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1. INTRODUCTION

1.1 General

A previous wind-tunnel study (1) investigated the pedestrian wind
environment in the pedestrian plaza beneath the Pet building in
St. Louis. The plaza is located at ground level under the building and
is open on the east and west sides of the building. Pressure differ-
ences between the east and west sides of the building generated by
approaching winds caused wind speeds in the plaza which were unaccept-
ably large. Reference (1) showed that a greenhouse or wall which
completely blocked the passage of air under the building would provide a
solution to the high wind problem. The design solution was a glass wall
lining up with the east facade of the building which completely closed
the opening under the building.

The glass wall will be exposed to wind pressures on both sides.
Adequate design of the wall should account for the instantaneous
pressure differences acting across the wall. The purpose of this study
was to define the pressure differences acting across the wall due to
wind action. A wind-tuhnel test was performed to determine these design
loads. Results of the study show that a design pressure of 30 psf for
the glass wall will be adequate.

Techniques have been developed for wind-tunnel modeling of
structures which allow the prediction of wind pressures on cladding and
windows, overall structural loading, and also wind velocities and gusts
in areas of concern. Accurate knowledge of the intensity and
distribution of the pressures on the structure permits adequate but
economical selection of structural elements such as the Pet building

glass wall.



Modeling of the aerodynamic loading on a structure requires special
consideration of flow conditions in order to guarantee similitude
between model and prototype. A detailed discussion of the similarity
requirements and their wind-tunnel implementation can be found in ref-
erences (2), (3), and (4). In general, the requirements are that the
model and prototype be geometrically similar, that the approach mean
velocity at the building site have a vertical profile shape similar to
the full-scale wind, that the turbulence characteristics of the flows be
similar, and that the Reynolds number for model and prototype be equal.

These criteria are satisfied by constructing a scale model of the
structure and its surroundings and performing the wind tests in a wind
tunnel specifically designed to model atmospheric boundary-layer flows.
Reynolds number similarity requires that the quantity UD/v be similar
for model and prototype. Since v, the kinematic viscosity of air, is
identical for both, Reynolds numbers cannot be made precisely equal with
reasonable wind velocities. To accomplish this the air velocity in the
wind tunnel would have to be as large as the model scale factor times
the prototype wind velocity, a velocity which would introduce unaccept-
able compressibility effects. However, for sufficiently high Reynolds
numbers (>2x104) the pressure coefficient at any location on the struc-
ture will be essentially constant for a large range of Reynolds numbers.
Typical values encountered are 107--108 for the full-scale and 105—106
for the wind-tunnel model. In this range acceptable flow similarity is
achieved without precise Reynolds number equality.

1.2 The Wind-Tunnel Test

The wind-tunnel study was performed on a building of the Pet

building at a scale of 1:300. The same model used for the pedestrian



velocity study was used for the current study. A wall was fitted with
pressure taps and inserted into place in the model. The model was
subjected to a simulated atmospheric wind flow in a boundary-layer wind
tunnel. The model was rotated to 36 approach wind directions to observe
the influence of wind direction. Pressure measurements were obtained on
both sides of the glass wall and on the south wall of the plaza area
near the building entrance to provide information for design of the
glass wall and to find wind loads on the entry doors.

The following pages discuss in greater detail the procedures
followed and the equipment and data collecting and processing methods
used. In addition, the data presentation format is explained and the

implications of the data are discussed.

2. EXPERIMENTAL CONFIGURATION

2.1 Wind Tunnel

Wind engineering studies are performed in the Fluid Dynamics and
Diffusion Laboratory at Colorado State University (Figure 1). Three
large wind tunnels are available for wind loading studies depending on
the detailed requirements of the study. The Industrial Aerodynamics
Wind Tunnel used for this investigation is shown in Figure 2. The wind
tunnel has a flexible roof adjustable in height to maintain a zero
pressure gradient along the test section. The mean velocity can be
adjusted continuously to the maximum velocity available.
2.2 Model

In order to obtain an accurate assessment of local velocities and
pressures, models are constructed to the largest scale that does not
produce significant blockage in the wind-tunnel test section. The

building model was constructed of thin Lucite plastic and fastened



together with glue and metal screws. Piezometer taps (1/16 in.
diameter) were drilled normal to the two exterior surfaces of the glass
wall and south wall of the plaza. Photographs of the model installed in
the wind tunnel are shown in Figure 3. The building site plan is shown
in Figure 4.

Pressure tap locations on the glass wall and plaza south wall were
located as shown in Figure 5. Pressure tap locations on the doors are
shown to scale. Pressure tap numbers are shown on the figure.

The buildings surrounding the model were modeled for a radius of
about 1400 ft. An open suburban environment was assumed to be a reason-
able estimate for establishing approach wind characteristics. The floor
of the wind tunnel upwind of the model turntable was covered with a
randomized roughness selected to provide an open suburban environment.
Spires and a two-dimensional barrier were installed at the test section
entrance to provide a thicker boundary layer than would otherwise be
available. The thicker boundary layer permitted a larger scale model

than would otherwise be possible.

3. DATA ACQUISITION AND RESULTS

3.1 Velocity

Mean velocity and turbulence intensity profiles were measured
upstream of the model to determine that the desired approach boundary-
layer flow had been established. Tests were made at one wind velocity
in the tunnel. This velocity was well above that required to produce
Reynolds number similarity between the model and the prototype as
discussed in Section 1.

Measurements are made with a single hot-wire anemometer mounted

with its axis vertical. The instrumentation used was a TSI constant



temperature anemometer (Model 1050) with a 0.001 in. diameter platinum
film sensing element 0.020 in. long. Output is directed to the on-line
data acquisition system for analysis.

Calibration of the hot-wire anemometer was performed by comparing
output with the pitot-static tube in the wind tunnel. The calibration

data were fit to a variable exponent King's Law relationship of the form
E2 = A + BU

where E is the hot-wire output voltage, U the velocity and A, B,
and n are coefficients selected to fit the data. The above relation-
ship was used to determine the mean velocity at measurement points using
the measured mean voltage. The fluctuating velocity in the form Urms

(root-mean-square velocity) was obtained from

2EE
_ rms

rms g_;_aﬁ:f
where Erms is the root-mean-square voltage output from the anemometer.
For interpretation all rms velocity measurements for locations within
the model were divided by the local mean velocity. The resulting ratio
is termed turbulence intensity.

Velocity and turbulence intensity profiles are shown in Figure 6.
Profiles were taken upstream from the model which are characteristic of
the boundary layer approaching the model. The height of the reference
velocity measurement, &, is shown in Figure 6. The corresponding proto-
type value of &6 for this study is also shown in the figure. The mean

velocity profile approaching the modeled area has the form

U _ (z)n
TRt



The exponent n for the approach flow established for this study is
shown in Figure 6. The approach mean velocity characteristics are
appropriate for the building location.

The profile of longitudinal turbulence intensity in the flow
approaching the modeled area is shown in Figure 6. The turbulence
intensities are appropriate for the approach mean velocity profile
selected.

3.2 Pressures

Mean and fluctuating pressures were measured at each of the
pressure taps on the model structure. Data were obtained for 36 wind
directions at 10-degree azimuthal increments, rotating the entire model
assembly in a complete circle. Pieces of 1/16 in. I.D. plastic tubing
were used to connect the pressure ports to four 48-tap pressure switches
mounted underneath the model. Each of the measurement ports was
directed in turn by the switch to one of four pressure transducers
mounted close to the switch. The four pressure input taps not used for
transmitting building surface pressures were connected to a common tube
leading to a pitot tube mounted inside the wind tunnel. This arrange-
ment provided a means of automatically monitoring the tunnel speed. A
computer-controlled solenoid stepped the switch into each switch
position. The computer kept track of switch position but a digital
readout of position was provided at the wind tunnel.

The pressure transducers used were setra differential transducers
(Model 237) with a *0.10 psid range. Reference pressures were obtained
by connecting the reference sides of the four transducers, using plastic
tubing, to the static side of a pitot-static tube mounted in the wind

tunnel free stream above the model building. In this way the transducer



measured the instantaneous difference between the local pressures on the
surface of the building and the static pressure in the free stream above
the model.

Output from the pressure transducers was fed to an on-line data
acquisition system consisting of a Hewlett-Packard 21 MX computer, disk
unit, printer, Digi-Data digital tape drive and a Preston Scientific
analog-to-digital converter. The data were processed immediately into
pressure coefficient form as described below and stored for printout and
further analysis.

All four transducers were recorded simultaneously for 16 seconds at
a 250 sample-per-second rate. An examination of a large number of
pressure taps from previous experiments showed that the overall accuracy
for a 16-second period is, in pressure coefficient form, 0.03 for mean
pressures, 0.1 for peak pressures, and 0.01 for rms pressures. Pressure
coefficients are defined below.

For each of the pressure taps examined at each wind direction, the
data record was analyzed to obtain four separate pressure coefficients.

The first is the mean pressure coefficient

c ) (PP pean

Prean 0.5 p Um2

where the symbols are as defined in the List of Symbols. It represents
the mean of the instantaneous pressure difference between the building
pressure tap and the static pressure in the wind tunnel above the
building model, nondimensionalized by the dynamic pressure

0.5 p U2

at the reference velocity position. This relationship produces a

dimensionless coefficient which indicates that the mean pressure



difference between building and ambient wind at a given point on the
structure is some fraction less or some fraction greater than the
undisturbed wind dynamic pressure near the upper edge of the boundary
layer. Using the measured coefficient, prototype mean pressure values
for any wind velocity may be calculated.

The magnitude of the fluctuating pressure is obtained by the rms

pressure coefficient

_ ((p-pm) - (p-pm)mean)mS

Prms 0.5 p Um2

C

in which the numerator is the root-mean-square of the instantaneous
pressure difference about the mean.

If the pressure fluctuations followed a Gaussian probability
distribution, no additional data would be required to predict the fre-
quency with which any given pressure level would be observed. However,
the pressure fluctuations do not, in general, follow a Gaussian prob-
ability distribution so that additional information is required to show
the extreme values of pressure expected. The peak maximum and peak

minimum pressure coefficients are used to determine these values:
(P=Pe) g

P 2

max 0.5 p U,

(p-p,)
c = ®
P

min
min 0.5 p Um2

The values of p-p, which were digitized at 250 samples per second for
16 seconds, representing about one hour of time in the full-scale, were
examined individually by the computer to obtain the most positive and

most negative values during the 16-second period. These were converted



to Cp and Cp ' by nondimensionalizing with the free stream
max min
dynamic pressure.

The four pressure coefficients were calculated by the on-line data
acquisition system computer and tabulated along with the approach wind
azimuth in degrees from true north. The list of coefficients is
included as Appendix A. The pressure tap code numbers used in the
appendix are explained in Figure 5.

For pressure taps on the glass wall, taps on both sides of the wall
were measured simultaneously. Instantaneous differences between pres-

sures on the inside and outside (P ) were calculated to

outside Pinside
obtain the instantaneous pressure differential across the wall. In this
convention, positive pressures act toward the west while negative pres-
sures act to the east. Pressure coefficients were formed as described
above for the pressure differences. Pressure difference coefficients
for each glass wall tap combination (listed by tap number on the east
side of the wall) and wind direction are listed in Appendix A.

To determine the largest peak loads acting at any point on the
structure for cladding design purposes, the pressure coefficients for
all wind directions were searched to obtain, at each pressure tap, the
largest peak negative and peak positive pressure coefficients. Table 1
lists the largest values and associated wind directions.

The pressure coefficients of Table 1 can be converted to full-scale
loads by multiplication by a suitable reference pressure selected for
the field site. This reference pressure is represented in the equations
for pressure coefficients by the 0.5 p Um2 denominator. This value is
the dynamic pressure associated with an hourly mean wind at the ref-

erence velocity measurement position. In general, the method of

arriving at a design reference pressure for a particular site involves
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selection of a design wind velocity, translation of the velocity to an
hourly mean wind at the reference velocity location and conversion to a
reference pressure. The 50-year recurrence design velocity was selected
from ANSI A58.1 - 1982 (5) as 70 mph fastest mile wind at 10 meters.
The calculation of reference pressure for this study is shown in
Table 2. The factor used in Table 2 to reduce gust winds to hourly mean
winds is given in reference (6).

The reference pressure associated with the design hourly mean
velocity at the reference velocity location can be used directly with
the peak-pressure coefficients to obtain peak local design wind loads.
Local, instantaneous peak loads on the full-scale structure suitable for
design were computed by multiplying the reference pressure of Table 2 by
the peak coefficients of Table 1 and are listed as peak pressures in
that table. The maximum psf loads given at each tap location are the
largest peak positive and peak negative values found in the tests.

Peak pressures are shown in Figure 7 for the glass wall and the
south wall of the plaza. Pressures for the glass wall are pressure
differences. Positive differences act westward while negative dif-
ferences act eastward. On the south wall of the plaza, positive
pressures act inward and negative pressures act outward. Design
pressures of *30 psf on the glass wall and %20 psf on the plaza south

wall are adequate.



11

REFERENCES

Peterka, J. A. and J. E. Cermak, "Wind-Tunnel Study of Pet
Pedestrian Plaza, St. Louis," Technical Report CER84-85JAP-JECY9 for
Kuhlmann Design Group, Fluid Mechanics and Wind Engineering
Program, Colorado State University, October 1984.

Cermak, J. E., "Laboratory Simulation of the Atmospheric Boundary
Layer,” AIAA Jl1., Vol. 9, September 1971.

Cermak, J. E., "Applications of Fluid Mechanics to Wind Engineer-
ing," A Freeman Scholar Lecture, ASME Jl. of Fluids Engineering,
Vol. 97, No. 1, March 1975.

Cermak, J. E., "Aerodynamics of Buildings," Annual Review of Fluid
Mechanics, Vol. 8, pp. 75-106, 1976.

American National Standards Institute, Inc. "Minimum Design Loads
for Buildings and Other Structures,”" ANSI A58.1 - 1982.

Hollister, S. C., "The Engineering Interpretation of Weather Bureau
Records for Wind Loading on Structures,” Building Science
Series 30--Wind Loads on Buildings and Structures, National Bureau
of Standards, pp. 151-164, 1970.



12

FIGURES



- 1 e 1'
[y - OBLOWER “J 'T
P, CALIBRATION PIPE
" ! [ \ o= power JE
i~ N o >
? "REFRIGERATION 8 AIR FLOW P Rt XY 4 M ROOM = D -
- - HEATING COILS— - — - S A S i S o
| 1 e 2 83
! : R z =
L REFRIGEWCONTROL : g 5:
150 TON a2 u oA mj <o
1Z u
z
. ) R R R 28 3 YET SEETION S, . =
KRS BOUNDARY HEAT SOURCE OR SINK 0 .&x5¢ °
METEOROLOGICAL WIND TUNNEL z
Zz
O .4
. N . vaCuUM FACILITY § & > anld 2 1o
SMALL WIND FACILITY £G4 | Z a3 ;
TUNNEL <25 Iz S lo
- x«a x o "
’i’ Qm @ o g { z§‘
W S o -
fzf :{)3 ;*z' == = e £ a3
ol <= 8 WIND TUNNEL-FLUME FACILITY z
HEL &3 QE @ AEROSOL
=] 32 835 LAB y
1 QL v e ; SN RN e R l g
' 3 ke { Jr'/___‘ b
s > ; TR FLOW
:FE, ;f_,om « lém -——PE ——— 32
zal % W T
© 583 3 | I3 INDUSTRIAL AERODYNAMICS WIND TUNNEL 3 THERMAL STRATICICATION
& 3 1 ND TU NErL 4
—

”

ALL DIMENSIONS IN meters

Figure 1. Fluid Dynamics and Diffusion Laboratory, Colorado State University

€1



28.04

75 H.P.
., T Blower Velocity Range: 0.5-25 m/s
" Air Flow O
’ - _ - < ~
[, N
" t’ /
o "
~ )
. 18.29 | ©
| o \ 16.76 Test Section 1
1N * ¥ AN / i
. 1.80 [ 0 /0] ___J
W Upwind Roughness Elements \ g T,
- pha/ )
N \ \Building Mode! Turntabdle
'\Scfnm Buildings Upstream of Turntable
PLAN 6 1 2 3 4 8
— Scale ,m
7.30
\ Adjustable Casiling
==L — ===
o "™ 7 V2 s 5 20 7AWV ¥4 % 7z 7 s e -
] 000k
/ ﬁﬁ oo Zﬂ ll I .
N =2

All Dimensions in m

.v1.. e Lo b - - PR - RN

ELEVATION

INDUSTRIAL AERODYNAMICS WIND TUNNEL

Figure 2 - Wind Tunnel Configuration

91



15

Figure 3. Completed Model in Wind Tunnel
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TABLE 2

CALCULATION OF REFERENCE PRESSURE

Basic wind speed from ANSI A58.1-1982

50-yr fastest mile at 33 ft = 70 mph

Mean hourly wind speed = 31%3 = 56.0 mph

. . _ 960,.17 _
Mean hourly gradient wind speed = 56.0 (—33) = 99.3 mph
Mean hourly wind at ref location U°° = 99.3 C%%%a)‘zz = 91.4 mph

Reference pressure = 0.5 pU 2 (0.00256) (91.4)2 = 21.4 psf

Use reference pressure = 22 psf

Loads for 100-yr recurrence wind:

Multiply 50-yr loads by 1.15
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