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Abstract

The objective of this work is to obtain the experimental data for the heat transfer processes oc-
curring both on the inside and outside surfaces of containment steel wall with dry and wet outer sur
face conditions in the passive containment cooling system. The test model represented a 60° sec-
tion of a containment vessel based on the AP 600 geometry. Major linear dimensions of the test
model were reduced by a factor of ten. To simulate the decay heat, a steam generator heated by
electricity was placed in the test model. The maximum heat flux was 891 kW/m?. Two types of tes-
ts were performed. The one was the test on the natural convection of air without water film flow.
The other was the evaporative heat transfer test with the falling water film flow and natural air draft.
The test result showed that the heat transfer capability by the natural convection from the contain-
ment to the air without water film flow was limited at about 1.48 kW/m? heat flux It was found that
the heat removal capability was remarkably enhanced in the tests with the water film flow and air
draft. The obtained heat transfer data were compared with the existing correlations.
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1. Introduction

To improve the reliability and safety of nuclear
power plants, the passive concepts have been employ-
ed for several advanced reactors. The passive con-
tainment cooling system (PCCS) is one of the key
passive features in advanced reactors such as the
New Production Reactor, the Advanced Neutron
Source, and the AP 600 for decay heat removal. In
the passive containment cooling system of the AP
600[1], designed by Westinghouse, the decay heat
generated in the core is removed by a series of heat
transfer mechanisms which are composed with the
water pool boiling in the core, condensation at the
inner wall of the containment, conduction in the con-
tainment wall, and natural convection by air and/or
evaporation of a falling water film at the outside of
the containment steel vessel. It seems that the evap-
orative cooling technology is original in terms of its
application to the containment cooling.

Westinghouse has performed a series of tests[2] to
evaluate and characterize the heat removal capabili-
ties of the AP 600 containment vessel. These tests
included the PCCS heated plate test, the small scale
integrated PCCS test, and the large scale integrated
PCCS test. The tests were performed to examine the
behavior of the evaporative water film cooling with
air draft on the outside and the steam condensation
on the inside of a containment vessel. It was rep-
orted that the measured test results agreed well with
some predictions for the heat transfer processes on
the AP 600 PCCS. However, the details of test data
were not made available to the public. The passive
containment cooling system of the AP 600 reactor
will require the intensive review of the heat transfer
processes at the external containment wall which is
cooled by a combination of downward gravity driven
water flow and upward natural circulation air flow.

The objective of this work is to obtain the exper-
imental data for the heat transfer processes occurring
both on the inside and outside surfaces of the con-
tainment stee! wall with dry or wet outer surface con-
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ditions in the PCCS using the test model. Specific
observations of interest include the condensation
heat transfer rate that occurs on the inside surface,
the convective heat transfer rate with only air natural
convection at the outer surface, and the convective
heat transfer rate with falling water film flow and air
natural convection at the outer surface.

2. Test Description

2.1. Test facility

The test facility shown in Fig. 1 was designed to
simulate the AP 600 PCCS heat transfer processes
occurring both on the inside and outside contain-
ment surfaces. The test facility consists of the test
model, water supply system, and the instrumentation
and data acquisition system.

The test model represensted a 60° section of a
containment vessel based on the AP 600 geometry.
Major linear dimensions of the test model were red-
uced from values typical of the AP 600 containment
vessel by a factor of approximately ten. Linear scaling
was applied for the design of the test model. Linear
scaling is the commonly used method to build a scal-
ed-down model, especially, for the observation of the
steady-state heat transfer process. The scaling ratios
of major parameters were determined by Carbiener’s
scaling law{3]. The test model consists of a 2.328m
high cylindrical dome and a 1.147m high ellipsoidal
dome as shown in Fig. 2. The containment wall was
made of 4mm thick steel plate, and radius of the
wall carvature is 1. 98m. A transparent plexiglas cov-
er around the containment wall, having a thickness
of 5mm, was used to form the air cooling annulus.
Natural convective forces cause air to flow across the
surface of the containment vessel with this air flow
baffle. All hot parts of the test model except the con-
tainment wall plate were completely insulated by
50mm thick glass wool to minimize heat loss. To sim
ulate the heating of the containment wall that would

occur in an actual plant following a postulated acci-
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1. Containment Wall 8. Water Drain

2. Air Flow Baffle 9. Condensate Drain

3. Steam Generator 10. Water Drains

4. Heaters 11. Tap Water

5. Flow Meter 12. Screw Terminal

6. Water Distributor 13. Personal Computer

7. 440V AC Supply 14. K-Type Thermocouples
15. Air Vent
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Fig. 1. Schematic Diagram of Test Facility
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Fig. 2. Major Dimensions of Test Model

dent, a steam generator of 60 kW maximum capacity
was placed in the test model.

The water supply system was divided into two
ways. The one was the water supply into the steam
generator, and the other was the water storage tank

for cooling of the containment outer surface. Tap
water was supplied to the water reservoir of the
steam generator which has 120 litre water storage
capacity. Steam was generated by heating with im-

mersion heaters. Water level in the water reservoir of
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the steam generator was controlled by a float valve.
Another tap water line was connected with the water
distributor on the top of the test model. Water was
injected through the nozzes around the circular wat-
er distributor, and it flows over the containment steel
surface.

The measurements of principal interest during the
tests were the wall and fluid temperatures and fluid

velocities in the test model. A total of 44 K-Type ther-

mocouples were distributed on the inner and outer

containment wall, and 20 thermocouples were plac-
ed at appropriate locations for the fluid temperature
measurements. Fig. 3 gives an overview of the ther-
mocouple distribution in the test model. The cooling
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air velocity was measured by conducting a velocity
traverse in the cooling air annulus using a hot wire
annemometer. Supplied electric power for the steam
generation was measured by a watt-hour meter. Con-
densation rate at the containment wall was measured
with the drainage rate of the condensed water. All
the results of the measurements were recorded and
processed on a data acquisition system.

2.2. Test Procedure

Following each test run, all valves of the test mod-
el were opened to drain water in the water reservoir
of the steam generator and the bottom of the test
model. After draining all valves except the air vent
were closed, and water was supplied to the water res-
ervoir of the steam generator in the test model. Elec-
tric heaters submerged in the water reservoir were tur-
ned on to heat up water. The data acquisition system
was tested and prepared while water in the reservoir
was heated. Steam was generated vigorously when
the water temperature reached saturation state. The
air vent was closed and the drain valve for drainage
of the condensed water was opened when air was
sufficiently evacuated by steam. As soon as the sys-
tem reached a steady state, the test was started. The
steady state was checked by the wall temperature
and containment pressure variations as well as the
drainage of the condensed water flow rate.

Following the tests with water film flow, the water
was supplied from the water distributor at the top of
the test model for cooling of the containment wall.
The water film flow rate was increased until water
film covered the whole surface of the outer wall of
the test model. The water film flow rate was checked
by rotameter. During the tests, the power for the
steam generaton was controlled through a silicon
controlled rectifier unit. The water supplied into the
stearn generator was automatically conirolled by the

float valves in the tanks.
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2.3. Test Conditions

Major test parameters were the containment press-
ure, the water film flow rate, the stearn generating
power, and the temperature and humidity of the am-
bient air. Table 1 lists the test conditions for this
work.

3. Test Results and Discussion

Heat transfer tests of the passive containment cool-
ing were conducted using the test model under the
conditions of natural convection by air with or with-
out water film flow on the containment outer wall.

3.1. Heat Transfer with Only Air Natural
Convection

Heat transfer from the outer wall of the contain-

ment to the air involves condensation of steam on
the inner wall and conduction through the wall with

Table 1. Test Conditions

Air Natural Air Natural
Parameter Convection without ~ Convection with
Water Film Flow Water Film Flow
Containment 0.1 0.1
Pressure, MPa
Ambient 20 ~ 24 20 ~ 24
Temperature, °C
Ambient 60 ~ 65 60 ~ 65
Humidity, %
Air Flow Natural Convection Natural Convection
Condition (0.2~0.3 m/s) (0.1~0.2 m/s}
Water Film Flow - 0.167
Rate, kg/s 0.250
0417
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Fig. 4. Temperature Transients during Heatup under the
Condition of Air Natural Convection Without
Water Film Flow

natural convection and radiation from the outer sur-
face of the wall to the air flow baffle. This heat is
cooled by upward air natural convection inside the
annulus and conduction through the air flow baffle
wall and to the ambient air by natural convection
and radiation. The tests were performed with varying
steam generating power. Specific measured and cal-
culated items were wall temperature transient with
varying steam generating power, distribution of wall
and air temperature, heat transfer coefficients at in-
ner and outer wall, and overall heat transfer coeffic-
ients.

Fig. 4 shows result of the measurement of the tran
sient temperature at the specific point of the wall for
the various steam generating powers. Measurement
of each run was started at the time to reach the satu-
ration temperature of water in the steam generator.
In this figure, the steeper temperature rising can be
found at the higher power. In the tests, the power
supply system was designed so that the power could
be turned off whenever containment pressure exceed:
ed 10 percent of the atmospheric pressure. During
the tests, it was observed that there was a maximum
heat flux which could maintain the equilibrium state
between condensation heat transfer at the inner wall
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and natural convection heat transfer by air at the out-
er wall. The maximum heat flux, i.e., maximum cool-
ing capability with air, was found to be 1.48 kW/m?
in the tests. This heat flux is equivalent to the decay
heat approximately 5 days after a reactor shutdown.
Beyond this maximum heat flux, the containment
pressure increases concurrently with heat flux due to
the excess generation of steam.

Profiles of inner and outer wall temperatures and
air temperatures are shown in Fig. 5. An abscissa in
this figure represents the dimensionless distance from
the top to the bottom along the wall, where y is any
distance from the top point of the containment wall,
and L is whole distance from the top to the bottom
along the containment wall. The temperature differ-
ences between the inner and the outer wall are very
small, and they are indicating a flat temperature dis-
tribution over the wall. The outlet air temperature
closely approached the wall temperature. Measured
air velocities in the air flow baffle range between 0.2
and 0.3 m/s during the tests.

Heat transfer coefficient, h, was calculated from
the measurements of the wall surface temperature
and the fluid temperature in the following equation :

"
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Fig. 5. Varicus Temperature Distributions at 1.48
kW/m? Heat Flux under the Condition of Air Nat-
ural Convection Without Water Film Flow
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where q” is heat flux, and 4t is temperature differ-
enece between wall surface and fluid. In this calcu-
lation, it assumed that heat flux is uniform. The over-
all heat transfer coefficient, U, is defined as:

1
1 t 1
=12 4, = 2
U[h.+k+h] 2)

1 o

where hi is the heat transfer coefficient at inner wall,
ho is the heat transfer coefficient at outer wall, k is
the thermal conductivity of the wall material, and t is
the wall thickness.

Fig. 6 illustrates the heat transfer coefficients on
the inner and outer walls, and the overall heat trans-
fer coefficient at various locations under the heat flux
condition of 1.48 kW/m? ‘The values of inner wall
heat transfer coefficient, i.e., the condensation heat
transfer coefficients, lie within the range of 300~370
W/m?K. These values are an order of magnitude low
er than the values calculated from Nusselt’s equa-
tion[4] for film condensation of steam. It seems that
the condensation heat transfer process in this test
may have been affected by air, i.e., noncondensible
gas which remained in the containment atmosphere.
The natural convective heat transfer coefficients with
air in the annulus region ranges from 30 to 175
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Fig. 6. Various Heat Transfer Coefficients at 1.48
kW/m2 Heat Flux under the Condition of Air Nat-
ural Convection Without Water Film Flow
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W/m2K. As seen in this figure, the maximum heat
transfer coefficient appears at the shoulder part of
the containment vessel. Present data are slightly hig-
her than Hugot’s data[5] which is closely applicable
to the geometry of this work as shown in Fig. 7. Shin
et al. [6] have deduced in the following equation
with the Hugot's data:

Nu = 0.108 (GrPr)**® {3)

where Nu is Nusselt number based on air proper-
ties and width of air flow baffle, Gr is Grashof num-
ber based on air properties, and Pr is Prandtl num-
ber of air. In Fig. 7, present data are also compared
with the Churchill’s correlation[7] for natural convec-
tion from a vertical plate and the modified Sparrow’s
correlation[8] for natural convection between two ver-
tical cylinders.

In order to investigate the effect of the air flow baf-
fle, a similar test was performed to demonstrate nat-
ural convection heat transfer of air without the air
flow baffle. Fig. 8 shows the comparison of the heat
transfer coefficients with or without the air flow baf-
fle. In this figure, rather higher heat transfer coeffic-
ients can be found in the case of the air flow baffle

removal. It seems that there is no significant effect of
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Fig. 8. Outer Wall Heat Transfer Coefficients With and
Without Air Flow Baffle

the air flow baffle on air natural convection at the
outer containment wall.

3.2. Heat Transfer with Water Film Flow and Air
Natural Convection

Heat transfer tests of the passive containment cool-
ing were performed with cooling by a combination of
downward gravity driven water film flow and upward
natural convection of air flow at the outer wall. Dur-
ing the tests, the steam generating power and water
film flow rate were varied. Tests were conducted to
examine the effect of water film flow at the outer sur-
face and the effect of power, i.e., heat flux, variation.
In this part of the tests, instrumentation to measure
containment wall inner and outer temperatures, wat-
er film temperature and air temperature, water film
flow rate, steam condensing rate in the containment,
air velocity, and humidity of the ambient atmosphere
was provided.

Fig. 9 shows the temperature profiles of the inner
and the outer wall, water film, and air under the con-
ditions of 7.4 kW/m? heat flux and 0.167 kg/s water
film flow rate. As in the figure of the previous sec-
tion, the abscissa represents the dimensionless dis-
tance from the top to the bottorn along the wall. As
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seen in this figure, water film flow causes a signifi-
cantly lower tempeature distribution on the contain-
ment wall compared with cooling by only air natural
convection. Therefore, containment cooling by water
film flow at the outer wall is very effective to maintain
the integrity of the containment structures during a
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postulated accident. Fig. 10 illustrates the influence
of water film flow rate on the outer wall temperature
distribution. The results show that the wall tempera-
ture decreases with increasing water film flow rate.
Fig. 11 shows the effect of steam generating power
on the outer wall temperature distribution for the

constant water film flow rate. It indicates that the out-
er wall temperature increases with increasing steam

generating power.

Heat transfer behaviour at the outer surface of the
containment wall is somewhat complex because it is
influenced by the combined effect of the convective
and evaporative heat transfer processes. Fig. 12 show-
s the heat transfer coefficients at the inner and outer
wall and the overall heat transfer coefficients under
the condition of 7.46 kW/m? heat flux and 0.167
kg/s water film flow rate. The condensate and con-
vective heat transfer coefficients were calculated with
measured temperature data. The convective heat
transfer coefficient with water film flow was based on
the water temperature. It was assumed that the heat
flux was uniform over the containment wall. As seen
in Fig. 12, higher heat transfer rate can be observed
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at the top part of the containment dome. Fig. 13

shows the plots of distribution of outer wall heat tran-

sfer coefficients for various steam generation power
sizes. The outer wall heat transfer coefficient inclreas-
es as power increases.

The measured average film coefficients at the out-
er wall are compared with Shmerler’s cormrelation[9]
for evaporative heating of a freefalling liquid films,
Fujita’s correlation[10] for highly subcooled free-fall-
ing water films, and Colbum’s correlation[11] for for-
ced convection heat transfer as shown in Fig. 14. As
seen in this figure, present data are close on the Col-
burn’s correlation. Colburm’s correlation is expressed
as:

Nu = 0.023 Re®*Pr** (4)

where Nu is Nusselt number based on water, Re is
Reynolds number based on water flow, and Pr is
Prandtl number of water. In the above calculations,
Reynolds number is defined as:

Re = 3~ (5)

where ¥ is water film flow rate per unit periphery
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Fig. 13. Profiles of Outer Wall Heat Transfer Coefficien-
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Flow Rate
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and g is viscosity of water. The measured data are
still somewhat higher than Colburn’s correlation. This
may be attributed to the combined effects of convec-
tive and evaporative heat transfer processes.

Table 2 is the percentage of the dissipated heat
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Table 2. Heat Balance of the PCC Tests

J. Korean Nuclear Society, Vol. 27, No. 3, June 1995

Power (kW) Water Flow Rate (kg/s) Qi{%) Q%) Qs(%)
10 0.167 975 25 ~0
20 0.167 86.0 19 12.1
30 0.167 81.3 15 17.2
40 0.167 72.3 1.7 25.6
50 0.167 64.1 1.1 KZ¥:]

from the outer wall of the containment with various
heat transfer mediums. Where Q: is percentage of
heat transferred by water film flow, Q2 is percentage
of heat transferred by air, and Qs is percentage of
heat transferred through the air flow baffle wall. As
seen in the table, the majority of heat was transferred
by the water film. The heat transferred through the
air flow baffle plate increased with power increasing.

4, Conclusions

The tests to find the heat transfer capability of the
passive containment cooling system at the medium
heat flux level were carried out. The following con-
clusions can be drawn from the test results:

(1) The natural convective heat transfer from the con-

tainment to the air without water film flow exceed-

ed the expected values.

(2) There is a maximum heat flux that could main-
tain the state of equilibium between conden-
sation heat transfer at the inner wall and natural
convection heat transfer by air at the outer wall.
This maximum heat flux was 1.48 kW/m? in this
test.

(3) No significant effect of the air flow baffle on air
natural convection at the outer containment wall
was observed during the test.

(4) Water film flow causes a significant low tempera-
ture distribution on the containment wall compar-
ed with cooling by only air natural convection.
Therefore, water film flow for the containment
cooling is very effective in maintaining the integ-
rity of the structures of the containment during a

postulated accident.

(5) The local heat transfer coefficient at the shoulder

part of the ellipsoidal dome was higher than the
vessel average heat transfer coefficient.
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