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4. The loading under a tomado flow simulauon decreases from that under a "normal” flow simulauon,
due to the significant reducuon in the unsieady loads. Since the design dynamic pressure for tornado
winds is almost the same as for hurricane winds (see appendix D of reference 9), the baffle loads for
the [auer, based on figure 19, will be conservauve for tornado loading.
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I+ INTRODUCTION

The Westinghouse AP600 nuclear reactor is designed o use passive means for emergency cooling. These
inciude natural draft and water film evaporative cooling which are made possible by an air flow path through the
containment building. The wr flows mn mlets at the top of the building, downwards past a baffle wall, then around
the bottom of the baffle, upwards between the baffle and the containment vessel and out the chimney at the top of
the building.

A goal of the design is that the wind not resist the air flow through the building. Phase 1 tesung, detaied
n reference 7, examined the effects of various design changes on the potenual for wind-induced flows through the
butiding. In that tesung , the flow through the building was not modelled, but the pressure difference between
inlets and chimney (i.e. the pressure dnving any flow) was measured. In the Phase Il tests, reported in reference
9, the air flow path was modelled for two different building designs: the most wind neutral design found in Phase |
testung, and the current design of the building. The purpose of the Phase 11 tesung was pnmanly o provide
mformauon for the design of the baffle wall. The information sought was the loads on the wall and how uniform
the flow was at vanous ponts along the flow path. Buoyancy was not considered since the driving pressure due to
buoyancy amounts 1o only about 1 to 5% of the wind-induced dniving pressure for the design wind cases.

At the end of Phase 11, there remained several outstanding quesuons. First, the effect of Reynolds number
on the results. This could only be addressed definiuvely by tesung a larger model in a faster wind tunnel such that
the Reynold's numbers were high enough that no ferther significant aerodynamic changes would be expected at
full scale values. Secondly, the effect of a tormado wand profile (near uniform) on the results. This could be
accomplished using the same test model as in previous phases, but with a different flow model. Thirdly, the
effects of the hyperbolic cooling tower on the results. Some limited measurements were made in Phase II;
however, the blockage of the cooling tower 1 the University of Western Ontarie (UWO) wind tunnel was
excessive. This quesuon could be addressed by testing the 1:96.67 model in a larger wind tunnel where the
blockage would be small. The current phase of tesung, phase ['Va (there was no phase III). 1s aimed at addressing
these quesuons, A further quesuon, the effect of severe terrain, will be the subject of Phase IVb.

Table 1 shows a summary of the tests that were performed as part of pbase TVa. The tests can be
subdivided mto three senes:

1. The UWO tests. These tests (cases | 1o 4a in table 1), were performed using the 1:96.67 scale model
used for previous phases, with some added pressure measurement locauons. Tests were performed at
the UWO wind tunnel, as in previous phases. Since tesung in this wind tunnel is relauvely
economical, data were taken for a full range of wind azumuths to form the basis of the design loads.
Data were also taken that would be used for companson with data taken at the Nauonal Research
Council of Canada (NRC) (see below). Finally, data were taken at a few wind angles in uniform flow
10 represent torado loading conditions.

o

The 1:30 NRC tests. For these tests. a new 1:30 scale model was built, without the internal flow
passages and hence with fewer measurement locauons. The tests were performed in the 30 x 30°
wind tunnel at the NRC for a range of speeds. The speeds ranged from a speed corresponding to the
Reynolds number (Re) of the UWO tests, up to the maximum speed of the wind tunnel. The speeds
and Re's used tor all tests are histed 1n table 2. These tests would be used to examine Re effects. Note
that the data for the lowest speed (case 5) are not expected to be as reliable as those for hgher
speeds, but may be useful for observing wends.

3. The 1:96.67 NRC tests. These tests were performed using the same model and instrumentation as
was used for the UWO tests, but were performed in the 30" x 30' NRC wind tunnel for speeds ranging
from the UWO test spe~d up to the maximum speed of the wind tunnel. Since the blockage of the
hyperbolic cooling tower 1s neghigible at this scale m this tunnel, data were taken with the cooling



tower in place in order to quanufy its effect. Two wind angles were chosen: one with the cooling
tower directly upstream of the site and the second such that the siv' would be in the shear laver at the
edge of the cooling tower wake.

All of the above tests were performed in turbulent boundary layer flow representauve of the flow in an open
country terrain (ANSI exposure C). In addition to the above measurements, measurements were wmade of the
pressure distnbuuon around the throat of the cooling tower and of the velocity distribution across the wake
behind the cooling tower for use in Phase I'Vh. Those data will be reported with phase IVb.

2 EXPERIMENTAL PROCEDURE - UWO TESTS

2-1 Modelling of the Surrounding Site and the Wind

The basic ool for these tests was the Laboratory's Boundary Laver Wind Tunne!l. The 1:96.67 scale
model of the coatunment building was placed at the centre of a rntable and, for most of the tests, was
surrounded by a "proximity” model consisting of the other plant buildings as shown in Figure 1 (some tests were
done without the surroundings). This entire assemblage could be rotated to sumulate different wind direcuons. The
turbine building height was 125.33 feet. The model 1s shown in the wind tunnel in Figure 2.

The wind wnnel also allows extended fetches of coarsely modelled upstream terrain o be placed in front
of the building under test. The wind tunnel flow then develops boundary layer characteristics representative of
those found 1n full scale. This methodology has been highly developed and 1s detailed elsewhere (1,2.3). In this
case, a 1:96.67 scale boundary layer representatve of open country conditions { ANSI exposure C) was required.
To achieve this, spires and a trip were used along with floor roughnesses with heights of (.75 and 2.0 inches. The
upstream terramn model is shown 1n Figure 3.

Verucal profiles of mean speed and the longitudinal component of the turbulence miensity, measured
immediately upstream of the proximity model, are shown in Figure 4 compared with reference profiles for open
country terrain. The latter have been developed by ESDU (4,5.6) through fitung theoretical models o availabie
tull scale daw. The roughness length, z,, (a charactenstic parameter of the mean speed profile) calculated from the
wind tunnel data, 1s approximately 0.02 mewes. This 1s well within the acceptable range of a factor of 2 from the
accepted median open country value of (.03, The rauos of mean speeds at parucular beights to those at roof beight
are shown 1n Table 3, along with simular reference values. Also shown are values of the local wrbulence intensity,
which 15 sumply the root-mean-square (rms) speed divided by the mean speed at each height. The table includes
heights up 10 1.5 umes the building height. The table shows that except for the few points closest to the ground,
the mean rauos are within 0.05 of the reference values and the local intensities are within 2 percentage points of
the ESDU values. Hence this 1s a very good representation of the wind structure for an open country terrain.

The sumulation was further checked by measunng a spectrum of the wind speed at roon” height. This
spectrum 15 shown in Figure 5, along with the reference spectrum for open country terrain. The figure shows that
the spectrum 15 well within the acceptable range of a factor of 2 over the entire range of wave numbers.

In adduon to the mam tests described above, a limited number of tests were done in a flow sumulauon
used 10 determine tornado loads. Figure 6 shows verucal profiles of velocity and wrbulence intensity tor this
stmulauon, which is within the goal of a boundary laver less than 1/3 the height of the butlding, with the flow over
the upper 2/3 being umform to within 5%,

v



~« Modellin I the ( tainment B includ the Flow Patt
» I ! r i P
% t urre nt ¥ he \ y } - ' wa
ha he ¢ L m beé R . - be »
i . 3 r ' } > ; n this .
r r )¢ r ] 18 T 2 i i vvb, X ’,- 1 | 7
! i { | Ne¢ NN ) ne AN ,
C A A A " "t b o
[  § ! r T ! 7T Y O r ¢ r »
‘4 . ral PCril no [ Vers
v [ i ! r ’ ’ W » > :u‘
} [ I i {1Ca w i b
.3 }l. o
: ressure measurements
» ' _ » - ) » A
pr 1 o r b r v , ¥
’ | T 4 r » » v -
I I r r » -
J |
} ¢ i Frnne v T 4




f 3 e
) nre . th
it r 'y
(e v £

EXPERIMENTAI

¥1 Modelling of

1 b b
" K¢
i }

wer
rh

PRO(

Y x

14 i

{ {
DOW
} s
}

art }

1
4

DURE

A
nnr
ner
)
her th

NR(

Fionr we
form data rec i rn

Y A .

b 4 Ma fu

1:30 SCALE TESTS

¢ Surrounding Site and the Wind

nd wnnel at the NR
nnel 11 AOCITOT b
10t af ICL
erall Prow
raiy C
oun willoutl LOc i
ts from the surr ng
sadl § R ool ool
ndiuor ANDI EXp
nai componer [ the W
»nt. are shown 1r F ur
eveloped by ESD 45 ¢
' ¢ . A AL AN LLe TS

v SOHE { the w»
pectrum | 10

Casc
1€ Spi

meast

retoare
ICICICH

e
-
PEC

re

o

i

Aar




Modelling of the

it
v vas 1
- f
.

EXPERIMENTALI

Modelling of the Surr

i

ntainment Buildin

PROCEDURI

unding Si

2

1 RCT £ i
T NTE r n order "
A N W . A ik "\ Al |
] Wil ar wWithout ct § ghe ne De s12¢ {
¢ q 2 ' P y b y
Ca 10 rapn 4 I \
1P DIPSSUTE
pre
v Wer
i Ot
re
Cal re u

test model, at a beight

and the Wind

noun ust downsueam of estmodel, atat
ol i thic ro y n the f; v vt F i >
€4 1n WS report in the form of non-dimensional
ferencec e mean dynamic pressure at roo! beigh
ired dunng the te ISINg a vroot/vrel rauo measure
cations than on the 1:96.67 model. Five circumferenua
un bu I I51 below the u Lag e
p : -
v (Laf - -
mr \ .; . | ¢
. [ were g { ) 1 o 1
-) o I i LW 4§ Veras I Lhe
o g - ;
1:96 SCALE TESTS
{ 'r’- ,r‘ “'" :?’. { { A I
witl ine Instrumentauor n \I 4
¥ ¥ Drot ¢ 4 N W'T r *




rivt " ntr v }
he rh nees 11 T, b e
hot } 3 v b ht
i 1 ICiu
p L } .
'

- Viodelling of the Contair L ne
; .y g L
¥3 Pressure measurements
r - ‘v 24 ! L W
} D £ ' mn

mode! chang rs (e.g. turning the mode
¢ \ y )

1 AN Yr r " ¢ r# v P

i N pOSU wa L In

nury terrat fieure shows that
i way n ,' .\ we v |
nce e Vverali enerey mn e
) t€SLS was used here ee secuon . numne ¢
vi0¢ mpans i nogel nad «
WD 1 not 1O DE 1t 1 Y Wi
,‘v £ ry 18 {4 r r_ "‘ W W ,-} ‘ LY ¥ .:i ‘v‘ '~v -
re scanner < b sampiled pressures {or ‘
peed 1esied an minuies at the
DI y jur . per Secor njud SCa
{ th¢ west win iesied ne anay
F ire Kept i ater ar i
case). Dunng the tests, the sg enoted Vret
the est mod ) bei1gnt U am the 1€
m i T JLNCT nai pPr i erncients
4} sure { TOX 414 o PV T yher v OO
{/Vref rato me f f parale ¢xpenmer




Pressures were measured at the same locauons as for th e UWO tests (see Figure 7) and the same

combinauon taps were formed (see table

5 EXPERIMENTAL RESULTS AND DISCUSSION

51 (General

For all tests, statstics of the pressure coefficient records (maxunum, minumum, mean and rms) have been

determined for all taps and are tabulated in Appendi x B. Taps are numbered w accordance with the numbering
system shown in Figure 7 and Table 4. These data are examined more closely in the following secuons

Some of the current data from the UWO tests (case 4) are comparabie w0 data taken in Phase I1. Figure 16
shows some comparisons; the repeatability 1s quite good, lending confidence to both studies

The main purpose of these tests was (o determine the best esumates of the loads oo the baffle wall inside
the containment building under normal condiuons, and then to delermine the effect of a tomado wind profile and
the cooling tower on these loads. The most complete set ol datz is the UWO test data. The NRC data was obtuned
(0 assess concems with the UWO data regarding Re scaling and blockage and can be used 10 determune if any

adiustments are necessary

Since the baffle loads are of prumary interest and because the 1:30 scale mode! did not inciude the
nternal flow path, the data that are most iumporiant {or Observing trends are the data from the foliowing three
"combination” taps: the spaual average of the inlet taps (tap 651) the spaual average of the inside chumney taps

ap 652) and the spaual average inlet minus spatial average chumney tap {lap 642). The last of these 15 the most
umportant of all. If further informaucn on wends seen in the dat {rom these taps 1s needed. then the data from the
nngs of taps on the cutside of the building and chumney ¢an be used

52 Main Resulits

Figure 17 shows the data from the three pnumary @aps for all cases, referenced to the case numbenng n
wables 1 and 2. This figure gives a good indicauon of the overall vanability of the results over all Re’'s, with and
without chimney roughness, with and without surroundings, with the ¢ bumney open and closed and wn three
different sumulations. The last two sets of data show the effect of adding the cooling tower. The main observauon
from this plot is that even with all of the l..xfcrcn es between configurations, there 1s not a great deal of vanabiity

i

in the data. Trends with Re can be seen, as can open/closed chimney wrends and smooth/rough chunney trends. but

differences tend to be small

n analvsine the data for the NRC 1:96 scale tests, it was observed that the rms data increased with wind

speed, while the mean data remained constant It was determined that this was pnmanly due 10 acoustic noIse 10
the wind tunnel iself and not a real wend in the data. Detals of this invesugauon are given in appendix D

In order 1o determine if the UWO data needs 10 be corrected for Re effects and/or other effects, mean and
data for matcbed closed chimney, no surroundings cases have been plotted 1o figure 18 vers ; the man
building Re for the three prumary taps. The following observauons can be made from figure 18

1. For the inict tap, the chimney roughening bas very litte effect
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To take into account differences in configurauon, data at azimuth 310° from both wind tunnels, without the
cooling tower, were compared in a similar manner (o that shown in figure 21. The slopes from the least squares
fits were used to "convert” the UWO data for 280" 10 equivalent NRC data for 280". These adjusted data are
compared with the NRC data that include the cooling tower 1n figure 22. Thus figure agaun shows a substanual
reduction in the mean load and a slight increase i the nns. The posiuve peak ioads are Jecreased and the negauve

peak loads are incraased shightly. Although some peak loads are increased, they remain within the upper hound
line of figure 19.

The conclusion from the above is that the cooling tower reduces mean loads but increases the rms loads.
resulung 10 somewhat larger negauve peak loads and somewbat smaller posiuve peak loads. It is unportant (o note
that 1t 1s the positive peak loads that define the upper bound in figure 19, and that i all cases examined the
cooling tower reduces these loads, although someumes at the expense of a small increase in the negauve peaks.
Thus the largest peak loads observed with the cooling tower remain within the upper bound of figure 19. and no
adjustments to the data for the presence of the cocling wower are warranted. Note that this trend of reduced mean
loads and ncreased rms loads s sunilar to that seen in Phase [I: bowever, the Phase Il cooling tower peak loads
were exagerated due to blockage effects.

&% Residual Uncertainties

The Phase 11 and Phase IVa tesung have invesugated the wind-induced pressures on the AP600 reactor in
a very comprehensive manner, consistent with the current state-of - the-art 1n wind engineenng. The extrapolauon
of these test results to full scale appears to be very reasonable in the light of the arguments presented in the
preceding secuons and the significant degree of repeatability that has been obtaned over a range of test
condiuons. In this context, it s worth bearing in mind a number of factors that contnbute to the differences
observed. and also that contribute to the confidence that the pnmary variauons in results bave been explored.

Residual differences in the test results can be associated with a number of factors.

. The three wind sumulauons used all differ slighdy. both in thew prumary charactensucs of mean
speed distnbution away from the reterence speed at the top of the buildings and thew local
turbulence intensity distnbutions. as well as in thew secondary cbaractensucs associated with the
spectral distnbuuon of the trbulence. There are also ather characrenenee Lssociated with cross-flow
components. spatial non-uniformsues eic. that were not maniured, but undoudtedly differ a litte
from case to case and contnibute 10 small differences in the resulung aerodynamic responses.

12

Mode! locations within the wind tunnels differed. and blockage effects 1discounung the unacceptable
blockage associated with the cooling tower in the UWO wnnel) were always present 10 dufenng
degrees. Nu corrections were attempted for these. but 1t is known that thev 1end 1o lead 0
conservative results due 1o the mcreased accelerauon of the flow past the model and its wake.

3. Over the vanety of length scales and speeds that were used in the tests, record lengths were
mamntuned at approximately the same tull scale vaiue (about 20 minutes ). The sampling rate was
also vaned according 1o the ume scaling where feasible (0 approxumate 3 constant full scale value.
Nevertheless. differences did occur. Moreover, many of the expenumental frequency response
charactensucs inevitably remaned conswnt. effecuvely cbanging thewr associated full scale
characterisucs between tests. These Jifferences will bave added vanabidity 1© the natural vanabuity
associated with the random processes examined.
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conservative for loads. Mean and peak wind speeds are reduced as terrain roughness increases

e Of

sults to full scale, which 1

carried out here extend to Reynolds numbers in the so-called transcriticzi range for smooth
ed that the presence of shear,

All these

n and other elements of surtace
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Terrain - NRC 1:30 Tests
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Profiles for Open Country Terrain - NRC 1.96.67 Tests
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18 Pressure Coefficients From Closed Chimney Cases
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Comparable Non-Tornado Case

i Comparison of Pressure Coefficients With and Without the Cooling Tower (Azimuth 310)
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TABLE 1 - PHASE 4A CONFIGURATIONS

TUNNEL

SCALE

SURROUND-
INGS?

COOLING

TOWER?

CHIMNEY

ANGLES

NO.
SPEEDS

TORNADO?

1:96

NO

YES

NO

OPEN,
ROUGH

315°

CLOSED,
ROUGH

CLOSED,
ROUGH

FULL 360°

+315°

OPEN,
ROUGH

OPEN,
ROUGH

135°

315°, 225°,

1

NO

YES

11-15

1:30

NO

NO

CLOSED,
SMOOTH

315°

CLOSED,
ROUGH

NO

16-18

19-21

22-24

25-27

28-30

31-33

34-36

|

1:96

NO

YES

NO

CLOSED,
ROUGH

315°

CLOSED,
SMOOTH

OPEN,
SMOOTH

OPEN,
SMOOTH

OPl N,
SMOOTH

310°

OPEN,
SMOQTH

OPEN,

| SMOOTH

280°

NO

37

NRC | 1:96

COOLING TOWER PRESSURE DISTRIBUTION AND WAKE

* For cases with multiple speeds, cases are numbered from lowest to highest speed.
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FIGURE PHOTOGRAPHS OF THE MODEL IN THE WIND TUNNEL
UWO 1:96.67 TESTS



-
‘ FIGURE 3 VIEW OF THE MODEL IN THE WIND TUNNEL SHOWING THI
PSTREAM TERRAIN MODEL USED

UWO 1:96.67 TESTS
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FIGURE 7¢  HORIZONTAL SECTION OF THE MODEL SHOWING PRESSURE TAP




I3
‘r
) p
I r \
s 1 .
H H Tl H
A A 1
a { Hl H
t . —y p
H - - - t‘ A — gy A5 o S
t M 1
M H 1
1= M ”
A [,
\ J

-

\

NUMBERING - LEVEL 4

FIGURE 7f HORIZONTAL SECTION OF THE MODEL SHOWING PRESSURE TAP




i 4
T T .
3 b dedl L <L

O

o

e -

L& o
e AR

<

SHOWING PRESSURE TAP

!
|

ON OF THE MODE

oy
11
Ad

SEC

HORIZONTAI

FIG!

LEVEL 4A

NUMBERING




w 4 :
‘ /_M /
7 !
4 3 ~ . B ,
P . “_

LS

- 4 : i - &

FIGURE 7h  HORIZONTAL SECTION OF THE MODEL SHOWING PRESSURE TAP

NUMBERING - LEVELS S AND 6







“‘ZF\'\ ‘)E T}!‘; p‘

UPS
NR(

TREAMT
1:30 TESTS

' RAIN MODEL U

IN THE WIND TUNNEL S}

SED

I

IOWING THE

\

-

|
1




FIGI

RI

v "
PHO TOOR

NRC 1:96.6

AT
9 ¢

7 TESTS



) TUNNEL SHO'WING THE

N R‘ 1:96.67 TESTS



