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1. INTRODUCTION

1.1 General

A significant characteristic of modern building design is lighter
cladding and more flexible frames. These features produce an increased
vulnerability of glass and cladding to wind damage and result in larger
deflections of the building frame. 1In addition, increased use of pedes-
trian plazas at the base of the buildings has brought about a need to
consider the effects of wind and gustiness in the design of these areas.

The building geometry itself may increase or decrease wind loading
on the structure, Wind forces may be modified by nearby structures
which can produce beneficial shielding or adverse increases in loading.
Overestimating loads results in uneconomical design; underestimating may
result in cladding or window failures. Tall structures have historically
produced unpleasant wind and turbulence conditions at their bases. The
intensity and frequency of objectionable winds in pedestrian areas is
influenced both by the structure shape and by the shape and position of
adjacent structures,

Techniques have been developed during the past decade for wind
tunnel modeling of proposed structures which allow the prediction of
wind pressures on cladding and windows, overall structural loading, and
also wind velocities and gusts in pedestrian areas adjacent to the
building. Information on sidewalk-level gustiness allows plaza areas to
be protected by design changes before the structure is constructed.
Accurate knowledge of the intensity and distribution of the pressures on
the structure permits adequate but economical selection of window strength
to meet selected maximum design winds and overall wind loads for the

design of the frame for flexural control.



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 References (1),

(2), and (3). 1In 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 flow, that the turbulence characteristics of the flows be similar,
and that the Reynolds number for the 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 unacceptable
compressibility effects. However, for sufficiently high Reynolds numbers
(>2x104) the pressure coefficient at any location on the structure 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-engineering study is performed on a building or building

group modeled at scales ranging from 1:150 to 1:400. The building model



is constructed of clear plastic fastened together with screws. The
structure 1s modeled in detail to provide asccurate flow patterns in the
wind passing over the building surfaces. The building under test is
often located in a surrounding where nearby buildings or terrain may
provide beneficial shielding or adverse wind loading. To achieve
similarity in wind effects the area surrounding the test building is
also modeled. A flow visualization study is first made (smoke is used
to make the air currents visible) to define overall flow patterns and
identify regions where local flow features might cause difficulties in
building curtain-wall design or produce pedestrian discomfort.

The test model, equipped with pressure taps (200 to 600 or more),
is exposed to an appropriately modeled atmospheric wind in the wind
tunnel and the fluctuating pressure at each tap measured electronically.
The model, and the modeled area, are rotated 15 degrees and another set
of data recorded for each pressure tap. Normally, 24 sets of data (360
degrees of turning) are taken; however, when flow visualization or
recorded data indicate high pressure regions of small azimuthal extent,
data is obtained in smaller azimuthal steps.

Data are recorded, analyzed and processed by an on-line computerized
daté-acquisition system. Pressure coefficients of several types are
calculated by the computer for each reading on each piezometer tap and
are printed in tabular form as computer readout. VUsing wind data appli-~
cable to the building site, representative wind velocities are selected
for combination with measured pressures on the building model. Integra-
tion of test data with wind data results in prediction of peak local
wind pressures for design of glass or cladding and may include overall

forces and moments on the structure (by floor if desired) for design of



the structural frame., Pressure contours are drawn on the developed
building surfaces showing the intensity and distribution of peak wind
loads on the building., These results may be used to divide the building
into zones where lighter or heavier cladding or glass may be desirable.

Based on the visualization (smoke) tests and on a knowledge of
heavy pedestrian use areas, a dozen or more locations may be chosen at
the base of the building where wind velocities can be measured to deter-
mine the relative comfort or discomfort qf pedestrians in plaza areas,
near building entrances, near building corners, or on sidewalks.
Usually a reference pedestrian position is also tested to determine
whether the wind environment in the building area is better or worse
than the environment a block or so away in an undisturbed area.

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 wind tunnel used for this
investigation is shown in Figure 2. All tunnels have a flexible roof
adjustable in height to maintain a zero pressure gradient along the test
section. The mean velocity can be adjusted continuously in each tunnel

to the maximum velocity available.

2,2 Model

In order to obtain an accurate assessment of local pressures using
plezometer taps, models are constructed to the largest scale that does
not produce significant blockage in the wind-tunnel test section. The
models are constructed of 1/2 in. thick Lucite plastic and fastened
together with metal screws., Significant variations in the building
surface, such as mullions, are machined into the plastic surface.
Piezometer taps (1/16 in, dia) are drilled normal to the exterior vertical
surfaces in rows at several or more elevations between the bottom and
top of the building. Similarly, taps are placed in the roof and on any
sloping, protruding, or otherwise distinctive features of the building
that might need investigation.

Pressure tap locations are chosen so that the entire surface of the
building can be investigated for pressure loading and at the same time
permit critical examination of areas where experience has shown that
maximum wind effects may be expected to occur. Locations of the pressure

taps for this study are shown in Figure 3. Dimensions are given both for



full~scale building (in £ft) and for model (in in.). The pressure tap
numbers are shown adjacent to the taps.

The pressure tests are sometimes made in two stages. In the first
stage measurements are made on the initial distribution of pressure
taps. If it becomes apparent from the data that the loading on the
building is being influenced by some unsuspected geometry of the building
or adjacent structures, additional pressure taps are installed in the
critical areas, The locations of the taps are selected so that the
maximum loading can be detected and the area over which this loading is
acting can be defined. Any added taps are also shown in Figure 3.

A circular area 750 to 2000 ft in radius depending on model scale
and characteristics of the surrounding buildings and terrain is modeled
in detail. Structures within the modeled region are made from styrofoam
and cut to the individual building geometries. They are mounted on the
turntable in their proper locations., Significant terrain features are
included as needed. The model is mounted on a turntable (Figure 2) near
the downwind end of the test section. Any buildings or terrain features
which do not fit on the turntable are placed on removable pieces which
are placed upwind of the turntable for appropriate wind directions. A
plan view of the building and its surroundings is shown in Figure 4.

The turntable is calibrated to indicate azimuthal orientation to 0.1
degree.

The region upstream from the modeled area is covered with a randomized
roughness constructed using various sized cubes placed on the floor of
the wind tunnel. Different roughness sizes may be used for different
wind directions, Spires are installed at the test-section entrance to

provide a thicker boundary-layer than would otherwise be available. The



thicker boundary-layer permits a somewhat larger scale model than would
otherwise be possible, The spires are approximately triangularly shaped
pieces of 1/2 in. thick plywood 6 in. wide at the base and 1 in. wide at
the top, extending from the floor to the top of the test section. They
are placed so that the broad side intercepts the flow. A barrier approxi-
mately 8 in. high is placed on the test-section floor downstream of the
spires to aid in development of the boundary-layer flow.

The distribution of the roughness cubes and the spires in the
roughened area was designed to provide a boundary-layer thickness of
approximately 4 ft, a velocity profile power-law exponent similar to
that expected to occur in the region approaching the modeled area for
each wind direction (a number of wind directions may have the same
approach roughness). A photograph of the completed model in the wind
tunnel is shown in Figure 5. The wind-tunnel ceiling is adjusted after
placement of the model to obtain a zero pressure gradient along the test

section.



3. INSTRUMENTATION AND DATA ACQUISITION

3.1 Flow Visualization

Making the air flow visible in the vicinity of the model is helpful
(a) in understanding and interpreting mean and fluctuating pressures,
(b) in defining zones of separated flow and reattachment and zones of
vortex formation where pressure coefficients may be expected to be high
and (c) in indicating areas where pedestrian discomfort may be a problem.
Titanium tetrachloride smoke is released from sources on and near the
model to make the flow lines visible to the eye and to make it possible
to obtain motion picture records of the tests. Conclusions obtained

from these smoke studies are discussed in Sections 4.1 and 5.1.

3.2 Pressures

Mean and fluctuating pressures are measured at each of the pressure
taps on the model structure. Data are obtained for 24 wind directions,
rotating the entire model assembly in a complete circle. Seventy-six
pieces of 1/16 in. I.D. plastic tubing each 18 in. long are used to
connect 76 pressure ports at a time to an 80 tap pressure switch mounted
inside the model. The switch was designed and fabricated in the Fluid
Dynamics and Diffusion Laboratory to minimize the attenuation of pressure
fluctuations across the switch., Each of the 76 measurement ports is
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 are connected to a common tube
leading outside the wind tunnel. This arrangement provides both a means
of performing in-place calibration of the transducers and, by connecting
this tube to a pitot tube mounted inside the wind tunnel, a means of

automatically monitoring the tunnel speed. The switch is operated by



means of a shaft projecting through the floor of the wind tunnel. A
computer-controlled stopping motor steps the switch into each of the 20
required positions, The computer keeps track of switch position but a
digital readout of position is provided at the wind tunnel.

The pressure transducers used are Statham differential strain gage
transducers (Model PM 283TC) with a 0.15 psid range. They were selected
because of their stability and linearity in the required working range.
The resonant frequency of the transducers is approximately 2,000 Hz.
This is sufficiently high that transducer resonance effects on the
measured pressures can be ignored. Reference pressures are obtained by
connecting the reference sides of the four transducers, using plastic
tubing, to the static side of a pitot tube mounted in the wind tunnel
free stream above the model building, In this way the transducer measures
the instantaneous difference between the local pressures on the surface
of the building and the static pressure in the free stream above the
moedel.

Each pressure transducer contains a built-in bridge similar to a
Theatstone Bridge. The bridge is monitored by a Honeywell Accudata 118
Gag. Control/Amplifier unit which provides excitation to the transducer
bridge and amplifies the bridge output. These instruments are charac-
terized by a very stable excitation voltage and amplifier gain. Output
from ﬁhe Honeywell signal conditioners is fed to an on~line data acquisi-
tion system consisting of a Hewlett-Packard 21 MX computer; disk unit,
card reader, printer, Digi-Data digital tape drive and a Preston Scien-
tific analog-to-digital convertor. The data are processed immediately
into pressure coefficient form as described in Section 4.3 and stored

for printout or further analysis.
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All four transducers are recorded simultaneously for 16 seconds at
a 250 sample per second rate. The results of an experiment to determine
the length of record required to obtain stable mean and rms (root-mean-
square) pressures and to determine the overall accuracy of the pressure
data acquisition system is shown in Figure 6. A typical pressure port
record was integrated for a number of different time periods to obtain
the data shown., Examination of a large number of pressure taps showed
that the overall accuracy for a 16 second period is, in pressure coef-
ficient form, 0.03 for mean pressures, 0.1 for peak pressures, and 0.0l

for rms pressures., Pressure coefficients are defined in Section 4.3.

3.3 Velocity

Mean velocity and turbulence intensity profiles are measured upstream
of the model to determine that an approach boundary-layer flow appropriate
to the site has been established. Tests are made at one wind velocity
in the tunnel. This velocity is well above that required to produce
Reynolds number similarity between the model and the prototype as dis-
cussed in Section 1,1,

In addition, mean velocity and turbulence intensity measurements
are made 5 to 7 feet (prototype) above the surface at a dozen or more
locétions on and near the building for 16 wind directions. The measure-
ment locations are shown on Figure 4, The surface measurements are
indicative of the wind environment to which a pedestrian at the measure-
ment location would be subjected. The locations are chosen to determine
the degree of pedestrian comfort or discomfort at the building corners
where relatively severe conditions frequently are found, near building
entrances and on adjacent sidewalks where pedestrian traffic is heavy,

and in open plaza areas. In most studies a reference pedestrian position,
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located about a block away, 1s also tested. These data are helpful in
evaluating the degree of pedestrian comfort or discomfort in the proposed
plaza area in terms of the undisturbed environment in the immediate
vicinity.

Measurements are made with a single hot-wire anemometer mounted
with its axis vertical. The instrumentation used is a Thermo Systems
constant temperature anemometer (Model 1050) with a 0.001 in. dia platinum
film sensing element 0.020 in. long. Output is read from a digital
voltmeter with a time-constant circuit for mean voltage and a DISA RMS
meter (Model 55035) for rms voltage.

Calibration of the hot-wire anemometer is performed using a Thermo
Systems calibrator (Model 1125). The calibration data are fit to a

variable exponent King's Law relationship of the form

E> = A + BU°
where E 1s the hot-wire output voltage, U the velocity and A, B,
and n are coefficients selected to fit the data. The above relationship
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

Urms = -1
Bn Un

where Erms is the root-mean-square voltage output from the anemometer.
For interpretation all turbulence measurements were divided by the mean

velocity outside the boundary-layer U_.
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4. RESDLTS

4,1 Flow Visualization

A film is included as part of this report showing the characteristics
of flow about the structure using smoke to make the flow visible. A
listing of the contents of the film is shown in Table 1. Several features
can be noted from the visualization. As with all large structures, wind
approaching the building is deflected down to the plaza level, up over
the structure and around the sides., A description of the smoke test
results emphasizing flow patterns of concern relative to possible high-

wind load areas and pedestrian comfort is given in Section 5.1.

4.2 YVelocity

Velocity and turbulence profiles are shown in Figures 7a and 7b.
These profiles were taken upstream from the model and are characteristic
of the boundary-layer approaching the model. As shown in Figure 7a, the
boundary-layer thickness, &, was 50 in. The corresponsing prototype
value of § for this study is shown in Figure 7a. This value was
established as a reasonable height for this study. The mean velocity
profile has the form

T @
The exponent n for the approach flow established for this study is
shown in Figure 7a. |

The profile of longitudinal turbulence intensity is shown in
Figure 7b. The turbulence intensities are appropriate for the approach
mean velocity profile selected. For the purpose of this report, turbu-
lence intensity is defined as the root-mean-square about the mean of the

longitudinal velocity fluctuations divided by the reference mean velocity
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U, at the outer edge of the boundary layer,

A 'peak' velocity representing roughly the largest effective gust

velocity was calculated,

U + 30
U. =~ B8

pk U,

Mean velocity U/U_, turbulence intensity Urms/nw’ and largest
effective gust at the pedestrian measuring positions shown in Figure 4
are listed in Table 2 for 16 wind directions and are plotted in polar
form in Figures 8a, 8b, etc, Measurements were taken 5 to 7 ft above
the ground surface. A site map is superimposed on the polar plots to
aid in visualization of the effects of the nearby structures on the
velocity and turbulence magnitudes. An analysis of these wind data is
given in Section 5.2.

To enable a quantitative assessment of the wind environment, the
wind-~tunnel data were combined with wind frequency and direction informa-
tion obtained at the local airport. Table 3 shows wind frequency by
direction and magnitude obtained from summaries published by the National
Weather Service., These data, usually obtained at an elevation of about
30 to 40 ft, were converted to velocities at the reference velocity
height for the wind tunnel measurements and combined with the wind
tunnel data to obﬁ#in cumulative probability distributions (percent time
a given velocity is exceeded) for wind velocity at each measuring location.
The percentage times were summed by win& direction to obtain a percent
time exceeded at each measuring position independent of wind direction
(but accounting for the fact that the wind blows from different directions
with varying frequency). These results are plotted in Figure 9a, 9b, |

etc.
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Interpretation of Figure 9 is aided by a description of the effects
of wind of various magnitudes on people. The earliest quantitative
description of wind effects was established by Sir Francis Beaufort in
1806 for use at sea and is still in use today. Several recent investi-
gators have added to the knowledge of wind effects on pedestrians.

These investigations along with suggested criteria for acceptance have
been summarized by Penwarden and Wise (4). The Beaufort scale, based on
mean velocity only, is reproduced as Table 4 including qualitative
descriptions of wind effects. Table 4 suggests that mean wind speeds
below 12 mph are of minor concern and that mean speeds above 24 mph are
definitely inconvenient. Included in Section 5.2 is an analysis of the
percent of time that the 12 and 24 mph magnitude are exceeded by mean
winds and implications for pedestrian comfort.

The peak gust values require a somewhat different interpretation.
The peak gust curves shown in Figure 9 are the percent of time during
which a short gust of the stated magnitude could occur (say less than
one of these gusts per hour). Evidence suggests that gusts greater than
about 35 mph in magnitude can be a major impediment to pedestrians,
particularly the elderly. Most measuring locations experience winds in
which gusts of 35 mph or higher occur much less frequently than the
24 mph mean winds. Implications of these data are presented in Section
5.2,

Because some pedestrian wind measuring positions are purposely
chosen at sites where the smoke tests showed large velocities of small
spacial extent, the general wind environment about the structure may be
less severe than one might infer from a strict analysis of Table 2 and

Figure 9,
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4.3 Pressures
For each of the pressure taps examined at each wind direction, the
data record is analyzed to obtain four separate pressure coefficients.

The first is the mean pressure coefficient

(p~pm)mean

Phean 0.5 p Ui
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 Um2

at the reference velocity position. This relationship produces a dimen-
sionless 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 then be calculated.

The magnitude of the fluctuating pressure is obtained by the rms

pressure coefficient

® mean)rms
2

((p-pm) - (p-p,)
C =
prms 0.5p U°°

in which the numerator is the root-mean-square of the instantaneous
pressure difference about the mean.
If the preésure fluctuations followed a Gaussian probability

distribution, no additional data would be required to predict the



16

frequency with which any given pressure level would be observed. However,
the pressure fluctuations do not follow a Gaussian probability distribu-
tion 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:
(r~p,)

C =

P

max 0.5 p BQ

max
2

min
2

(p-p,)
c B e
pmin 0.5 p U,

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, are
examined individually by the computer to obtain the most positive and
most negative values during the 16 second period. These are converted
to C and Cp by nondimensionalizing with the free stream

max nin
dynamic pressure.

The four pressure coefficients are 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 3.

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 absolute value of peak pressure coefficient. Table 6 provides

these pressure coefficients and associated wind directions. Included in
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Section 5.3 is an analysis of the coefficients of Table 6 including the
maximum values obtained and where they occurred on the building.

The pressure coefficients of Table 6 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 Ui denominator. This value is
the dynamic pressure associated with an hourly mean wind at the reference
velocity measurement position at the edge of the boundary layer. 1In
general, the method of arriving at a design reference pressure for a
particular site involves 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. Selection of the design velocity
can be made from gtatistical analysis of extreme wind data or selected
from wind maps contained in the proposed wind loading code ANSI A58.1 of
the American National Standards Institute (5). The calculation of
reference pressure for this study is shown in Table 5. The factor used
in Table 5 to reduce gust winds to hourly mean winds is given in reference
(6).

The reference pressure associlated 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
for cladding design. For glass design pressures, a glass load factor is
used to account for the different duration of measured peak pressures
and the one minute loading used in glass design charts. Recent research
(6) indicates that the period of application of the peak pressures
reported herein is about 5-10 seconds or less. If a glass design is

based on these peak values, then a glass strength associated with this
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duration load is indicated. If the glass design is based on some
alternate load duration--say one minute--then some reduction in peak
loads should be made. An estimate of a load reduction factor can be
obtained from an empirical relation of glass strength as a function of
load duration (8). A glass load factor of 0.73 on the reference pressure
was used to convert the short 5-10 second pressure peaks to one minute
loads typically cited in glass selection charts.

Local, instantaneous peak loads on the full-scale building suitable
for cladding design were computed by multiplying the reference pressure
of Table 5 by the peak coefficients of Table 6. Loadings appropriate
for glass design were computed by multiplying the reference pressure by
the peak coefficients of Table 6 with application of the 0.73 load
factor, Table 6 shows both of these results. The maximum psf load
given at each tap location is the absolute value of the maximum value
found in the tests, irrespective of its algebraic sign. For ease in
visualizing the loads on the structure, contours of equal peak pressures
for glass design shown in Table 6 have been plotted on developed elevation
views of the structure, Figure 10. Loads appropriate for design of
mullions or other cladding elements can be obtained by using the loads

of Table 6 or multiplying the loads of Figure 10 by 1.37.
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4.4 Forces and Moments

Force coefficients in the horizontal X and Y directions and
moment coefficients about the X, Y and Z axes with the origin at
ground level at the base of the building with Z axis vertical may be
computed for the 24 wind directions tested by integration of mean pressures
on the building., Overall forces and moments acting on the full-scale
building due to wind loading may be obtained from use of these coefficients
which is useful in designing the structural framing of the proposed
building.

Force and moment coefficients were computed using the equations

shown below.

F
CFy = x 7 oMy = x 7
’ A.R 0.5p u_ ARHR 0.5p u_
F
CFy = . 2 ey = h 7
Ag 0.5 U, AH 0.50 U
M
Z
oM,

) ARHR 0.5p Um2

Terms and symbols used in the equations are defined in the List of
Symbols and the axes are defined for the building in Figure 3. Force
coefficients CFX and CFY were computed for the horizontal forces
acting along the X and Y axes, and moment coefficients CMX, CMY
and CMz were computed for moments Mx, MY and MZ acting about the
X, Y and Z axes. AR and HR represent a constant reference area
and reference length for nondimensionalization of the forces and moments.

Values of AR and HR are given in Table 7. The signs on the moments

are determined by application of the right-hand rule. The force and
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moment coefficients were computed using the mean pressure coefficient at
each pressure tap, The resulting force and moment coefficients are
shown in Table 7 for the 24 wind directions tested in the wind tumnel.
Data are presented for the building as a whole and by floor if requested.
The total forces and moments acting on the building for each wind
direction may be computed by multiplying the above coefficients by the
reference pressure of Table 5 and a gust load factor selected for an
appropriate wind gust duration. The gust load factor, shown in Table 5,
was selected tb increase the loads from an hourly mean load to that of a
gust whose duration would be sufficient for its effect to be fully felt
by the structure. Forces and moments calculated by application of the
reference pressure and load factor are shown in Table 7. A table of
gust load factors for various gust durations is incorporated in Table 5
so that the data of Table 7 may be adjusted to a different load duration

if desired.
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DISCUSSION

5.1 Flow Visualization

Flow patterns about the Energy Center Two building showed the
possibility of high negative pressures on the diagonal cormers near
the top of the structure due to high velocities in the flow adjacent
to separated regions on these corners. Most other areas about the
structure showed flow characteristics indicating moderate pressures.
Velocities at ground level showed relatively high velocities near
corners of the structure for limited ranges of wind direction and some
tendency for moderate velocities in the drive-through passageways.
Higher winds near the corners of tall buildings are not uncommon in
city environments. Winds near entrances of the structure showed low

velocities for almost all wind directions.

5.2 Pedestrian Winds

Figure 4 shows the 16 pedestrian locations selected for study.
Location 1 was selected as a reference location which should be reason-
ably undisturbed by presence of the Energy Center Two building. Loca-
tions 6, 7, 12, and 13 were placed under covered passages. Table 2
and Figure 8 show that the largest values of mean velocity were
measured at locations 5 and 6 with values ranging from 70 to 90 percent
of U_ for northeast to east winds. These percentage values are
higher than usualiy found near corners of tall buildings. Several
locations showed values above 60 percent for single wind directions.
The largest value of mean velocity at reference location 1 was 47
percent of U_.

The largesf values of fluctuating velocity, ers’ were measured

at location 8 with values of 28 and 21.5 percent of U, for wind
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azimuths of 45 and 67.5 degrees. Almost all other values were less
than 20 percent indicating few locations with high turbulence levels.
The largest values of peak gust, represented by the mean plus three rms
as discussed in section 4.2, were obtained at location 8 with 140 and
132 percent of U_ for wind azimuths of 45 and 67.5 degrees--the same
conditions for which maximum rms velocities were measured. Most
locations had peak gust values less than 100 percent for all wind
directions. Location 1 showed a maximum percentage of 91 percent.

Velocity data integrated with local wind data is shown in Figure 9.
Based on the data of this figure, mean winds will be above 12 mph, the
level where winds become significant, for a maximum of about 9 percent
of the time at locations 5, 9, 13, and 14. The reference location 1
showed mean winds‘above 12 mph less than 3 percent of the time. The
largest percentage times when mean winds will be above 24 mph, the
limit of agreeable winds on land, is 0.7 to 0.9 percent for locations
5 and 6 and less than 0.4 percent for all other locations. The
largest percent of time when peak gusts could reach 35 mph occurred
at location 5 with about 1.5 percent. Locations 8 and 14 were about
1 percent with other locations showing smaller percentages; reference
location 1 was about 0.4 percent.

The results of the pedestrian velocity analysis showed that the
pedestrian environment about the Energy Center Two building will be
moderate with little pedestrian discomfort except at a few locations
for specific wind directions on high wind days. The worst areas will
be in the vicinity of locations 5, 6, 8, and 14. Remedial action will

probably not be required.
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5.3 Pressures

Table 6 shows the largest pressure coefficients and loads measured
on the building for each pressure tap location. The largest pressure
coefficlents measured on the Energy Center Two building were -3.51,
-3.23, and -3.04 at taps 2008, 4008, and 2003 respectively. These
coefficients correspond, using the reference pressure and glass load
factor of Table 5, to peak cladding loads of 98, 90, and 85 psf and
l-minute-equivalent glass loads of 72, 66, and 62 psf. These occurred
on the flat faces of the building immediately adjacent to the diagonal
corners. The high pressures in these regions are consistent with flow
visualization studies.

Figure 10 shows glass and cladding pressure contours on the
building for the 50-year-recurrence-wind reference pressure of Table 5.
Except for the upper corners of the building and a few isolated

locations, the pressures on the building are moderately low.



1,

6.

7.

8.

24

REFERENCES

Cermak, J. E., "Laboratory Simulation of the Atmospheric Boundary
Layer,”" AIAA J1., Vol. 9, September 1971.

Cermak, J. E., "Applications of Fluid Mechanics to Wind Engineering,"
A Freeman Scholar Lecture, ASME J1. of Fluids Engineering,
Vol. 97, No. 1, March 1975.

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

Penwarden, A, D., and Wise, A. F. E., "Wind Environment Around
Buildings," Building Research Establishment Report, HMSO,
1975.

American National Standards Institute, "American National Standard
Building Code Requirements for Minimum Design Loads in Buildings
and Other Structures,' ANSI Standard AS58.1, 1972.

Vellozzi, J., and Cohen, C., "Gust Response Factors," J1., Structural
Div., ASCE, Proc. Paper No. 5980, Vol. 94, No. ST6, 1968,

Peterka, J. A., and Cermak, J, E., "Peak-Pressure Duration in
Separated Regions on a Structure,' U.S.-Japan Research Seminar
on Wind Effects on Structures, Kyoto, Japan, 9-13 September
1974; Report CEP74-75JAP~JEC8, Fluid Mechanics Program, Colorado
State University, September 1974.

Architectural Glass Products, Pittsburgh Plate Glass Industries,
January 1975,



25

FIGURES



SEPARATION WIND TUNNEL

[] S ALIBRATION PIPE L DLOWER
R | —01 S Power %
4 [REFRIGERATION & AIR FLOW R 4 / ROOM  §= [::]
- 4+ HEATING COILS— - — - S ' g i S
T ek
! EE —] ! Z
o
REFR!G;EQA;(I)?‘N UNIT CONTROL PANEL @
B ROOM
. —-“—\ 393 TEST SECTION i
SOUNDARY HEAT SOURCE OR SINK

METEOROLOGICAL WIND TUNNEL >

VACUUM FACILITY

JET
SMALL WIND FACILITY
TUNNEL

4
g «H: = T — ¥ 15}
8 T g WIND TUNNEL-FLUME FACILITY
z AEROSOL
2 _N\J LAB
g |
w -
) ' 1
w /

" ) > T\JJ 1 § ISEFCT . AIR FLow ___.J

e < o - § 2_:,3 | e TN

[+ 4 -l )

° 335| 3 & INDUSTRIAL AERODYNAMICS WIND TUNNEL

[ < U. _J O

Figure 1. Fluid Dynamics and Diffusion Laboratory Colorado

State University

AEROSOL
TEST FACILITY

9
“:"
027

2000
1900
e

e
0%

WIND TUNNEL

TRANSPIRATION

SHIHIH e b0

ENVIRONMENTAL
WIND TUNNEL

ALL DIMENSIONS IN meters

9¢



28.04

7.93

75 H.P.
‘., Blower Velocity Range: 0.5-25 m/s
‘. Air Flow
4 — -
[,
I'd
/f
. /// o
"
©
N - -
B \ 16.76 Test Section ]
Y . ¥ o,
o 1.80 / o /8]
N Upwind Roughness Elements \ P \ o //
N \~.‘
AS
s \ \Building Modet Turntable
‘\Sc:r«m Buildings Upstream of Turntable
e el
PLAN 6 Tz 3
———— Scale ,m
N
~
7.30
\ Adjustable Ceiling
= —
o8 _ . . : 2
[y ’ P . P 2 S 7 P B 2
% s\ Z N\ Z W22 e e -
LN 2X- - i1 1t ik
ccoo i M N
0000 -
i | BT 3 8

All Dimensions in m

ELEVATION

INDUSTRIAL AERODYNAMICS WIND TUNNEL

Figure 2 - Wind Tunnel Configuration



(92)

23

30
(12
5106 °

(1.63)

05104

408
(163)

51050

(75)

05I03
BASE

46.5

(1.86)

5318 5817\'{:'(-2)5
120 .
(48) |
05016 éﬁ |
05015 5012 | |
35(1.4 5010 5009 T %~ |
14 ) PEN THOUSE o 5‘°'|
5003 1
o0 +
145 ROOF 5100 |
S8 (SYMMETRICAL) 262(1%6k102 . |a0|0s)
L}
5002 5 _Tg<
-] | &

BASE

Figure 3a.

. |

4 1

Pressure Tap Locations

25
m

\- SEE NOTE 2.

NOTES

. DOTTED LINE REPRESENTS BASE OF
BUILDING.

2. SMALL CIRCLES REPRESENT TAPS ON
UNDERSIDE OF BASE.

3. DIMENSIONS IN FULL SCALE FEET AND
MODEL INCHES.

4. TOTAL TAPS 543.

5 MODEL SCALE /300

87



29

40 40
}'(‘z.s) Fier 1

53 5312 l

1001 Bofo © 0 ) [5) ° %Ig 00} 468.3(18.73)

10lbojoo o o o o ool® 4475(17.9)
1020

102ijooto o ° ) o o o©ofo° 422 5(169)
1030

103ijoclo © o o o o ool® 397.5(15.9)
1040

104ijoolo o o o o o o ofo° 360 (14.4)
1050,

3s(.I5)4
Ul 283 | 408 408 1283
A3 | 163) {163) |i13)

1081loolo o o o ° o o of® 297.5(119)

1060
NORTH WALL

kOG!Lo-o o o) o ) o o oj° 235(9.4)

1070)
» 1082
1081 1080
1071 oclo

0 o o o o Yo op°| 1913(7.63)
1088
loes\lo o" " o u U “ o [I Uo oﬂ7 177 (708)
SO o o o o) 0

1089 [ e 163.3{6.53)
5(.2) 175 _40.5 74 405 75
)1 (.e2) (2.96} (Le2) K7}

1097} o o o o o  oofl%% ___1276.08)
% TAPS ON DOWNWARD | 36 | | | | 36 |
FACING EDGE. [ady | [ [ | (144)]
1osjoo o o o o 00— 78.25(3.13)
e
m3loo o o o o  od 2% 408063
oTApe X 1 1 — (Lo2)22
0 0(1.3) /,46.3(185) ,  76.8(3.07) & 22155 §__gol—(9)22
00 o ) 00| (8)2
” N o o ol j—( 35875
J o ——0
sl 475 | 475
I3l (9 1 62.5 (1.9}
65} 545
{9.8)

Figure 3b. Pressure Tap Locations



30

225
(9)
205
(82)
42.5 120
(L7) (4.8)
5%06 5805
300! ool6 o G () S e %)
3010
301 ° o o o o o o9
3020
302! jodjo o o op®°
3030
303ijoojo o o o o o olo®
3040
o
ool © o o o o o op
D4/ 28
3051j00l0 o o o o o o of°
3060
SOUTH WALL
306ljodo o o o o o o of®
3070
308l
3082
3080| o
307 gqo o [¢) o o o oj
3083\ [lo o" " o “ “ u o u l[o 3088
3089100 o o o o oohogs
3097jo0 o o o o 00|3i04
304500 ° o o o oolalnz
438
(L75 313 3120
3504 ) I 00 ° o o o 00
o — ol 5 o J ) o)
26.3(105———1 O 3 o 8 o o
23.8%.95) r r‘Q [s) re) rs) o go
2.501) loo fe) o _“
2501 l ’3&3 138.8 2881 2951 23.
4SS5 115y 1 (18 )1 {93 313 _|lnos
|7_f;l 325 l Plesy M
7Y (3

Figure 3c.

Pressure Tap Locations

491.5(19.66)

473.3(1893)

188.3(7.63)

37{1.48)}



31

4733(18.93) 2001 S 5 o6 6 obo 468.3(18.73)
4008
oo o o 0 0 4495(18
4009} 4Ol6oo )
00 O o 0o 424.5(17
4017/0 4323 7
o o 0 O 299.5(16)
4025/0%P° 43350 &
dJo 0 © 0 O Oy 362(14.5)
4033 4040
P00 o o o9 2995(i2)
4041 4048[°9
EAST WALL
o0 0 o o od 237(9.5)
4049(0 4056[™
4065
‘\\\\14064
405710 © O O § 09 193.3(7.73)
188.3(7.53) 4070
4066 o‘ o} lo o}/ —=——IT7({7.08)
407lbo jo o oP —————163.3(6.53)
si2)l|238] 195] 195|238/ 14077
(o5 (78) ' (78)! (.
40780 o o0 o oo 127(5.08)
4084
408500 © © O oo 78.25(3.13)
409|
409200 © © 0403% 408(1.63)
37(148) '
uvo o_o0o Qo) 225(.9)
10.8(43)— ° ﬂﬁ- o L———u——mﬂ)
o J— o Q : 0
2suoffzzd] |
7.3
(2.85)

Figure 3d.

Pressure Tap Locations



32

199
(4.76)
42 35 |
(.es) | (14) |
5
200!
2009
2017
2025
2033
2,509
10(4)+
2041
WEST WALL
o0 O [e] o] o
2049|° 205600
2065
2
205710%° ;\ °© ©° %9300
2066 ol o lo ol/2070
2071]oo o o © o00|2077
207800 o] (o] 0 00j2084
250N lios]i95
75341 | (78) (78)
2085lo0 o o0 o 00]209!
2514 8
2098 — 220513, (3008
20926 © O o o090
20(8) 00 0O O o [e)e
[o) ° 9 oooo\
288l 288 | |44
(L1s) ¥ (1i5) ! (.67]
96.8 37
(387) (148)

Figure 3e.

Pressure Tap Locations



33

106
210510 o~\109
2099 Q “000
o o
- 2lls 26 1 2i14
WEST
102
°
100 iog 0 O Y
2
o]
209 _o o oll i%a al)
104 106
EAST

BASE ELEVATIONS
WITH
TAP NUMBERS

ll2ifjoo @3 o o oolli2s
S i 3
3| 2 4l
| o 0 |

NORTH

Figure 3f. Pressure Tap Locations



Figure 3g.

Reference Axes for Force
and Moment Data

! |
125 N 2.5 N
X,Y AXES AT 99_5‘
GROUND LEVEL
x—>
”~
99.5

ve



CHAMPA

I6th

I7th

9

18th|

U IQﬂ‘W

STOUT
5
175’ asd D
O 4
1 3
s " 15°
. 2
CALIFORNIA
H 420

o d
370
P—L—________.
Al
WELTON
| ] I P

MODEL RADIUS == 800 FT.
LOCATIONS 6,7,12,AND I3 ARE
UNDER BUILDING

Figure 4. Building Location and Pedestrian

Wind Velocity Measuring Positions

113



Figure 5.

Completed Model in Wind Tunnel.

9¢



0.52

“Comean 0:50
0.48

0.18

0.16

Prms

.14

%

Time Selected
for

Data Reduction

>

8 12
Integrating Time, seconds

Figure 6~ Dota Sampling Time Verification

|

6

LE



1.0

0.8

0.6

Z/8

04

0.2

8

-

0.2 0.4 0.6 0.8 100 10 20 30 40
Mean Velocity, U/U, Turbulence Intensity, Uyms /U, %
(a) (b)

Figure 7 - Velocity and Turbulence Profiles Approaching the Model

8¢



Umean /;i f;n‘4,, Location |
Uinf s a4

Umeant
3*xUrms

Uinf

— s —

.25/Div

Urms

Uinf 288

.B5/Div

Unean | Location 2

.25/Div

Urms
Uinf

.85/Div

Figure 8a. Meon Velocities and Turbulence Intensities
ot Pedestrian Locations 1| and 2



Umean
Uinf

Umeant+
3xUrms

Uinf
.25/Div

40

Urms
Uinf
.B5/Div

Umean

Uinf

Umeant+
3*xUrms

Uinf
.25/Div

Locat ion

Location

Urms

Uinf

.85/Div

Figure 8b.

S

Mean Velocities and Turbulence Intensities

ot Pedestrian Locations 3 and 4



Umean
Uinf

Umeant+
3%Urms

Uinf
.25/Div

a— > —

41

Location 5

Urms
Uinf

.85/Div

Umean
Uinf

Umean+
3xUrms

Uinf
.25/Div

Location 6

Urms
Uinf

.B5/Div

Figure 8c.

Mean Velocities and Turbulence Intensities

ot Pedestriaon Locations 5 and 6



Umean
Uinf

Umean+
3*xUrms

Uinf

.25/Div

Urms

Uinf
.B5/Div

.25/Div

Urms

Uinf

.05/Div

Figure 8d.

Location 7

.25 .
Y
< L
s
N
Location 8
1.26

N oA -
"¢

% lﬁﬁ :
Kz
S

N

N
X Q
74

74 \)Q

,&”‘/ 

Y NP Y

0/‘ AN S A
NI r47 5

.25 /\ -

7 S

Mean Velocities oand Turbulence Intensities
at Pedestrion Locations 7 ond 8



Umean
Uinf

Umean+
3*Urms

Uinf
.25/Div

— - —

43

Location 8

Urms
Uinf

.85/Div

—— —

Umean
Uinf

Umeantt
3xUrms

Uinf
.25/Div

T - —

Location 18

Urms
Uinf

.B5/Div

— o—

Figure 8e.

]

Mean Velocities and Turbulence Intensities

ot Pedestriaon Locations 9 and 10



44

Umean B Location 11
Uinf —

Umean+
3*xUrms

Uinf

— - —

.25/Div

Urms

Uinf -2
.B5/Div

Umean Location 12

Uinf

1.286

Umean+
3*xUrms

Uinf

.25/Div

Urms

Uinf 25N

.B5/Div

Figure 8f. Mean Velocities and Turbulence Intensities
at Pedestrian Locations 11 and 12



Umeon
Uinf

Umean+t
3*xUrms

Uinf
.25/Div

Location 13

Urms
Uinf

.85/Div

Umean
Uinf

Umeant+
3*Urms

Uinf
.25/Div

Location 14

Urms
Uinf

.85/Div

Figure 8g.

Mean Velocities and Turbulence Intensities

at Pedestrion Locations 13 ond 14



Umean
Uinf

Umean+
3xUrms

Uinf
.25/Div

Location 15

Urms

Uinf
.85/Div

Umean
Uinf

Umean+
3*Urms

Uinf

.25/Div

Location 16

Urms
Uinf

.85/Div
Figure 8h.

.25

$

Mean Velocities and Turbulence Intensities

at Pedestrion Locations 15 and 16



Percent Time Exceeded

1%

50

18

8.1

47

— Mean

- = Meant+3%Rms

Lot i i

]
\ -y
\
\
\
\ s\
\ -
\\ \ 4
\ \ -t
AN .
\ \
\ ——
\ \
\ \ 5
N
\
\ \ -
N
N\
l -
\
P \u
o \-
" P A l W I Y
"] i@ 28 30 40 58
Velocity, mph
Figure 9a. Wind Velocity Probabilities for Pedestrian

Locations 1, 2, 3



Percent Time Exceeded

100

1%

0.5

8.1

48

- i -
— Meant+3%Rms
23 -
" .
- \ -
o g L
~
» ~ N »
~
6

. e

\
— 4 —
¥ i :\ )
%) 18 20 58

Velocity, mph

Figure 9b. Wind Velocity Probabilities for Pedestrian

Locations 4, 5, 6



Percent Time Exceeded

49

100 T ]
N i
oo - Mean -
58 — = Meant3*Rms —
N .
18 =]
5t -
\N\
\ \\\.
AN -
1.8 P N
d S
_ RN i
» NN < -
5 NN J
\\ ~
8.5 AN AN =
\
= {} 8 .
Q \
R {\ e
\
\
N\
- Q' -
\
9.
ARN
\
8.1 [ \5:
L N
1
0 40 50

Velocity, mph

Figure 9c. Wind Velocity Probabilities for Pedestrian
Locations 7, 8, 9



50

Percent Time Exceeded

180 [ T | T T .
X —— Mean i
50 - — — Meant3*Rms
18 |~ P
[ :
5 -
= -
1.9 -
N )
.5 =
b -
\
i 19 N
4 N
12
6.1 -
i | | N
%) 10 28 38 58

Velocity, mph

Figure 9d. Wind Velocity Probabilities for Pedestrian
Locations 10, 11, 12



Percen£ Time Exceeded

100

18

8.5

8.1

51

- ! -
! —— Mean 4
— -  Meant3¥Rms
" .
AN
LA
\ \
» AN -
- 1‘ \\ N
. AN -
- v N -
\
poo \\ \
L \ 14 -
\
\\ N
s x ‘ \
\ 18
\
16 . \
N i | | i
) 10 28 30 48 58
Velocity, mph
Figure 9e. Wind Velocity Probabilities for Pedestrian

Locations 13, 14, 15



Percent Time Exceeded

180

18

1.0

8.5

8.1

52

o I -
of -
! — Meon .
B - = Meani3%Rms ~
r. r~
u .
™ -
and —
\
sand \ e
o \ -
ud \ L
rove \ -
N\
- \ -y
N\
" 18 N\ .
\
A
R 16 i
N\

N
- -
[ i } i | ]
") 10 20 38 48 58

Velocity, mph

Figure 9f. Wind Velocity Probabilities for Pedestrian

Location 16



53

50 /40
B () [3) 5) (0]
(Y40
00 o o)
30
30
o ) ) o od
<30

oo o o o o] oo}
40 o o o o] 00

(o1 o o +]
20 <20
o o] o (o]
o o O o
o o <20
o) o o
k"
NORTH FACE
REFERENCE PRESSURE = 28 PSF
GLASS LOAD FACTOR = 0.73

GLASS LOADS -~ PSF

Figure 10a. Peak-Pressure Contours on the
Building for Glass Loads




54

69 55
o %) o 0o
55
r o o o o
4 4
o o o o o
do o o o o 00
<4l
10 o o o o oo

[¢]
===
(o)
—
—
—
o
—
=
(o]
9

o
o
o
o
(o]
o

5

(s Xe] o o (o] (o] o
<28
28 28
0O, o o (o] o o
o o o o o
@8,

00

o
o
/4!
—5
0o °
00 o o oo
[ -

NORTH  FACE

REFERENCE PRESSURE = 28 PSF
CLADDING LOADS - PSF

Figure 10b. Peak-Pressure Contours on the
Building for Glass Loads




00 o o o o ool
20 <20
) o] o] o 0 00}
30
00 O o (o] o o]
19-29 O 20 S 16-19
<
SOUTH FACE
REFERENCE PRESSURE = 28 PSF
GLASS LOAD FACTOR = 073
GLASS LOADS - PSF
Figure 10c. Peak-Pressure Contours on the

Building for Glass Loads



56

0o o] (o] o] o 00}
28 <28
o) O o/ e 0 00}
4
0o o o o o oo
26~ 40 ° 280 2 22-26
- 4l
20 - 40 <3
SOUTH  FACE

REFERENCE PRESSURE = 28 PSF

CLADDING LOAD — PSF

Figure 10d. Peak-Pressure Contours on the
Building for Glass Loads



70 60 60 70

N\ 0/

43 ol 35 W o’ o 43 B'GP 58

40

48 S R © o °p 41 loo| 54
. 40 40

51 oof 0 ° ° O\9 44 O|s8
37

a9 k>’ ©co o o oo9 46 pol 43
38

50 00J 0 O o] (o1¥e] 42 oq 43

40 30
39 1% 29 fof32

40
soRo o\ o o o
25~ 35
19-25
<20
WEST FACE

REFERNCE PRESSURE = 28 PSF
GLASS LOAD FACTOR = 0.73

GLASS LOADS — PSF
Figure 10e. Peak-Pressure Contours on the
Building for Glass Loads



66

67

69

70

of 52

53

B

58

ol 63

oct 58

58 poj 59
40 E_e 44
4
69RO o\ 0 o o0}
34 - 48 A
26-34
<28
WEST FACE

REFERENCE PRESSURE = 28 PSF
CLADDING LOADS — PSF

Figure 10f. Peak-Pressure Contours on the
Building for Glass Loads



50

50

47

39

Lo 25

60 .70
o
o o
o) o
o |od
o |oof
40
o] 04
50

0O

©o

O O

30
o o
o o

(o]
o o

m/ﬁo[rLLqT

15-2l
EAST FACE
REFERENCE PRESSURE = 28 PSF
GLASS LOAD FACTOR = 073
GLASS LOADS -~ PSF
Figure 10g. Peak-Pressure Contours on the

Building for Glass Loads

42

20

OO

oo

e

00

a7

45

49

53

51

39



5

69

68

64

53

47

60

EAST FACE
REFERENCE PRESSURE = 28 PSF
CLADDING LOADS — PSF

Figure 10h. Peak-Pressure Contours on the
Building for Glass Loads

a'jse 55 Fo] 64
o) 57 © o o o 52 ool 62
55
00155 o o] o of
o} 50 jolo o o Jo 53 poj 67
po] 52 bs‘-’ © o oo a7 boo 73
55
foof %6 © o o}o 48 fod| 67
69
55
OCTM °$° 57 loo 70
o 69/‘"“ 27 P9 53
o O
100
P
Q
oo/o o o//
20~-29 [I n Oi



61

TABLES



Run No.
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TABLE 1

MOTION PICTURE SCENE GUIDE

Approach Wind Azimuth
(degrees)

0
45
90

135
180
225
270

315



TABLE 2--PEDESTRIAN WIND VELOCITIES AND TURBULENCE INTENSITIES

ENERGY PLAZA -~ DEHVER

2

LOCATION

1

LOCATION
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TABLE 3
ANNUAL PERCENTAGE FREQUENCIES OF WIND DIRECTION AND SPEED

Based on Summary of Hourly Observations
Stapleton Airfield, Denver
1951-1960
Anemometer Elevation = 72 ft above ground

Annual Hourly Observations of Wind Speed - Miles Per Hour

Direction 0-3 4-7 8-12 13-18 19-24 25-31 32-38 39-46 Total

N 1.1 1.9 2.0 1.1 0.3 0.2 0.1 6.7
NNE 0.7 1.4 1.1 0.9 0.2 0.1 0.1 4.5
NE 1.1 1.9 1.7 0.9 0.2 0.1 5.9
ENE 0.8 1.2 1.1 0.5 0.2 0.1 3.9
E 1.1 1.3 1.3 0.5 0.1 4.3
ESE 0.8 1.1 1.1 0.4 0.1 3.5
SE 1.1 2.1 2.0 0.7 0.1 6.0
SSE 1.1 2.1 2.1 1.0 0.4 0.2 6.9
S 2.1 5.1 7.1 3.7 0.6 0.2 18.8
SSW 1.1 3.4 3.9 1.7 0.1 10.2
SW 1.2 2.3 1.5 0.4 0.1 5.5
WSW 0.9 1.0 0.7 0.2 0.1 0.1 3.0
W 0.8 1.2 0.7 0.6 0.4 0.2 0.1 0.1 4.1
WNW 0.8 0.9 1.0 1.0 0.5 0.4 0.1 4.7
NW 1.3 1.8 1.5 1.2 0.5 0.2 6.5
NNW 0.9 1.7 1.7 0.9 0.2 0.1 5.5

Total 16.9 30.4 30.5 15.7 4.1 1.9 0.4 0.1 100.0
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TABLE 4

SUMMARY OF WIND EFFECTS ON PEOPLE

Beaufort Speed
number (mph) Effects
Calm, light air 0,1 0- 3 Calm, no noticeable wind
Light breeze 2 4 7 Wind felt on face
Gentle breeze 3 8-12 Wind extends light flag
Hair is disturbed
Clothing flaps
Moderate breeze 4 13-18 Raises dust, dry soil and
loose paper
Hair disarranged
Fresh breeze 5 19-24 Force of wind felt on body
Drifting snow becomes airborne
Limit of agreeable wind on
land
Strong breeze 6 25-31 Umbrellas used with difficulty
Hair blown straight
Difficult to walk steadily
Wind noise on ears unpleasant
Windborne snow above head
height (blizzard)
Near gale ' 7 32-38 Inconvenience felt when
' walking
Gale 8 39-46 Generally impedes progress
Great difficulty with balance
in gusts
Strong gale 9 47~54 People blown over by gusts

Note: Table from Reference 4, p. 40
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TABLE 5

CALCULATION OF REFERENCE PRESSURE

Basic wind speed from ANSI A58.1 (Ref. 5):

50-yr fastest mile at 30 ft = 80 mph.

80

Mean hourly wind speed, 30 ft = 127 - 63.0 mph.
Mean hourly gradient wind speed = 63.0 Clggg 17 114.4 mph.

Mean hourly wind at reference location = U_ = gradient wind =

114.4 mph
Reference pressure at 5000 ft = 0.83 (0.00256) (114.4)2 = 27.8 psf

Use reference pressure = 28 psf

Calculation of cladding peak pressures for 1 minute equivalent load
for glass: multiply by glass load factor = 0.73 (Ref. 8)

Loads for 100-yr recurrence wind:
100-yr fastest mile at 30 ft = 90 mph

Multiply 50-yr loads by (%%02 = 1.27

Gust load factors to convert hourly mean integrated load to mean
load for various gust durations (see Section 4.4):

Duration, Sec Gust Load Factor
10-15 (1.4)% = 1.9

30 .32 = 1.74%
45 (1.26)% = 1.59

*used for calculations of Table 7.
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APPENDIX A

PRESSURE DATA

Note: Pressure coefficients are defined in Section 4.3.

Pressure tap designation is explained in Figure 3.
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