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NOMENCLATURE

The following nomenclature are used throughout this report:
;

'1

C. Specific heat ;

c, ' Pressure coefficient |
d Diameter j7

'

~f Moody friction factor
'

g Gravitational constant
'

h Heat transfer coefficient '
' '

H Height
i

K Loss coefficient

L Length
,

-t Time '

T Temperature ,

*
y . Velocity

V Instantaneous velocity

V,,, Wind speed at roof height

V, Mean velocity ?

'

Y. Dimensionless pulsation amplitude

S Containment shell thicL1ess 4

p Density
,

p,, Air density in riser
'

t, Time constant associated with heat removal from the containment shell ;

T, Time constant associated with heat transmission through the containment shell !

(5 Angular frequency :

:
!Subscripts -

amb Ambient

de - Downcomer !

de,in Downcomer inlet ;

de,out Downcomer outlet f
ch Chimney |

ch,in Chimney inlet !

ch,out Chimney outlet !

f~ Liquid film ;

ri Riser i

ri,in Riser inlet
ri,out " Riser outlet

s Containment shell
,

?
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1.0 INTRODUCTION

ne Westinghouse AP600 nuclear generating plant uses a passive containment cooling system (PCS) to

remove energy released to the containment building following a loss-of-coolant accident (LOCA) or
main steam line break (MSLB). His system uses natural draft air cooling and the evaporation of a

water film from the outside of the steel containment shell to transfer heat from the containment vessel

to the environment.

A goal of the containment building design is that wind not adversely impact heat removal from the

building. To this end, a design goal is for wind to either have a nominal effect on PCS flow (wind
neutral) or enhance PCS flow (wind positive). To verify this aspect of the design, Westinghouse
authorized a series of wind tunnel tests. The results of the wind tunnel tests are reported in

References I through 4. These tests, performed at the Boundary Layer Wind Tunnel Laboratory at the

University of Western Ontario (UWO), were designed to test the aerodynamic response of air flow

past the AP600 containment under a variety of conditions. These tests occurred in four phases.

Phase I testing (1:96.67 scale) examined the effects of various design options on the wind-induced

pressures. In that testing, the flow through the building annulus was not modeled, but the pressure

difference between inlets and chimney (that is, the pressure driving any flow through the PCS) was

measured. In phase Il tests, the air flow path was modeled for two different building designs: the

most wind neutral design found in phase I testing and the current design of the building. The purpose

of the phase 11 testing was to provide information for the design of the baffle wall. Information

sought was the loads on the wall and how uniform the flow was at various points along the flow path.

Buoyancy was not considered since the driving pressure due to buoyancy amounts to only about 1 to

5 percent of the wind-induced driving pressure for the design wind cases.

At the end of phase II, several questions remained. The first question is the effect of Reynolds

number on the results. Bis could only be addressed definitively by testing a larger model (1:30 scale)

in a faster wind tunnel such that the Reynolds numbers were in the same range as expected full-scale

values. De second question is the effect of a tornado wind profile (near uniform) on the results. His
could be donc using the s?me test model as in previous phases, but with a uniform flow model. The

third question is if the blockage effects of the hyperbolic cooling tower relative to the UWO wind
tunnel size were excessive. This effect could be addressed by testing the model in a larger wind tunnel

where blockage would be small. Phase IVa (there was no phase III) aimed at addressing these

questions. De final question, the effect of severe terrain, was the subject of the phase IVb testing.

For this phase, a smaller scale (1:800 scale) was chosen to allow modeling of larger areas around the |
'

site.
|

|
Be test results indicate that the AP600 design is wind positive for average PCS flow. De testing, as j
discussed previously, included a variety of terrain and conditions including open country terrain, j

tornado loading, the modeling of the cooling tower (s), and the simulation of several types of severe |
terrain. Open country terrain yielded the most beneficial results for PCS heat removal. The results I

indicated a significant contribution to PCS air flow due to wind-induced driving pressures. He effect

Iu:\ap600C07Iw.non:Ib060495 ].[
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of the cooling tower, however,is to reduce suction at both the chimney and the inlets, resulting in

lower inlet-minus-chimney pressures. Rus, the likelihood of flow in the PCS changing direction

(flow reversal) is greater when the plant is in the wake of the cooling tower. Ec effect of a nearby
escarpment on this case is minimal. De escarpment tends to increase both the inlet and chimney

pressures; however, when the difference between the inlet and chimney pressure is calculated, the

effect of the escarpment tends to cancel out.

He final three severe terrain scenarios included an escarpment with mountain backdrop, a river valley
site, and a river valley site with two cooling towers. Each of these caused significant durations and

magnitudes of negative inlet-minus-chimney pressures, which could lead to flow reversals within the

PCS flow path. For example, Figure 1-1 shows the maximum, mean, and minimum pressure

coefficients for the inlet-minus-chimney pressure taps for the river valley site with a single cooling
tower. The results indicate a significant terrain effect at a 70* wind angle, where mean inlet-minus-

chimney pressures are close to zero. Figure 1-2 shows the time history of pressure coefficients for this

case. A significant amount of oscillation in inlet-minus-chimney pressures is seen. Note that

oscillations in inlet pressure and chimney pressure can be out of phase with each other. The result is

that the oscillations of inlet-minus-chimney pressures are particularly large.

The wind positive response of the AP600 is beneficial for containment heat removal. Increased wind

speed will drive more flow through the AP600 annulus and increase heat and mass transfer

coefficients. However, three questions remain regarding the results of the wind tunnel tests:

Re model scale aerodynamic response versus full scale response |
*

!

Re effects of wind-induced inlet-minus-chimney pressure oscillations on PCS heat removal
,

)*

l
and contaimnent pressure response

I

The effect of near-zero average inlet-minus-chimney pressures for certain wind angles in some |
=

1

of the severe terrain tests i

1
1
i

This report demonstrates that, due to the shape of the AP600, the model-to-full-scale aerodynamic j

response is relatively insensitive to model size in the range tested. Pertaining to the effect of the

pressure oscillation, a re6 of the literature has indicated that pressure oscillations in heat transfer
generally improve heat transfer rates; however, time constants associated with the containment shell

and volume will work to minimize any benefit or penalty on containment pressure due to these

oscillations. Finally, computer analysis of the river valley terrain, with a wind angle of 70*, shows a
benefit in containment pressure versus the no wind case. I

I

i

I
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Figure 1-1 River Valley Case Pressure Coefficients
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| 2.0 WIND TUNNEL TESTS APPLICAHILITY TO AP600

2.1 Effects of Scale

The different phases of the wind tunnel testing used a variety of scale models of the AP600 depending

on the test. The scales ranged from 1:30 to 1:800 model to full scale. Conditions for dynamic

similarity require that the Reynolds number in model scale match expected Reynolds numbers for full
scale. Due to the scale of the model used for some tests, however, the Reynolds number requirement

cannot be satisfied without introducing problems associated with fluid compressibility: However, the

Reynolds number requirement can be relaxed by showing a relative insensitivity of the flow to

Reynolds number in the model scale to full scale range.

The AP600 containment includes curved surfaces marked by sharp edges. For curved surfaces, the

Reynolds number of the flow affects where the separation of flow occurs around the body. Sharp

edges force this separation, making the flow response relatively insensidve to Reynolds number

effects. In order to match the location of flow separation in model and full scales, the point of

separation was anificially moved in the model by anificially roughening appropriate surfaces. This
method is well established, and.is discussed in References 5 and 6.

For the phase IVb testing, a scale of 1:800 was used to accommodate the severe terrain model. Due

to the small scale used for this phase, the Reynolds number was much smaller during the testing

than in full scale. In order to examine the sensitivity to Reynolds number, Figure 2-1 shows a

comparison between Phase IVa (1:30 scale) and IVb (1:800 scale) results for the pressure coefficients

used for this analysis. The figures show the minimum, maximum, and mean values as a function of

the wind orientation angle. The results show good agreement between the cases despite large
'

differences in Reynolds number. This agreement indicates that the results are relatively insensitive to ;

Reynolds number in this range of scales. Note that difference are seen in the range of angles around |
|270*. The difference can be attributed to the cooling tower, which was not present in the Phase IVa

case. The Boundary Layer Laboratory at UWO has indicated that the methods they used for modeling

the AP600 have been successful for other buildings up to a scale of 1:1000 model to full scale. Note

also that Reynolds number sensitivity is likely to reduce as interference effects from surroundings

increase the relative local turbulence level.

Relative insensitivity of the aerodynamic response of the flow around the AP600 to Reynolds number

can be attributed to the design of the plant. While the AP600 building is cylindrical, it is short with a

flat top and sharp edges. The edges around the containment building dominate the aerodynamics.

Thus, while the aerodynamic response for a 2-D cylinder in cross-flow is sensitive to Reynolds

number, the 3-D cffects in the AP600 redtsce this sensitivity.

To support the scale of the wind tunnel results, it is beneficial to look at results of other building

studies performed using the Boundary Layer Wind Tunnel at UWO. One study is detailed in

References 7 and 8. 'Ihese papers describe the response of the Allied Bank Plaza in Houston, Texas

u.\ap600\2071w.non:lb-060495 2.{
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to IIurricane Alicia. During this hurricane, the 71 story Allied Bank building was subjected to wind

speeds of the type investigated in the AP600 wind tunnel tests. Several months prior to the hurricane,

a program of monitoring the dynamic response of the tower was initiated. As a result, acceleration data

was obtained for a 90 minute period during Alicia's presence in the Houston area. Ironically, a study

of the wind response of the Allied Bank Building was performed several years earlier at the Boundary

Layer Wind Tunnel Laboratory at the UWO. The study consisted of a 1:500 scale model of the Allied
Bank building and immediate surroundings. Using wind data recorded during Alicia, a wind history

was reconstructed which overlapped the period of the acceleration measurements. The data from the

wind tunnel study combined with the reconstructed wind history allowed calculation of the predicted
time trace of building accelerations. As Reference 8 shows, the calculated peak accelerations for the

Allied Bank building compared well with measured accelerations. The favorable comparison provides

useful evidence of the validity of the wind tunnel modeling methods.

;
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3.0 WIND TUNNEL TEST ANALYSIS

3.1 Selection of Case to Analyzei

i

A review of the wind tunnel test results has yielded a worst-case scenario. This worst-case scenario j

was analyzed to determine the impact on PCS heat removal. He wind tunnel test results are detailed
in References 1,2,3, and 4.

1

; In phase I, a variety of containment building configurations were tested in an open-country terrain

simulation. As Reference 1 indicates, all the configurations yielded positive pressure coefficients. j
De only exception was the configuration involving the chimney cap, which yielded results that were l

|
largely wind-neutral for the mean pressures. Rus, with the exception of the chimney cap case, the
results of phase I testing indicated that acceleration of wind flow over the AP600 containment induced

a net positive flow through the AP6(X) PCS flow path. Note that significant oscillations in inlet-

minus-chimney pressure were seen. Each test measured minimum inlet-minus-chimney pressures,
1

which were slightly negative, indicating the possibility of flow reversal in the PCS annulus. However, i

for phase I tests, the average pressure difference was positive, and the durations of negative pressure

were relatively short. The effect of the AP600 downstream of a cooling tower was also included in

the phase I tests. The effect of the tower was to increase the turbulence and result in larger fluctuating I

differential pressures when the wind was aligned with the tower. Thus, maximum inlet-minus-chimney

pressures increased for this case, while minimum inlet-minus-chimney pressures decreased. Note that

the mean pressure for this case was relatively unchanged; however, the blockage of the cooling tower

in the UWO wind tunnel was excessive.

Phase 11 continued where phase I ended. In phase II, the PCS flow path was added to the model to

provide input to determine baffle loads. As in phase I, the model was tested in a boundary layer

representative of open country temtin. He results for these cases were comparable to the phase I

results. Two models were tested: the case with the chimney cap, and the current building design.

The case with the chimney cap produced a mean inlet-minus-chimney pressure that was nearly neutral.

The current design produced mean pressures that were again wind positive. Also, the inclusion of a

cooling tower into the testing indicated, again, that the cooling tower increased fluctuations in chimney

and inlet pressures. The mean inlet-minus-chimney pressures remained about the same as the phase II
case without the cooling towers.

Phase IVa was mainly concerned with Reynolds number sensitivity and provided additional data for

the design of the haffle wall. This phase, however, did look at the effect of uniform velocity profile
for determining potential tornado loads. He results for the tornado profile were compared to data

from a normal profile test. De results indicated that, for all cases, mean pressure coefficients were

about the same for the tornado case; however, the peak pressure coefficients were reduced due to a

reduction in unsteady components related to the more uniform velocity profile.

u%pNO2071w. mon:lb-o60495 3-1
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Finally, phase IVb looked at the effect of severe terrain on the AP600 containment building. For this
phase, five separate conditions were tested:

De base case, consisting of the complete AP600 plant and a single hyperbolic cooling tower.

De base case with two cooling towers.

With a nearby escarpment.

With a nearby escarpment and a mountain backdrop.

In a river valley, consisting of a mountain backdrop with another mountain to the west.

In a river valley with two cooling towers.

Generally, the mean pressure coefficient remains positive with terrain effects; however, terrain

characteristics lead to higPer turbulence levels. De resulting fluctuations lead to more frequent and

larger durations of negative pressure coefficients over time. The base case, base case with two cooling

towers, and nearby escarpment case all show a significant wind-positive response for the full range of

wind angles. The average inlet-minus-chimney pressure tends to be reduced while the containment

building is in the wake of the cooling tower. In this region, negative minimum inlet-minus-chimney

pressures are seen, indicating the possibility of flow reversals. For example, the base case at 280*,

where the cooling tower effect appears to be the strongest, resulted in a negative inlet-minus-chimney

pressure [ ]* percent of the time.

De escarpment with a mountain backdrop and river valley site cases showed a significant increase in

negative inlet-minus-chimney pressures for angles where the containment building was in the wake of

the nearby mountain. The inlet-minus-chimney pressure was negative [ ]* percent of the time for
the worst angle in the mountain backdrop case. For the worst angle of the river valley site (one

cooling tower), the inlet-minus-chimney pressure was negative [ ]* percent of the time. There was
little effect of adding a second cooling tower to this configuration.

In most cases, the mean inlet-minus-chimney pressure for the full range of wind angles was a large

positive value. A wind-positive scenario is clearly a benefit for PCS heat transfer. In this case, wind

flow will assist air flow through the PCS flow path. De increased air flow through the flow path will
increase the heat and mass transfer from the containment shell. Some flow oscillation was seen for
these cases; however, as will be shown later, flow oscillations increase overall heat transfer rates.

For the final three severe terrain scenarios tested, the mountain backdrop and two river valley cases,

several wind angles existed during which mean inlet-minus-chimney pressures were near zero. In

addition, significant pressure oscillations were seen. These situations occurred when the AP600

containment building was in the wake of the mountain.
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Rus, for most cases, the wind flow increases the average flow through the PCS. The PCS heat

removal for these cases will be bounded by the severe terrain cases which include the nearby

mountain. De turbulence imported by the mountain tends to decrease mean inlet-minus-clumney

pressures. In addition, the oscillatory nature of the pressures results in negative inlet-minus-chimney

pressures for a significant percentage of the test duration.

To illustrate the effect of the mountain on the AP600 PCS. the river valley site results will be used for

analysis in Section 3.4. De results for this case will be analogous to the case with the escarpment

with a mountain backdrop.

It will be shown that the significant pressure oscillations observed during the tests increase overall heat

transfer. For these cases, increasing wind velocity also results in increasing PCS heat transfer. Thus,

it will become apparent that the limiting scenario for containment depressurization calculations occurs

with no wind. As a prelude, a discussion of heat transfer with oscillating flows is given.

3.2 lleat Transfer with Oscillating Flows

Numerous investigators have found that increased heat transfer may occur due to a pulsation or

oscillation of the fluid in the heat exchanger. For example, Baird et al. (Reference 9) found that heat

transfer between a flowing fluid and a fixed surface can be increased by pulsing the fluid. The

referenced study was particularly interested in pulsations that result in a reversal of the fluid. Using

sinusoidal pulsations of the form:

V = V,(1 + Ycose) (3-1)

a heat transfer improvement using a quasi-steady state concept was calculated. This heat transfer

improvement was then compared to experimental results for sinusoid pulsations of the heat exchanger

fluid. The experiment was conducted for a range of turbulent Reynolds numbers for values of

Y greater than 1. An improvement in heat transfer was noted, and compared satisfactorily with the

quasi-steady predictions at high pulsations amplitudes (Y). At low pulsation amplitudes, however, the

quasi-steady method underpredicted the measured heat transfer. The apparent underprediction was

attributed to two possible factors:

Turbulent conditions within the fluid most likely continue to exist when the Reynolds number*

drops below 2000 since the boundary layer is disturbed

Some eddies, generated during the period of high velocity, persisted during slower periods.

ne conclusion of the study was that pulsations tend to increase heat transfer, panicularly if flow

reversals occur.
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A critical review of convective heat transfer enhancement was performed by Charreyron

(Reference 10). De study cites five possible mechanisms for the observed higher heat transfer:

Cavitation Abrupt pressure fluctuations may result in the cavitation of the heat transferring fluid. Bis
results in a very efficient heat transfer mechanism, similar to fluid boiling. Heat transfer increases of

up to 300 percent have been reported. (Applicable only to liquid flows.)

Earlier Laminar-Turbulent Transition The mixing associated with turbulent flow results in higher heat

transfer rates than laminar flow. Pulsatory flow may lead to earlier transition to turbulence. Heat

transfer enhancements of up to 80 percent have been reported for this mechanism.

Entry Length Effect For fully developed laminar flow, diffusion through the boundary layer is the
primary mode of heat transfer. However, for the entry region, mixing through the channel cross

section imparts additional heat transfer. For pulsating flow, the entry region also oscillates and flow

throughout the channel goes through a period of developing as the flow reverses. Bis results in

enhanced heat transfer.'

Streaminn Streaming refers to fluid circulation from the pressure variations resulting from inertial

coupling effects. This effect appears to enhance mixing and results in improved heat transfer,

Resonance Between Pulsations and Secondary Flow In some geometries, pulsations may lead to

resonance between secondary flows. An alteration of the flow patterns may lead to enhanced heat
transfer.

De apparent increased heat transfer for oscillating flow has found use in the design of compact heat !
exchangers, where heat transfer surfaces may be designed to promote fluid oscillation. Amon et al.

provides details of studies on heat transfer due to these self-sustained oscillatory flows (Reference 11).

Amon provided experin* ental studies of heat transfer in communicating channels. The use of

interrupted surfaces in heat exchanger channels results in the formation of thin boundary layers. Dese

thin layers are credited in substantially improving heat transfer rates within these heat exchanger

channels. Amon notes that further enhancement in heat transfer is seen for flows which exceed a

critical Reynolds number. These flows are characterized by a time-periodic, self-sustained oscillatory

nature. The referenced paper indicates that an improvement in heat transfer is seen when the flow i

bifurcates to the self-sustained oscillatory regime. The increased heat transfer is attributed to enhanced

mixing due to the oscillatory nature of the flow.

!

|
|
,

|
|
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3.3 Containment Time Constants

The review of the literature has indicated that oscillating flows generally increase heat transfer. Note

that the effect of the inlet-minus-chimney pressure oscillations on the AP600 post-LOCA pressure

response is limited by time constants associated with the containrient shell and the containment

volume. A tin ~ constant for heat removal from the containment shell can be calculated from the

following equation:

i

ta=pc,5/h (3-2)

'Ihis time constant gives the response of the containment shell to changes in its environment. Using a

lumped mass approach, the time constant compares the capacitance of the shell to the heat removal

rate from its surface. Typical values of h for no wind conditions are around 100 Btu /hr-ft.2,.p, .3333
'

results in a time constant of 255 seconds. This time constant is significantly higher than the frequency

of pressure fluctuations, which are on the order of several seconds for high wind speed cases. Thus,

the response of the containment shell will be relatively insensitive to short-duration environmental

changes resulting from high-frequency pressure fluctuations. These pressure fluctuations will also

affect the heat transfer coefficient on the containment surface. In particular, the oscillations result in i

short periods where the heat transfer coefficient may be lower than the value assumed in the no-wind ,

case, followed by periods of higher heat transfer coefficients. The effect of the oscillating heat
,

transfer coefficient can be compared to the time constant associated with heat transmission through the

containment shell: ;

ta=0.6pc,6/k (3-3)

This time constant compares the heat storage ability of the wall to its conductivity. A time constant of
69 seconds is associated with the containment wall. This time constant is much greater than the

period of pressure fluctuations, which are on the order of seconds for the high wind speed cases.
!Thus, heat transfer fluctuations occur relatively faster than the ability of the wall material to transmit

,

!these oscillations through the shell. Since the period of the fluctuations are much shorter than the time

constant of the wall, the temperature on the inside surface of the containment shell will be relatively

unaffected by external pressure fluctuations. Thus, heat removal rates from the containment

atmosphere will also be relatively unaffected.

The above time constants relate the response of the containment shell to wind-induced pressure

fluctuations between the PCS inlets and chimney. The time constants show that the thermal response

of the containment shell is sufficiently slow so that high speed oscillations will not significantly affect

PCS heat removal. At lower wind speeds, oscillations are much slower. However, at these wind )

speeds, the inlet-minus-chimney pressures are much lower (Ap=l/2c,V roof). As wind speed reduces, f
2

wind-induced inlet-minus-chimney pressures drop rapidly since these are based upon the square of the

wind velocity. Thus, these oscillations will not have a significant impact on PCS heat removal. Since i

PCS heat removal is relatively unaffected, containment pressure response to a LOCA or MSLB will j

|
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not be significantly affected by pressure oscillations. In addition to time constants associated with the

containment shell, another time constant is associated with the pressure response of the containment

atmosphere versus break mass flow (T,= containment volume / volumetric break mass flow rate). Values

for this time constant n die AP600 are provided in Reference 12. An analogous time constant can be

derived that compares the containment pressure response to the heat removal rate (tscontainment

volume / condensate flow rate). The magnitude for this time constant will be on the same order as the

time constant for containment pressurization versus break flow (with the exception of blowdown, break

flow rate is about the same as condensate Dow rate). These time constants are also much larger than

the periods associated with pressure oscillations for high wind speeds.

Thus, high-frequency pressure oscillations will have minimal effect on containment pressure. The

period of pressure oscillations is much smaller than the time constant associated with the containment;
'

shell. Thus, the containment shell respcmds very slightly to these high-frequency fluctuations. Since

heat removal from the inside of the containment shell will be largely unaffected by the fluctuations,

containment pressure will be largely unaffected. An additional barrier to containment pressure

response to the oscillations is provided by the large time constant associated with containment

pressurization.1he time constant associated with containment pressure versus condensate rate

indicates that the response of the containment is sluggish relative to oscillations in heat removal rate.

Therefore, given the high time constants associated with the containment shell and containment

volume pressure oscillations in the PCS will have minimal effect on containment pressure.

| 3.4 PCS Performance Assessment

The effect of the wind induced pressure oscillations for the 70 wind angle at the river valley site with
; one cooling tower was investigated. This site shows significant pressure oscillations, including

| oscillation; which result in a negative inlet-minus-chimney pressure. Average inlet-minus-chimney

pressure remains positive despite the significant number of negative pressures. Using the inlet-minus-

| chimney pressure coefficients of Figure 1-2, annulus velocities were calculated. These velocities were

calculated by transforming the pressure coefficients into inlet minus-chimney pressures using the
relationship:

2Ap=1/2 c, pV roof (3-4)

Using the measured pressure coefficients, density of air, and design wind speed of 214 mph, inlet-

minus-chimney-pressures were calculated. These pressures were converted into annulus velocities

using the equation derived in Appendix A:

2 22.5pnV /2 = 1/2 c, pV roof (3-5)

Note that the effect of buoyancy was neglected in the above calculation. Starting at time equals zero

on Figure 1-2, Figure 3-1 presents the calculated path of the first element to travel from the inlet to
|

the outlet of the PCS. Figure 3-1 also presents the path of the element neglecting the wind, and using )

i
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a buoyancy driven velocity of 15 ft/sec. Note that the wind-driven element shows a positive response

to pressure oscillations (net now is from the inlet to the chimney).

The heat transfer response to wind oscillations was investigated using a 1-D plane wall conduction

model as described in Appendix B. This model was used to estimate the effect of pressure oscillations

on heat transfer drough the containment shell. Figure 3-2 illustrates the model used. The model I

simulates the containment shell and a liquid water film on the outside of the shell. Ambient

temperatures on either side of the wall are estimated from typical LOCA conditions. The heat transfer

coefficient for the containment atmosphere side of the wall is also estimated using typical LOCA

conditions. He heat transfer coefficient estimates heat transfer to the surface of the inside of the wall

for both the heat and mass transfer. The heat and mass transfer coefficients for the exterior of the wall

are calculated based upon input annulus velocities determined by Equation (3-5). Annulus velocities

were calculated for the river valley site at 70* wind angle at full design wind speed and neglecting

buoyancy.

.

Thus, the 1-D conduction model was subjected to the heat and mass transfer coefficient on the outside

of the plane wall calculated from the time varying annulus velocity. Only forced convection

correlations were used. Thus, heat and mass transfer rates on the outside of the plane wall approached

zero as annulus velocities approached zero. This is conservative since even as velocities in the

annulus pass through zero, heat transfer would still occur. To further impose a conservative bias in
the calculation, heat and mass transfer rates on the outside of the wall were assumed to be zero

whenever the annulus velocity was negative. Note that ambient temperatures on the inside and outside

of the wall were fixed. Funher note that liquid film thickness was assumed to be fixed with time.

With these assumptions, the response of the containment shell to the imposed velocity was calculated.

Figure 3-3 presents the surface temperature of the inside of the plane wall versus time. The figure

compares the response of the wall to the annulus velocity oscillations versus the response assuming a

steady buoyancy-driven annuhis velocity. Note than despite neglecung heat removal from the wall

during periods of negative annulus velocity, the temperature of the inside of the plane wall is still

about the same as a typiul steady velocity case. This implies that the response of the containment
shell is limited by the time constraints discussed in Section 3.3.

De calculation of the containment shell response to wind-induced pressure oscillation has provided

valuable insight into the nature of the PCS response; however, the model contains some limitations.

First, the model does not consider buoyancy. The effect of buoyancy requires the calculation of the |

environmental response of the air within the downcomer, riser, and chimney. His calculation

requires modeling of the full PCS and a complete accounting of air, water, vapor, and liquid film on

the outside of the containment shell. De pressure coefficient in Figure 1-2 is plotted for the design
wind speed (214 mph). As wind speed decreases, time durations of the oscillations increase.

j
liowever, the Ap due to wind decreases. Bus, buoyancy will play an increasing role as wind speed I

l

decreases. The present 1-D model does not have the ability to account for the buoyancy effect.

Another limitation of the 1-D plane wall model is that it does not adjust film thickness to account for

evaporation of water during periods of high heat transfer. In reality, periods of high annulus velocity

unap60m2071w.noo:Hvo60495 3-7
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may dryout the water film. In this case, the mass transfer benefits of high velocity periods are limited

since total evaporation of the applied water gives an effective upper limit for the heat removal. Again,

the need to account for the film flow requires a complete model of the PCS to track water evaporation.

De 1-D conduction model provides insight into the effect of pressure oscillations on the PCS heat

transfer. Ir, particular, the model has demonstrated that the conduction rate through the wall is

sufficiently slow that high frequency annulus velocity oscillations may not significantly affect the PCS

heat removal capability. A more complete understanding of the effect of pressure oscillations requires

a more complete model of the AP600 PCS.
|

A more complete model o ' the AP600 PCS is contained in the AP600 WGOTHIC model. WGOTIIIC !

models the complew PCS and accounts for atmospheric conditions in the downcomer, annulus, and I

chimney during pressure oscillations. The WGOTHIC PCS model contains two atmospheric

boundary conditions: one at the inlet to the downcomer and one at the outlet of the chimney. Ileat

transfer from the containment shell to the air within the annulus induces a buoyant pressure force,

which drives flow in the annulus. In the SSAR PCS evaluation model, atmospheric pressure boundary

conditions are steady with time. Rus, no oscillations occur.

To determine the effect of wind-induced oscillation on the WGOTIIIC model, the inlet-minus-chimney

c, values were converted to an atmospheric pressure oscillation at the top of the chimney. From the
2test, the wind-induced pressure drop across the PCS is equal to 1/2p c,V roof. Pressure oscillations

profiles were constructed for a range of wind speeds, from 5 mph to the design maximum speed of

214 mph. Note that the pressure coefficient versus time graphs presented in the Reference 4 document

were provided for the design wind speed. The time durations scale as length over velocity. Therefore,

for full-scale conditions, as wind velocity decreases, time duration increases.

Calculated pressure oscillations were applied to the chimney of the ,WGOTHIC AP600 model for
_

various wind speeds, ne WGOTillC model allows the choice of free, forced, or mixed convection

inside the air annulus. The base model with no wind used in this report used mixed convection in the

annulus, consistent with the AP600 SSAR. For the models which considered wind, however, only

forced convection was used. This would conservatively underpredict heat transfer in the annulus for

periods during which a flow reversal occurs and velocity in the annulus momentarily passes through

zero. That is, it would be expected that a lower bound on heat transfer would be near quasi-steady

values of free convection. Also, the cases with wind have neglected the entrance-length effects.

Increased heat transfer at the entrance of the PCS was credited in the no wind case. As Figure 1-2

indicates, the applied boundary conditions show significant pressure oscillations. At high wind speeds,

these oscillations occur very rapidly. To completely account for the rapid oscillations, a smali time

step size was used in the ,WGOTillC calculations. A maximum time step size of 0.01 seconds was_

used. Thus, the time step size within the calculations is smaller than the period of pressure
oscillations. A final sensitivity case was also performed where an additional conservatism of 0.5 x
forced convected was used.
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Table 3-1 shows the calculated pressure for each wind speed and the sensitivity case. As the table

indicates, increasing wind velocity decreases the calculated pressure. Even for the sensitivity case, the

internal pressure only changed a negligible amount. Figure 3-4 shows the heat removed from the

outside of the containment shcIl for the design wind and no wind conditions at several different times.

As the figure shows, the no wind condition shows smoothly decreasing heat removal with time. 'Ihe

design wind case also shows a decreasing heat removal with time. However, the design wind case

does not decrease smoothly. For this case, heat removal tends to increase and decrease depending on

pressure oscillations. Figure 3-5 shows the heat removed by the inside of the containment shell from

the containment atmosphere for the design wind speed and no wind conditions. This case shows a

smoothly decreasing heat removal for both cases. Thus, wind-induced pressure oscillations have
resulted in heat removal oscillations on the outside of the containment shell. Ilowever, due to the time

lag associated with heat transmission through the shell, heat absorption on the inside of the shell does

not show an oscillatory behavior.

|
|

_
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TABLE 3-1
WGOTHIC AP600 LOCA PRESSURE RESPONSE TO

WIND-INDUCED PRESSURE OSCILLATIONS
RIVER VALLEY SITE WITH 70* WIND ANGLE AND ONE COOLING TOWER

Pressure at Pressure at
Wind Speed Heat Transfer 2550 seconds 10000 seconds

(mph) Coefficient in Annulus (psia) (psia) |

|

0 Free and Forced Convection 44.546 26.181 ;

1
'

5 For;cd Convection Only 44.433 26.N9

25 Forced Convection Only 44.384 26.042

100 Forced Convection Only 44.015 25.388

214 Forced Convection Only 43.520 24.219 |

214 0.5 x Forced Convection 44.761 26.024

!

,

I

|

!

|

|

|

|
i
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4.0 CONCLUSIONS

Re wind tunnel testing of the AP600 indicates that the average inlet-minus-chimney pressure tends to

be positive under a variety of conditions. Wind flowing towards the containment building will tend to
increase average flow rates through the AP600 PCS. His flow rate increase will improve heat transfer

rates in the AP600 PCS.

In addition to the open-country terrain, several highly turbulent severe terrain scenarios were tested
to obtain data on the AP600 subjected to limiting site conditions. For these cases inlet-minus-

chimney pressures that average near zero may be seen. In addition, the inlet-minus-chimney pressures

tend to oscillate with periods of negative inlet-minus-chimney pressures. Rese negative pressures
indicate the possibility of flow reversals within the PCS annulus. Analysis of the current literature has
indicated that these flow oscillations will tend to increase heat transfer by enhancing mixing within the

annulus. While periods of negative pressure may result in shon periods of flow stoppage within the
annulus, the literature indicates that turbulent conditions may continue to exist. Dese turbulent
conditions would continue to provide significant heat transfer rates despite the temporary periods of no

flow. A WGOTillC calculation was performed using the inlet-minus-chimney pressures from a
particularly turbulent angle of the river valley test (single cooling tower). This calculation used the
forced convection correlation to determine heat transfer rates in the annulus. This method

conservatively results in no heat transfer from the shell during the temporary periods of zero velocity
in the annulus. The results of the calculation indicate a slight benefit in PCS heat removal and

containment pressure due to wind. Time constants were calculated for the containment shell which

indicated that the shell time constants were of significantly higher magnitude than the period of the

pressure oscillations. Bus the pressure oscillations in the annulus would not significantly effect the

containment heat removal rates at the inside of the containment shell. ne WGOTHIC analysis
_

results for the design wind speed case confirmed this assessment. The heat removal rates from the

outside of the containment shell were shown to oscillate significantly for the design wind case.
Ilowever, the heat removed from the containment environment by the inside of the containment shell

for the design wind case showed very little change from the no wind case. No oscillation in heat
removal from the containment atmosphere by the containment shell was observed. Thus, the effect of

the containment shell was to dampen the oscillations occurring on one side of the shell. Tius effect

was also confirmed using a 1-D conduction model of the containment shell subjected to oscillating
heat transfer rates.

He effect of the oscillating inlet-minus-chimney pressures (with a near zero mean) was to slightly
increase heat removal rates from the containment atmosphere and, hence, slightly decrease the

calculated containment pressures for the LOCA. For less severe terrain, such as open country terrain,

the inlet-minus-chimney pressures also tend to oscillate. Ilowever, the mean inlet-minus-chimney
pressure tends to be significantly above zero. Bus, additional benefit on PCS heat removal and
containment pressure would be seen for these cases due to the higher annulus velocities. Thus, a

conservative calculation of the containment response to a LOCA or MSLB should include the
assumption of no imposed wind conditions. This methodology has been conservatively used in the
present design basis SSAR analysis for the AP600.
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The calculation of the annulus air flow due to the buoyant forces and wind-induced pressure oscillation

requires the use of the momentum equation:

DV
p Dt E=-Vp E-[V Y]+pg

if the inertia of air is neglected, the equation reduces to:

pd(v /2)=-dp pv fds2 gg
2d,

This can be integrated around the closed path through the downcomer, riser, chimney, and ambient air

to the downcomer inlet:

- r 3
- - r 3

-

y,2
2 222 2 _y gt yft ,v , _y ,_, y . n. t n np, - K+ _ -g H, +p, - K+ _-g Hn
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-
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f \
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y,2g,-v2 fL,, vh 1 2

2
, ,, e

+p , - K+ -gH, -p,,y H,,, 7 p ,,,v r4e
7

- \ > -

By adding the integral of the density of the ambient air around the same closed path, which is equal to
zero, the equation becomes:

-

< , - -
e s -

fL, v*2 2 2
y,2 _y, ,

2
gg , yv , _y ., nm
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|
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The left-hand side of the equation can be appoximated by 2.5pov'd2. This reduces the momentum

equation for the PCS to:

2.5p"v"2 1
c

**6 ' P *** d' d' P "*6 P '"* '" **2 T " "

Finally,if we are neglecting the effect of buoyancy, the equation can be reduced to:

2.5po n 1 2v

2 YPhamb roof

,

!

|
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ONE-DIMENSIONAL CONDUCTION MODEL OF THE PLANE WALL
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The plane wall was modeled using a 1-D finite difference solution. Eleven nodes were used in the
steel wall and two in the liquid film as shown in Figure 3-2. The 1-D transient conduction equation

for a plane wall is:

1 BT,32Tq
cx dt ax 2 k,

We may use the central-difference approximations for the spatial derivatives of the conduction

equation:

g m, T, 3 +T,,,-2T,32T

(gx)2Bx2

De subscript i refers to the ith point in the nodal mesh. De finite-difference approximation to the
time derivative in the conduction equation is expressed as:

BT T|*-T!
" At

ne integer p is included for the purposes of temporal discretization where t= pat. The above
equations imply a forward difference approximation whereby the solution at each time step is

evaluated based upon solutions from the previous time step. He finite-difference approximations may
be substituted into the conduction equation to yield finite-difference solutions. Four separate solutions

result depending on the location of the mesh point. For interior nodes in the containment shell and
liquid film, there is no contribution from convective heat and/or mass transfer. The resulting finite-
difference equation is:

T|''=Fo(T|.i+T|_i)+(1 -2Fo)T|
)
1

The term Fo is the finite-difference Fourier number defined as Fo=ctAt/(Ax)2 Heat transfer at the.

outside surface of the containment shell is also assumed to occur only through conduction. For this |
node, the finite-difference equation includes two properties for two materials: the containment wall and |

water film. The finite-difference solution for this node is:

r , '

T&*'= C,Ax,+p,C,Ax, ( Ax,2W(Tj-Tj)+ Ax (T/-Tj)+TJ
1 '

p, j
,

s

For the inside (containment volume side) surface, heat transfer also includes the contribution of heat

transfer from the containment atmosphere. Heat transfer to the inside surface is modeled using a bulk
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heat transfer coefficient which combines the heat and mass transfer processes. His is acceptable'since j

' we are only interested in how the oscillating heat transfer on the outside surface affects the surface {
temperature on the inside of the wall. The finite-difference solution for this equation becomes:

T|'' =2Fo(TT + bit,) +(1 -2Fo -2 BiFo)T!
>

!
This equation includes the term Bi, which refers to the Biot number. The Biot number is defined as |

B=h,Ax/k. The final nodal location is the outside surface of the film. Heat transfer from convection
{

and mass transfer is assumed to occur at tias surface at a rate of q Btu /ft . In this case the conduction -i
equation becomes:

,

T[2 = +2Fo(T[i-T[2)+T[2 [
*'

pCf&:2)

i
Ecse above four equations solve for a transient solution of the plane wall temperature response.
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