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1. Introduction

The APR+ (Advanced Power Reactor) adopts several
new safety features and the PAFS (Passive Auxiliary
Feedwater System) is one of the advanced safety
features which can cool down the nuclear reactor
without any external power supply in case of accidents.
The PAFS is operated by the natural circulation to
remove the core decay heat through the PCHX (Passive
Condensation Heat Exchanger) which is composed of
the nearly horizontal tubes.[1]

For wvalidation of the cooling and operational
performance of the PAFS, PASCAL (PAFS Condensing
Heat Removal Assessment Loop) facility was
constructed [2] and the condensation heat transfer and
natural convection phenomena in the PAFS was
experimentally investigated at KAERI (Korea Atomic
Energy Research Institute). From the PASCAL
experimental result, it was found that conventional
system analysis code underestimated the condensation
heat transfer.[3] Therefore, improvement of the
prediction capability of the code with the condensation
heat transfer model applicable to the PCHX of PAFS is
required.

In this study, advanced condensation heat transfer
models which can treat the heat transfer mechanisms
with the different flow regimes in the nearly horizontal
heat exchanger tube were analyzed. The models were
implemented in a thermal hydraulic safety analysis code,
SPACE (Safety and Performance Analysis Code for
Nuclear Power Plant), and it was evaluated with the
PASCAL experimental data.

2. Review on Condensation Heat Transfer Model
2.1 Conventional Condensation Model

During condensation process inside horizontal tubes,
the two-phase flow pattern may be dominated by vapor
shear or gravity force. While annular flow pattern is
associated with high vapor shear, stratified flow appears
when gravity is the dominant force. In the fully
developed annular flow pattern, there is a thin uniform
condensate film on the entire tube wall, while the gas
phase flows in the central core, and heat transfer is
governed by vapor shear and turbulence. In the stratified

flow regime, a certain thickness of the condensate layer
forms at the bottom of the tube and a thin liquid film
settles on the wall in the upper portion of the tube. In
this condition, the heat transfer through the thin film is
generally analyzed by the classical Nusselt theory.[4]
According to this theory, the condensation heat transfer
coefficient ('h, ) could be determined as following
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Shah (1979) proposed a simple dimensionless
correlation [5] for predicting heat transfer coefficients
during film condensation inside plane tubes as shown in
Egs. (3), (4), and (5). It was verified by comparison
with various experimental data. It was in agreement with
data for water, refrigerants, and organics covering a
wide range of experimental conditions in horizontal,
vertical, and inclined tubes. However, in a later paper,
Shah stated that his correlation had weakness for
simulating the experimental conditions under very low
flow rates and highly reduced pressure. He found that
the deviations were found to be related to the viscosity
ratio of phases and reduced pressure.
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The model of Shah (1979) was improved and
extended to a wider range of parameters suggesting a
correction factor which was developed through data
analysis [6], as shown in Egs. (6), (7), (8), and (9). This
result was found to give good agreement with data
obtained at the experimental conditions under higher
flow rates for both horizontal and vertical tubes.
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2.2 Condensation Model Package

To estimate accurately the condensation heat transfer
rate in the nearly horizontal tube, a new condensation
heat transfer model package has been developed by
PNU (Pusan National University).[7] It consists of a
one-dimensional separated flow model for a void
fraction, a flow regime identification model, and the
condensation heat transfer correlations. The model
package takes into consideration the inclination angle of
the condensing tube. When flow condition is given by
an input variable including the total mass flux and the
quality, the void fraction can be obtained from solving
momentum equation for each phase.

Film condensation heat transfer correlation was based
on the Nusselt theory which formulates liquid film
flowing down along the vertical plate. The Nusselt-type
correlation could not take into account the interfacial
shear effects arisen by high convective vapor flow, since
it was developed under the laminar flow conditions. To
overcome this drawback, a new film condensation
correlation which could take into consideration the
interfacial shear stress effect was proposed by adding
the vapor phase Reynolds number to the Nusselt-type
correlation as follows.
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On the other hand, Dittus and Boelter (1930)
correlation for turbulent single-phase heat transfer [8]
was applied to convective heat transfer of condensate
flowing along the bottom of the tube. The actual
Reynolds number and hydraulic diameter of liquid
phase were used in the correlation as follows.
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2.3. Other advanced condensation models

Kim (2015) improved Shah (2009) model by
modifying the heat transfer coefficient in the regime |
[9] as shown in Eq. (12). It included the effect of slip
ratio (S) between two phases and the interface
roughness factor. This model was validated with the
PASCAL and HOCO experimental data.[9]
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In  RELAP5/MOD3.3kc  code, the original
condensation heat transfer model was modified with
adopting Jaster-Kosky correlation as shown in Eq. (13).
This model has effect of replacing a constant coefficient
in Chato model [10] by a function of the void fraction.
Also, this modification included extended application of
the horizontal condensation heat transfer to a channel
with 45 degrees inclination.
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3. Validation of SPACE Code
3.1 Implementation of condensation heat transfer model

In order to evaluate the developed model package for
the condensation heat transfer coefficient, SPACE was
utilized. The SPACE code has been developed for a
thermal hydraulic safety analysis of a nuclear power
plant, dealing with the various fluid flow features. It
adopts a three-dimensional three-field model, which
treats the transport of a continuous liquid, vapor, and
droplet field separately.

The condensation heat transfer model in Section 2
has been implemented in the wall condensation model
of the SPACE code, so that the calculation result was
compared to that of the default condensation model in
the SPACE code. Implemented wall condensation
model for the PAFS in the SPACE code is activated
when the wall condensation option (Data 6 of Hxxx-xx-
6001~6009 card) is equal to 3, while the default model
could be used with setting this option as zero. The
advanced condensation models can be applied only at
the left surface of a cylindrical heat structure.

3.2 Validation Test Matrix

The improved models for the condensation heat
transfer in the SPACE code were validated by
comparing to the PASCAL experimental result. Since
the major objective of the PASCAL test is to validate
heat removal capability of the PCHX in the APR+
PAFS, the U-tube condensation heat exchanger in the
PASCAL facility was designed to simulate equivalent
phenomena anticipated inside the PCHX of the PAFS as
shown in Fig. 1.[2] It has the same length, inclination
angle, thickness, diameter and material with the
prototype PCHX. In order to conserve the natural
circulation phenomenon outside the PCHX, the U-tube
heat exchanger was submerged in the PCCT (Passive
Condensation Cooling Tank) pool.

In this study, the experimental result for the steady-
state condition in the PASCAL test facility was used to
evaluate the effect of improved models in the SPACE
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code. During the test, the data for the heat transfer
coefficient was acquired after a steady state condition
for a constant pressure, temperature, and flow rate was
achieved at a given thermal power.
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Fig. 1 Overview of PASCAL facility [2]
3.3 Validation Result

As described in Section 2, six cases were evaluated
for the test matrix of the PASCAL facility, where the
condensation model package in Section 2.2 was
evaluated with two cases for a full model package
version and a replacement of condensation heat transfer
coefficient. Figure 2 compares the calculation result for
the steam pressure in SS-540-P1 test of the PASCAL. In
this experimental case, 540 kW of the thermal power in
the steam generator was supplied. As shown in the
figure, the calculation result with the default wall
condensation model of the SPACE code predicted the
steam pressure and temperature higher than the
experimental result. It means that the condensation heat
transfer coefficient was lower than the measured value
as shown in Fig. 3, and a steady state condition
calculated by the SPACE code was achieved at the
higher steam pressure and temperature. While Shah
(2009) model and Kim (2015) model revealed improved
prediction for the condensation heat transfer, the
calculation result with the condensation heat transfer
model package with the correlation version showed the
best performance. It points out that the mechanistic
modeling for the film condensation in the steam phase
and the convection in the condensate liquid separately

contributed to enhance prediction capability of the heat
transfer coefficient in the wall condensation model of
the SPACE code. In case of adopting the full model
package with the void fraction and flow regime models,
the steam pressure presented an over-prediction due to a
lower heat transfer coefficient inside the tube as shown
in Fig. 2 and 3.

0.8

0.7 o

0.6 4

®
>
% 05
q,_) I/
o
T 0.4+
c
°
(%]
g 034 ] e PASCAL Exp.
£ —0O— Default
B 024 —o— S.Kim (2015)
g : T.Ahn (2015)-Package
zZ —7— T.Ahn (2015)-Correlation
0.1 —— Shah (2009)
Jaster-Kosky
00 T T T T
0 2000 4000 6000 8000 10000

Time(sec)

Fig. 2 Steam pressure in simulation of SS-540-P1 test
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Fig. 3 Condensation heat transfer coefficient in simulation of
SS-540-P1 test

Figures 4 and 5 compare the steam pressure and
temperature at the steady state condition in all test
matrix, respectively. As observed in the calculation
result of SS-540-P1 test, the mechanistic modeling for
the condensation heat transfer coefficient contributed to
enhance the prediction capability of the SPACE code in
simulation of all test conditions with varying the thermal
power in the steam generator. Therefore, it is concluded
that the enhanced condensation heat transfer model
could reasonably reduce conservatism in the wall
condensation model of the SPACE code. On the other
hand, all models presented under-prediction of the
condensation heat transfer coefficient in higher thermal
power condition, so that it induced the over-estimation
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of the steam pressure at the quasi-steady state condition.
Therefore, as a further study, improvement of the
present mechanistic model is required especially for a
larger steam flow and higher pressure conditions.
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Fig. 4 Steam pressure in simulation of all test cases
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Fig. 5 Steam temperature in simulation of all test cases

4, Conclusions

With an aim of enhancing the prediction capability
for the condensation phenomenon inside the PCHX tube
of the PAFS, advanced models for the condensation
heat transfer were implemented into the wall
condensation model of the SPACE code, so that the
PASCAL experimental result was utilized to validate
the condensation models. Calculation results showed
that the improved model for the condensation heat
transfer coefficient enhanced the prediction capability of
the SPACE code. Among the models, adopting the
condensation heat transfer model package presented the
best performance to predict the steam pressure and
temperature at the steady state condition. This result
confirms that the mechanistic modeling for the film
condensation in the steam phase and the convection in

the condensate liquid contributed to enhance the
prediction capability of the wall condensation model of
the SPACE code and reduce conservatism in prediction
of condensation heat transfer.
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