Transactions of the Korean Nuclear Society Virtual Soring Meeting
July 9-10, 2020

Implementation of Wall Steam Condensation in a Containment Analysis Code

Jongtae Kim#, Hyoung Tae Kim?, Dehee Kim & Gun-Hong Kim®
@Accident Monitoring and Mitigation Research Team, KAERI, Daeduk-daero 989-111, Daejeon, Korea
bOpenCAE Seongnam, Kyungki-do, scurry@opencae.kr
*Corresponding author: ex-kjt@kaeri.re.kr

1. Introduction

During a loss-of-coolant accident in a pressurized
water reactor that use water as a coolant to cool the
reactor, hot pressurized water is released to the
containment atmosphere in the form of steam by flash
boiling. As the accident progresses, the reactor loses its
ability to remove residual heat, creating large amounts
of water vapor and releasing it into the containment.
Water vapor released from the reactor increases the
pressure of the containment, which may damage the
containment integrity. In particular, in the case of a
severe accident leading to core damage, the nuclear fuel
cladding oxidizes with high temperature water vapor to
produce a large amount of hydrogen and accumulates
with water vapor in the reactor building.

As the amount of water vapor in the containment
increases, the concentration of hydrogen is lowered,
thus reducing the possibility of hydrogen explosion, but
overpressure of the containment building may occur due
to water vapor. On the contrary, if the concentration of
water vapor in the containment is lowered by the steam
condensation, the containment pressure may be lowered.
But, the concentration of hydrogen can be increased in
the containment, which increases the possibility of
flame acceleration or DDT [1].

As such, the risk of hydrogen in containment
buildings in a severe accident is related to the
distribution and behavior of water vapor. Water vapor
released into the containment can be condensed and
converted into droplets or wall films, depending on the
thermal hydraulic conditions within the containment.
Failure to accurately predict water vapor condensation
will result in unreliable concentrations of local hydrogen
in the containment, making it difficult to evaluate
hydrogen explosion risk. Therefore, in order to evaluate
the safety of hydrogen in containment buildings during
severe accidents, it is necessary to strictly evaluate the
condensation of water vapor as well as the mixing of
hydrogen and water vapor.

A lumped-parameter (LP) based integrated analysis
code is used to calculate the behavior and distribution of
water vapor and hydrogen released from a reactor to a
containment in a severe accident. The LP codes such as
MELCOR [2] have been used to evaluate hydrogen
safety in a reactor containment under severe accident
conditions by using correlation-based water vapor
condensation models.

However, under severe accident conditions,
prototypic experiments of the behavior of hydrogen and
steam in containment buildings are difficult to conduct,
S0 it is required to be evaluated in a practical and best-
estimate manner. We are developing a turbulence-
resolved  multi-dimensional  analysis code to
complement the LP integrated analysis code. In this
study, a module of the code for simulation of steam
condensation is developed.

2. Methods
2.1 Condensation of Water Vapor

There are two factors to quantify water vapor
condensation: condensation amount and condensation
rate. The amount of condensation is an inventory
required to transition from the supersaturation state of
water vapor to the saturated state, and the condensation
rate corresponds to the rate at which this water amount
is condensed. The amount of condensation is
determined by the atmospheric pressure and temperature
and the wall temperature, but the condensation rate
depends on the presence of non-condensable gases.

The dominant factor of the rate at which liquid films
are formed in pure water vapor is heat transfer, whereas
when non-condensable gas is included, material
diffusion becomes the dominant factor and is known as
a diffusion-controlled condensation. In the event of an
accident, the containment atmosphere contains non-
condensable gases such as air and hydrogen, so the
condensation model governed by gas species diffusion
is considered.

2.2 Modeling Approach for Wall Condensation

The development of an analytical model to simulate
the wall condensation is difficult in many respects. A
typical one relates to a condensate film condensed on a
wall surface. The condensed liquid film is very thin,
several millimeters thick, and also participates in heat
transfer, creating a liquid film flow by gravity and
atmospheric flow. Methods for simulating condensed
liquid films range from volume of fluid (VOF) to quasi-
three-dimensional finite area methods and static liquid
film models that only participate in heat transfer in a
simple way. In addition, it is necessary to consider the
heat transfer of the wall structure together because the
heat generated by condensation of water vapor is
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continuously transferred through the liquid film to the
wall surface. In this study, it was assumed that the
condensed liquid film do not grow more than a certain
thickness (rain-out) and the kinematic behavior of the
liquid film is ignored and it is simply participating in
heat transfer.

The wall condensation rate or condensation mass
flow rate of water vapor is expressed by the rate of
diffusion through non-condensable gases as shown in

Eq. (2).
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Therefore, the mass flow rate of water vapor removed
by water condensation on the wall depends on the water
vapor diffusion coefficient at the wall.

Here three types of models were implemented in a
code module for simulation of the wall condensation.

- Type-0 model:

The simplest model uses the condensation heat
transfer correlation [3] to find the mass flow rate of
condensed water vapor.
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- Type-1 model

In the type-1 model, the mass flow rate of condensed
water vapor is obtained using the material diffusion
correlation obtained from the Chilton-Colburn analogy.

Laminar flow: Sh=0.664Rel’? Sc"*, when Re <5x10°
Turbulent flow: Sh=0.037Re;’* Sc*'? 3)

A representative length is required to obtain the gas
diffusion coefficient from Sh number. Here, the distance

from the wall to the center of an adjacent cell (8) is used.
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, where D is a molecular diffusion coefficient. Using
hm, the mass flow rate of water vapor that disappears
due to condensation can be obtained from eq. (1).

- Type-2 model
In the type-2 model, the mass flow rate of water
vapor is calculated using the wall heat transfer

coefficient calculated from the turbulence model and the
Chilton-Colburn analogy. First, the wall heat transfer
coefficient should be obtained using a wall function.
Here, Jayatilleke thermal wall function is used.
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When y* is obtained, T* and ky is obtained from eq.
(5). The wall heat transfer coefficient is h=ky/o.
Similarly, the water diffusion coefficient can be
obtained from the heat transfer coefficient using the
Chilton-Colburn analogy.

h — h Pr2/3 SC—2/3

; p
3. Results

In order to validate the water vapor condensation
analysis module implemented in this study, a CONAN
experiment [4] conducted by the University of Pisa was
selected. The CONAN experiment is one of the
experiments to simulate the heat transfer by
condensation of water vapor mixed with non-
condensable gas. Unlike the water condensation
experiment by natural convection (Dehbi et al.
Experiment [5]), water vapor condensation was tested
under the forced flow conditions of a mixed gas of
water vapor and air.

3.1 Modeling of CONAN experiments
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Fig. 1. Schematic of the test conditions of CONAN [4]
experiment
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In the experiment, the air-water vapor mixture gas is
introduced at a constant velocity from the upper channel
inlet and flows out through the lower outlet. In the



Transactions of the Korean Nuclear Society Virtual Soring Meeting
July 9-10, 2020

channel device, the temperature of the cooling plate was
kept constant by using a coolant flow to one wall
surface as shown in Fig. 1. Insulating conditions could
be applied to the other surfaces. The table 1 summarizes
the thermal and hydraulic conditions of the experimental
cases used to verify the analysis module of the water
vapor condensation.

Table 1. Test conditions for CONAN experiment

Test Name |Vin [m/s] | Tin [K] | NC mass fraction | Twall [K]
P10-T30-V25 2.57 348.6 0.7070 304
P15-T30-V25 2.61 356.5 0.5722 3035
P20-T30-V25 2.59 364.5 0.3590 305.25
P25-T30-V25 2.60 366.8 0.2789 305.95

In the wverification analysis of the condensation
analysis module, the analysis domain was modeled in a
two-dimensional plane with respect to the central cross-
section of the CONAN test channel, which is similar to
Patil and Maurya [6]. The analysis grid model applied is
shown in Fig. 2.
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Fig. 2. Mesh configuration of fluid and solid regions (scaled
by 2x-Xaxis, 0.5x-Yaxis) [7]

The thermal properties of the two gas components
used in the CONAN experiment (water vapor and air)
are obtained from the JANAF data. As a turbulence
model, the k-omega-SST RANS model was applied.
The material properties for the cooling plate structure
are as follows.

Table 2. Properties of aluminum, 6061 Temper-O

Density [kg/m3]: 2710
Thermal conductivity [W/m/K]: 180
Specific Heat Capacity [J/kg/K]: 1.256E+03

3.2 Results of Validation

The three types of the steam condensation models
were implemented in a single code module.

They were applied for the CONAN test cases listed in
the Table 1. Fig. 3 shows the condensation heat fluxes
obtained by the three types of the condensation models
along the cooling wall for theP25-T30-V25 case.
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Fig. 3. Comparisons of wall condensation heat fluxes from
different condensation models for the P25-T30-V25 case.
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Fig. 4. Wall condensation heat fluxes by type-2 model for

P10-T30-V25 and P20-T30-V25 test cases

In the case of the type-0 model, the wall condensation
heat flux was predicted very low compared to the
experimental results. This is a sufficiently predictable
result because the correlation of the condensation heat
transfer is not general. For the type-1 model and the



Transactions of the Korean Nuclear Society Virtual Soring Meeting
July 9-10, 2020

type-2 model, the overall level of accuracy is reasonable
for all the analysis conditions. In the case of Type-1, it
tends to underestimate the results of experiments. On
the other hand, in the case of type 2, it was interpreted
as the trend of results slightly higher than the
experimental results.

As can be expected, the type-2 model is very
generalized because it was derived based on the
universal law of the wall. Fig. 4 shows the wall
condensation heat fluxes by the type-2 model for P10-
T30-V25 and P20-T30-V25 test cases. It is thought that
the type-2 model gives a reliable condensation rate of
water vapor for the CONAN test cases.

3. Conclusions

In this study, we have developed the steam
condensation module of the containmentFoam code [8],
which is a detailed analysis code of steam and hydrogen
behaviors in a containment building, for an analysis of
wall steam condensation and wall heat transfer of
condensation heat.

In addition, simulations of the CONAN tests were
performed to verify the developed wall steam
condensation analysis module. The results of the
CONAN experiments for the test cases according to the
thermal and hydraulic conditions were compared with
results calculated by the developed steam condensation
analysis module. And it was confirmed that the
developed analysis module predicts well steam
condensations on a wall.

ACKNOWLEDGMENTS

This work was supported by the National Research
Foundation of Korea (NRF) grant funded by the Korea

government  (Ministry of Science, ICT) (No.
2017M2A8A4015277)
REFERENCES

[1] Karwat, H. et al., "SOAR on Containment Thermal-
hydraulics and Hydrogen Distribution”, Prepared by an
OECD/NEA Group of Experts, 1999.

[2] L.L Humphries R.K. Cole, V.G. Figueroa, M.F. Young,
MELCOR Computer Code Manuals, Vol. 1, SAND2015-
6691R, 2015.

[3] P. Griffith, G. F. Hewitt, Exec. Ed., Heat Exchanger
Design Handbook, Section 2.6.5, Hemisphere Publishing,
New York, 1990

[4] W. Ambrosini, M. Bucci, N. Forgione, F. Oriolo, S. Paci,
Quick Look on SARnet Condensation Benchmark-1 Results,
Universita di Pisa, Step 1 — 10 kW Heating Power, Exercise,
Pisa, 2008.

[5] A. Dehbi, M\W. Golay, M.S. Kazimi, Condensation
experiments in steam-air and steam-air-helium mixtures
under turbulent natural convection, National Heat Transfer
Conf., AIChE, Minneapolis, pp. 19-28, 1991.

[6] O. Patil, R. S. Maurya, “Film Condensation Behaviour of
Steam on Isothermal Walls in Presence of Non-Condensable

Gases - A Numerical Investigation”, Int., J. of Computational
Engineering Research, VVol.06, Issue 5, 2016.

[7] J. Kim, H.T. Kim, D. Kim, G.H. Kim, Development of a
Code Module for an Analysis of Steam Condensation in a
Containment, KAERI/TR-8024, 2020.

[8] J. Kim, J. Jung, and D. Kim, “Methodology Development
for Evaluation of Hydrogen Safety in a NPP Containment
Using OpenFOAM”, Technical Meeting on Hydrogen
Management in Severe Accidents, IAEA, 2018.





