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1. Introduction

Heat transfer on the pool surface involves the
evaporation and condensation of steam in the presence
of non-condensable gas. It is a kind of inter-phase heat
transfer. This phenomenon has been regarded as less
important on the thermal hydraulic behaviors such as
pressure, temperature, hydrogen distribution, and so on
in the nuclear reactor containment building [1, 2]. So
there are very limited studies on the pool surface heat
transfer. However, as new advanced reactors such as
APR1400, AP1000, and so on adopt In-containment
refueling water storage tank (IRWST), this
phenomenon attracts the increased concern. As a matter
of fact, several RAIls (requests for additional
information) during the licensing review of the
developed CAP have been presented [3]. And early in
2000s the steam condensation on the water surface of
IRWST was a concern of APR1400 design [4]. Such an
increased concern is believed because it is a newly
adopted system.

This study discusses the pool surface heat transfer by
reviewing the models of several well-known
containment analysis codes, and conducting the
sensitivities.

2. Heat transfer model in containment analysis codes
2.1 CONTEMPT-LT & CONTEMPT4 Codes

CONTEMPT-LT and CONTEMPT4 Codes calculate
the pressure and temperature (PT) of a compartment by
accounting for heat addition to each phase (atmosphere
and pool). The heat is transferred to/from heat
conductors and between phases. Mass transfer is also
accompanied and accounted for according to the latent
heat transfers. The heat between the atmosphere and the
pool is directly transferred without going by way of the
interface.

The heat flux between the atmosphere and the pool is
composed of sensible heat transfer and latent heat
transfer. The formula is given by

q" = chy(T, = Tp)

+[C2Kng(ifg + if)(xg - xb)]/xam (1)
, Where

q : surface heat flux

¢y input heat transfer multiplier constant

hy: Sensible heat transfer coefficient at interface

T, vapor temperature

Ty: interface temperature

C,: input mass transfer multiplier constant

Kp: mass transfer coefficient

Mg: molecular weight of water

irg: latent heat of vaporization

ir. specific internal enthalpy of fluid transferred

Xg: mole fraction of vapor in bulk

Xp: mole fraction of vapor at boundary(interface)

Xam: logarithm mean mole fraction of noncondensable
gases

2.2 GOTHIC Code

GOTHIC Code is based on three-fluid (gas,
continuous liquid, and dispersed droplet) equation set
and the phase change occurs at the interface [7]. For the
interfacial heat transfer, all the heat from each phase at
first transfers to the interface, and the net excess heat
remaining at the interface results in the phase change in
order to use up the remaining heat. Thus, the heat
transfer model at the pool surface is composed of heat
transfer model between interface and liquid, and that
between interface and gas (vapor).

Between vapor and interface
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, Where

Nu: Nusselt number

Re: Reynolds number

Pr: Prandtl number

Gr: Grashof number

Dy,: Pool hydraulic diameter

Oq: correction factor by Bird

L: Effective diffusion length

Subscript v and | means vapor phase and liquid phase,
respectively.

Between liquid and interface

2Dp
(Pool Depth) (3)
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Mass transfer at interface
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2.3 CAP Code

Governing equation set of CAP is also based on the
three-fluid model, and the heat/mass transfer calculation
is conceptually similar to GOTHIC. In CAP no
correction factor is adopted unlike to GOTHIC.

Between liquid and interface
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, Where
St: Stanton number
Ra: Rayleigh number
Between gas and interface
2D
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3. Pressures and temperature sensitivity

In order to check the importance of the pool surface
heat transfer on the containment pressure and
temperature, sensitivity analyses of pool surface area
was conducted using CONTEMPT-LT/028-A, which
has been traditionally used for the containment PT
analysis. It was conducted for SKN3&4 discharge leg
break accident with maximum emergency core cooling
system (ECCS) flow for maximum PT analysis. The
heat transfer area was changed to O times (no heat
transfer), 10 times, and 100 times. As shown in Fig. 1
the sensitivity is nearly negligible.
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Fig. 1 Sensitivity for the heat transfer area for discharge leg
break with maximum ECCS flow for max. PT analysis

Fig. 2 shows the sensitivity for the minimum PT
analysis (ECCS performance analysis). It also shows
very little effect according to the change of pool surface
area.

From these two analyses, the pool surface heat
transfer is not so important phenomena in containment
PT analysis, as OECD/NEA PIRT suggested.

T T T

260

/\ —— ASURF =0.0m* 1
- - - ASURF = 687.48 m*
— 240 / \ ASURF = 6874.8 m’
T 220 -~ ASURF = 68748.0 m’ | |
& A
— 200
g
a 180 \\
N
%] >
) 160+ === B ==
et
O 140

120

100

0 50 100 150 200 250 300
Time [sec]

(a) Pressure



Transactions of the Korean Nuclear Society Autumn Meeting
Gyeongju, Korea, October 27-28, 2016

380

360 \\

340

—— ASURF = 0.0 m*
320 - - - ASURF =687.48m*> |
ASURF = 6874.8 m’
----- ASURF = 68748.0 m’
300 ! !

Atmosphere Temperature [K]

0 50 100 1%0 2(')0 2é0 300
Time [sec]

(b) Temperature

Fig. 2 Sensitivity for the heat transfer area for min. PT
analysis

4. Sensitivity for latent heat transfer
4.1 Humidity effect
The effect of atmosphere humidity on the heat

transfer was analyzed. The relative humidity was set
0%, 50%, and 100%.

Humidity = 0 %, Area 100 m®
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Fig. 3 Sensitivity of humidity

The results were different from code to code as
shown in Fig. 3. For a low humidity CAP and GOTHIC
showed large difference. But CONTEMPT series
showed lower heat transfer than the two codes
regardless of the humidity. CONTEMPT4/MOD5
showed closer result to GOTHIC and CAP than
CONTEMP-LT/28-A, but still showed large gap
compared to CAP and GOTHIC.

4.2 Area effect

The reference case uses 100m? for heat transfer area.
And the sensitivity was carried out for 0.1times and 10
times of the reference area. All the codes shows that the
heat/mass transfer increases as the heat transfer area
increases as shown in Fig. 4. CONTMEPT-LT/028A
shows the lowest heat transfer among the three.
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Humidity = 0 %, Area 1000 m’
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Fig. 4 Sensitivity of heat transfer area

4.3 Analysis on the latent heat transfer

CONTEMPT-LT/028-A shows qualitatively similar
trend with CAP and GOTHIC, but the quantitative
values are too largely different to compare each other.
Thus the comparison between CAP and GOTHIC is
believed important.

For the lower humidity, CAP result locates between
GOTHIC and CONTEMPT4/MOD5. But as the
humidity increases, CAP gets similar to GOTHIC,
whereas CONTEMPT4/MODS5 shows still lower heat

transfer than the two. For the heat transfer area
sensitivity, CAP gets similar to GOTHIC as the area
increases, but CONTEMPT4/MODS still shows large
gap.

In summary, CAP gets similar to GOTHIC as the
humidity increases or as the heat transfer area increases.
But when the humidity is lower or when the heat
transfer area is small CAP becomes similar to
CONTEMPT4/MODS. Conclusively CAP shows the
middle value between GOTHIC and
CONTEMPT4/MODS.

5. Sensitivity for sensible heat transfer

Latent heat transfer between pool surface and
atmosphere is expected dominant when the pool
temperature is low and the wvapor in the high
temperature atmosphere condenses. Latent heat transfer
and sensible heat transfer will concur as the temperature
difference between the pool and the atmosphere is
present. However, if the humidity is high (~100%) and
the pool temperature is higher than the atmosphere
temperature, the evaporation will be very small and the
sensible heat transfer will be surely dominant.
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This study analyzed the case the mass transfer at the
pool surface is small. The geometric conditions were set
same to the case of latent heat transfer analysis. And the
temperature difference between the pool and the
atmosphere was set 10.0K: Atmosphere was set
303.15K, and the pool 293.15. At the initial time the
relative humidity were set 0%, and the humidity will
increase as the time goes on.

Similar trend to the latent heat transfer case was
shown as shown in Fig. 5.

6. Conclusions

This study discussed the pool surface heat transfer.
The related models of CAP, GOTHIC, CONTEMPT-
LT, and CONTEMPT4 were compared. The sensitivity
of heat transfer coefficient for SKN3&4 using
conventional code CONTEMPT-LT/028-A showed
little effect. And the sensitivity of relative humidity and
heat transfer area for latent heat transfer shows that
CAP locates between GOTHIC and
CONTEMPT4/MOD. The sensitivity for sensible heat
transfer also shows similar trend. Conclusively, current
CAP model of pool surface heat transfer has no fatal
defect.

For the future application to new designs such as
passive containment cooling system (PCCS), more
elaborate model is surely required. And it should be
done in the consideration of best-estimate approach and
conservative approach.
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