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ABSTRACT

In the interest of providing increased power supply, available passive safety features such as
Passive Containment Cooling System (PCCS) and Passive Auxiliary Feedwater System (PAFS)
have been adopted for use in advanced nuclear power reactors. The accurate prediction of
condensation heat transfer in these systems has been emphasized to assure the safety of
nuclear reactors. Especially in the PCCS, condensation occurs in the presence of non-
condensable gases that concentrate on the condenser wall. The concentrated gases reduce the
steam partial pressure and degrade the heat transfer rate.

In order to predict the condensation rate under this condition, RELAPS (which is generally used
for simulation of best-estimate transients in light water reactor coolant systems) uses the
Colburn-Hougen model. Recently, it was found that an error was included in the condensation
mass flux model of RELAP5, and the source code of the model was corrected. Next, it was
necessary to assess the predictive capability of the corrected model in relation to existing
experimental results and in relation to results predicted using another code.

In this study, seven condensation experiments were simulated using RELAP5 and TRACE.
These were used to describe condensation on the inner wall of the channel in the presence of
non-condensable gases. Then, the predicted heat flux and heat transfer coefficient from both
codes were compared with experimental results to evaluate the condensation models.
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EXECUTIVE SUMMARY

Passive safety features have been applied to advanced pressurized water reactors (PWRs) for
safety enhancement due to the recognized importance of applying available passive safety
features. In these safety systems, such as Passive Containment Cooling System (PCCS) and
Passive Auxiliary Feedwater System (PAFS), condensation occurs inside or outside the wall of
the heat exchanger. An accurate prediction of the condensation heat transfer rate through these
heat exchangers is of great significance in evaluating the performance of the passive safety
systems and the safety of the advanced PWRs in which these safety systems are installed.

RELAPS5 includes the Colburn-Hougen model for the prediction of condensation heat transfer
with non-condensable gases. However, it was found that an error was included in condensation
mass flux model of RELAP5, which determines the condensation rate. For this reason, the error
in the source code of the model was corrected. Next, it is necessary to assess the prediction
capability of the corrected model using existing experimental results and using results predicted
by another code. Therefore, in this study elementary validation calculations were performed in a
bid to show enhancement of the prediction capability.

This report includes assessment results of wall condensation heat transfer by comparing seven
condensation heat transfer experiments and RELAP5 simulation results using the modified wall
condensation model. Most of the experimental data (except the entrance region) can be
predicted using RELAP5 with an error within 30%. When analyzing the PCCS where
condensation occurs with high NC gas quality, the corrected model can elevate the heat transfer
rate prediction considerably. This makes it is desirable to apply the corrected model.
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1 INTRODUCTION

The system analysis code RELAPS5, which is used for the safety assessment of nuclear power
plants, uses the Colburn-Hougen model (Ref. 1) for predicting wall-film condensation heat
transfer in the presence of non-condensable gases (Ref. 2). As shown in Figure 1, the model
uses the vapor fraction, liquid film, and non-condensable gas boundary layer in the presence of
a non-condensable gas mixture, to calculate the condensation mass flux and the wall heat flux.
In RELAPS5, the sensible heat transfer between interface and gas is not considered, contrary to
the original Colburn-Hougen model; thus, the model predicts the condensation heat transfer
from the energy conservation equation at the liquid—gas interface as shown in the equation
below:

hC (]ﬂl’/l _Tw) = hfgjv )
where h. = liquid film heat transfer coefficient (W/m?-K),

hsq = latent heat (J/kg),

j» = vapor mass flux (kg/m?s),

T,; = interface temperature (K),

T,, = wall temperature (K).

The Colburn-Hougen model should be solved using an iterative method because it treats the
temperature and vapor partial pressure at the interface as unknowns. When the iterations are
converged, the temperature at the interface, partial pressure of steam, and non-condensable
gas fraction can be obtained from the model. Many nuclear safety analysis codes, such as
RELAPS5 (Ref. 2), TRACE (Ref. 3), and MELCOR (Ref. 4) have adopted the Colburn-Hougen
model as their wall condensation heat transfer model in the presence of non-condensing gases
with some modifications. This is because variables at the interface can be obtained
mechanistically by using it.

In this report, the models used by the nuclear safety analysis codes RELAPS and TRACE to
predict wall-film condensation in the presence of non-condensable gases, are summarized and
the differences between them analyzed. During this process, an error in the wall-film
condensation model of RELAP5 was detected and its source code corrected. The modified code
was validated against the data from seven experiments on wall-film condensation, wherein the
test section geometries were vertical plates or tubes. Afterwards, validation was repeated using
TRACE, and the differences in the calculation results were quantitatively analyzed.

1-1
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Figure 1 Film Condensation Schematic (Ref. 2)
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2 ERROR CORRECTION OF WALL FILM CONDENSATION MODEL IN RELAPS

For the calculation of film condensation at the interface in the presence of non-condensable
gases, RELAPS5 and other codes use the Colburn-Hougen model. The Colburn-Hougen model
calculates the heat transfer from the energy balance through the liquid/gas interface, and the
sensible heat transfer between the gas and interface is not considered.

P

| -

hc(T;i_Tw):hfgjvzhmpvbln If
1_ vb

P

where  j, = vapor mass flux (kg/m?-s),
h,,= mass transfer coefficient (m/s),
pyp= Saturation vapor density at P, (kg/m?),
P = total pressure (Pa),
P,;= partial pressure of steam at liquid/gas/vapor interface (Pa),
P,,= partial pressure of steam at bulk stream (Pa).

To calculate the mass transfer coefficient, RELAPS uses the Gilliand correlation (Ref. 5) for the
forced-convection turbulent flow, and the Churchill-Chu correlation (Ref. 6) for the natural-
convection flow.

The condensation mass flux term of RELAPS is presented below,

LB
jv:hmpvbln P
7

P

In this equation, the condensation mass flux of RELAPS is determined by the difference
between P,; and P,, multiplied by vapor density and the mass transfer coefficient. RELAPS
uses the saturation vapor density at P,, as a density term of the condensation mass flux. This
definition is different from those in other codes and documents, and turned out to be physically
incorrect. In general, the density term of the condensation mass flux is defined as the saturation
vapor density at the total pressure and is expressed as p,;,/ x,,; where x,, means mole
fraction in the bulk stream. This error might have been caused by a misinterpretation of the
definition of density in the condensation mass flux during implementation of the condensation
model in Ref. 7. For this reason, the original condensation model of RELAP5 under-predicts the



condensation heat transfer when wall condensation occurs in the presence of non-condensable
gases, especially under high non-condensable gas quality condition. Therefore, the
performance of the safety system incorporating the condensation heat transfer with non-
condensable gases might not be properly evaluated. For this reason, the condensation heat flux
term of RELAP5 was corrected from

" P-P,
q = hm (hg,sat - hf,sal)pvb In (P——P:;] )

to

el 2225

vb

This correction was implemented in the latest version of RELAP5 (ver. 3.x ki, released in 2015)
(Ref. 8).



3 RELAPS5 ASSESSMENT RESULTS

After modifying the wall-film condensation model of RELAPS5, the COPAIN (Ref. 9), UW (Ref.
10), CONAN (Ref. 11), MIT (Ref. 12), KAIST (Ref. 13), POSTECH (Ref. 14), and UCB (Ref. 10)
experiments were simulated to investigate the effect of the modification and the difference in the
condensation heat flux results that depend on the wall-film condensation model. The geometries
of the test sections and the experimental conditions of the tests are summarized in Table 1.
Among the results presented in each experiment, the test conditions that give the wall
temperatures as boundary conditions were used in this assessment. This is because the
prediction errors of the cooling-jacket heat removal performance and those of the condensation
heat transfer rate coexist, which makes the error analysis originating from the condensation
model complicated.

Table 1 Experimental Conditions Used for the RELAP5 Validation
Univ. of Siddique | Park Lee Kuhn
COPAIN | \wisconsin | CONAN | (4993} | (1999) | (2008) | (1997)
CEA uw UP MIT KAIST | POSTECH | UCB
Test section Rect Rect Rect Tube/
ectan- ectan- ectan- upe.
geometry_/ gular duct/ | gular duct/ gular duct/ Tube/ Inner Tube/ Tube/
Condensing | piate wall | Plate wall Plate wall | "erwall | oo Inner wall Inner wall
surface
(Ln‘ir)‘gth 2.0 1.07 2.0 254 24 28 24
Tube ID or
) 600 152.4 340
Duct size x500 x152 4 X340 46 47.5 13 47.5
(mm)
Air . . Air . . Air
NC Gas type helium Air Air helium Air Nitrogen helium
Steamfloy | 01-30 10-30 | 15-35 24-89 2-11 | 18-78 ?'72 -
(m/s) (m/s) (m/s) (g/s) (g/s) (g/s) (g/s)
Inlet NC
mass fraction | 0 - 100 0-80 0-75 10-35 |10-70 | 0-40 0-40
(%)
Pressure 0.1- 0.1- 0.1-
(MPa) 0.1 0.1 0.1 0.5 017 10.13 0.4

3.1 Analysis of the COPAIN Experiment

Among the COPAIN condensation experiments (Ref. 9) conducted at CEA, the P0441, P0443,
P0444, and P0344 experiments were analyzed to assess the modified RELAP5. The




experimental conditions and schematic diagram of the experimental apparatus are presented in
Table 2 and Figure 2.

For the RELAPS5 calculation, the nodalization of the COPAIN experiment was constructed as
shown in Figure 3. The gas mixture was injected from the time dependent volume-100 located
at the top of pipe-300. The gas mixture passed through the time dependent junction-150, and
then entered pipe-300, where condensation occurred. Pipe-300 had 12 volumes for the gas
mixture flow. No heat was exchanged at volume 300-1 and 300-12, and the heat exchange with
the wall occurred in the other 10 volumes between them. The gas mixture then flowed out to the
time dependent volume-500. The heat exchanger was simulated using the heat structure H-300,
and constant wall temperature conditions were imposed on the condensing wall with respect to
the experimental conditions summarized in Table 2.

Table 2 COPAIN Experimental Conditions
P0441 P0443 P0444 P0344
Inlet gas velocity 3.0m/s 1.0 m/s 0.5m/s 0.3 m/s
Outlet pressure 1.02 bar 1.02 bar 1.02 bar 1.21 bar
Inlet gas temperature 353.2 K 352.3 K 351.5K 344.0 K
Wall temperature 307.4 K 300.1 K 299.7 K 322.0K
Air mass fraction 0.767 0.772 0.773 0.864
PLATE - 1), —
length: 2m BOUNDARY COR
width: 0.6m PO1-07MPa) =
depth: 0.5m T(30-185C) .
(0-1) el
N U(O-Sn'!s!w_ﬁ_J
FAN| A
LOCAL INSTRUMENTATION
| HEAT FLUX
SECONDARY | LIQUID FILM THICKNESS
CIRCUT TEST mﬂm e
| SECTION VE_mCOIJCEIHIU\
; STEAM
—_\\/ BOILER
! CONDENSATE ‘i

NON-CONDENSABLE
GASES

AIR} He |

Figure 2 Schematic Diagram of COPAIN Experiment (Ref. 9)
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Figure 3 COPAIN Simulation Nodalization and Node Convergence Result

Figure 4 shows the results of the analysis using the original and modified RELAP5. As shown in
Figure 4, the original RELAPS underestimates the condensation mass flux and thus, under-
predicts the heat flux. After modification of the wall-film condensation model, the heat flux
results increased, and the discrepancy in the experiment results was reduced. Near the
entrance region, the predicted heat flux was significantly lower than the experimental data
because the heat transfer model was developed for a fully developed flow. This limitation of the
one-dimensional analysis code, which uses heat transfer coefficients, could be addressed if a
multiplication factor for the entrance region were adopted in the future.
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Figure 4 COPAIN Calculation Results (RELAPS5)

Table 3 shows the flow regime in the calculation, and Figure 5 shows the calculation error
according to the flow regime. In the COPAIN calculation, the heat flux results were significantly
increased in the modified RELAP5 owing to the high non-condensable gas mass fraction.
Therefore, the error of the modified RELAP5 was significantly lowered, and the error was
predicted to be within 25%, excluding the entrance region (L/D < 0.2).

Table 3 Flow Regime of the COPAIN Calculation

Test # Forced convection turbulent flow Natural convection flow
P0441 O

P0443 @)

P0444 O

P0344 @)

3-4
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Figure 5 Comparison of COPAIN Experimental and Calculated Results

3.2 Analysis of the University of Wisconsin Experiment

For further assessment of the condensation model for rectangular channels, the condensation
experiment performed at the University of Wisconsin was analyzed using RELAPS. For the
RELAPS5 calculation, the experimental conditions used were adopted from the TRACE Code
Evaluation Manual (Ref. 10). The experimental conditions and schematic diagram of the
experimental apparatus are presented in Table 4 and Figure 6.

For the RELAPS calculation, the calculation node for the UW experiment was constructed as
shown in Figure 7. In Figure 7, the gas mixture was injected from the time dependent volume-
95, located at the top of pipe-110. The gas mixture passed through time dependent junction-
100, and then entered pipe-110, where condensation occurred. Pipe-110 had 9 volumes for the
gas mixture flow. No heat was exchanged between volume 110-1 and 110-9, and the heat
exchange with the wall occurred in the remaining 7 volumes. The gas mixture then flowed out to
the time dependent volume-125. The heat exchanger was simulated using the heat structure H-
110, and constant wall temperature conditions were imposed on the condensing wall with
respect to the experimental conditions summarized in Table 4



Table 4 UW Experimental Conditions

Test

# AT(K) | Afrmass fraction Inlet gas velocity (m/s)

! 40 0.778 1

2 40 0.778 3

3 50 0.640 1

4 50 0.640 3

S 60 0.405 1

6 50 0.225 1

T TEMPERATURE

E COOLANT MANIFOLD ': Eftﬂirxun:

i | , ] -® @ u FLOWER
1T T T 1 w_@m

ﬁ TEST SECTION AlR

L PREWMEATER

DEHUMIDIF [ER ®_® —|

— BOILER
LOW PRESSURE .'
g: FEEDWATER PLUMP
=6 > L
| IE——— I. ] ]
cunncusm\CD z MIGH PRESSURE

SPRAY LINE FEEDWATER PUMP

4

-

Figure 6 Schematic Diagram of UW Experiment (Ref. 10)
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Figure 8 shows the calculation results using the original and modified RELAP5. The heat-
transfer coefficient results of RELAPS were compared with the overall heat transfer coefficients
of the experiment because they were only available in Ref. 10. As shown in Figure 8, the
original RELAP5 under-predicts the condensation rate and under-estimates the heat transfer
coefficient accordingly. After modification of the wall condensation model, the condensation
heat-transfer coefficient of the RELAPS5 increased and the prediction became closer to the
experimental results, but was still lower. One of the reasons for this under-predicted heat
transfer coefficient is that the overall heat transfer coefficients were used for the comparison
and they can be influenced by the entrance effect. As shown in the previous COPAIN
experiment calculation, a general calculation result of the plate condensation experiment is that
the heat transfer coefficient is very high in the entrance region. Because the entrance effect can
contribute to increase in the estimated overall heat transfer coefficient, it can cause under-
prediction of the local heat transfer coefficients by RELAPS.

Table 5 presents the flow regime in the calculation, and Figure 9 shows the calculation error
according to the flow regime. In the UW experiment, the overall heat transfer coefficient was
under-predicted owing to the difference in heat transfer in the entrance region. In the case of the
modified RELAPS5, the condensation heat transfer prediction was improved, compared with that
of the original RELAPS5.
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Table 5 Flow Regime of the UW Calculation

Test # Forced convection turbulent flow Natural convection flow
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Figure 9 Comparison of the UW Experimental and Calculated Results

3.3 Analysis of the CONAN Experiment

The CONAN condensation experiment (Ref. 11) was analyzed using RELAP5 to verify the
prediction performance for rectangular channel condensation experiments in a way similar to that
in the previous two assessments. The experimental conditions and apparatus schematic are
presented in Table 6 and Figure 10.



Table 6 CONAN Experimental Conditions
Gas inlet condition Cooling water inlet condition
Velocit Inlet Air mass Inlet Outlet Mass flow
y temperature fraction | temperature | temperature rate
(m/s) (°C) - (°C) (°C) (kgls)
P10-T30-V25 2.57 75.6 0.716 304 31.6 1.30
P15-T30-V25 2.60 83.5 0.581 29.6 314 1.31
P20-T30-V25 2.59 91.5 0.370 30.7 33.8 1.31
P25-T30-V25 2.60 93.8 0.290 31.1 34.8 1.30
P30-T30-V25 2.62 97.0 0.155 34.8 394 1.30
P10-T40-V25 2.58 79.8 0.651 40.3 41.3 1.78
P15-T40-V25 2.48 85.4 0.539 39.0 404 1.79
P20-T40-V25 2.59 89.5 0.432 40.0 41.9 1.77
P25-T40-V25 2.61 954 0.226 394 42.3 1.65
P30-T40-V25 2.63 97.5 0.132 42.3 46.9 1.28
§
e o R—to0%
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. _ = COOLED PLATE i }U”ME
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’ e cmn oyl
&5:,.::‘“ _e’/ Cundens’aleF\ow ll' T Primary Steam + Air out

Figure 10
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Schematic Diagram of the CONAN Experiment (Ref. 11)



For the RELAPS5 calculation, the calculation node of the CONAN experiment was constructed as
shown in Figure 11. In the figure, the gas mixture was injected from the time dependent volume-
100 located at the top of pipe-300. The gas mixture then passed through time dependent
junction-150 and then entered pipe-300, where condensation occurred. Pipe-300 has 8 volumes
for the gas mixture flow, and heat exchange occurred through the pipe wall. The gas mixture
then flowed out in a time dependent volume-500. The heat exchanger was simulated using the

heat structure H-300, and the heat exchanger maintained the same constant temperature as in
the experimental conditions.
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Figure 11 Results of the CONAN Simulation Nodalization and Node Convergence

Figure 12 shows the results of the analysis using the original and modified RELAPS. As shown
in Figure 12, the original code under-estimates the condensation rate and the wall heat flux.
After modification of the wall-film condensation model, the condensation heat flux of the
RELAPS increased, and the difference from the experimental result was reduced.
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Figure 12 CONAN Calculation Results (RELAPS5)

In Figure 13, the experimental and calculated results are compared with each other. The
modified RELAP5 was used to analyze the condensation heat transfer within 20% (error)
excluding the inlet region (L/D < 1.2), as shown in the figure. In the case of the CONAN
experiment, all the experiments were in the forced-convection turbulent flow region.
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Figure 13 Results of the CONAN Experimental and Calculated Results

After assessing the calculation results of the plate condensation experiment through the three
previous experiments, assessments of four additional of experiments were conducted to
evaluate the prediction performance of the condensation heat transfer on the tube inner wall.

3.4 Analysis of the MIT Experiments

The MIT condensation experiments (Ref. 12) were analyzed with RELAP5. The experimental
conditions and experimental apparatus schematic are presented in Table 7 and Figure 14.

—

T Desigrates Thermocouple Probe)
P Designates Pressure Transducer
FIGURE 2.1

SCHEMATIC OF EXPERIMENTAL
APPARATUS

Figure 14 Schematic Diagram of the MIT Experiment (Ref. 12)
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Table 7 MIT Experimental Conditions

Gas ) Gas )
Run No. | temperature | Air mass Run No. | temperature | Air mass
’ °C) fraction ' °C) fraction
1 100.0 0.09 27 119.9 0.27
2 100.0 0.15 28 119.9 0.31
3 100.2 0.18 29 119.9 0.36
4 100.0 0.24 30 140.0 0.10
5 100.1 0.29 31 140.2 0.15
6 100.0 0.33 32 140.2 0.20
7 119.9 0.08 33 140.0 0.25
8 119.9 0.14 34 140.0 0.32
9 119.9 0.19 35 100.0 0.11
10 119.6 0.26 36 100.5 0.14
11 120.0 0.33 37 100.5 0.19
12 119.9 0.42 38 100.5 0.24
13 140.0 0.11 39 100.5 0.30
14 139.9 0.18 40 100.5 0.35
15 139.9 0.24 41 120.1 0.10
16 139.9 0.30 42 120.1 0.15
17 139.9 0.34 43 120.1 0.20
18 100.0 0.12 44 120.1 0.24
19 100.1 0.17 45 120.1 0.31
20 100.2 0.21 46 120.1 0.34
21 100.2 0.25 47 140.0 0.10
22 100.0 0.31 48 140.0 0.15
23 100.0 0.35 49 140.0 0.20
24 120.0 0.11 50 140.1 0.25
25 120.0 0.15 51 140.1 0.30
26 119.9 0.22 52 140.1 0.35

For the simulation, the calculation node of the MIT experiment was constructed as shown in
Figure 15. In the case of the tube type experiment, the wall temperature greatly influenced the
heat flux calculation. For this reason, the calculation node for the MIT experiment was
generated to match the temperature measurement points with the volume center locations. In
the figure, the gas mixture was injected from the time dependent volume-100 located at the top
of pipe-140. The gas mixture passed through the time dependent junction-105, and then
entered pipe-140, where condensation occurred. Pipe-140 had 9 volumes for gas mixture flow,
and heat exchange occurred through the pipe wall. The gas mixture then flowed out in time
dependent volume-150. The heat exchanger was simulated using the heat structure H-140, and
the heat exchanger maintained the temperature as in the experimental conditions.
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Figure 15 MIT Simulation Nodalization

Figure 16 shows the analysis results using the original and modified RELAP5. As shown in
Figure 16, the original RELAPS under-estimates the condensation rate and under-predicts the
wall heat flux. After modification of the wall-film condensation model, the condensation heat flux
of the RELAPS increased, and the difference from the experimental result was reduced. The
increase in heat flux was small because the non-condensable gas fraction was smaller than that
of the previously analyzed plate wall experiments.
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Figure 16 MIT Calculation Results (RELAPS)
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Table 8 presents the flow regime in the calculation, and Figure 17 shows the error according to
the flow regime. As shown in the figure, the results of the condensation heat flux of the modified
RELAPS5 were increased, compared with those of the original results, and accordingly, the error
with the experiment was decreased. However, the analysis results were under-estimated under
the natural-convection conditions. This may have originated from the relatively large
uncertainties of the mass transfer coefficient model (Churchill and Chu, Ref. 13) used for natural
convection. It seems necessary to improve the natural-convection heat transfer model of
RELAPS in the future for better prediction of the condensation heat transfer.

Table 8 Flow Regime of the MIT Calculation
Test # Forced Convection turbulent flow | Natural convection flow
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Figure 17 Comparison of the MIT Experimental and Calculated Results (RELAPS5)

3.5 Analysis of the KAIST Experiment

The KAIST condensation experiments (Ref. 13) were analyzed using RELAPS5. The
experimental conditions and apparatus schematic are presented in Table 9 and Figure 18.



Table 9 KAIST Experimental Conditions

Gas . Steam mass Air mass flow
Temperature Air mass flow rate rate
°C) fraction (kg/h) (ka/h)
E13b 110.5 0.303 18.2 7.8
E11d 121.4 0.200 21.3 5.2
E4d 129.0 0.102 32.8 3.7
E12b 143.4 0.215 32.7 8.8
e ©
Misture flowrate © I

q:)@ o S A. Test Sectlon/

Figure 18 Schematic Diagram of the KAIST Experiment (Ref. 13)

For the RELAPS5 calculation, the calculation node of the KAIST experiment was constructed as
shown in Figure 19. In the case of the tube type experiment, the wall temperature vastly
influenced the heat flux calculation. Therefore, the calculation node for the KAIST experiment
was generated to match the temperature measurement points with the volume center locations.
As shown in the figure, the gas mixture was injected from the time dependent volume-100
located at the top of pipe-140. The gas mixture passed through pipe-115, and then entered
pipe-140, where condensation occurred. Pipe-140 had 13 volumes for the gas mixture flow, and
condensation occurred on the pipe wall. Then, the gas mixture flowed out to the time dependent
volume-180 through pipe-150. The heat exchanger was simulated using the heat structure H-
140, and the temperature boundary condition was set as the experimental wall temperature,
summarized in Ref. 13.
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Figure 20 shows the analysis results using the original and modified RELAP5. As shown in
Figure 20, the heat flux results of the modified RELAPS at the inlet region were improved.
Meanwhile, the KAIST test simulation showed that the increase in heat flux was small because
the non-condensable gas fraction was smaller than that of the previously analyzed plate wall
experiments.
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Figure 20 KAIST Calculation Results (RELAPS5)

Table 10 presents the flow regime in the calculation, and Figure 21 shows the error according to
the flow regime. As shown in the figure, the results of the condensation heat flux of the modified
RELAPS5 was increased when compared with the original RELAPS results, and accordingly, the
difference from the experiment was decreased. On the other hand, the heat results were over-
estimated mainly under natural-convection conditions. This is opposite to the results of the MIT
experiment calculations with which RELAP showed under-prediction and thus, further validation
and improvement seem necessary for the natural-convection condensation heat transfer model.

Table 10 Flow Regime of the KAIST Calculation

Test # Forced convection turbulent flow Natural convection flow
E13b )
E11d @) @)
E4d @) @)
E12b @)
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Figure 21 Comparison of the KAIST Experimental and Calculated Results
3.6 Analysis of the POSTECH Experiment

The POSTECH condensation experiments (Ref. 14) were analyzed using RELAPS. The
experimental conditions and apparatus schematic are presented in Table 11 and Figure 22.
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Figure 22 Schematic Diagram of the POSTECH Experiment (Ref. 14)
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Table 11 POSTECH Experimental Conditions

Gas inlet Outlet pressure Steam Air mass flow rate
Run No. temp?rature (kPa) mass flow rate (kg/h)
(°C) (kg/h)
MB 11 99.91 103.75 6.53 0.23
MB 12 98.19 104.78 6.52 0.73
MB 13 96.49 106.26 6.51 1.65
MB 14 94.05 107.94 6.50 2.81
MB 15 91.98 111.71 6.53 4.37
MB 21 99.45 103.84 8.56 0.26
MB 22 98.22 104.91 8.56 0.97
MB 23 96.80 106.91 8.56 217
MB 24 95.27 110.61 8.57 3.67
MB 25 93.97 117.76 8.53 5.72
MB 31 99.36 103.77 11.19 0.35
MB 32 98.52 105.51 11.22 1.28
MB 33 97.58 109.41 11.22 2.82
MB 34 96.94 116.00 11.18 4.80
MB 41 99.53 104.05 13.79 0.43
MB 42 98.93 106.38 13.75 1.56
MB 43 98.51 113.16 13.74 3.57
MB 44 99.14 124.03 13.78 5.97
MB 51 99.68 104.55 16.03 0.51
MB 52 99.35 107.62 15.99 1.79
MB 53 99.79 117.10 16.05 4.04
MB 61 99.81 104.95 18.41 0.58
MB 62 100.24 110.33 18.45 2.06
MB 63 101.81 125.02 18.51 4.67
MB 71 100.67 107.60 21.86 0.69
MB 72 102.27 118.13 22.35 2.48
MB 81 102.76 115.60 28.14 0.88
MB 82 105.10 130.51 26.86 3.20

For the calculation, the nodalization of the POSTECH experiment was constructed as shown in
Figure 23. In the case of the tube type experiment, the wall temperature greatly influenced the
heat flux calculation. For this reason, the calculation node for the POSTECH experiment was
generated to match the temperature measurement points with the volume center locations. As
shown in the figure, the gas mixture was injected from the time dependent volume-100 located at
the top of pipe-140. The gas mixture passed through the time dependent junction-105, and then
entered pipe-140, where condensation occurred. Pipe-140 had 13 volumes for the gas mixture
flow, and heat exchange occurred through the pipe wall. The gas mixture then flowed out in time
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dependent volume-180. The heat exchanger was simulated using the heat structure H-140, and
the temperature boundary condition was set as the experimental wall temperature, summarized
in Ref. 14.

TDJ-105
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A 4

PIPE-140
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SJ-145

TDV-180

Figure 23 POSTECH Simulation Nodalization

Figure 24 shows the analysis results using the original and modified RELAP5. As shown in
Figure 24, the heat flux results of the modified RELAPS at the inlet region were improved. The
increase in heat flux was relatively small because the non-condensable gas fraction was small
compared with that in the plate wall experiment analyzed previously. Meanwhile, the calculation
with the large steam flow rate showed a large error in the inlet region. It is considered that the
error is caused by the uncertainties in the experiment for that region and is a deficiency of the
condensation model for the inlet region. The upper wall surface temperature of the condenser
was very close to the gas temperature in the experiment. Therefore, the heat transfer coefficient
in the experiment, which is calculated based on the wall and gas temperature difference and the
heat flux evaluated from the enthalpy rise in the cooling jacket, was estimated as very large for
that region. Using the condensation model in RELAP, such a high heat transfer coefficient
cannot be predicted and the predicted heat flux was significantly under-predicted. This is
because the wall temperature in the experimental result was used as the boundary condition in
the calculation. Because the wall temperature became considerably lower than the gas
temperature, the calculated heat flux reasonably captured the experimental results.

3-23



200000 MB15 Test MB25Test
& Experiment < Experiment
—m— RELAP (original) —a— RELAPS (original)
150000 —e— RELAPS (modified) —@— RELAPS (modfied)
140000
= =
< 100000 /R, <
: \ “ N
§ \ % 70000 ‘\{\
™ R
o H§.=.= 3 0 4 —9
0.0 05 10 15 20 25 30 00 05 10 15 20 25 30
Distance from the condenser inlet (m) Distance from the condenser inlet (M)
200000 200000
MB34 Test MB44 Test
< Experiment <& Experiment
—— RELAPS (original) —m— RELAPS (original)
150000 —@— RELAP5 (modified) 150000 —&— RELAP5 (modified)
— — O
E E
< 100000 S 100000 ©
bt = o
[0} M
T £ \ <
50000 50000 -
N ~—
- 5 ~s
0 0
00 05 1.0 15 20 25 30 0.0 05 1.0 15 20 25 30
Distance from the condenser inlet (m) Distance from the condenser inlet (m)
200000 2
MB53 Test | 00000 MB63 Test
< Experiment Experiment
—a— RELAP5S (orlgl_nal) —— RELAPS (original)
150000 —®— RELAPS (modified) 150000 oo —e— RELAP5 (modified)
Co
< 100000 < 100000 e
x x
E E N
= b o
3 <& 3 N:
I S T <&
50000+ 50000 S
& J 3
~a
0 0
00 05 1.0 15 20 25 30 00 05 1.0 15 20 25 30
Distance from the condenser inlet (m) Distance from the condenser inlet (m)
Figure 24 POSTECH Calculation Results (RELAPS5)

210000

Figure 25 shows the error in the calculation according to the flow regime. In the case of the
POSTECH experiment, all experiments were in the forced-convection turbulent flow region.
When it was compared to the experiment results, as shown in the figure, the result of
condensation heat flux of the modified RELAPS increased, and accordingly, the error with the

3-
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experiment decreased. The heat flux of the modified RELAPS5 could be predicted by an error of
approximately 40% in the region, except at the inlet.
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Figure 25 Comparison of POSTECH Experimental and Calculated Results (RELAPS5)

3.7 Analysis of the UCB Experiments

The UCB condensation experiments (Ref. 10) were analyzed using RELAP5. The experimental
conditions and apparatus schematic are presented in Table 12 and Figure 26.
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Figure 26 Schematic Diagram of the UCB Experiment (Ref. 10)
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Table 12 UCB Experimental Conditions

Gas inlet Steam
Run No. temperature Pr(ebsasrl;re mass flow rate | Air mass fraction
(°C) (kg/hr)
2.11 143.39 4 50 0.01
214 142.69 4 50 0.04
2.1-7 141.22 4 50 0.10
2.1-9 138.47 4 60 0.20
2.1-13 131.52 4 50 0.40
3.2-3 132.43 3 60 0.05
3.2-4 142.45 4 60 0.05
3.3-3 131.26 3 60 0.10
3.34 141.22 4 60 0.10
3.4-2 115.70 2 60 0.20
3.4-3 128.66 3 60 0.20
3.5-3 122.07 3 60 0.40
3.54 133.48 4 60 0.35
4.2-2 119.20 2 30 0.05
4.2-3 132.43 3 30 0.05
4.3-2 118.11 2 30 0.10
4.3-3 131.26 3 30 0.10
4.4-2 116.46 2 36 0.17
4.4-3 128.66 3 30 0.20
4.5-2 109.58 2 30 0.40
4.5-3 122.07 3 30 0.40

3-26




TDJ 105

HS PIPE
140 140

Figure 27 UCB Simulation Nodalization

For the RELAPS5 calculation, the nodalization of UCB experiment was constructed as shown in
Figure 27. In the case of the tube type experiment, the wall temperature greatly influenced the
heat flux calculation. For this reason, the calculation node for the UCB experiment was
generated to match the temperature measurement points with the volume center locations. In
the figure, the gas mixture was injected from the time dependent volume-100 located at the top
of pipe-140. The gas mixture passed through the time dependent junction-105, and then
entered pipe-140, where condensation occurred. Pipe-140 had 12 volumes for the gas mixture
flow, and heat exchange occurred through the pipe wall. The gas mixture then flowed out in a
time dependent volume-180. The heat exchanger was simulated using the heat structure H-140,
and the temperature boundary condition was set as the experimental wall temperature, as
summarized in Ref. 10.
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Figure 28 UCB Calculation Results

Figure 28 shows the result of the analysis using the original and modified RELAP5. As shown in
the figure, the heat flux of the modified RELAPS5 increased compared with that of the original
RELAPS. The increase of the heat flux was larger in the case of the experiment in which the
fraction of non-condensable gas was large. However, in cases where a large fraction of non-
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condensable gas was used, the condensation heat-flux was sometimes over-predicted in the
calculation, and the error was even larger than that of the original RELAPS.

Figure 29 shows the calculation error according to the flow regime. In the case of the UCB
experiment, all experiments were in the forced-convection turbulent flow region. When it was
compared with the experimental results, as shown in the figure, the result of the condensation
heat flux of the modified RELAPS5 increased when compared with the original RELAPS5 results,
and accordingly, the error with the small non-condensable gas mass fraction experiments also

decreased. However, as the condensation heat flux increased, the error became larger than that
of the original RELAPS.
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Figure 29 Comparison of UCB Experimental and Calculated Results

3.8 Synthesis of the Analysis Results

In this section, the experimental and calculated results were compared according to the flow
regime. The flow regimes of all experiments were divided into forced-convection turbulent flow
and natural-convection flow, according to the model in RELAP5. When the heat flux results
were compared, the inlet region, in which the RELAP5 code does not adequately simulate the
condensation heat transfer, was excluded from the comparison. The COPAIN, CONAN, KAIST,
POSTECH, and UCB calculations were compared with the measured heat fluxes, and the UW
and MIT calculations were compared with the measured heat transfer coefficients.

Figure 30 and Figure 31 show the comparison results of the heat flux and heat transfer
coefficient for the forced-convection turbulent flow. As shown in the results, in general, the heat
flux could be interpreted within a 30% error; however, the results were over-predicted in the high
heat flux region. Figure 32 and Figure 33 show the results of heat flux and heat transfer
coefficient with a natural-convection flow. As a result of the heat flux comparison, most of the
results were found to be within 30% error; however, the comparison shows that the calculation
results were under-predicted with respect to the heat transfer coefficient.
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In conclusion, although the error in the condensation with a high non-condensable gas fraction
was improved with the modified RELAPS, the condensation heat transfer rate is still over-
predicted or under-predicted depending on the flow regime. Therefore, it is necessary to
analyze the difference in the condensation according to the flow regime, and to improve the
Colburn-Hougen model itself (or the mass transfer coefficient model, which has the most
significant effect on the condensation heat transfer prediction), so that the condensation heat
transfer predicted by RELAP5 can be improved.

In the case of the plate condensation experiments, the calculation results were greatly improved
with the modified RELAP5. However, the plate experiments have larger hydraulic diameters and
a clearer inlet effect; hence, the RELAP5 code under-predicts the condensation heat transfer at
the inlet region, L/D < 1.2 (Figure 34). On the other hand, in the case of the pipe condensation
experiment, the RELAP5 code did not under-predict the condensation heat transfer in the inlet
region, because the hydraulic diameter of the pipe was relatively smaller than the pipe length,
and the inlet effect was not distinct. Therefore, it is expected that if the model is improved to
reflect the inlet effect in the large hydraulic diameter test, the accuracy of the code for evaluating
the condensation heat transfer could be improved.
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Figure 30 Heat Flux Comparison Results (Forced Convection)
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4 TRACE ASSESSMENT RESULTS

For the film condensation calculation at the interface in the presence of non-condensable gases,
TRACE uses the Kuhn model (Ref. 15). The Kuhn model calculates the heat transfer from the
energy conservation equation at the liquid-gas interface. At this time, unlike in RELAPS5,
sensible heat between the gas and the interface is considered. The film condensation model of
TRACE (TRACE V5p04, Ref. 3) is compared with RELAP5 as shown in Table 13 (the
nomenclature of the equation in Ref. 3 was converted to follow that of RELAPS5.).

Table 13 Film Condensation Model Comparison Between RELAP5 and TRACE

RELAPS TRACE
Colburn-Hougen model Kuhn model

1_ Pvi q” = hl (]-:/l _T;) = ffoghconv (Tg _T;)—i_r”hfg
q"=h (T, ~T,)=h,p,In| —=&

Pb
_ b 1-X.
1 P l—w — hm lovb hl Vi
va 1 - va
Mass transfer coefficient Mass transfer coefficient
Laminar flow: Rohsenow-Choi (Ref. 5) Laminar flow: Sh = 3.66
Turbulent flow: Gilliand (Ref. 5) Turbulent flow: Gnielinski (Ref. 16)

Natural convection: Churchill-Chu (Ref. 6) | Natural convection: McAdams (Ref. 17)

The condensation mass flux term of TRACE is presented below.

1-X .
o=y 2|
Xv,b l_Xv,b

Where X,;= mass fraction of steam at the liquid-gas-vapor interface, and
X.»=mass fraction of steam at the bulk stream.

In the equation, the condensation mass flux of TRACE is determined by the difference between
X, and X,,. This definition is different from that in RELAPS5, which uses the partial pressure
difference between the interface and bulk stream. In addition to that, TRACE considers sensible
heat transfer between the liquid and gas (which RELAP5 neglects), and uses a different mass
transfer coefficient model from RELAPS. Especially under natural convection, RELAP5 uses the
Churchill and Chu correlation, whereas TRACE uses the McAdams correlation. This generates
a difference in the condensation simulation within the natural-convection regime.

In order to analyze quantitatively the difference between the condensation heat transfer model
of RELAP5S and TRACE, the same experiments used in the RELAP5 assessment were




analyzed using TRACE. In analyzing the condensation heat transfer in the plate-type
experiment, the non-physical behavior of the TRACE calculation results, with respect to the
interface heat flux, appeared as shown in Figure 35, which is the COPAIN P0443 simulation

result. In the other plate-type experimental analyses, a similar trend in the condensation heat
flux was observed.
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Figure 35 COPAIN P0443 Test TRACE Analysis Result (With Hydraulic Diameter)
In order to find the cause of the unphysical trend, the wall condensation heat transfer model of

the TRACE code was analyzed and it was confirmed that TRACE calculates the wall heat flux
and liquid film thickness using the following equations,

(I“ = hwd (]7 _-sz)’

h ZkNqu!

wi S

Dh(l—x/;)'

2

Where h,,; = liquid film heat transfer coefficient (W/m?k)

k = conductivity of liquid film (W/m-k)
o0 = liquid film thickness (m)
Dy, = Hydraulic diameter (m)

o = Void fraction



To calculate the liquid film thickness (&) in the above equation, the TRACE code uses the
hydrodynamic diameter instead of heated diameter, which was identified as the reason for the
unphysical trend. In the plate wall condensation, those two diameters have different values and
the heated diameter is the appropriate length scale for the liquid film thickness estimation. Even
though TRACE allows the input of both the hydraulic and heated diameter, it uses the former for
the liquid film thickness calculation. Thus, for proper prediction of the plate wall condensation,
the heated diameter needs to be applied instead of the hydraulic diameter. Therefore, in the
plate-type experiments, the heated diameter was used in the input data, and the problematic
unphysical increase of condensation heat flux was resolved, as shown in Figure 37.
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Figure 36 Schematic of Heated Length Calculation Method in Tube and Plate Wall
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Figure 37 COPAIN P0443 Test TRACE Analysis Result (With Heated Diameter)

4.1 Analysis of the COPAIN Experiment

The analyses for the COPAIN P0441, P0443, P0444, and P0344 experiments were conducted
in the same ways as for RELAPS. The experimental conditions and the schematic diagram of
the experimental apparatus are presented in Table 2 and Figure 2, respectively, and the
nodalization is the same as for RELAPS5, as shown in Figure 3.

The analysis results of the COPAIN experiment using TRACE are shown in Figure 38, which
shows condensed heat flux results of TRACE that are higher than those of RELAPS5.
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Figure 38 COPAIN Calculation Results (TRACE)
4.2 Analysis of the UW Experiment

Distance from the condenser inlet (m)

As with the RELAPS analysis, the experimental conditions and variables used where drawn
from the analysis part of the TRACE Code Assessment Manual used for the University of

Wisconsin experiment (Ref. 10). The experimental conditions and schematic diagram of the
experimental apparatus are presented in Table 4 and Figure 6, respectively.
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Figure 39 UW Calculation Results (TRACE)

The TRACE and modified RELAPS5 calculation results are shown in Figure 39. Because the UW
experiment only provided the average heat transfer coefficient, the heat transfer coefficients of
TRACE and RELAPS were compared with the averaged results. In the case of the UW
experiment, the condensation heat transfer coefficient of TRACE was predicted to be higher
than that of RELAPS when the gas velocity was slower (WC-1, 3, 5, 6). On the other hand,
when the gas velocity was high, the condensation heat transfer coefficient of TRACE was
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predicted to be lower (WC-2 and 4). Because the average heat-transfer coefficient was
available from the experiment, which includes the inlet effect, the calculation results should be
under-predicted in comparison to the experimental results. However, TRACE predicted a higher
condensation heat transfer coefficient in some cases. Therefore, it was concluded that TRACE
over-predicts the condensation heat transfer in some natural convection conditions.

4.3 Analysis of the CONAN Experiment

Similar to the previous two experiments, the CONAN condensation Benchmark-2 experiments
were simulated using TRACE and RELAPS5 to verify the prediction performance of the
rectangular channel condensation. The experimental conditions and schematic of the
experimental apparatus are presented in Table 6 and Figure 10, and the nodalization is the
same as that in RELAPS5, as shown in Figure 11. The results of the analysis using TRACE and
the modified RELAPS are shown in Figure 40.

Both the modified RELAPS and TRACE predicted similar quantities of condensation heat flux.
Because the CONAN experiments were all under forced convection, the natural-convection heat
transfer model was not activated and the over-prediction of the heat flux observed in the
previous calculation did not appear.
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Figure 40 CONAN Calculation Results (TRACE)

The RELAP5 and TRACE calculation results of these three plate wall experiments are
presented in Figure 41. In the case of the plate experiments, TRACE overestimates the
condensation heat flux in the natural-convection region, as shown in the figures, especially for
the COPAIN experiments. This over-prediction could be caused by the mass transfer coefficient
model in TRACE under natural-convection conditions, and therefore, a quantitative evaluation of
the condensation simulation in the natural-convection regime would be necessary.
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Figure 41 Comparison of RELAP5 and TRACE Results (Plate Experiment)
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For the analysis of the tube experiments, four experiments were selected, handled in the same
way as for RELAPS, and simulated using the TRACE code.

4.4 Analysis of the MIT Experiment

The experimental conditions of the MIT experiment and schematic of the experimental
apparatus are presented in Table 7 and Figure 14, respectively, and the TRACE calculation
node is constructed as shown in Figure 15, in the same way as for the RELAP5 nodalization.
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Figure 42 MIT Calculation Results (TRACE)
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The analysis results of the MIT experiment using TRACE and the modified RELAP5 are shown
in Figure 42. As shown in the figure, the analysis results of TRACE and RELAPS5 are
comparable to the experimental results. However, as in the lower part of the Run06 experiment,
TRACE still over-estimated the condensation heat transfer for natural-convection flows.

4.5 Analysis of the KAIST Experiment

The flow conditions of the KAIST experiment and schematic of the test apparatus are presented
in Table 10 and Figure 18, respectively, and the TRACE calculation node was constructed as
shown in Figure 19, in the same way as in the RELAP5 nodalization. The results of the KAIST
experiment using TRACE and the modified RELAPS are shown in Figure 43. As shown in the
figure, the heat of condensation of the KAIST experimental equipment is reasonably predicted
using both codes.

150 ; : - 150
E13b E11d
- <& Experiment
<» Experiment .
120 '—e— RELAPS (modified) ) 120 —o— RELAPS (modified)
|—&— TRACE —A— TRACE
N‘\E 90 ‘\E 90
2 : |-
x x &
3 &0 = 60 o
= =
$ 2 §:§t:5§ g l=~2§§$
30 & 30
. | :gl i | :‘l
0.0 0.3 0.6 0.9 12 15 1.8 21 0.0 0.3 0.6 0.9 1.2 15 1.8 21
Distance from the condenser inlet (m) Distance from the condenser inlet (m)
150 150
E4d E12b
<& Experiment > & Experiment
120 - 6\’\ —e— RELAPS5 (modified) 120 —e— RELAP5 (modified)
_ A\\\g\ —A— TRACE o —A—TRACE
E AN E 9 .\'\, :
=3 o =3 'QA
é 60 A é 60 \0\\
T 30 \. \A- S 30 \‘\A‘\A
0 0
0.0 0.3 0.6 0.9 1.2 15 1.8 2.1 0.0 0.3 0.6 0.9 12 15 18 2.1
Distance from the condenser inlet (m) Distance from the condenser inlet (m)

Figure 43 KAIST Calculation Results (TRACE)

4.6 Analysis of the POSTECH Experiment

The POSTECH experimental conditions and schematic of the experimental apparatus are
presented in Table 11 and Figure 22, respectively, and the TRACE calculation node was
constructed as shown in Figure 23, in the same way as for RELAPS. The results of the
POSTECH experiment using TRACE and the modified RELAPS are shown in Figure 44.
According to the TRACE and modified RELAP5 analyses, the condensation heat flux at the
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bottom of the condensation wall was relatively accurate. On the other hand, in the case of the
experimental analysis with a large steam flow rate, the analysis results near the inlet area
showed a larger error in RELAP5 than in TRACE. Although the wall temperature boundary
condition was close to the gas mixture temperature, in the case of TRACE, the predicted
condensation heat flux was relatively close to the experimental results.
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4.7

Analysis of the UCB Experiment

The UCB experimental conditions and schematic of the experimental apparatus are presented
in Table 12 and Figure 26, respectively, and the TRACE calculation node was constructed as

shown in Figure 27, in the same way as for RELAPS5.

Wall heat flux (UCB RUN 2.1.1)

Wall heat flux (UCB RUN 2.1.13)
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The results of the UCB experiment using TRACE and the modified RELAP5 are shown in Figure
45. According to the analyses, TRACE showed a result in better agreement with the experiment
results than that of RELAP5, which over-predicted the heat flux.

The RELAP5 and TRACE results of the previous four experiments are summarized in Figure 46.
As shown in the figure, the calculation error is less than that in the plate wall experiment
simulations, because the entrance region is shorter in the tube experiments compared to that in
the plate wall tests. In addition, the over-prediction of TRACE for the condensation heat flux
under natural-convection conditions is smaller than that of the plate type experiment.
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5 CONCLUSIONS

In this report, models for wall-film condensation in the presence of non-condensable gases
used in the nuclear reactor safety analysis codes RELAP5 and TRACE were summarized,
and the differences between them were analyzed. An error found during this process was
corrected in the source code and the corrected code was assessed with seven experiments
to confirm improved prediction ability of the new code. Moreover, it was confirmed that the
error in the original RELAP5 affects prediction of the heat flux when the non-condensable
gas fraction is high, and does not have a considerable effect when that fraction is low.

In order to quantitatively analyze the difference between the condensation heat transfer models
of RELAPS and TRACE, the same experiments assessed with RELAPS were analyzed using
TRACE. From the plate wall condensation analysis, it was found that the heated diameter needs
to be applied to the length scale in the input instead of the hydraulic diameter, in order to
prevent a non-physical increase in the heat flux evaluation.

The assessment results showed that the values of heat transfer obtained from those two codes
can have considerable discrepancy under natural-convection conditions because different mass
transfer coefficient models were implemented for the natural convection. Thus, it was concluded
that the condensation heat transfer model under natural-convection conditions needs to be
improved to cover a wider range of flow conditions with non-condensable gases.
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