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Abstract

Since the TMI and Chemobyl accidents, many passive safety features are suggested in advanced
reactors in order to enhance the safety in future nuclear power plants. In order to verify the effec-
tiveness and provide the data for detailed design of passive cooling system, in the present work, the
effects of air inlet position and external condition on the natural circulated air flow rate and the
natural and forced convective heat transfer coefficients have been investigated for the one-side
heated closed path such as the passive containment cooling system of the Westinghouse’s AP-600.
A series of experiments have been performed with the 1/26th scaled segment type test facility of
the AP-600 passive containment. Under natural and forced convection, the air velocities and
temperatures are measured at several points of the air flow path. The experimental results are
compared with a simple one-dimensional model and it shows a good agreement.
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1. Introduction cant improvement in the safety of the future nuclear
power plants has been-demanded. Thus, suggested

Since the TMI and Chemobyl accidents, a signifi- alternative is passive reactors, which adopt passive
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safety features operated by gravity or natural circu-
lation for accident conditions. Those systems should
be simple, reliable, and minimize the operator action.
The AP-600 is one of such reactors developed by
Westinghouse. In the AP-600[1], several passive
safety systems are to be installed including the pass-
ive containment cooling system{(PCCS) as ultimate
heat sink to prevent the containment shell from
exceeding its design pressure, as shown in Figure 1.

The system uses natural air circulation between the
steel shell containment and the air baffle, whose
cooling is enhanced by draining water onto the steel
shell. In order to verify the effectiveness of this sys-
tem and to provide the data for detailed design,
many experimental and analytical works have been
performed or still ongoing for the heat transfer, air
flow, water distribution and so on{2~6).

The AP-600 has the air inlet at the top of shield-
ing building to exclude the effect of surrounding
buildings on the inlet air flow, instead of the bottom
inlet as in the Ebasco’s NPR-HWRF{3, 4] contain-
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Fig. 1. AP600 Containment

ment system and the B&W's ASPWR which has
more benefit in air natural circulation. The
Westinghouse has performed the wind tunnel test to
determine the optimum location for the PCCS air in-
let and the effect of wind direction.

In this study, the effects of air inlet position and
external conditions on natural circulated air flow rate
were investigated with the 1/26th length scaled AP-
600 containment. The test facility is composed of
150cm high and 30cm wide steel containment in-
cluding up and downward air paths, heating
chamber, circulating pump and blower. The gap sizes
of the inner and outer air paths are 1.5 and 3cm, re-
spectively. The natural circulated air flow velocity is
measured at the inner air path with hot-wire anem-
ometer. Also, the temperatures are measured in the
air path and at the wall surface with thermocouples.

The experiments have been performed with
varying the size of air inlet, air inlet temperature, and
air inlet position. Additionally, the effect of external
wind has been investigated. As the second task in
this study, the convective heat transfer coefficients
are measured for such geometry as one-side heated
closed path of the PCCS to provide the design data.
Measurements are implemented under natural and
forced convection. The experimental correlations fit-
ted as a function of Re and compared with other
correlations.

Finally, to compare with experimental results, nu-
merical calculations are performed with a one
dimensional steady state air natural circulation
model.

2. Experimental Facility and Measurements

The objective of the present experiment is to in-
vestigate the characteristics of the PCCS cooling by
natural circulated air flow in the AP-600. Before
manufacturing the test facility, a scaling analysis has
been performed (7, 8].

2.1. Scaling Analysis
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In this study, the scale analysis is performed to
predict the flow characteristcs. The governing
equations are set to consider the effects of buovancy
force and shear force with convective heat transfer
from the outside wall of the containment to air in the
air path. Nondimensional forms of the governing
equations are given as[9~13],

Governing Equations :
— Continuity equation
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Nondimensional Forms of the Governing
Equations

— Continuity equation
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From the abowe equations, the scaling factor,
Gr/Ré, is chosen in this study because this factor is
dominant in natural circulation and other
nondimensional parameters such as Pr and Ec have
relatively small effects in the case of air. According to
this relation, the test facility is manufactured with the
same shape of the 1/26th length scaled AP600 con-

tainment segment.

dJ. Korean Nuclear Society, Vol. 26, No. 4, December 1994

2.2. Test Facility

The test facility is a loop, which is composed of
containment, heating chamber, air path including
chimney, air baffle, blower, electric heater and so on,
as shown in Figure 2. The dimensions of the steel
containment, which has the same shape as AP-600,
are 150cm in height, 30cm in width, and 72cm in
radius. The gap sizes of the inner and outer air paths
are 1.5 and 3cm, respectively and they are separated
by an acryle air baffle.

The heating chamber of a rectangular duct with
50cm x50cm X50cm has 2 heaters with the ca-
pacity of 3 kw each, where the water filled in the
loop is heated to maintain constant wall temperature
of the containment and circulated by a pump.

And at the top, the blower is installed at the op-
posite position of the air inlet and blows air to inves-
tigate the effect of external wind on the top of chim-
ney. In the forced convection test this blower is
located at the bottom air inlet and blows air with
controlled speed. To prevent heat loss from the con-
tainment to atmosphere, the sides except for the
containment wall are insulated by ceramic fiber.
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Fig. 2. Configuration of Test Facility
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2.3. Measurements

First, in order to investigate the natural air flow,
the air velocity at the inner air path and wall tern-
perature are measured by the hot wire anemometer
located at the center of the air flow path and stain-
less steel sheathed thermocouple welded by soldering
paste, repectively. In this study, the smoke wire[14]
is also used for cross-checking because the reliability
of hot-wire detection is known to be questionable for
such a low velocity near lm/sec in the present
experiments. However, quantitative comparisons are
failed due to the turbulent dispersion for low velocity
and difficulty of high-speed photographing.

During experiments, the wall temperature is con-
trolled to maintain constant and recorded. The ambi-
ent, inlet, and exit temperatures are measured as well
as the external wind velocity as the boundary
conditions for various experimental conditions. Under
the experiment, the air inlet temperature is controlled
because the test facility heats steadily ambient air.

For heat transfer coefficient measurements, the air
inlet position is fixed at the bottom both for natural
and forced convection. In this experiment, the air
velocities and bulk temperatures are measured at the
upper and lower positions 10cm apart from the
center where the wall surface temperature is
measured. Measured positions are located in 30cm,
50cm, and 70cm vertically aprat from the bottom,
and they are located in the center of the flow cross
section. Then the heat transfer coefficient can be
Those
measurements are conducted in 3 sectors of inner

obtained from Equation (7). 3-point
gap and measured values are averaged to obtain the
heat transfer coefficient for given Re. For forced con-
vection tests, the gap size is varied to 2.5, 3.0, 3.5,
and 5.5cm.

3. Numerical Calculations

In this study, in order to compare with experimen-
tal results and use in the P/T calculation for the fu-

ture, numerical calculations are performed with a
one dimensional steady state air natural circulation
model. For the sake of simplification, the constant
wall temperature and insulated conditions are
assumed. In heating region, the air density is not
constant and thus expressed as a function of the air
temperature. Therefore, the air temperature variation
in this region is calculated from the heat balance

equation given as,

mCol Ti- Ti-1)=h( T~ TeidA A¢ (7)
where, Ty = _T_;ZL

and the heat transfer coefficient is the experimental
correlation obtained in this study. Then, the inlet
temperature of subsequent node can be obtained
from Equation (7)

(I‘;‘l Cp- MZAI YTi-1+AT, AA;

Ti=
[ A AA;
e, B

(8)

Now, with the density variation at each heated node
calculated from the equation of state, one can calcu-
late the air velocity in the natural condition where
the total pressure drop and the total buoyancy driven
force should be equal. In this calculation, the press-
ure drops from the friction loss and local loss are

obtained as follows,

APom = lZKi—é_piUiz (9)

In this equation, the loss coefficient for each node
is calculated from Ref.[15]. And the buoyancy driven
force can be calculated from the following equation,

Fotom = ;(Da - pilgaZ; (10)

Finally, calculations are repeated by modifying the
initial air velocity until satisfying the steady state natu-
ral circulation condition. The nodalization scheme
and calculation flow chart used in the above calcu-

lation are shown in Figures 3 and 4.
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Outlet 4. Results

In this study, experiments are performed varying
the position{top vs bottom) and size (280mm X
40mm vs 280mm X 14mm) of the air inlet, air inlet
temperature(10—25°C) and the velocity(1.20—3.
Top lnlet —( 45m/s) of external wind. The results are shown in
Figures 5 to 7.
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As shown in Figure 5, even though the range of
the ambient temperature is narrow due to the diffi-
culty of generating such experimental conditions, the
trend is obvious that the air velocity decreases as the
inlet air temperature increases because the driving
force decreases as the temperature difference be-
tween air and wall become smaller. As a result, the
effect of the inlet location shows that the bottom in-
let has the advantage of heat removal than the top
for the same inlet air temperature. Because the air
the top inlet is heated by the air baffle as long as air
flowus downward in the outer air path. The
calculations predict quite well the measured velocities
for the case of the bottom inlet, but underpredict for
the top inlet due to uncerteinties of the loss
coefficients for such a complicated geometry. From
these results, the inlet air temperature greatly affects
the natural circulated air flow rate and thus, when
the inlet air temperature at the bottorn is higher than
that at the top {about 7°C in experiment), the bot-
tom position may lose its benefit for natural air circu-
lation. For the bottom inlet, the air velocity increases
as inlet temperature decrease. But for the top inlet,
the air velocity dose not increase more than the bot-
tom because of the outer air path. As a result, the air
velocity pattern has different trend due to the buoy-
ancy force added to air. This will be important in the
design of the nuclear power plants where the sur-
rounding buildings may block the air flow and in-
crease the ambient temperature. Calculations for the
AP-600 show that such temperature difference is up
to 5°C.

Figure 6 shows that the air velocity increases due
to the decrease of the flow restriction as the air inlet
size increases. Increase of the external wind velocity
increases the air velocity as shown in Figure 7 due to
the suction effect, but not much.

Next, Figure 8 shows that the heat transfer coef-
ficient increases as the Grashof or Reynolds number
increases. It is generally known that the heat transfer
coefficient depends mainly on the Grashof number
in natural convection. Also, comparisons are made
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with two other well-known data;Hugot's[16] and
Churchill & Chu’s[17] experimental data which are
obtained in the rectangular both-side heated closed
path and the one-side heated open path, respect-
ively. As shown in this figure, the result of this study
which is more applicable to the PCCS lies between
those data.

Figure 9 shows the final form of the heat transfer
coefficient correlations as a function of Re for natural
and forced convection, which are obtained by fitting
the data, as

Nu=2494E-6 X Re!®*® (11)
for natural convection
Nu=0.0269 x Re%* (12)

for forced convection

As the gap size of the air path increases for forced
convection in a closed loop, the heat transfer coef-
ficient increases until the opposite wall no longer
affects the temperature profile as shown in Figures
10 and 11. Table 1 shows the comparison of the
measured and predicted temperatures and it show a
good agreement. The radiation effect of the air baffle
is out of question because the temperature difference
of the bulk and air baffle temperature is small.
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Fig. 9. Nusselt Number vs Reynolds Number in Natural
and Forced Convection
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Table 1. Comparison of Experiment and Numerical Calculation

Gap Size (mm)

Fig. 11. Temperature Distribution vs Gap Size

Gap Size Regnolds .Tcmp .Tcmp 'Tcmp Temp
{Height:30cm)  (Height:50cm)  (Height:70cm)  (Height:90cm)
(mm) Number “pyp™Ccal T EXP.  CAL EXP. CAL EXP.  CAL
1 25 3100 319 283 355 327 39.7 369 42.6 40.7
2 25 4000 30.7 279 355 322 384 36.1 427 398
3 25 5000 29.7 276 339 316 372 354 40.8 40.0
4 25 6000 29.2 273 335 31.3 36.1 349 39.0 384
5 25 6800 284 271 326 310 350 346 379 379
6 30 3000 318 283 36.0 327 395 368 434 40.6
7 30 4000 313 278 355 320 377 359 415 395
8 30 5000 306 275 342 315 364 353 40.7 388
9 30 6000 292 273 33.0 311 362 347 39.6 382
10 30 7000 287 271 325 308 352 343 388 376
11 36 3000 308 284 348 327 409 371 435 410
12 35 3900 313 282 350 325 381 36.6 418 40.3
13 35 5000 310 280 347 322 370 363 419 400
14 35 6000 298 277 335 319 36.7 357 404 394
15 35 7100 279 275 315 315 343 353 384 388
16 55 3000 292 26.7 325 303 356 337 391 369
17 55 4000 201 259 323 290 340 319 365 347
18 55 5200 275 252 320 279 343 304 358 329
19 55 6300 279 248 317 272 333 29.6 346 318
20 55 7000 27.6 246 313 269 327 291 337 313
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5. Conclusions and Discussion

In this study, experiments with the 1/26th scaled
segment-type test facility have been performed to in-
vestigate the natural circulated air flow and the heat
transfer coefficient in the PCCS of the AP600.

The experimental results show that the air velocity
increases as the inlet air temperature decreases and
the external wind velocity increases. Also, reduction
of the air inlet area decreases the natural circulated
air flow. Finally, it can be concluded that the effect of
outlet steam on the air inlet due to the external wind
is small and the bottom position will lose its benefit
in natural circulation if the surrounding buildings
block the air flow and increase the ambient tempera-
ture. In real design, the expected temperature differ-
ence may be 5°C instead of 7°C in experiments.

The measured heat transfer coefficient correlations
for air flow in the one-side heated closed loop such
as in the PCCS are obtained as the final forms of a
function of Re for natural and forced convection,
which are obtained by fitting the data. The study of
the optimum gap size determination will be carried
out in the future.

Also, a simple one-dimensional air flow model de-
veloped in this study shows a good agreement with
experimental results.
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Nomenclature

b :gap size of the air path

G :specific heat of air at constant pressure
Fo o :total byoyancy force in the air path

g :acceleration of gravity

h - heat transfer coefficient{w/m2°C)

K :loss coefficient
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: thermal conductivity

:reference length

:mass flow rate of air

:total pressure drop in the air path
:the bulk temperature of node i
:the outlet temperature of node i
:the inlet temperature of node i

: heating wall temperature
:reference temperature

:axial velocity

:dimensionless axial velocity

: transverse velocity

: dimensionless transverse velocity

(v/Uo)

:coordinate in the flow direction

:dimensionless coordinate in the axial direc-

tion (x/L)

:coordinate in the transverse direction
:dimensionless coordinate in the transverse

direction

:dimensionless temperature

(T-To}/(Tw-To)

:the heat transfer area of node i

:height of node i

:ambient air density

:air density of node i

: dynamic viscosity coefficient

: kinematic viscosity coefficient
:thermal expansion coefficient
: Grashof Number

(8gB(Tw-To)b*/nu?)

:Reynolds Number (2bU/v)
:Prandtl Number (uc,/k)

: Length Ratio Number (L/b)

: Eckert Number (U?/c,(T.-To))
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