R;i exp

�� TA;i
�
T
�

(4)

where Ao;i ¼ pre-exponential constant, TA ¼ activation tempera-
ture, T ¼ temperature, and m ¼ reaction order. For in-diffusion,
m ¼ 1 and the expression for bi is equivalent to the diffusion
coefficient.
2.2. Sorption equation

Fig. 2 shows various types of sorption curves classified by Bru-
nauer and later Jovanovic [16]. Type I is a typical Langmuir isotherm
usually indicative of simple physisorption and Type VII is a simple
Henrian isotherm. In general, as shown in Fig. 2, the boundary layer
concentration is a non-linear function of the surface concentration
of reversible nuclides.



Fig. 2. Eight types of sorption isotherm as characterized by Brunauer and Jonvanovic
[16].
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Bi ¼ f
�
SR;i
�

(5)

The coefficients of sorption models were mainly developed based
on carefully controlled experiments. Recently, experimental works
were performed at the University of Missouri-Columbia [16,17]
using sophisticated measurement techniques to obtain some
empirical data for sorption of fission products in a HTGR. A lot of
existing experimental works to obtain the sorption models for a
HTGR were well summarized in the thesis of Branney.

The POSCA code uses the sorption isotherms as input variables.
For example, in the case of a Freundlich sorptionmechanism, Eq. (5)
becomes

Bi ¼Kðx; tÞSgðx;tÞR;i (6)

where K and g are the coefficients depending on the position (x)
and the time (t). For this reason, the POSCA code has to solve
coupled non-linear partial differential equations, Eqs. (1)e(5).

2.3. Overall mass balance equation

The POSCA code can perform an overall mass balance calcula-
tion as a check on the accuracy of the overall solution. At any point
in time, the total number of nuclide iwithin the primary circuit can
be determined from the following overall mass balance:
Table 1
Comparison of physical and numerical models.

Models POSCA GAMMA-FP

Governing equations 1-D 1-D
Thermo-fluid solver X O
Branch mixing eq. X X
Matrix solver Iterative solver Iterative sol
Overall mass balance eq. O X
Time step limitation O O
Solver for non-linear

coupled equations
Linearized sorption model þ
Newton-Raphson iteration

Fractional s
Runge-Kutt

Sorption model Linear and non-linear correlations Non-linear c

Decay chain O X
Irreversible penetration O X
Neutron reaction O X
Coolant leak O X
vNT ;i

vt
¼ _PT ;i þ

XnT

j¼1

d*i; jNT ;i (7)

where NT ;i ¼ total number of nuclide i within the whole loop,
PT ;i ¼ total production rate of nuclide i within the whole loop, and
d*i; j ¼ removal matrix of nuclide i.

2.4. Numerical method

Because of the non-linearity of the governing equations and the
fact that most of the physical parameters change with time and
space, a finite difference procedure is used to solve equations
(1)e(5). In order to speed up the calculation in the POSCA code, the
non-linear terms of Eq. (5) are linearized as

Bi z4*
i þ

X
j¼1

j*
i; jSR; j (8)

where

j*
i;j ¼

vBi
vSR; j

�����
S0R; j

(9)

4*
i ¼Bi

�
S0R;i
�
�
X
j¼1

j*
i;j

�
S0R; j

�
S0R; j (10)

Using the Newton-Raphson iteration procedure, the iteration can
be converged efficiently and the linearization approaches to be
exact.

The finite difference discretization with time and space for
coupled linear differential equations and its solution method are
well known and straightforward. In the POSCA code, a fully implicit
discretization is used for time, and the upwind scheme is used for
coolant convection.

Although a fully implicit discretization is adopted, the time step
size may be limited by the solution of Eq. (7) in POSCA in order to
ensure a good numerical accuracy. Eq. (7) expresses the same form as
the Bateman equation and the technique to obtain the analytic so-
lution of Eq. (7) is available in the literature [18]. For example, the
simplest form of the removal matrix d*i;j contains a decay term only
withoutprecursornuclides. In this case, theexact solutionofEq. (7) is:

Nexact
T ;i ðtÞ¼Nexact

T ;i ðt�DtÞe�liDt þ � _PT ;i � li��1� e�lit
�

(11)

where Nexact
T ;i ¼ exact solution for total number of nuclide i within
MULTI-PADLOC PLAIN

1-D 1-D
X X
O X

ver Direct solver Not reported
X X
X X

tep þ
a solver

Linearized sorption model þ
Newton-Raphson iteration

Coupled linear
equations þ Laplace
transformation

orrelations Linear and non-linear
correlations

Linear correlations
with additional equations

O O
X O
X X
X X
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the whole loop, and Dt ¼ time step size.
Independently, the total number of the nuclide i within the

whole loop can also be determined from the summation of the
numerically obtained Ci, SR;i, and SI;i across all the one-dimensional
nodes. That is,

Nnumeric
T ;i ðtÞ¼

Xnl

l

�
CiAFDxl þ

�
SR;iðtÞþ SI;iðtÞ

�
PwDxl

	
(12)

where nl ¼ total number of one-dimensional nodes, and
Dxl ¼ length of node l. A requirement for the solution accuracy at
any time point can be defined according to:

max

 �����N
exact
T ;i ðtÞ � Nnumeric

T ;i ðtÞ
Nexact
T ;i ðtÞ

�����
!

� ε (13)

where ε is a user-supplied criterion for the numerical accuracy. The
accuracy requirement specified by Eq. (13) is used as a basis for
checking the time step size. Repeated calculations are performed
with a smaller time step size until the numerical solutions satisfy
Eq. (13).
2.5. Comparison with existing codes

Table 1 compares the physical and numerical models of POSCA,
GAMMA-FP, MULTI-PADLOC, and PLAIN. The largest difference be-
tween POSCA and GAMMA-FP is the availability of the thermo-fluid
solver. The POSCA code does not have a thermo-fluid solver, and the
thermo-fluid conditions are supplied by a user as boundary con-
ditions. In addition, the time step size of GAMMA-FP is much
smaller because the time step size of GAMMA-FP is controlled by
thermo-fluid phenomena such as the Courant limit. Therefore, it is
obvious that the computational speed of POSCA is much faster than
GAMMA-FP (See Section 4 for actual comparison of the computa-
tional speed.). The largest difference between POSCA and MULTI-
PADLOC lies in the branch mixing equation and matrix solver. In
MULTI-PADLOC, a branch is defined as a length of conduit along
which coolant velocity, pressure, temperature, geometrical
parameter and nuclide concentration are required to vary
smoothly. MULTI-PADLOC uses the complex branch mixing equa-
tion in addition to Eqs. (1)e(3) and (5) to enhance the computa-
tional speed. After obtaining the solutions for the global points that
interface branches, interior branch nodes are solved by the branch
mixing equationwhich considers the nuclidemass conservations at
the connections. The solutions for the global points are used as the
boundary conditions of the branchmixing equation. Such amethod
could be very efficient with a direct matrix solver which was
adopted in MULTI-PADLOC. It should be noted, however, that the
MULTI-PADLOC was developed a long time ago (during 1970s), and
the choice of an efficient matrix solver was limited at that time.
Instead of solving an additional equation combined with a direct
matrix solver, POSCA adopts an efficient iterative matrix solver to
achieve a good computational speed. Furthermore POSCA can
consider the irreversible penetration of radionuclides into struc-
tural materials (called in-diffusion). Although the version of PAD-
LOC/INF can consider in-diffusion, this version is not available as a
production code for use in design applications [4]. In contrast to
POSCA, GAMMA-FP, andMULTI-PADLOC codes, the PLAIN code uses
coupled set of six linear differential equations. Many un-known
coefficients in PLAIN were determined based on JAEA's database.
It is not clear that those coefficients are applicable to the other
databases. For example, any validation work using the U.S. data is
not available in open literature.

3. Verification and validation

3.1. Verification using analytic solutions

Irreversible nuclides are not considered in the verification using
analytic solutions. The analytic solutions of Eqs. (1), (2) and (5) can
be obtained in the following limited conditions:

- Eqs. (1)& (2) are either time independent or space independent;
- Sorption equation (i.e., Eq. (5)) is simple (e.g., linear).

General Atomics (GA) theoretically derived analytical solutions
of Eqs. (1), (2) and (5) and sixexamples were addressed to verify
their own code, PADLOC. For the verification of the POSCA code, the
existing analytic solutions and examples of GA were adopted. The
verification results for two examples were included in this paper
for compactness. The verification results for the other examples are
available in the references [19,20]. The expressions of the analytic
solutions of the six examples are lengthy and are available in the
reference [10].

3.1.1. Space independent simple loop with decay coupling
Fig. 3 shows the concept of the single loop considered for

Example 1. Three artificial nuclides (A, B, and C) are considered in
this example. They are coupled by decay as shown in Fig. 4. In the
case of decay coupling, the off-diagonal terms of a*i;j and b*i;j appear
in Eqs. (1) and (2). The analytical solutions for the coolant and
plateout surface concentrations can be derived as [10]:8><
>:
CAðtÞ
CBðtÞ
CCðtÞ

9>=
>;¼

8><
>:
1:7743
1:8973
2:2054

9>=
>;10�10þ

8><
>:
�28:3500
9:2096
4:2319

9>=
>;10�13e�44:8021t

þ
8<
:
0
�1:5122
2:4717

9=
;10�11e�38:6457t�

8<
:
0
0
6:5284

9=
;10�11e�35:5866t

�10�10

2
4
8<
:
1:7460
0:5969
0:6129

9=
;e�5tþ

8<
:
0
1:1584
0:8844

9=
;e�10tþ

8<
:
0
0
0:3067

9=
;e�15t

3
5

(14)

8<
:

SAðtÞ
SBðtÞ
SCðtÞ

9=
;¼ 1

2:5

8<
:

aA � CA
aB � CB
aC � CC

9=
; (15)

where 8><
>:
aAðtÞ
aBðtÞ
aCðtÞ

9>=
>;¼10�10

2
64
8><
>:
2:5
3
4

9>=
>;�

8><
>:
2:5
1
1:25

9>=
>;e�5t

�
8<
:
0
2
2

9=
;e�10t�

8<
:
0
0
0:75

9=
;e�15t

3
5 (16)

Fig. 5 compares the predicted surface concentrations by POSCA
against the analytic solutions (i.e, Eq. (15)). The figure shows perfect
agreements for all nuclides.

3.1.2. Steady-state long pipe with decay coupling
The second example considers a long pipe with three nuclides
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coupled by a decay chain. The same nuclides shown in Fig. 4 are
used. Fig. 6 shows the concept of Example 2. The inlet coolant
concentration of each nuclide is fixed as the boundary condition.
The analytical solutions for the coolant and plateout surface con-
centrations can be derived as [10]:

8<
:

CAðxÞ
CBðxÞ
CCðxÞ

9=
;¼10�10

2
4
8<
:

1:7743
1:8973
2:2055

9=
;þ

8<
:

1:2257
0:3909
0:4068

9=
;e�0:0038332x

3
5

� 10�10

2
4
8<
:

0
0:2882
0:2029

9=
;e�0:008156x þ

8<
:

0
0
1:4094

9=
;e�0:01279x

3
5
(17)
Fig. 4. Decay coupling of three nuclides considered in Examples 1 and 2.

Fig. 5. Verification result of POSCA for surface concentration (Example 1).

Fig. 3. Space independent simple closed loop (Example 1).
8<
:

SA
SB
SC

9=
;¼ �

8<
:

�32:7974 0 0
2 �26:5915 0
3 5 �23:4189

9=
;

�1

�
2
4
8<
:

10�10

2� 10�10

3� 10�10

9=
;þ

8<
:

4:801886CA
4:821669CB
4:867107CC

9=
;
3
5 (18)

Steady-state solutions of POSCA were achieved within a simu-
lation time of 2 s. Fig. 7 shows the verification result of the POSCA
calculation for Example 2. Very good agreement can be seen in the
figure. The small differences in the figure are mainly due to a coarse
Fig. 6. Long pipe with fixed inlet coolant concentration (Example 2).

Fig. 7. Verification result of POSCA for surface concentration (Example 2).

Fig. 8. Effect of mesh size on numerical errors of the POSCA results for Example 2.



Fig. 9. Schematics of hot sampling tube VAMPYR-I [3].

Fig. 10. Measured temperature profiles of V09 and V12 in VAMPYR-I [21].

Table 4
Sorption isotherms parameters for iodine developed by GA [3].

Surface condition Alloy Constants

k X0
1

Q1 d
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mesh size. The effect of the mesh size on the numerical errors were
evaluated and the results are summarized in Fig. 8. It is obvious that
the numerical errors decrease as the mesh size is decreased.

3.2. Validations using in-pile tests

3.2.1. VAMPYR-1 experiment
The information about the VAMPYR-1 is taken from the refer-

ences [3,21]. The hot sampling tube VAMPYR-I was installed in the
Table 2
Major operating conditions of VAMPYR-1 experiment [21].

Parameter V09 case V12 case

Material of test tube 15Mo3 Ti
Helium pressure (MPa) 1.1
Helium mass flow (g/s) 0.66
Operating time (hour) 799 821
Concentration at inlet (atoms/m3) I-131: 2.60E09

Cs-137: 9.63E10
I-131: 2.71E09
Cs-137: 1.68E11

Table 3
Sorption isotherms parameters for cesium developed by GA [3].

Surface condition Alloy Constants

X0
1 X0

2 X0
3

Un-oxidized Carbon steel,
SA-36

2.65E10 1.57E15 1.25E

SA-387, SA-533 2.65E10 1.57E15 1.25E
Alloy 800H 2.65E10 1.57E15 1.25E
Hastelloy X 2.65E10 1.57E15 1.25E
SS-304 5.30E10 1.26E16 3.26E

Oxidized Carbon steel, SA-36 2.65E9 1.57E12 1.25E
SA-387, SA-533 2.65E9 1.57E12 1.25E
Alloy 800H 5.30E9 1.26E13 3.20E
Hastelloy X 5.30E9 1.26E13 3.20E
SS-304 5.30E9 1.26E13 3.20E
German AVR reactor. Fig. 9 shows a schematic illustration of the hot
sampling tube VAMPYR-I. The VAMPYR-I experiment was per-
formed to investigate the transport and plateout of the fission
products on various materials under laminar flow conditions. The
length of the test tube was 2.2 mwith an inner diameter of 20 mm.
The test section could be removed into a connectable transport
container by two ball valves. Removal and exchange of the test
section were carried out during a shutdown period. Therefore, it
can be assumed that the test tube was clean before the individual
experimental test.

The experimental runs of V09 and V12 were selected to validate
the POSCA code. The measured temperature profiles along the test
tube are provided in Fig. 10. Table 2 summarizes the major oper-
ating conditions of V09 and V12. The same cases were used to
validate the PLAIN and GAMMA-FP codes. The following sorption
models developed by the GA [3] were used in the POSCA and
GAMMA-FP calculations.

Bi ¼
NApBL
RT

(19)

where

pBL ¼
X3

i¼1

X0
i exp


�Q i

RT

�
Ssi
i for cesium (20)

pBL ¼
S

ðk� SÞX0
1 exp



�Q1
RT

� for iodine (21)

where Q i, X
0
i , si, and k are the empirical coefficients which depend
Q1 Q2 Q3 s1 s2 s3 d

22 2.74E5 2.62E5 2.16E5 1 3 8 7

22 2.74E5 2.62E5 2.16E5 1 3 8 7
22 2.74E5 2.62E5 2.16E5 1 3 8 7
22 2.74E5 2.62E5 2.16E5 1 3 8 7
24 2.74E5 2.62E5 2.16E5 1 3 8 7

14 2.74E5 2.62E5 2.16E5 1 3 8 e

14 2.74E5 2.62E5 2.16E5 1 3 8 e

16 2.74E5 2.62E5 2.16E5 1 3 8 e

16 2.74E5 2.62E5 2.16E5 1 3 8 e

16 2.74E5 2.62E5 2.16E5 1 3 8 e

Un-oxidized Carbon steel, SA-36 3.0 3.49E-5 �1.11E5 7
SA-387,
SA-533

3.0 3.49E-5 �1.11E5 7

Alloy 800H 3.0 3.49E-5 �1.11E5 7
Hastelloy X 3.0 3.49E-5 �1.11E5 7
SS-304 1.5 3.49E-5 �1.11E5 7

Oxidized Carbon steel, SA-36 0.4 5.11E-6 �1.11E5 e

SA-387, SA-533 0.4 5.11E-6 �1.11E5 e

Alloy 800H 0.4 5.11E-6 �1.11E5 e

Hastelloy X 0.4 5.11E-6 �1.11E5 e

SS-304 0.4 5.11E-6 �1.11E5 e



Fig. 13. Predicted and measured Cs-137 plateout distributions in VAMPYR-I (V09).
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on nuclide, surface oxidized condition, and wall material. The
empirical coefficients for cesium and iodine are provided in
Tables 3 and 4, respectively. The effects of the surface roughness are
considered by:

S0 ¼ d0 S=d (22)

where d is the surface roughness factor of the reference test sample
and d0 is the surface roughness factor of a given wall material. Both
conditions for surface oxidation were tested in this work. The
surface roughness factor for unoxidized condition was assumed to
be 7.

Figs. 11 and 12 show the predicted and measured plateout ac-
tivities of I-131 for the V09 and V12 runs, respectively. The sudden
increase of the I-131 plateout is mainly due to the temperature
profile along the test tube (See Fig. 10). In contrast to I-131, the
plateout activities of Cs-137 are flatter. Such a behavior was
explained by higher penetration behavior of cesium [3] or effect of
dusts [21]. The validation results for Cs-137 are shown in Figs. 13
and 14. The corresponding results of the PLAIN code are added as
a comparison. The figures show overall good agreements. It can be
seen that the accuracy of the POSCA code is comparable to the
GAMMA-FP code. The figures also show that there exist some dif-
ferences in the results between GAMMA-FP and POSCA (in partic-
ular at the downstream region) although the same sorption models
were applied. Such differences are due to the difference in the
numerical method adopted. Since the governing equations are
highly complex and non-linear, slight difference in the numerical
method could result in the differences in calculated results. The
Fig. 11. Predicted and measured I-131 plateout distributions in VAMPYR-I (V09).

Fig. 12. Predicted and measured I-131 plateout distributions in VAMPYR-I (V12).

Fig. 14. Predicted and measured Cs-137 plateout distributions in VAMPYR-I (V12).
differences are generally amplified at the downstream.
The significant under-predictions of the Cs-137 activities of the

PLAIN code are improved in the results of the POSCA and GAMMA-
FP. Nevertheless, in the case of V12, more than 10 times larger
differences between the numerical results and the measured data
exist at the upstream region of the test tube where the wall tem-
perature is much higher. It indicates the possibility that the un-
certainties of the sorption models of the GA and the JAEA are high
at the hotter Titanium conditions.

Figs. 12e13 show slightly better agreements with the unoxi-
dized model. It may be reasonable because clean test tubes were
used in the VAMPYR-1 experiment.

3.2.2. OGL-1 experiment
The OGL-1 experiment was performed in an in-pile helium loop

installed in the Japanese Materials Testing Reactor (JMTR) to
simulate the primary cooling system conditions of a HTGR. Fig. 15
shows a schematic drawing of the experimental loop of OGL-1.
The plateout distributions were measured from the outside of the
primary pipes after every operational cycle using a Ge-detector. The
range of helium temperatures was from 1000 �C at the fuel exit to
room temperature. The helium flow was fully turbulent. The ge-
ometry of the OGL-1 facility is shown in Table 5 and the measured
temperature distributions are provided in Fig. 16. The operating
conditions for 47th and 67th cycles are provided in Table 6. The
measured plateout concentration distributions of I-131 and Cs-137
are tabulated in the IAEA report [3].

The fission product concentration at the fuel specimen outlet is
applied to the inlet boundary based on the information specified in



Fig. 15. Schematic flow diagram of OGL-1 experiment [3].

Table 5
Geometry of OGL-1 facility [3].

Location Length (m) Hydraulic
diameter (m)

Flow
area (m2)

Material

In-pile tube 6.50 0.08 5.027E-3 Hastelloy-X
Duct 6.85 0.059 2.734E-3 Hastelloy-X
Duct 18.25 0.0446 1.562E-3 Hastelloy-X
HX1 7.52 0.0119 1.112E-3 Hastelloy-X
Duct 4.55 0.0527 2.181E-3 SUS
HX2 6.87 0.0127 1.267E-3 SUS
Duct 11.53 0.0527 2.181E-3 SUS
Cooler 12.21 0.0214 3.597E-3 SUS

Fig. 16. Measured temperature distributions in OGL-1 [3].
Fig. 17. Predicted and measured I-131 plateout distributions at 67th cycle of OGL-1.
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the reference [3]. The returning loop after the cooler is not
considered because it is assumed that the fission products are
completely removed through the purification filter. Such a
boundary condition and assumption were used to validate the
PLAIN code [22].

The sorption models developed by the GA was applied. In the
case of I-131, it can be assumed that the plateout concentration
from the previous cycle is negligible because the shutdown interval
Table 6
Major conditions of 47th and 67th cycles of OGL-1 experiment [3].

Parameter 47th cycle 67th cycle

Helium gas pressure 3 MPa
Helium mass flow (g/s) 45.0 59.6
Operating time (hour) 509 524
between the cycles is sufficiently long for the decay of I-131. On the
other hand, the plateout concentration of Cs-137 from the previous
cycle should not be neglected due to a long half-life (about 30
years). Therefore, the operation history should be considered to
predict the plateout concentration of Cs-137.

Fig. 17 shows the predicted and measured plateout distributions
of I-131 for the 67th cycle. The overall differences between the
predicted and measured values are less than a few orders of
magnitude. The reported results by the PLAIN calculation are added
as a comparison. The deviations between the measured and
calculated data are comparable for both codes. The surface oxida-
tion conditions of the OGL-1 loop are not reported. It is shown in
Fig.13 that one of the main source of the uncertainties in the POSCA
results could be the surface oxidation condition when the GA
sorption model is adopted.

Fig. 18 shows the predicted and measured values of Cs-137
plateout for the 47th cycle. Additional calculations were
confirmed that the effect of the surface oxidation is small in this
case. Therefore, only the results with the surface oxidations were
provided in Fig. 18. Because the full operation history of the OGL-1
is not available in open literature, sensitivity calculations (i.e.,
initially clean vs. initially not clean) were performed for the 47th
cycle with the POSCA code. The first calculation assumed initially
clean surfaces around the circuit. The next calculation was per-
formed using the initial Cs-137 profile predicted by the PLAIN code
(profile obtained for the 46th cycle). It can be seen that the impact
of the initial plateout inventory of Cs-137 is small in the prediction
of the 47th cycle. Fig. 18 shows that the accuracy of the POSCA code
is comparable with that of the PLAIN code.
Fig. 18. Predicted and measured Cs-137 plateout distributions at 47th cycle of OGL-1.



Table 7
Comparison of POSCA and GAMMA-FP computing times.

Experiment Test case Nuclide POSCA
(sec)

GAMMA-FP
(sec)

Ratio
(GAMMA-FP/POSCA)

VAMPYR-1 V09 I-131 6 13907 2318
V09 Cs-137 8 69150 8644
V12 I-131 6 14225 2371
V12 Cs-137 8 67797 8475

OGL-1 67th cycle I-131 17 54606 3212
47th cycle Cs-137 17 46625 2743

N.-i. Tak et al. / Nuclear Engineering and Technology 52 (2020) 1974e19821982
4. Computational performance

The computing times of POSCA and GAMMA-FP used for the
simulations of the VAMPYR-1 and OGL-1 experiments were
compared. The results are summarized in Table 7. For an apple-to-
apple comparison, the same number of computational cells and the
same computer were used. Table 7 shows that the computing speed
of POSCA is 2318e8644 times faster than that of GAMMA-FP. Such
an excellent performance of POSCA can be easily expected based on
the description of Section 2.5.
5. Summary and conclusions

In this paper, the POSCA code was developed to predict the
fission product plateout and circulating coolant activities in the
primary loop of a HTGR. The POSCA code was verified against the
available analytic solutions and validated using the VAMPYR-1 and
OGL-1 experiments. It was confirmed that the numerical model of
POSCA is reliable and its accuracy is comparable to the existing
codes. Significant improvement was achieved in the computing
time compared to GAMMA-FP. In addition, POSCA can consider
some advanced models (in-diffusion, decay chain and nuclear re-
action, etc.) and the code is highly flexible to sorption models and
circuit geometry. The complex branch mixing equation adopted in
MULTI-PADLOC was removed by adopting an efficient matrix
solver. Numerical errors can be controlled by the overall mass
balance equation.

Further validation of the POSCA code is on-going for practical
applications to HTGR designs. In particular, the CMVB (Computa-
tional Methods Validation and Benchmarks) project of the Gener-
ation IV international cooperation would be helpful in the
verification and validation of the POSCA code.
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