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1. Introduction

Condensation is one of the major thermal hydraulic
phenomena with high heat transfer coefficient (HTC).
Accordingly, various passive safety systems (PSSs),
whose driving force is weaker than the active system,
ensure their feasibility by utilizing the HTC of
condensation. NuSacle SMR, a representative integrated
pressurized water reactor (IPWR) type SMR, was
designed with a fully passive safety design concept with
the emergency core cooling system (ECCS) and the
decay heat removal system (DHRS) [1]. Both of the PSSs
use condensation as a major heat transfer mechanism.
Other recent SMR designs such as the i-SMR [2], and
AP-300 [3] also adopted condensation for their PSSs.

The need for numerical analysis increases as various

designs of reactors and PSSs are proposed and developed.

Many of previous analyses for recent SMRs have been
conducted using numerical analysis tools such as
RELAPS, MARS-KS, MELCOR, and SPACE [2, 4, 5].
The significant advantages of using the numerical tools
such as low cost and time consumption, made them a
powerful tool for predicting and evaluating performance
of the thermal hydraulic system. However, it implies that
the system analysis codes need to be well validated to
attain sufficient confidence level for their calculation
results.

In conclusion, we need to continuously validate the
performance of the numerical analysis tools to use them
as a power tool for the development and evaluation of
innovative designs of SMRs and their systems. In
particular, the prediction of condensation heat transfer is
important because it is one of the critical factors in
cooling performance of PSSs.

This study aimed to expand the validation database for
the SPACE code. Our experimental facility, designed to
examine wall condensation heat transfer, was set as the
reference system. We developed corresponding input
models for both the SPACE and MARS-KS codes. By
comparing results from SPACE, MARS-KS, and
experimental data, we validated the SPACE code's
filmwise wall condensation heat transfer prediction
performance.

2. Experimental setup

The test facility, shown in Fig. 1, designed for
experiment of wall condensation heat transfer on a long
vertical surface under low non-condensable gas (NCG)
conditions. The facility comprises a closed-loop system
that combines a water loop and a steam supply with a
condensation section. Saturated steam from the steam
generator (A) is routed to a header (B) and pressure-
adjusted before entering the test section (C) where it
condenses, with the resulting condensate collected in a
tank (D). A vacuum pump (E) sets the initial pressure to
control NCG levels, while a circulating water loop,
driven by a centrifugal pump (H), cools the specimen; a
heat exchanger (G) then maintains the coolant’s
subcooling as temperatures rise.
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Figure 1. Test facility schematic.

Fig. 2 presents the test section, which is composed of
a steam chamber, an aluminum test specimen (Al 6061),
and a coolant channel that uses deionized water for
condensation heat transfer. One side of the specimen is
bonded to the coolant channel, while the other side is
exposed to the steam inside the chamber. The chamber
itself is a rectangular enclosure with a cross-sectional
area of 134x184 mm? and a length of 1.1 m (excluding
its inlet and outlet), and one of its side walls is left open
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to serve as the condensing surface. By placing the
specimen between the chamber and the coolant channel,
one side directly contacts the steam, and the other side is
directly cooled by coolant. The effective condensing area
measures 100x1000 mm?, and the specimen is 13 mm
thick. Both the steam chamber and the coolant channel
are fabricated from stainless steel (SS304).

Coolant channel
+ Width: 140 mm
+  Height 30 mm
+ Length: 1500 mm (1000 mm - heat transfer)

Steam chamber (expect infoutlet)
+ Condensing surface

« Width: 150 mm

« Height: 300 mm

« Length: 1100 mm

Test specimen (AIB061)
+ Condensing surface
* Width: 100 mm

+ Length: 1000 mm

+ Thickness: 13 mm

Figure 2. Test section schematic.

To determine the condensation heat flux, we computed
both local heat flux and calorimetric heat flux using
temperature data from the test specimen and cooling
channel. Several TCs (thermocouples) and RTDs
(resistance temperature detectors) were installed to
monitor the test specimen and coolant temperature
change. Measurements were taken at six axial positions
along the condensing surface, 25, 75, 175, 335, 575, and
815mm from the top as shown in Fig. 3. The RTDs
captured the coolant and steam temperatures. The TCs
were inserted into the test specimen. Three TCs were
positioned parallel to the heat conduction direction at
each of the measuring points. Moreover, we predicted
condensation heat flux using the Nusselt condensation
model. The local heat flux, calorie metric heat flux and
the Nusselt condensation model were then calculated
based on the following equations (1), (2) and (3),
respectively.
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Where the k is thermal conductivity of the test
specimen material (Al 6061), T; is the temperature
measured by a TC closest to the condensing wall between
the three TCs of a measurement point, T; is the
temperature from the third TC, Ax is the distance
between the first TC and the third TC, m,; is the mass
flow rate of the coolant, ¢, is the specific heat of the
coolant, T; is the measured coolant temperature of the ith
measure point, 4, is the heat transfer area in the coolant
channel, p; is density of saturated water, Ap is difference
between the saturated water and steam, g is gravity

acceleration, hy, is evaporation heat of the saturated
water, k; is thermal conductivity of the water, y; is
dynamic viscosity of the water, L is the distance of the
temperature measurement point from the top of the
condensation surface, T,,; is saturation temperature of
the steam, T is temperature of the surface, and Tgpeqp, 1S
the temperature of the steam.
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Figure 3. Schematic of temperature measurement
points.

During the condensation experiment, the system was
operated at an absolute pressure of 2.25 bar. The inlet
temperature of the coolant in the cooling loop ranged
from 60 °C to 65 °C, and the coolant mass flow rate was
measured as 3.7 m3/hr using a turbine flow meter. At the
start of each test, the steam chamber was evacuated using
a vacuum pump until the pressure reading reached 0.04
bar.

3. Development of numerical analysis input model

For the numerical analysis of the condensation heat
transfer, input model of the aforementioned test facility
was developed for both SPACE and MARS-KS code. As
thermal hydraulic system analysis codes for nuclear
power plants, the SPACE and MARS-KS code mostly
share input requirements. Accordingly, we could set
most of the input data for the numerical analysis to be
identical. Nodalization of the test facility was shown in
Fig. 4.
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Figure 4. Nodalization of input model
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The input model modeled major components of the
test facility such as steam chamber, condensation surface,
cooling channel, and boiler. Steam generation from the
boiler was modeled by imposing heat source to the heater
heat structure in the boiler. The steam chamber was
modeled with two pipe components. One acts as bulk
side volume and the other acts as wall side volume. Initial
condition of each component was set to be 4.0 kPa dry
air. The inlet and outlet of the coolant channel were set
as flow boundary condition and pressure boundary
condition, respectively. Flow rate and temperature of the
coolant inlet boundary was referenced from the
experimental condition.

Unlike MARS-KS code, SPACE code has options for
users to choose models for condensation on a heat
structure. Basic model is Colburn-Hougen model, which
is used in MARS-KS code. Other options include No-
Park model, and Vierow-Schrock model. In this study,
we also compared the results attained from SPACE code
using the condensation model options.

4. Results and discussions

We conducted eleven experimental tries and attained
a series of wall condensation heat transfer datasets with
calculated heat flux. The calculated heat flux means local
heat flux and average heat flux at intervals between the
measurement points. The heat flux data and predicted
heat flux using Nusselt film condensation model was
presented on Fig. 5. The local heat flux data ranged from
80 to 120 kW/m? while the calorimetric heat flux data
ranged from 50 to 400 kW/m?2 We presumed that the
discrepancy at the upper section resulted from the short
interval between the measurement points. The short
interval may imply insufficient mixing of the coolant,
overestimating the coolant temperature difference. To
simply validate the data, we calculated the expected heat
flux using the Nusselt model. In this case, required
variables such as pressure, surface and steam
temperature were attained from the experimental
measurements. As a result, the expected heat flux,
ranging from 110 to 175 kW/m?, showed high similarity
with the local heat flux data. Accordingly, further
comparison with the numerical calculation results was
conducted with the local heat flux data from the
experiment. Interestingly, condensation heat flux at the
lower part of the specimen showed slight increase in
every case and measurement. We presume that the
relatively low temperature of the coolant inlet increased
subcooling of the condensation surface, increasing the
heat transfer. This trend can also be found in the Nusselt
heat flux prediction which is affected by surface
temperature.
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Figure 5. Axial heat flux data from wall condensation
heat transfer experiments

Fig. 6 shows the results from SPACE and MARS-KS
calculations with the experimental data. OPTO stands for
Colburn-Hougen model, which is default condensation
heat transfer model. As option models for condensation
heat transfer of the SPACE code, OPT1 and OPT2 mean
No-Park model and Vierow-Shrock model, respectively.
The MARS-KS code showed the data range from 42 to
64 kW/m? and the SPACE code with default option
showed heat flux from 36 to 39 kW/m?2. Both data were
notably lower than the heat flux data from the experiment.
Also, the feature that the experimental data showed,
slight increase of the heat flux at the lower section, was
not observed. Still the MARS-KS showed decreasing
heat flux at the top of the plate, which is similar trend
with the experiment, while the SPACE did not.
Considering that both cases used same condensation heat
transfer model, we predicted that other thermal hydraulic
variables such as NCG fraction and velocity of the steam
have affected the condensation heat transfer. The
optional condensation model showed dramatic
differences between each other. The result with No-Park
model showed much lower heat flux, ranging from 7 to
31 kW/m?, while the Vierow-Schrock model showed
much closer heat flux data to the experiment, ranging
from 70 to 95 kW/m?>.
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Figure 6. Axial heat flux data from the MARS-KS,
SPACE, and experiments
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As shown in Fig. 7, the axial NCG concentration
distribution varied with the code. The MARS-KS
showed relatively lower NCG concentration than the
SPACE code. which is expected to be the reason for the
discrepancy between the results from MARS-KS and
SPACE with default option.
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Figure 7. Axial NCG concentration from numerical
analysis

The total heat transfer through the condensation
surface was calculated as shown in Fig 8. The SPACE
calculation result using the Vierow-Shrock condensation
model showed the least error with the experiment while
the SPACE result with the No-Park model showed the
most error. The data from the MARS-KS and SPACE
using same Colburn-Hougen model showed similar
amount of error. The overall error of the numerical data
can be expressed as presented in Fig 9. The prediction
data from the SPACE code with Vierow-Shrock model
laid within 40% error region while the other results were
located out of the region.
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Figure 9. Error of numerical prediction compared to
the experimental data

5. Conclusion

In this study, we constructed input models of a
condensation heat transfer test facility for MARS-KS
and SPACE code to validate the condensation heat
transfer prediction performance of the codes. We
compared the experimental data with the numerical
calculation results. Moreover, we considered the
sensitivity of the condensation model options that the
SPACE code provides. The results showed that the
SPACE code with Vierow-Shrock model, which is
optional condensation heat transfer model, showed the
closest results to the experimental data. On the other
hands, results from the No-Park model showed
significant discrepancy with experiment. The results
from MARS-KS code and SPACE with Colburn-Hougen
showed intermediate prediction performance but still
showed notable difference with the experiment.
Accordingly, we need to consider optional condensation
heat transfer models and conduct sensitivity analysis
about the options.
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