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ABSTRACT 

Wind loading on a 1:384 scale model of Atlantic

Richfield Plaza Buildings 666 ft high was investigated 

in a thick turbulent boundary-layer wind tunnel. · 

Measureme nts of mean velocity, turbulence intensity and 

boundary-layer ·t hickness upstream of the m~de l structure 

verified that the wind-tunnel flow was an adequate simulation 

of the atmospheric-surface-layer conditions over the full

scale urban area. 

Mean pressure and pressure fluctuations were measured 

for three different wind directions (NE, N and NW). Generally, 

the mean pressure was found to be the largest near the top 

and smallest close to the base. An opposite variation was 

observed for the fluctuating and instantane ous peak pressures. 

The largest pressure fluctuations were obtained in the case 

of the N wind. 

The turbulence -ene rgy spectra of the upstream flow 

and surface pressure-fluctuations spectra exhibited consistently 

' a similar qualitative behavior. This is suggestive that the 

upstream turbulence has a predominant role, together with 

the wake, in producing the pressure fluctuations. 

Direct measurement of mean and fluct ating overturning 

moment by means of a strain-gage dynamometer revealed that the 

latter ranged up to about ± 34 % of the former. Root-mean

square values of the fluctuating moment were also determined 

in a n effort to relate it to the pressure fluctuations and 

upstream turbulence. 
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1. INTRODUCTION 

The study of aerodynamic forces on tall buildings pro

duced by strong turbulent winds can now be accomplished 

through the use of scaled models placed in a suitable wind 

tunnel capable of simulating the atmospheric surface layer. 

The air never flows smoo t hly but always is accompanied by 

a certain level of turbulence. When an obstacle, i.e ., a 

structure , is in the path of the wind the flow is deflected. 

The resultant change in momentum results in a pressure act

ing on the struct ure. This dynamic action of wind on tall 

buildings is of utmost importance for their efficient de

s ign. 

Knowledge of the mean pressure distribution permits 

computation of the mean forces and moments. Furthermore, 

the fluctuating (rms) and instantaneous peak pressure are 

o f particular importance for adequate design of the outer 

skin panelling and the choice of window glass. 

The primary purpose of this investigation was to find 

the pressure distribution, i.e., mean, fl ctuating (rms) 
' 

and instantaneous peak pressure , on a scaled model of the 

buildings planned for the Atlantic-Richfield Plaza in Los 

Angeles. The study has sought mainly to obtain the pres

sure distribution for various flow directions and under 

real flow conditions. An adequate model of the buildings 

and of the upstream urban configuration had to be con

structed. Furthermore, a relatively thick turbulent 

boundary layer was necessary in order to simulate the field 

flow conditions in the wind tunne l. 
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Flow visualization by means of tufts was used to give 

an over-all picture of the flow pattern. Surveys of mean 

velocity and turbulence intensity of the flow upstream of 

the structure were performed. Detailed measurements of the 

pressure distribution on the building model for three wind 

directions (NE, N and NW) were conducted. Moreover, surveys 

of the turbulence-ene rgy spectra and pressure-fluctuations 

s pectra on the surface were also made at several locations. 

An exploratory effort to measure directly the fluctuating 

overturning moment produced by a turbulen t wind was carried 

out. The mean pressure enables one to compute the mean over

turning moment but the local pressure fluctuation does not 

yield the fluctuations in the overturning moment since the 

ins tantaneous pressure-fluctuations space correlations on 

the surface are not known. For measuring the instantaneous 

fluctuati ng overturning moment a suitable aerodynamic balance 

was constructed. 

' 
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2. EXPERIMENTAL APPARATUS 

The aim of this work was to obtain the overal l and 

local wind loading on a mode l of the buildings planned for 

the Atlantic-Richfield Plaza in Los Angeles. This was 

achieved by a thorough exploration of mean , fluctuating 

(rms) and instantaneous peak pressures acting on a suitable 

model placed in a wind tunne l. The latter is of interest 

for certain structural considerations. In addition, a 

d irect measurement of the total overturning moment, i.e., 

mean and fluctuating moment, acting on the building was 

made. 

The experimental objective could not be accompl ished 

by simp ly placing an appropriate model in a regular aero

d ynamic wind tunnel [1,2]. A rather detailed discussion 

of this problem is reported in References 3, 4 and 5. It 

wa s d esired to o:Jtain a suitable t hic k boundary layer and 
I 

a mean v e locity profile similar to the real flow conditions 
I 

prevailing throug out the a tmospheric-surface-layer over 

' an urban area. Consequently, the experiments were carried 

out in an appropriate wind tunne l which is d escribed later. 

The flow around buildings can be considered similar 

to flow around bluff bodies at relatively large Reynolds 

numbers. When the flow is simulated in a wind tunnel , 

dynamic similarity needs to be satisfied. However, for 

sharp edged structures at relatively large Revnolds number, 

5 i. e ., of the order of 10 , the drag coefficient and, thus, 
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the pressure distribution and the resulting forces , are 

independent of t he Reynolds number (3,6]. The Reynolds 

number based on the larges t dimension of the building 

model cross-section and/or t~e equivalent (hydraulic) dia

me ter of the mode l is about 150,000. Hence, it follows 

t :1at the flow may be assumed :qeynolds number independent. 

For t hese reasons, it was decide d to us e a simple 

model placed in a relatively thick turbulent boundary layer 

formed over a rough surface . The latter s imulated the 

urban configuration upstream of the model. A schematic 

diagram of tne experimental arrangement and of the low

spee d wind tunnel used is displayed in Fig. 2.1, which 

a lso shows all important dimensions. 

-2.1 The model building 

A scaled model of two towers planned for the Atlantic

Richfield Plaza was made of "Lucite" 0.375 in. thick. Both 

· buildings are of similar rectangular shape and 666 ft high. 

' 
-A geometrical length scale of 1:384 was employed. This 

-scale was chosen for obtaining a meaningful simulation of 

the natural wind over a build-up area and to restrict wind

tunnel blockage. Generally, the atmospheric boundary layer 

is about 1600 ft thick, thus, about 2.4 times the building 

height. Consequently, a boundary layer about 50 in . thick 

was desired. 
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A schematic diagram of the model arrangement in the 

wind tunnel is shown in Fig . 2.1. The model towers employed 

a re portrayed in Fig. 2.2 which also shows the system of 

coordinates used and all important dimensions. Since both 

towers are similar, the static pressure taps were drilled 

only on two walls and the roof of a single tower. The 

1/16-in. diameter taps were located as follows: 32 on the 

wide wall, 22 on the narrow wall and 13 on the roof. For 

measuring the pressure distribution along the other two 

wal ls it was necessary to rotate the model by 180°. Hence, 

it was possible to monitor the pressure at 121 locations 

for each tower. Next, interchanging of towers permitted 

measurement of the pressure distribution on the second tower 

under the same upstream conditions. The static pressure 

tap stations are shown in Fig. 2.3. 

The surrounjing buildings in the immediate vicinity 

were also modeled employing a similar scale. They were 

constructed of styrofoam. Both towers and these buildings 

were mounted on a rotatable plywood sheet base (see Figs. 

2.1 and 2.2). For investigating the dependence of pressure 

distribution on the approaching wind direction it was 

possible to rotate the table 360°. Furthermore, the rota

ting base pe rmitted visualization of the flow pattern for 

various wind azimuths. Photographs showing this arrangement 

for the NE and N wind directions are provided by Figs . 2.4 

and 2.5, r epective ly. 
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2.2 Wind tunnel 

The experimenta l investigation reported herein was 

conducted in the low-speed wind tunnel of the Fluid Dynamics 

and Diffusion Laboratory, Colorado State University. This 

tunnel is of closed circuit type a nd has. a working section 

36.5 -ft long (see Fig. 2.1). Its axial-flow blower is 

dr iven by a 75 hp conitant speed motor. The blower is 

capable of generat ing air speed up to 65 fps in a 6 x 6 ft 

test section. The air speed can be changed continuously by 

varying the fan-blade pitch. The center of the model 

base was placed 29.15 ft downstream of the entrance 

section. Therefore, the model buildings were located in 

a thick boundary-layer region. 

The removable side p ane ls of the working section are 

made of glass in order to allow flow visualization. Along 

the center line of the top panel a Pitot-static tube was in

serted above the upstream building for continuous monitor

ing of the free-stream velocity, i.e., outs ide the boundary 

layer. Its location is shown in Fig. 2.1. 

An e lectrically operated traversing and positioning 

mechanism was us ed for continuous movement of the Pitot

static tube and/or hot-wire probe. T~is mechanism permitted 

fine control of p osition within 0.05 in. along lines parallel 

to the x, y and z-axes, respectively. 
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2.3 Upstream conditions 

A complete si~ulation of the natural wind character

istics includes L,e generation of a suitably thick and 

turbulent boundary layer [3,4]. Furthermore, the modeling 

of the upstream urban configuration is necessary for simu

lating the real flo~ conditions. As a result, the upstream 

urban topography was appropriately modeled by using the same 

scale as for the buildings. The upstream model extended 

over a distance of more than one mile (see Fig. 2.1). This 

was a~hieved by covering the tunnel floor with an adequate 

configuration of modular bricks (2-1/4 x 3-5/8 x 7-5/8 in). 

For every particular wind azimuth, i.e., free-stream 

velocity direction, an appropriate upstream roughness 

configuration was employed. 

For generating a flow with a relatively high 

turbulence level a vortex generator [7] was installed at 

the entrance of the working section (see Fig. 2.1). This 

generator also caused an initial thickening of the boundary 

layer. For tbis purpose an asymmetric arrangement of two 

rows of modular bricks 1.3 ft total height was used. A 

photograph of the vortex generator is shown in Fig. 2.6. 

Both the upstream roughness, i.e., the upstream modeled 

city, and the vor t ex generator produced the necessary 

thickening of the boundary layer and the desired turbulence 

intensity level. 
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3. EXPERIMENTAL TECHNIQUE AND INSTRUViENTATION 

3.1 Flow visualization 

Two visualization methods were employed, _paper tufts 

and thread tufts. The former, att ached to wire grids and 

placed up s tream and/or downstream of the model buildings, 

was used to obtain a qualitative picture of the flow 

pattern for various wind directions. 

On the other hand, the thread tufts were glued directly 

on the model faces. They permitted an acceptable qualitative 

indication of the flow pattern along the building faces to 

be obtained . As will be seen later both visualization 

methods established clearly the overall flow pattern and the 

existence of vortices downstream o f the buildings. Moreover, 

the inf l uence of the surrounding buildings on the flow was 

also observed. 

3.2 Pressure and velocity measurement 

, Average static pressures on the model faces were 

measured by means of an electronic pressure meter (Trans

Sonic , Type 120 A) with a resolution of 0.0001 mm Hg. The 

overall range of this manometer is 30 mm Hg divided in 

eight ranges. 

A Pitot-static tube located 2.43 ft above the model, 

as shown in Fig. 2.1, was employed to measure the static 

pressure and the mean velocity of t he uniform flow. A 

Prandtl standard Pitot-static tube with a hemispherical 

impact head wa s employed [8]. Its i mpact orifice is 
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1/32-in. in diame ter. This probe was also used to measure 

the velocity profile upstream of the building. The velocity 

change along the z-axis was measured 1 ft upstream of 

the model. In performing these measurements the Trans-

Sonic pressure n e ter was utilized. Furthermore, the veloc

ity variation along the vertical direction was also recorded 

by means o f a x-y plotter (F. L. Moseley Co., Model 135). 

This was carried out by moving the Pitot-itatic probe con

tinuously using the traversing mechanism. 

The fluctuating pressure, rms and instantaneous peak 

p ressure, on the model faces were measured at the pressure 

taps by means o f low-pressure differential pressure trans-

ducers (Statham , Model PM 283). The pressure difference 

·was measured with respect to the static pressure of the 

uniform free stream at 2.43 ft above the top of the 

buildings. Six similar transducers were utilized. These 

transducers were installed inside the model and connected 

closely to the pressure taps . The transducers with the 

' 
associated tubing (3/8-in. I.D. vinyl tubing, about 3 in. 

long ) had a frequency response larger than about 200 Hz. 

The transducers exhibited a reasonable linear calibration 

curve. The latter was carried out by using a precise 

micromanometer (The Meriam Instr~mentation Co., Model 34 

FB 2). A sample of the kind of calibration curves obtained 

is shown in Fig. 3.1. The reproducibility of the calibration 

curves was within 3%. 

In connection with the se measurements t he following 

auxiliary equipment was used: 
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(1) A variable range amplifier (Dana, Model 3500). 

Generally, an am? lification of 200 was utilized; 

(2) A seven-channel tape recorder (Mincom, Type 100) 

for recording and storing the amplified signal for further 

analysis; 

(3) An electronic voltmeter (Brue l and Kjae r, Type 

2416) for measuremen t of rms and peak values; 

(4) A recording wave analyzer (Gene ral Radio, Record

ing Sound and Vibration Analyzer , Type 1911-A) for frequency 

spe ctra measurement; 

(5) A dual-beam oscilloscope (Tektronix Storage 

Oscilloscope , Type 564) for quick assessment of the output 

signal pattern; 

(6) A Pol a roid c amera (Type C-12) for taking 

oscillograms of the outpu t signal; 

(7) A digital DC voltmeter (Hewlett-Packard, Model 

3440 A) for monitoring various output sig als. 

The bridge used in relation with the pressure trans

ducer was con~eived and built at the Fluid Dynamics and 

Diffusion Laboratory. A simplified block diagram of this 

system · s shown in Fig. 3.2, and a general view of the 

auxiliary equipment is provided by Fig. 3.3. 

3.3 Turbulence -intensity measurement 

The longitudina l turbulence intensity was measured 

upstream of the model by means of a single hot-wire anemom

eter. The measurements were carried out at the same distance 

• 
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from the model as for the mean velocity, i.e., at 1 ft 

upstream of the model along the z-axis. When performing 

these measurements the hot-wire probe was positioned by 

means of the traversing mechanism. The hot-wire anemometer 

unit us ed in the present experiment is a constant-t emperature 

fully t ransis torized ~ystem conc e ived , designed and built 

at the Fluid Dynamics and Diffusion Laboratory. Its output 

noise level is l ess than 200 µV over its entire range and 

its frequency re sponse is beyond 100 KH z . A tungsten 

wire of 0.00025 · s nominal diameter and aspe ct ratio, 1/d, 

o f 240 (1 being the wire length and d its di ameter ) was 

e mployed . 

The hot-wire calibration was effected by placing it 

in the free stream above the model. It was carried out by 

e mploying a Pitot-s tatic tube. The calibration curves 

revealed that the so~called King's law [9], i.e., the 

1/2 power linear relation (E 2 « /u) was s atisfied 
I 

for the velocity range of interest--from about 10 to 60 fps . 

• 
A sample of the kind of calibration curve obtained is pro-

vided by Fig. 3.4. It was reproducible within 3 %. 

The turbulence intensity, which is common ly defined 

as u /U, is given by [10] 
rms 

u rms 

u 
= 

- 2 
4E e rms 

E 
(1) 
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where the subscript rms denotes square-root of mean (time-

averaged) square value, i.e., and , and, the 

overbar denotes time-averaged (or mean) values. In the 

above relationship the mean velocity is designated by u 
and E stands for the time-averaged voltage drop across 

the wire, i.e., the DC voltage necessary to balance the 

bridge under steady conditions. The fluctuating velocity 

is denoted by u and the corresponding instantaneous 

voltage drop by e , i.e., the instantaneous AC voltage . 

The voltage drop across the wire in still air (zero veloc-

ity or shielded hot-wire) is denoted by E 
0 

It is con-

stant for a particular wire and a chosen resistance ratio 

(overheating ratio). In connection with he hot-wire unit 

a true RMS meter, a digital DC voltmeter and a dual-beam 

oscilloscope were used. 

3.4 ' Moment measurement 

As mentioned earlier, a direct measurement of the 

total overturning moment, i.e., mean and fluctuating, was 

also made. In order to eliminate all the other force 

components a suitable strain-gage dynamometer system was 

conceived and built at the Fluid Dynamics and Diffusion 

Laboratory. The model was mounted in the wind tunnel by 

attaching it rigidly to an aluminum beam (2 xix 5 in) 

by means of four rods 90° apart. In turn, the beam was 

stiffly anchored to a massive base located unde rneath the 

wind-tunnel floor. Thus, the dynamometer-building model 

system constituted a cantilever beam with an end-load. 
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Aerodynamic forces acting on the model building were trans

mitted to the beam by two adjustable pins 180° apart. 

These pins were positione d close to the free-end of the 

b eam and were tightened manually to the former. At the 

lower end of the beam four foil strain-gages (Micro

Measurement, Type ED-DY-250B6-350) were cemented. They 

constituted the four arms of a Wheatstone bridge. Thus, 

the overall s ensitivity of the strain-gage system was in

c reased four times. This balance was sensitive only to 

the overturning moment about the weak axis of the building . 

The response o f the . strain-gage for any lateral load was 

about 20 times smaller than for the frontal force producing 

the overturning moment . In order to stiffen the model and 

to increase its natural frequency an aluminum rib and 

st iffening rods were mounted rigidly between its two wider 

faces. A sketch of the balance system is portrayed in 

Fig. 3.5. Figure 3.6 is a photograph which shows the beam 

with the cemented strain-gages. 

For obtaining reliable and dependable measurements 

of the moment due only to aerodynamic forces in a stationary 

structure the natural frequency of the entire aeroelastic 

system , i.e., the beam and the building model, should be 

larger than any forcing frequencies. The pressure survey 

revealed that the maximum frequency o f interest was smaller 

than about 200 Hz. Consequently, the balance system was 

conceived such tha t its natural frequency was 200 Hz. The 

strain of the beam for a moment of about 25 lb-in was of 

o rder of 6µin/in. 



14 

As a result, a relatively stiff model was obtaine d. 

For a free-stream velocity of 50 fps the reduced velocity [4] 

U /an was about 0.43, where a is the largest dimension of 
(X) 

the model cross section and n the natural frequency of 

the dynamometer system . Thus, the tip deflections of the 

model were negligible. The reduced velocity is equivalent 

to the reciprocal of the Strouhal numbe r. 

A simplifi e d block diagram of the moment measuring 

system is provide d by Fig. 3.7. Essentially , the same 

auxiliary equipment as employed for the pressure measuring 

system was utilized. The excitation and balance network 

of the strain-gage are also shown in Fig. 3.7. 

The balance was calibrated by applying various forces 

at different heights along the building under static air 

conditions. A sample of calibration curve obtained is 

shown in Fig. 3.8. A satisfactory linear variation was 

obta1ned. The reproducibility of the cal i bration curves 

I . h. 2 5 was wit in to %. 
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4. RESULTS 

The exoerimental investigation of the flow about the 

building has the following main purposes: 

(1) To obtain the pressure distribution (mean , fluctu

ating and instanta neous peak pressure ) on the buildings. 

It was measured for three wind directions, NE, N and NW , as 

portrayed in Fig. 2.2. This was achieved by suitable rotation 

of the turnable base and adequate arrangement of upstream 

roughness . 

(2) To measure directly the total overturning moment 

(mean and fluctuating). It was carried out only for NE 

wind direction. The direction was found to be the most 

suited one for this study due to the problems related to 

the aerodynamic balance design.· 

The system of coordinates u sed in the presentation of 

the results is portrayed in Figs . 2 .1 and 2.2 . A similar 

system was employed for each tower . For generality , the 

results are presented in dimensionless form. Dimensional 

variables, wherever employed , are denoted by an asterisk . 
~ 

As the experimenta l results are presented below , some 

pert inent discussion is interspersed wherever it is deemed 

helpful for the proper interpretation of the results. 

4. 1 Establishmen t of the flow 

An extensive series of flow visualization trials were 

carried out for the purpose of obtaining a picture of the 

flow pattern upstream and, mainly , downstream of the building. 
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Visuali zation of the flow by Me a ns of ~aper tufts gave a 

clear picture o f the flow pattern within t he wake . Its 

strongly turbulent features and its vortex structure were 

clear ly discerned . Typical photographs of t he paper tufts 

for all three wind d irecti ons a r e shown in Fig. 4.1. In all 

cases t he wake extended v e rtically above t he mode l up to 

a bout 10 % of its height . The disturbe d state o f the approach

ing flow in the case of N wind is clearly observed (see 

Fig. 4.1). It is c ause d by a building 17.5 in . tal l located 

i mmediately upstream of the towe rs. 

The thread tufts glued to the mode l wal ls gave a rela

t ively good indica~ion of the flow pattern along them . By 

u sing the same tower as L - and/or R - tower the flow along 

bo th buildi ngs was visualiz ed . General ly, a down draft was 

d iscerned along the upwind wal l. Near its bottom a rotational 

trend was observed. On t he other hand , along the leewind 

wal l an upward draft and a rather turbulent rotational pat

t ern was indicated by the tufts. A similar flow pattern is 

r eported in References 6 and 11. Along t he faces parallel 

' 
to the flow a rather disturbed and rotating flow p a ttern 

was observe d. Samples of t he photographs of the t hread 

tufts for the three wind directions , i.e., NE , N and NW , 

along fac es 4-1 and 1-2 of both towers are displayed in 

Figs. 4.2, 4.3 and 4.4, respect i v e ly. A motion picture 

of the flow visualization was also taken. 
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4.2 Mean velocity survey 

The wind velocity gradient upstream of the building 

is of utmost importance in d etermining the flow character

istics. Its v ariation with height depends upon the partic~

lar configuration of t he upstream roughness structure [12]. 

General ly, t he mean velocity profile over terrains of differ

ing roughness configuration i s given either by a logarithmic 

or a power law [12]. The latter may be described by 

(2) 

where z* denotes the height. The value of the exponent a 

depends on the particular roughness structure. 

representation was employed in the present work. 

This 

The mean velocity variation along the z direction was 

measured upstream of the model, i.e., at 1 ft _upstream of 

the building model, at more than 15 stations over a distance 

of about 55 in. All the measurements were performed at an 

• I uniform free-stream velocity of 50 fps. At this velocity, 

denoted by u~ 
00 a sufficiently thick boundary layer (approx-

imately 50 in.) at the building location could be obtained. 

The Reynolds number based on the largest dimension of the 

cross-section is about 182,000 whereas based on the equiva

lent diameter it is 130,000. 

The mean velocity ~as measured for various upstream 

conditions. Thi s experiment was performed for verifying 

t he adequacy of the atmospheric-surface-layer flow simulation 
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in the wind tunnel. The measuremen ts were carried out for 

the following cases: (1) clear wind tunnel; (2) vortex 

generator installed; (3) vortex generator and upstream 

roughness, i.e., the scaled model of the upstream city 

configuration, installed (real flo~ conditions). In all 

these three cases the scaled model of the building and of 

the immediate surrounding buildings were located in the 

wind tunnel (see Fig . 2.1). It was found that the velocity 

change is strongly affected by the upstream conditions. 

The power law was satisfied in all the cases, but the value 

o f the exponent ~ differed for each case. 

Hereafter, all the results are presented in dimension

less form. The dimensionless coordinates are defined by 

x, y, z = x*/h, y*/h, z*/h, 

where h is the building height (20.75 in), and the 

dimensionless velocity by 

where U* h 

u = U*/Uh' 

is fhe measured upstream mean velocity at 

Hence, the dimens i onless mean velocity is given by 

a u = z 

The mean velocity variation along the vertical 

di rection for the aforementioned three cases and NE 

wind direction are displayed in Fig. 4.5. The results 

(3) 

(4) 

z* = h. 

(5) 
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were r eproducible within 3 to 5%. The field wind ~rofile 

(case (4}} is also shown in this figure. The latter is 

based on 100-year wind data at 250 ft height above the 

ground. The wind variation was obtained by using 1/3-power 

law for selected heights between 250 ft and 1000 ft. On 

the other hand, a 1/3-power law was employed for heights 

below 250 ft [13]. The v e locity profiles for the N and 

NW wind directions and for case {3) are displayed in Fig. 

4.6. No measurements for the cases {1) and {2) were carried 

out for these two flow directions. 

For the sake of comparison the results are summarized 

below: 

Wind 
Direction NE N NW Field 

U* 
h 

U* 
h 

U* 
h 

U* 
h 

Case (fps) ex {fps) a (fps) a (fps) a 

1 46.9 0.107 ----- ----- -----
2 45.1 0. 2 06 ----- ----- -----
3 45.6 0.446 45.6 0.410 45.0 0.520 -----
4 ----- ----- ----- 100 0.157 

' 

Note tha t h = 20.75 in. for the wind tunne l result whereas 

h = 666 ft for the field results (case (4)). 

The smal l value of a based on the field d ata reported 

in Ref. 13 is probably caused by the assumptions used for 

computing the wind profile from data at a single height. 
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The values of the exponent are in gene ral agreement with 

its repre s e ntative values reported in References 12 and 14. 

For instance, a value of 0.40 for flow over cities is sug

gested in Reference 12 whereas in Reference 14 the suggested 

value of a varies between 0.25 to 0.45 depending upon the 

particular urban conditions. The influence of the upstream 

conditions, i.e., vortex generator and/or upstream modeled 

city, is clearly observed. Thus, the simulation of the 

atmospheric surface layer was acceptable. 

As mentioned earlier, a suitable thick boundary layer 

was desired for me aningful simulation of atmospheric surface 

layer conditions. Conseque ntly, it was important to find out 

the vertical extent of the boundary layer immediately upstream 

of the model. The boundary-layer thickness was defined, as is 

commonly done, as the distance from the wind tunnel floor 

where U*/U! = 0.995. The recorded dynamic head profiles, 

which are proport i onal to the velocity, upstream of the model 

for all three flow directions in case (3) are displayed in 

Fig. 4.7. Durjng the experiments the ambient pressure was 

24.75 in. Hg and air temperature 75° F. The corresponding 

air density is O. 0187 slugs/ft3 . Note tha t the wind tunnel 

is situated at an elevation of about 5000 ft. The records 

were obtained by continuously moving the Pitot-static tube 

using the traversing mechanism. Based on these measurements 

the boundary-layer thickne sses were approximated. For the 

sake of comparison the results for all three flow directions 

are summa rized be l ow: 
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6* 6 
Wind Direction ( in ) 

KE 49.7 2.40 
N 48.5 2 . 34 
NW 47 . 6 2.30 

Thus, the boundary-layer thickness varies slightly depend

ing on the flow direction. This corresponds to a real 

boundary layer of about 1530 to 1600 ft thick . Hence , a 

s ufficiently thick boundary layer was achieved and the simu

l ation conditions were fulfilled. 

4.3 Turbulence intensity measurement 

Simultaneously with mean velocity ~easurements the 

t urbu l ence intensity based on local mean ve locitv , 

Tu = 
X 

u ( z) 
rms ( 6) 

was monitored . In this relationship u is the fluctuating 

velocity parallel to the mean flow velocity U, and the 

subscript rms denotes s quare root of mean (time averaged) 
1 

s quare value , i.e. , (u7) 2 • 

The results for NE wind in case (3) are displayed in 

Fig. 4. 8. They were reproducible within 2 to 3%. Both 

t he turbulence intensity based on local and on free-stream 

mean velocity , i.e., based on IT ( z) and a, , are shown . 

Based o n the local mean velocity a maximum turbulence 

intensity of about 29% was measured at z = 0 . 05, whereas based 

on U a maximum of about 12 . 5% was monit red at z = 0 . 4 . 
00 

The different location of the maximum is caused by the 
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variation of the local mean veloci ty . As the free-stre am 

region is approached the difference between them diminishes. 

It practically vanishes at about 0.2 h above the building. 

The turbulence intensity at the outer edge of the boundary 

layer, i.e., at z = 2.4, was about 0 . 2% . This is prac

tically the free-stream turbulence intensity. The relative 

h igh turbulence l eve l throughout the boundary layer was 

caused by the upstream conditions , i . e., vortex gene rator 

and upstream roughness. Similar turbulence intensity vari

ations were measured for the other two flow directions, N and 

NW. 

Unfortunatelv , no satisfactory field data is available 

for comparing the turbulence intensity distribution. How

ever , it is important to notice that the r esults exhibit a 

reasonab l e agreement with the measurements in the lowest 

atmosphere reported by Singer [15]. 

4.4 Pressure survey 

1 
The aerodynamic forc es and moments acting on a struc

ture are dete~mined by the approaching wind characteristics. 

Due to the velocity gradient and turbulence within the at

mospheric surface layer (the boundary layer) both mean and · 

fluctuating forces are of importance in finding the struc

tural response to wind loading. Furthermore, the local 

instantaneous peak force together with the fluctuating 

force are of main concern in designing outer skin panelling 

and window glass. Knowledge of the pressure distribution, 
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i.e., mean, fluctua ting and peak pressure, permits computa

tion of t hese forces. 

A detailed surve y of the pressure distribution along 

t he building model was carried out for all three flow direc 

tions in case (3), i.e., vortex g enerator and upstream 

rouqhness installed, at a constant u pstream v e locity, U!, 
o f 50 fps. The local pressure was measured with respe ct 

to t~e static pressure of the free stream a b ove the model, 

i.e., the static pressure outside t he boundary layer. Th e 

latter was monitered by means of a Pitot-static tu0e lo

cated as shown i n Fig. 2.1. 

The total local ~ressure at any point on the wall is 

= (p + p') - p 
00 

where pis the total local pressure, p the local mean 

pressure , p ' the local fluctuating pressure and p the 
00 

free- stream static pressure. The overbar d enotes time -

(7) 

averaged (or mean) value s . Next , Eq . (7) can be written 

6p = 6p + p' (8) 

where 

(9) 
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The free-stream pressure fluctuations are complete ly 

negligible with respect to the pressure fluctuations on 

the structure. It should be recalled that the turbulence 

intens i ty of tne free stream flow is about 0.2%. Then, by 

taking the mean-square of the total local pressure we obtain 

~2 
= lip + p' 2 (10) 

For incompressible flow at low velocities the local mean 

pressure coefficient is defined by 

C = p 
lip 

l/2 pU~ 2 
(11) 

Similarly , the local fluctuating pressure coefficient can 

be defined by 

Prms 
·' (12) 

l/2 pU* 2 
a, 

where Prms d~notes square-root of mean (time-averaged) 

s quare values, i.e., 7[pFi". In the above two relation

s hips U! represents the free-stream velocity above the 

model and p is the air density (p = 0.00187 slug/ft3, 

s ee Sec t ion 4.2). In a similar fa shion the local instanta

neous peak pressure coefficient is defined by 

C 
Pmax = 

I 

P max 

l/2pU* 2 
a, 

(13) 
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where p' is half of instantaneous peak-to-peak pressure 
max 

fluctuation. In terms of the mean pressure coefficient, 

the local fluctuating and peak pressure coefficient are 

C 
pf Prms (14) = I 
C 6p p 

and 

C 
p'max Pmax (15) = 

C 6p p 

Generally, along the upwind faces of a tall building 

r e latively large positive pressure occurs since the flow 

is brought to rest. Due to the upstream velocity gradient 

the pressure is usually larger along the building upper 

part than along its lower portion. As a result a downward 

flow carrying energy to ground level exists along these 
I 

faces. Simultane ously, high pressure fluctuations develop 

along the lower part. Furthermore , local changes can occur 

due to various particular upstream conditions, i.e., 

surrounding buildings and/or local upstream topographic 

conditions. These local distributions may affect strongly 

the pressure fluc t u ations. 

A peculiar property of any building s hape , which is 

classified as a bluff body, is the wake of separate d flow 

surrounding its rear part. The flow is deflected by the 
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upwind faces but separates completely from the surface at 

a sharp edge. This is because the fluid inability to under

go a large acce_eration necessary to follow the surface 

at the corners. Throughout the wake the velocity is much 

smaller than the mean flow and, as a result, almost uniform 

negative mean pressure with respect to the surrounding 

exists on the rear surfaces. Moreover, high velocity and 

pressure fluctuations do prevail in this region due to the 

entrainme nt process along it. The negative mean pressure 

is determined by the pressure at the separation region. 

Since it depends upon the shape and relative position of 

the structure with respect to the approaching wind it 

follows that the pressure distribution does depend o~ the 

flow direction. It is, further, important to notice that 

the wake extends vertically above the structure up to more 

than 10% of its height. Consequently, negative mean pres

sure and relatively large fluctuations occur along the 
I 

roof. The separation location depends upon the particular 

shape and size of the building and wind velocity and di

rection. For buildings with sharp edges (as most buildings) 

the separation line is fixed along the edges. A qualita

tive sketch of the flow pattern around a tall building is 

depicted in Fig. 4.9 [11]. 

The twin-tower configuration of the Atlantic 

Richfield Plaza buildings causes a more complicated flow 

pattern and , . hence , pressure distribution. The pressure 
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varies not only with wind direction but also with the re

lative position of the t wo towers and pos ition of surround

ing structures. For instance, in the case of NE wind the 

R tower is located in the wake of the L tower. Consequently, 

a completely different pressure distribution prevails along 

the former as on the latter. Negative mean pressure (suc

tion) and high pressure fluctuations characte ristic of the 

wake deve lop on the R tower . 

The effect of the immediate surrounding buildings is 

most prominent in the c ase of N wind. A building about 

3/4 of tower height is located immediately upstream of both 

towers. As a result they are situated in the wake of this 

building and, thus, low mean pressure and high fluctuations 

exist along most of their front faces . 

The simpler flow pattern occurs for the NW wind. In 

this case the wind is almost normal to the narrow faces of 

both towers and no surrounding buildings are located up

stream of them. A sketch of the wind directions with re-

' s pect to the buildings is portraye d in Fig. 2.2. 

The pressure was measured at 121 stations on each 

tower for the N wind and only along the R tower in 

NE wind. On t he other hand, along the L tower in NE wind 

and along both towers in NW wind, it was meas ured only 

at three levels and on the roof. These levels are located 

at z = 0.268, 0.750 and 0.966 (z * = 5.56, 15.56 and 20.06 in) 

corresponding to the 14th, 38th and 51st floor, respectively . 
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At these stories l arge windows are planned .and, therefore , 

it i s i mportant to know the local p ressure distribution. 

The system of corrd inates used in t he presentation of 

t he r e sults is portrayed in Fig. 2.2. For obtaining a com

plete pictur e o f the pressure distribution , its value was 

a pprox imated by l inear i nterpolation and/or extrapolation 

a t any locat ion of interest . The latter was carrie d out 

along all t hree axe s (x, y, and z) as r equired . 'l'he 

d e tailed results fo r all flow di rections a nd along the 

towers at all measurement stations are presented i n Appen

d ix I. However , the main f eatures of t he pressure distri

bution f o r each flow direct ion are summarized in the 

following t h r ee sections. 

4.4.1 P~ e~~ u~e ~u~vey ~~~ NE Wi nd 

The wind inc idence angle measured counterclockwi s e 

from the x-axis i s 6° and, hence, it is p ractica lly norma l 

to the wide face of the tower . In order to test t he vari-

at ion in time of t he fluctuating pressur e at every position 
.. 

on the tower , the pressure transducer signal was monitored 

on an o scilloscope over a period o f several minutes . The 

observed changes were completely negligible . A typical 

oscillogram of t he output signa l along the narrow fac e is 

di sp layed in Fig. 4.10. 

Mean pressure coefficient distribution and centaurs 

of ratios of the fl uctuating and peak pressure coefficie nt 

to the forme r alo _g all f a ces of L tower are portrayed in 
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Figs. 4.lla to 4 . llc. Since mean pressure coefficient can 

be either positi ve or negative, its absolute values was 

employed in comput ing the aforementioned ratios. 

The results along upwind face 4-1 of L tower are 

shown in Fig. 4.lla . The highest pressure was measured 

along the upper par t . A sevenfold decrease was monitored 

as the base is rea ched. Concurrently , an opposite trend 

was discerned for the fluctuating and peak pressure. Their 

largest value s were monitored near the base . Note that 

turbulence level was higher ·near the base than along the 

upper part o f the tower . In general , the fluctuating pres-

sure coefficient was smaller than or of the same order o f 

magnitude as the nean pressure coefficient whereas the 

peak pressure coefficient is almost always larger than both 

mean and fluctua ting pressure coefficients at same locations . 

Near the base , where the smallest mean pressure prevails , 

peak , pressure up to 3 to 4 times larger than the mean pres

sure 1was measured. It is caused by the flow turbulence on the 

the upwind fape and by the wake on the leewind surface . 

As previously mentioned, the flow separation occurred 

at the sharp edges 44 and 11 of the L tower. Consequently, 

negative mean pressures were measured along faces 1-2, 2-3 

and 3-4, as shown in Figs. 4 . lla and 4.llb , respectively . 

Along the leewind wide face (face 2-3) a much smaller 

variation than alcng the upwind face was found . It decreases 

only by about 3 times as the base is approached. Further

more , a more uni=orrn pressure distribution was found along 

the narrow faces parallel to the flow (faces 1-2 and 3-4 ). 
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The fluctuating and peak pressure on faces 1-2, 2-3 and 3-4 

exhibited a similar variation as on the upwind face. Thei r 

value s were higher near the base than close to the top . 

The results along the L t ower 's roof are displayed 

in Fig . 4.llc. A r elatively even mean pressure distribu

tion exist . Its maximum variation is only about 12 %. Both 

fluctuating and peak pressure u ndergo a gradual augrnenta~ 

tion f rom the upwind edge toward the leewind edge. Roughly, 

a twofold amplification was measured. 

The pressure distribution at the three levels along 

the R t ower is d epicted in Fig. 4.lld. In this figure the 

fluctuating and peak pres s ure coefficients are pr~sented 

directly without dividing them by the local mean pressure 

coefficient . Recall that the R tower is located in the 

wake o f the L tower . Relatively small negative mean pres

sure and relatively high fluctuating and peak pressure 

we re 'measured . Particularly, the pressure distribution on 

the upwind face 4-1 indicates the wake effect . On its lee

wind face smalle r mean, fluctuating and peak pressure co

efficient than along the upwind and side faces , respect

ively , were moni tored. It is important to notice that 

this face is under the influence of the wakes generated 

by t he L tower and o f it own . As a result of this situa

tion large r pressure fluc tuations (fluctuating a nd p e ak 

pressure ) were measured at the higher two levels than along 

the corresponding heights on the L tower. Along R tower's 

roof only the mean pressure was measured. The r esults are 
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also displayed in Fig. 4.lld. The prevailing pressure is 

about half of that measured on L tower 's roof . 

It is possible to define an average pressure for each 

cross-wise area element, i.e., pressure per unit area nor

mal to the mean velocity. The s e averages were computed for 

the upwind -and leewind faces of L tower. The variations of 

the . average mean, fluctuating and peak pressure coefficient 

with height are displaye d in Fig. 4.12. The mean and fluc

tuating pressure exhibit a linear variation along both 

faces. The slope of the former is positive for both faces 

whereas of the latter is positive along the upwind side but 

negative along the leewind face. It can b e inferre d that 

the mean force acting on the tower will reveal a similar 

behavior with he ight. On the other hand , the average peak 

pressure r eveals roughly a periodica l change along both 

faces. The wave length is approx imate ly 0.2 z and the 

oscillations along both fac es are in phase along the upper 

half o f the model. This periodical change is probably 

caused by the flow turbulence. In other words , if most of 

the turbulence energy is concentrated at some particular 

frequencies, then, the resulting pressure fluctuations 

may also e xhibit similar predominant frequencies. 

It was important to verify the pressure distribution 

invariance with Reynolds numbe r. This was achieved by 

measuring the mean pressure coefficient a two different 

upstream v e locit i es of 30 and 50 fps, respe ctively, while 

other conditions were unchanged . The Reynolds numbers , 
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based on the largest width of the tower, are about 108,000 

and 180,000 respectively. A normalized pressure coefficient 

difference, 

was computed. 

Y = I cp ( 5 0) ~ cp ( 3 0} I ' 
cp (50) 

In this relationship C {50) p 

are the local mean pressure coefficients at 

and 

(16) 

C {30) p 

U* = 50 and 
00 

30 fps, respective ly. Both pressure coefficients were 

measured at 97 randomly selected sample points. In Fig. 

4.13 t he number of points at constant y are displayed. 

At 77 sample points y <0,2 whereas at 41 points y = 0.025. 

Only at one sample station y > 0.8. It is suspected that 

the latter was caused by some experimental error. Hence, 

the change in pressure coefficient with wind velocity 

is completely negligible . Consequently, it is conceivable 

to assume that the pressure distribution is Reynolds --

I 
number independent. 

' 

In this case the flow incidence angle measured counter

clockwi se from x-axis is 51°. It is, f urther, important 

to remark that a relatively high building (about 3/4 of 

the tower height) is located immediately pstream of the 

model towers. As a result relatively low mean pressure 

and simultaneously high fluctuating and peak pressures were 

obtaine d. This particular variation is due to both the 
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approaching turbulent flow and the wake produced by the 

upstream high building. 

The results along the wide and narrow upwind surfaces, 

i.e., faces 4-1 and 1-2, of L tower are displayed in Figs. 

4.14a and 4.14b. The mean pre ssure dimi ishes gradually 

from maxima at the uppe r part to a low at the center zone. 

The latter extends roughly from z = 0.4 to 0.6. Its 

location is due to the wake generated by the upstream 

surrounding building. This low is followed by an increase 

as the base is approache d . The wake effect is stronger 

on t he narrow face than along the wide face. On the former 

the low is about ten to fifteen time s smaller than on the 

latter. Moreover, a higher ridge was me asured on the face 

1-2 than on side 4-1 near the base . A fifteenfold increase 

was recorded on the narrow face while only a twofold ampli

fication on the wide surface. Concurrently, cpf/ !cpl 

and cPmax/ !cpl reached their high values at the center 

r e gion. Furthermore, they are larger close to the base 

t han near tLe'top. For instance, on the wide face (face 4-1) 

fluctuating and peak pressures up to 2 and 9 times, respec

t ively, larger than the mean were monitored at the center. 

On the narrow side (face 1-2) fluctuating and peak pressure 

a s high as 15 and 60 times , respectively, the mean pressure 

were measured. Thus, the local perturbations produced by 

t he tal l upstream building are clear ly disce rned. 
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The pressure distribution along the wide and narrow 

leewind faces, i.e., faces 2-3 and 3-4, of L tower, are 

shown in Fig. 4.14b. Negative mean pressure (suction ) 

exist along both surfaces. The lowest values were mea

sured near the model base. At the same time, · c pf / / c pl 

a nd C 

Pmax 

region. 

/IC I p 
reached their high values in the same 

The results for the R tower are displayed in Figs. 

4 . 14c and 4 . 14d. On faces 4-1 and 1-2 the mean pressure 

is largest near the upper part and decreases monotonically 

t oward the base. It is interesting to remark that C p is 

positive along face 1-2 but negative along the leewind half 

o f the wide face 4-1 (see Fig . 4 . 14c ) . This indicates that 

the s eparation does occur along the leewind part of face 

4-1 and not along the edge 11 . I ts peculiar location is 

due t o the relatively complicated flow pattern caused by 

the surrounding building . An opposite behavior was found 

for both a nd / I C I . p Their high 

values were monitored between the center and base. Along 

the l eewind faces, i.e ., faces 2-3 and 3-4, a similar 

variation was obse rved . Note that the mean pressure is 

negative along these faces . 

The pressure changes along the roofs of both Land R 

t ower are protrayed in Fig . 4 . 14 c . The suction diminishes 

as the trailing edge is approached . An opposite gradient 

was monitored for c pf/ !cp l and c Pmax/ I cpl • They are 

larger near the leading edge than at the trailing edge. 
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4.4.3 P~e~~u~e ~u~~ey 60~ NW wind 

As mentioned earlier, the pressure was measured at 

three particular stories and along the roof. On the latter 

only the mean press~re was recorded. The flow incident 

angle measured with respect to x-axis is 96°. Thus, the 

mean flow is almost normal to nar~ow upwind faces of both 

towers. At the lowest story, i.e., at z = 0.268, the 

pressure was monitored only at one station on each of the 

narrow faces. 

The results are shown in Figs. 4.15a and 4.15b for L 

and R tower, respectively. On the upwind narrow faces of 

both towers (face 1-2) the mean pressure was found to be 

larger at the upper two levels than at the lower level. On 

the other hand, along the leewind narrow sides (face 3-4) 

it was approximately constant at all three levels on both 

towers. The wide faces are parallel to the flow and, con

sequently, larger pressure was observed along them than on 

the narrow sides. Since there is no any immediate up-

stream building the separation occurred along edges 11 and 

22. 

The fluctuatiLg and peak pressure coefficients are 

also shown directly in the aforementioned two figures. A 

similar behavior was monitored along both towers. They are 

larger at the lower levels than at higher stories. In 

general, the press~re fluctuations reveal a similar benav

ior to that observe d along the L tower in NE wind. 
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The mean pressure distribution along roofs is also 

shown in Figs. 4.15a and 4.15b, respectively. It increases 

as the trailing edge is approached. For instance , more than 

a threefold augmentation was monitored. 

It is interesting to examine the local pressure varia

t ion with change of flow direction. In other words, to find 

out the wind direction effect on the pressure at a given 

position on the building. The comparison was carried out 

for the me asurement stations located at the geometric center 

of the all four faces at three heights, i. e ., at z = 0.966, 

0.7 50 and 0.268 . The re sults for the Land R tower are 

displayed in Fig. 4.16 . Note that the wind angle changes 

from 6° to 96°. 

Along the wide face (face 4-1) of L tower and at the 

two higher heights the mean pressure coefficient decreased 

drastically with incoming incident flow angle. For instance, 

it diminished from o.7 at 6° to about -0.4 at 96°. on 

the other hand , an opposite variation was observed on the 

upwind narrow 'surface (face 1-2). Along both wide and 

·· narr ow leewind fac es (faces 3-2 and 4-3) the mean pressure 

changes slightly with flow direction. Generally, a simi

lar variation was monitored at the lower height for the 

upwind faces but a relative ly larger change was found on 

the leewind sides. 

The mean pressure variation on the R tower seems to 

d epend upon its relative position with respect t o the L 

tower . Recall that in the c ase of the NE wind , i.e., 
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a= 6°, it is situated in the wake of the L tower . Simi

lar changes were observed at z = 0.966 and 0.750 . The 

mean pressure increases roughly linearly with the flow 

angle on face 1-2 but exhibits a parabolic variation on 

side 1-4 with vertex at 51°. This is probably due to its 

position relative to the L tower. On the leewind faces 

a smaller variation was measured. Near the tower base, 

i.e., at z = 0.268, a similar change was recorded but the 

pressure is smaller than at the other two heights. 

On the other hand, the fluctuating pressure coefficient 

exhibits a sma ller change. No drastic variations with 

wind direction and height was observed. Roughly, it 

changes between 0.1 to 0.3 at all positions. This behavior 

indicates that it depends mainly on the turbulence of the 

approaching flow. It should be recalled that the turbulence 

intensity variation was similar for all three flow directions. 

1The variation of the peak pressure coefficient with 

flow 1angle is also portrayed in Fig. 4 .16. A rather 

drastic variation was observed. Furthermore, its gradient 

is stronger along the R tower than on the L tower. The 

highest changes were obtained at the lower height, i . e ., 

near the base. Generally, in this region the smallest 

mean pressure was measured. 

The important aspect of these results is that the 

fluctuating pres sure does not depend strongly on the 

flow dire ction but , probably , upon the upstream turbulence 

and wake characteristics. 
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4.5 :Moment measurement 

~he loca l fl uctuating and peak pres s ure do not yield 

suff cient information for a ppropr iate estimation of the 

flue uatin g overturning mome nt. The reason for this is 

t hat the corre l a tion of pre ssure fluctuation acting on 

the : tructure is not known. Consequently, a direct measure

ment of the total overturning moment was carried out. As 

ment _one d earlier, for obtaining the moment due to wind 

acti~n alone a stiff model was used . Its so-called reduced 

v elo~ity, 1n, was found to be 0.43. The natural fre-

quercies of the mode l-balance unit was about 200 Hz. 

The total overturning moment is defined by 

M = M + m' , (17) 

whe r.e M is the mean (t ime-averaged) moment and m' the 

fluc tuating moment . 

The overturning mome nt was measured for both smooth 

ups ream condition (without upstream roughne ss) and with 

ups ~ream roughness installed. All measureme nts were 

car::-ied out using· the L towe r in a i-JE wind of 50 fps. 

The latter was chosen because of structural consideration 

rel ted to the balance design since the flow is roughly 

nor n a l to the wide surface of the L tower . 

An oscillogram of the fluctuating moment taken under 

reaJ. flow condition, i.e ., the upstream roughness installed, 

is hown in Fig. 4.17. It reveals a predominant frequency 

of bout 25 .Hz. Note that the predominan t frequency 

mori tored dur ing the pressure measurement range d roughly 
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from 15 to 30 Hz depending upon the wind direction (see 

section 4.6). Thus, the existence of a predominant fre

quency and eddy size is clearly indicated. 

Records of total overturning moment variation with 

time for both cases are displayed in Fig. 4.18. The 

measurements were reproducible within less than 4%. The 

mean moment for smooth upstream conditions was about 37 lb-in 

and on the average the peak value of the fluctuating 

moment ±8% of the former . The latter was estimated from 

the record of the total overturning moment. 

When the ups tre am roughness was installed a smaller 

mean mome nt was monitored . It was only about 23.6 lb-in, 

therefore , smaller by 56 % than without the upstream rough

ness. The d ecrease is due to change in the upstream veloc

ity gradient throughout the boundary layer . The latter is 

strongly affec t ed b y the upstream roughness as shown in 

Fig. 4.5. In this case the velocity up to about z = 0.4 

is lower than for upstream smooth conditions. On the 

other hand, tbe instantaneous peak value of the fluctuating 

mome nt was larger than for smooth upstream condition . It 

reached up to abou t ±34 % of the mean moment which cor

respond to a peak moment of 8 lb-in. Concurrently, therms 

value of the fluctuating mome nt was also directly me asured. 

It was found to be 4.8 lb-in, thus 20 % of · the mean moment. 

It is important t o notice that the turbulence intens ity 

averaged over the towe r h eight was approximately of same 

order of magni tude . The relative ly large increase of the 
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fluctuating mome n t is proba bly due to the turbulence of the 

approaching flow . Thus, the turbulence energy is presum

ably the ma in cause of the fluctuating moment and , hence, 

they probably exhib~t a direct correlation. The l atter 

would depend strongly on the turbulence characteristics of 

the approaching flow. 

· The aerodynamic balance yields immediately a direct 

and rapid measureme ~t of the total ove rturning moment. 

Since these results are obtained for a stationary model 

structure the y may be used as a standard r e ference loading 

for analyzing dynamic response of structure s with specified 

elastic and mass distribution characteristics. 

4.6 Turbulence-energy and surface pre ssure fluctuations 
spectrum survey 

A survey of the turbulence-e ne rgy spe ctra of the 

approaching flow along the z-axis and of the surface 

pressure fluctuations spectra along th e model tower were 

carried out . Following are the r esults for the NE wind. 

The turbdlence and pressure fluctuation are random 

functions of time and s pace but for stationary flow (on 

the average), by Taylor's hypothesis [1 6 ], the varia tion 

in time is essentially the same as in spac e . Then, the 

usual spectral analysis is feasible. The one-dime nsional 

total energy for any random fluctuation (per unit mass) 

is 

= atT f00 

F (n) dn 
µ 0 6 ' (18) 
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where 8' denotes the fluctuating value (velocity u' 

or pressure p' ) and F
8

(n) is the fraction of energy 

within the frequency interval n to n + dn , i . e. , the 

frequency-density function. In terms of the mean-square 

output signal of a wave analyzer, the fraction of energy 

at each frequency is 

F (n) 1 2 (n , B,) I (19 ) = e B w 

where e 2 (n,B) w is the square of therms output at any 

selected frequency n, B the filter bandwidth and n 
w 

the central frequency within the bandwidth. 

The frequency spectra were measured by employing a wave 

analyzer with a constant-percentage bandwidth of 1/3 

octave (23%). For such a bandwidth the bias error caused 

by its finite size is less then 5% if the changes in the 

mean-square values are less than 15 db/octave (10). 

Furthermore, the side-band effects are negligible if the 

response time~at each frequency is short enough. 

The frequency spectra of both fluctuating velocity 

and pressure were monitored at 8 stations along the z

axis over a distan~e of about 14 in . They were recorded 

at same height or within a difference of less than 20 %. 

The former was recorded at 1 ft upstream of the structure 

simu ltaneously with the measurement of turbulence intensity 

whereas the latter along the upwind face of the L tower 
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concurrently with t he pressure measurement . A sample of 

fluctuating pressure spectrum obtaine d is displayed in 

Fig. 4.19. The signal-to-noise ratio (S/N) was about 30 

over most of the r ange of interest . A s ame S/N was 

obtained during the turbulence-energy spectrum survey. 

The turbulence - energy and pressure-f luctuations spectra 

are displayed in Figs . 4.20 and 4.21. Gene rally, both do 

exhib it a congrue nt be havior. Most of the t urbulence 

energy and pressure fluctuations are concentrated, at all 

stations , within t he same low fr e quency range . The latter 

exte nds up to about 15 to 20 Hz depe nding upon the 

pos ition . Furthe rmore , within the inertial subrange , i.e., 

at relatively high frequ e ncies, the -5/3 power is approx-

imate ly satisfied by both spectra at all stations . It is 

impcr t ant to remark that at z = 0.145, i.e. , near towe r 

base , this similarity breaks down . At this position the 

pres~ure-f luctuations spectrum differs drastically from 

the \urbulence energy distribution. Moreover, its slope 

in the inertial subrange is about -1. 
' It is suspected 

that this discrepan cy is caused by the surrounding build-

ings located up stream of the tower . Since the natural 

fr equency of the structure is about 200H z the results 

within its range , i.e. 200Hz ~ 20 %, are discarded. 

No drastic shift of energy within the low freque ncies 

was observed . The turbulence e ne rgy does decrease slightly 

with height but a def inite tre nd was not obse rve d. How

ever , most of the energy is conce ntra ted within the same 
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range. At high frequencies the slope does not change with 

height. In general a similar variation is observed for the 

pressure spectrum. At low frequencies, whe re most of the 

pressure "ene rgy" is concentrated, the intensity changes 

randomly with height . On the other hand, in the so-called 

inertial subrange it is practically the same and the -5/3 

power law is approximately satisfied at all h e ights except 

near the base . 

The important aspect of these results is the genera l 

congruence between the turbulence-energy and the surface 

pre ssure- fluctuations spectra . It can be inferred that the 

latter are produced by the boundary-layer turbulence. 

Furthermore , it is suspe cted that the y do correlate directly 

since it appears that they do differ by some constant of 

pro?ortionality . This is clearly indicated by the r esults 

pre5ented . 
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5. CONCLUSIONS 

The surveys of mean v e locity, turbulence intensity and 

boundary-layer thicknes s indicated that the atmospheric

s urface-layer can be simulated acceptably in a wind tunnel . 

The mean velocity variation with height was reasonab ly des

c ribed by a powe r law. The values of the exponent were 

found to be congruent with representative values in situ. 

Its value depe nded slightly upon the flow direction but 

s trongly on the roughness configuration of the upstream 

u rban area . A sufficiently thick turbulent boundary layer 

a bout 2.3 to 2 . 4 times the model height was obtained. 

The flow was found to be Reynolds-number independent . 

No significant changes in the pressure distribution were 

observed when the Reynolds numbe r was almost doubled . 

Generally , the mean pressure was fou nd to be larger 

near t he top than close to the base independently of fl ow 

d irection . On the other hand , the pressure gradient along 

t he various tower faces did depend on the wind direction . 

On the upwind iaces positive pressure was measured whereas 

s uction was monitore d along the leewind surfaces and the 

roof. The wake generated by the towers and surrounding 

buildings and the relative positions of the two towers had 

a strong influence on the resulting pressure distribution . 

The effect of the immediate surrounding buildings was most 

i mportant in the case of N wind . The minimum pressure 

was monitored around the center o f the upstream tower and 

not near its base . 
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For all flow d irections the fluctuating and peak 

pressure exhibited an opposite variation . They were found 

to be the l argest at the same regions where the mean pres

sure was the smal l est . In general, the fluctuating pres

sure (rms) was o f the same o rder o f magnitude or larger than 

the mean pressure whereas the instantaneous peak pressure 

ranged up to maximum 30 times the mean pressure . The largest 

fluctuating and p eak pressure was observed in the case of 

the N wind which is the most c ritica l flow direction. 

Furthermore , it was found that the mean and peak pres

sure depend more strongly on the flow direction than the 

fluctuating pressure. It seems that the latter, is mainly 

determined by the turbulence of the approaching flow. 

The pressures when averag e d over a horizontal strip 

extending across the width o f the building face r evealed 

that these average mean and fluctuating pressures change 

linearly with height . 

The direct measurement of the overturning moment re

vea led that i~ depends strongly on the upstream sur face 

condi tions . The fluctuating moment does depend on the up

stream t urbulence. A d ecrease in the mean moment and an 

increase in the fluctuating mome nt was observed in the case 

of the rough upstream conditions as compared with smooth 

ups tream condi tions . In the former case the instantaneous 

peak fluc tuating moment was found to be about 34 % of mean 

moment whereas in the latter case only about 8%. The mean 

momen t for t he rough c ase was about 56 % less t han for the 
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s mooth case. !1oreove r , t:ie turbulence inte n s ity of the up

stream flow ave r aged ove r t h e model tower height was found 

to be of same o rde r of magnitude as therms value of the 

fluctuating moment . These r e sults indicate t h at the direct 

meas urement of the overturning moment provides informa tion 

o f major importance to the structural engineers . 

The surveys of turbulence-energy spectra and pressure

f luctuations spectra along the u pwind force of the model 

s howed consistently that both exhibit a qua litative congrue nt 

loc a l variation . Most o f turbulence energy and pressure 

"energy" were c oncentrated within the same low fre-

q uer_cy range . I t can be inferred that t he upstream turbu-

l ence has a predominant role , together with the wake , in 

c ausing the pressure fluctuations on the structure . 
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APPENDIX I 

Surface Mean, Fluctuating and Peak Pressure Coefficients 

The tower and face notation is shown in Fig. 2.3. The 

pressure tap stations are designated by two numbers as fol

lowing: the first number indicates the horizontal position 

(row); the second number stands for the vertical position 

(column). 

The pressure coefficients were computed for Um= 50 fps 

and p = _0.00187 slug/ft 3 • The blockage correction coef

ficient was estimated using the method presented in Ref. 17. 

Its value is between 0.03 to 0.1 depend ing upon the particular 

pressure station location. 



Ta ble 1: Surface mean, fluctua t i ng and pe ak pres sur e coe ff i cients, L- Tower, NE wind . 

Face 4-1 Face 1-2 Face 2-3 Face 3-4 Roof 

St a tion c P C C Sta tion c P C C Stati on C C C Station cp C C S t at i on c p 
No . Pf Pmax P f Pmax No . p Pf Pmax No. Pf Pmax No . 

1- 1 . 43 . 19 . 54 1-1 J. 50 . 1 5 .70 1- 1 -.31 . 17 .4 8 1-1 -. 39 .17 . 80 1- 2 - . 46 
1-3 . 58 .21 . 49 1- 2 - .52 . 18 . 91 1- 3 - . 33 . 11 . 37 1 - 2 -. 38 .1 7 1. 01 1- 3 - . 47 
1-4 . 60 . 20 . 60 1- 3 - . 41 . 17 . 75 1- 4 - .33 . 11 . 40 1 - 3 -. 37 . 13 .60 1-4 -. 44 
1-5 . 66 . 20 . 75 1-5 - . 32 . 12 .44 
1- 7 .61 .20 . 54 2-2 -. 51 . 22 . 9J 1- 7 - . JJ . lJ . 41 ~- :? - . 39 . 15 . eo 2-1 - .4J 

2- 5 - .46 
2- 2 .62 . 17 . 50 3-1 -. 51 . 11 . 55 2- 2 - . 30 . 1'2 .35 3- 1 - . 43 . 15 .76 
2- 4 • 72 . 18 . 49 3-2 - .53 .24 .95 2-4 - . 31 .12 .34 3-2 -.39 . 12 .63 3-2 -. 46 
2- 6 .7 3 .18 . 51 3- 3 - .51 . 23 1. 0 7 2-6 - .31 .08 .37 3-3 - .34 .21 1. 00 3-3 - . 46 

3- 4 -. 45 
3-1 . 36 . 16 . 4 4 4- 2 - . 55 .2 7 .83 3-1 - .3 4 . 16 . 48 4- 2 - . 40 .18 .97 
3-4 .67 .19 . 56 3- 4 - .29 . 11 .47 4- 1 - .4 4 
3-7 . 48 .18 . 47 5- 1 - . 54 .16 . 50 3- 7 - . 26 .13 . 59 5-1 -.44 .16 . 80 4-5 - . 47 

5-2 -.59 .25 . 97 5-2 - .38 . 18 . 90 
4-2 .51 .13 .4 4 5- 3 -.46 .36 1. 19 4-2 - . 33 . 11 . 43 5-3 - .34 . 22 1. 05 5-2 - . 46 
4- 4 .58 . 13 . 43 4-4 -. 29 . 12 . 34 5-3 - . so u, 
4-6 . 56 .14 . 42 6- 2 -.55 .23 1. 03 4- 6 - . 23 . 11 . 44 6-2 - . 37 . 18 . 98 5- 4 - .44 

0 

5-1 .2 7 .17 . 49 7-1 - .5 5 .15 . 50 5- 1 - . 34 . 15 . 60 7-1 -.36 .1 7 . 70 
5- 4 . 55 .17 . 56 7- 2 -. 5 4 . 24 . 52 5- 4 - . 25 . 12 .46 7- 2 - . 39 .19 . 95 
5- 7 . 34 . 18 .51 7-3 -. 4 3 . 14 . 54 5-7 -. 23 . 17 .89 7- 3 -. 36 .19 . 67 

6-2 • 1A . 16 . 48 8-2 -.52 .26 1.03 6- 2 -.29 .18 .64 8-2 -. 40 .20 1.15 
6- 4 .51 . 16 . 44 6-4 - . 26 .19 .SG 
6-6 .52 . 16 . 46 9-1 - . 58 .14 . 50 6- 6 -.2 4 .16 .59 9- 1 - . 3 1 .17 .56 

9-2 -.43 .26 1.27 9-2 -. 39 . 20 . 87 
7- 1 . 19 . 13 . 44 9- 3 -. 29 .25 .74 7- 1 - . 31 . 22 .so 9- 3 -. 38 . 20 1. 15 
7-4 . 44 . 12 . 32 7-4 - . 24 .15 . 53 
7-7 . 31 . 13 . 44 1 0- 1 - .60 .13 . 48 7-7 -.26 . 16 . 63 10-1 - .2 3 . 1 7 . 7 3 

10- 2 - . 25 .28 1. 27 10 - 2 - .31 .2 4 .95 
8- 2 . 29 . 13 . 50 10- 3 -. 19 .26 . 70 8-2 -.3 7 .21 . 81 10- 3 - . 40 . 22 1. 10 
8-4 . 39 . 12 . 46 8 - 4 - . 28 .18 . so 
8-6 .33 . 14 . 48 8 - 6 - . 26 .2 0 . 55 

9-1 . 11 . 11 . 42 9-1 - . 39 .24 1. 05 
9- 4 . 32 .12 . 4 3 9-4 - .20 . 16 . 75 
9-7 . 17 . 14 . 45 9-7 - . 23 . 14 .52 

10-1 . 0 8 .12 . 4 4 10-l -.46 . 30 1. 05 
10-4 .32 .12 .48 10-4 -.0 3 .20 . 75 
10 - 7 . 44 . 4 8 . 50 10-7 - .17 . 1 4 . 53 



Table 2: Surface mean, fluctuating and peak pressure coefficients, R-Tower, NE wind. 

Face 4-1 Face 1-2 Face 2-3 Face 3-4 Root 

Station cP C C Station cP C C Station cP C C Station cP C C Station cP 
No. Pt Pmax No. pf Pmax No. Pf Pmax No . Pt Pmax No. 

1-1 - .25 .33 1.19 1-1 • -.09 .36 1.12 1-1 -.13 .12 .36 1-1 -.15 .19 ,86 1-2 - .15 

1-3 - .23 .22 1.03 1-2 - . 06 .25 . 79 1-3 -. 13 . 10 .45 1 -2 -. 16 .31 .98 1-3 -.14 

1-4 - .22 .26 1.10 1-3 - .09 . 20 • 78 1-4 -. 13 .11 . so 1 -3 - . 18 .43 1.26 1-4 -. 13 

1-5 -.17 .32 1.30 1-5 -.15 . 13 .54 
1-7 -.02 . 52 1.61 2-2 -.06 1-7 -. 15 .13 .49 2-2 -.17 2-1 -.19 

2- 5 -. 12 

2-2 -.26 3-1 -.06 .30 .95 2-2 - .13 3-1 - .17 .16 .81 
2-4 -. 25 3-2 -.0 5 .22 . 66 2-4 -.14 3-2 -. 19 .19 .70 3-2 -. 15 

2-6 -.24 3-3 -.09 .13 1.50 2-6 -.15 3-3 -.22 .2 1 .75 3-3 - .12 
3-4 -.10 

3-1 -.24 .24 1.01 4-2 -.06 3-1 -.13 .12 .69 4-2 - .21 
3-4 - . 26 .15 . 83 3-4 -.13 .05 . 16 4-1 -.16 

3-7 . 12 .34 1.14 5-1 0 3-7 -.20 .09 . 61 5-1 - .17 4-5 -. 10 
5-2 -.02 5-2 -.21 

4-2 -.25 5-3 -.08 4-2 -.14 5-3 - .26 5-2 -.12 

4-4 -.30 4-4 -.14 5-3 - .10 u, 
4-6 -. 26 6-2 -.01 4-6 -. 15 6-2 -. 22 5-4 -. 09 I-' 

5-1 -.26 7-1 .08 5-1 -.13 7-1 -.13 
5-4 -. 25 7-2 0 5-4 - .14 7-2 - . 15 
5-7 -.12 7-3 -.07 5-7 -. 16 7-3 -.23 

6-2 -. 23 8-2 0 .12 .53 6-2 - .1 4 8-2 -. 08 .21 .80 
6- 4 -.26 6-4 -. 15 
6-6 -.21 9-1 .05 6-6 -.16 9-1 -.07 

9-2 -.01 9-2 - . 01 
7-1 -.19 9-3 -. 10 7-1 -.14 9-3 0 
7-4 - . 16 7-4 -. 15 
7-7 .07 10-1 -.08 7-7 -.17 10-1 -.02 

10-2 -.08 10-2 0 
8-2 -.01 .20 1.10 10-3 -.09 8-2 -. 17 .09 .35 10-3 . 07 
8-4 -.03 . 24 1.30 8-4 -.19 .10 .37 
8-6 0 .20 1.08 8-6 -. 17 .1 0 .39 

9-1 0 9-1 -.20 
9- 4 . 06 9-4 -. 20 
9-7 . 20 9-7 -. 20 

10-1 .10 10-1 -.20 
10-4 .01 10-4 -.17 
10-7 -.10 10-7 -. 06 



Table 3: surface mean, fluctuating and peak pressure coefficients, L-Tower, N wind, 

Face 4-1 Face 1-2 race 2-3 Face 3-4 Roof 

Station C C C Station C C C Station cP C C Station cP C C Station C C C 
No . p pf Pmax No . p pf Pmax No . Pf Pmax No. pf Pmax No. p pf Pmax 

1-1 .10 . 11 .39 1-1 .6 7 .'24 .92 1 -1 - . 36 .11 .39 1-1 -. 20 .10 .30 1-2 - .35 .20 . 69 
1-3 .24 .13 .54 1-2 . 48 .23 .73 1-3 -.41 .12 .41 1-2 -. 14 . 08 .27 1-3 -. OB . 14 .51 
1-4 .28 - - 1-3 . 24 .12 .44 1-4 -.37 - - 1-3 - .13 . 06 . 27 1-4 -,07 .08 .32 
1-5 .JJ . 11 .4 5 1-5 -.31 .14 .52 
1-7 . 4 8 .15 .93 3-2 . 4 2 .25 .88 1 - 7 .. 2? . 14 .. ~J 2-2 -.22 ,08 . 31 2-1 -.55 -~1 . 6 S 

2-5 -.17 .09 .27 
2-2 . 22 .11 .39 3-1 .26 . 29 .96 2-2 -.41 .15 .56 J-1 -.27 .11 .43 
2-4 .34 .10 .36 3-2 .23 ,JO .92 2-4 -.41 .11 . 40 3-2 -.21 ,09 . 42 3-2 - . 22 . 22 .84 
2-6 . 41 . 15 .70 3-3 .09 .33 .98 2-6 - .31 .13 .so 3-3 - .16 . 0 8 .3 4 J -3 -. 10 . 14 . 4 6 

J-4 - . 15 ,06 .25 
3-1 . 08 .13 .54 4-2 .07 .18 . 68 J-1 -.4 7 . 28 1.01 4-2 - . 17 . 08 . 31 
3-4 .28 .16 . 61 3-4 -.41 . 19 . 66 4-1 - . 87 . 59 1.31 
3- 7 .27 .27 1. 06 5-1 -.OS .16 .8 2 J-7 - . 21 .11 - 5-1 -.22 .1 5 . 56 4-5 -.1 7 . 20 . 62 

5-2 . 05 . 20 • 71 5-2 - .16 . 10 .4 6 
4-2 . 20 .15 .6 5 5-3 -.02 .26 ,93 4-2 -.SJ -.34 -.21 5-3 - . 13 . 11 .64 5- 2 -.17 . 11 . 47 
4-4 .22 .17 . 67 4-4 .33 .21 . 15 5-3 -. 27 .4 0 , 97 
4-6 . 20 .2 1 ,81 6-2 . 01 .17 . 79 4-6 1.00 . 84 . 59 6-2 - .13 .12 . SJ 5-4 -.63 .29 .90 lJ1 

I\J 
5-1 .09 .16 .60 7-1 .02 .17 • 71 5-1 -.53 .52 1. JS 7-1 -.12 .12 . 39 
5-4 .19 .16 .61 7-2 .OJ ,18 .72 5-4 - .21 .16 . 66 7-2 -.10 .11 .40 
5-7 . 07 .16 . 72 7-3 0 . 22 ,83 5-7 -.13 .11 .41 7 - 3 -.10 .13 , 69 

6-2 .19 .12 .52 8-2 .06 .15 . 59 6-2 - .23 .16 1. 02 8-2 -.07 .07 .29 
6-4 . 20 . 12 . 63 6-4 - .09 .10 , 49 
6-6 .14 . 12 .52 9-1 .07 .15 .58 6-6 -.07 . 07 .31 9-1 -.05 .07 .30 

9-2 .1 0 .1 9 . 69 9-2 -.06 , 0 7 . 36 
7-1 .12 .OJ .08 9-3 . 08 . 22 .81 7-1 -. 26 .21 .74 9 - 3 -. 05 . 07 .32 
7-4 .22 .1 5 .57 7-4 - .08 .13 .49 
7-7 .12 .10 . 58 10-l . 11 .1 4 . ~6 7-7 -.06 .07 . 24 10-1 - . 05 , 05 .26 

10-2 . 19 .15 . 66 10-2 -.05 .07 .29 
8-2 .20 .12 . so 10-3 . 16 .18 . 65 8-2 -.19 .19 .73 10-3 -. OS .07 .JJ 
8- 4 .22 .12 . 57 8-4 -.08 . 13 .51 
8 - 6 .20 .12 .5 9 8-6 -.05 . 09 . JJ 

9-1 .14 .07 .40 9 -1 -.28 . 21 .78 
9- 4 . 21 . 10 . 43 9-4 -. 07 .13 .40 
9-7 . 17 .19 .64 9-7 -.05 .09 .31 

10-1 .10 .07 .3 0 10- 1 -.33 .38 l. JO 
10-4 . 21 .09 . 3 8 10-4 -. 0 7 .08 .30 
10-7 .16 . 1 7 . 69 10-7 - . 03 . 06 .24 



Table 4: surface mean, fluctuating and peak pressure coefficients, R-Tower, N wind, 

Face 4-1 Face 1-2 Face 2- 3 Face 4-1 ROo f 

Station cP C C Station cP C c Station cP C 
cPmax 

Station cP CP t C Station cP C C 

No. Pf Pmax No. pf Pmax No. Pt No . Pmax No, Pt Pmax 

1-1 . OB .27 1-1 .62 .15' .56 1-1 -.2 9 .08 . 24 1-1 - .2 2 ,O B .30 1-2 -. u ,1 8 .5 0 

1-3 .OB .08 1-3 -,17 , ll .41 

1-4 .10 ,09 .30 1-3 .15 .09 .36 1-4 - . 30 .09 ,36 1-3 - .18 .00 ,23 1-4 - .16 ,07 • 41 

1-5 .20 .08 .25 1-5 -.30 .12 ,42 
1-7 .35 .15 ,76 2-2 .44 .12 .40 1-1 -.34 .ll .75 2-2 - ,2 4 , 06 ,24 2-1 - . 58 ,17 ,4 9 

2-5 -.21 .17 , 58 

2-2 -.03 .05 .19 3-1 ,66 .21 ,68 2-2 -.29 ,07 . 16 3-1 - .29 . 08 ,30 
2- 4 .08 .07 . 28 3-2 .41 .16 .40 2-4 -.31 .0 7 .21 3-2 - 26 .07 ,25 3-2 -.34 ,32 .75 

2-6 .24 ,10 .51 3-3 .14 .ll .31 2-6 -.33 .09 .41 3-3 -.25 . 06 .19 3-3 - . 19 ,10 . 56 
3-4 - . 20 . 20 .so 

3-1 - . 15 .0 6 .19 4-2 .41 .15 ,46 3-1 -.29 .OB .21 4-2 -,28 ,ll .25 4-1 -1.00 . 40 1.40 

3-4 ,0 2 ,09 .28 3-4 - .31 .OB ,27 4-5 -. 34 .20 ,57 

3-7 .27 .26 1.02 5-1 .51 .21 .67 3-7 -.35 ,12 ,51 5-1 -,33 ,12 -
5-2 .35 .16 .56 5-2 -.31 ,ll .59 5-2 -.37 ,27 .65 

4-2 -.10 ,07 .20 5-3 .09 . 12 .35 4-2 -,33 .07 ,25 5-3 -.27 .09 . 44 5-3 - . 62 .23 , 64 

4-4 -.02 .OB .27 4-4 -.35 ,07 ,28 5-4 -. 49 ,18 .64 V, 

4-6 .1 5 . 14 .56 6-2 ,34 .18 .48 4-6 -.36 .09 ,48 6-2 - .31 ,13 ,55 w 

5-1 -.17 . 06 .23 7-1 .38 .20 ,64 5-1 - , 36 .09 .23 7- 1 -.3.6 .12 ,59 
5-4 - . 01 .10 .30 7-2 .26 .15 ,49 5-4 -.38 .ll .54 7-2 -,30 . 12 ,54 

5-7 .06 .35 1.07 7-3 , 02 .12 .42 5-7 -.37 .14 . 61 7-3 - .28 ,13 .67 

6-2 -.09 .09 .30 8-2 .21 .15 .52 6-2 -.38 .ll .43 8-2 -. 25 . 18 ,6 7 

· 6-4 - .10 . 31 6-4 -.39 .13 .62 
6-6 .OB .17 .54 9-1 .26 .ll .37 6-6 -.39 .15 ,57 9-1 -.31 .12 .47 

9-2 .15 . 13 .42 9-2 -.20 .20 .74 
7-1 -.13 .07 . 22 9-3 -.02 .10 .33 7-1 -.42 .11 .36 9-3 -.17 .14 ,76 
7-4 -.01 . OB . 30 7-4 -.43 .12 ,87 
7-7 . 07 . 29 .92 10-1 .17 .15 .56 7-7 -. 38 .18 ,47 10-1 -.31 ,31 1.28 

10-2 .09 .07 .21 10-2 - .19 ,10 · .37 
8-2 -.06 .07 . 21 10-3 - .03 .10 .31 8-2 -.44 . 13 . so 1 0-3 -.20 .14 .59 
8-4 .01 . 09 . 30 8-4 -.4 4 .16 .77 
8-6 .07 .13 .38 8-6 - . 34 .19 .61 

9-1 -.07 .11 .25 9-1 -.43 ,19 .64 
9-4 -.01 .09 .31 9-4 - . 42 .20 .83 
9-7 .10 . 18 .66 9-7 -.17 .18 .59 

10-1 -.12 . 09 .28 10-1 -.51 .18 .96 
10-4 -. 03 .OB .32 10-4 -.33 - -
10-7 .02 .11 .42 10-7 -.06 .18 .67 



Table 5: Surface mean, fluctuating and peak pressure coefficients, L-Tower, NW wind. 

Face 4-1 Face 1-2 Face 2-3 Face 3-4 Roof 

·station C C C Station C C C Station cP C C Station C C C Station cP 
No. p pf Pmax No. p _Pf Pmax No. pf Pmax No. p Pt Pmax No. 

1 - 1 - .36 .21 .82 1-1 . 38 ·, .17 .47 1-1 - .80 .29 .91 1-1 -.21 .1 2 .35 1 - 2 -. 27 
1-3 -. 41 .24 .87 1-2 .58 .20 .51 1-3 - . 47 .34 .91 1- 2 - .22 .12 .40 1-3 -.21 
1-4 - . 45 .20 . 70 1-3 . 58 . 21 .54 1-4 -.22 .24 .85 1-3 -.24 .16 .57 1-4 -.24 
1-5 -.44 .14 . 64 1-5 -.19 .17 . 62 
1-7 -.38 .12 .41 2- 2 .nn l -7 - . 19 , 13 .6 0 2-2 -.24 2- 1 - .38 

2-5 -.35 
2-2 -.40 3-1 ,40 .15 .39 2-2 -.69 3-1 -.23 .07 . 26 
2-4 -,4 0 3-2 .60 . 18 ,51 2-4 -. 22 3-2 -.28 . 08 .28 3-2 -.4 9 
2-6 - . 35 3-3 . 58 ,15 .42 2-6 -,19 3-3 -. 28 ,0 8 .2 6 3-3 -.26 

3-4 - .38 
3-1 - .43 .22 .80 4-2 . 57 3-1 - . 77 . 24 1.08 4-2 - . 22 
3-4 - .38 .14 . 54 3-4 -. 20 .33 . 90 4-1 -.60 
3-7 - .10 ,38 5-1 .48 3-7 - .16 .57 5-1 -.23 4- 5 -.60 

5-2 . 55 5-2 -. 23 
4-2 -.41 5-3 .60 4-2 - . 59 5-3 -.28 5-2 -.67 
4-4 -. 41 4-4 -.19 5-3 - . 64 
4-6 -.36 6-2 .41 4-6 -.20 6-2 - .24 5-4 - . 70 Vl 

~ 

5- 1 -.44 7-1 .19 5-1 -.74 7-1 - . 23 
5-4 -. 38 7-2 .38 5-4 -.17 7-2 - .24 
5-7 - . 27 7-3 . 35 5-7 -.14 7-3 -. 29 

6-2 - . 43 8-2 .27 .17 .63 6-2 -.44 8-2 -.27 .15 . 55 
6-4 -. 44 6-4 - . 16 
6-6 -.40 9-1 .06 6 -6 -.1 9 9-1 - . 23 

9-2 .21 9-2 -.27 
7- 1 - . 43 9-3 .23 7-1 - .62 9-3 - . 29 
7-4 -. 47 7-4 -.16 
7-7 -.43 1 0-1 -.06 7- 7 - .20 10-1 -.27 

10-2 .23 10 - 2 -.27 
8-2 -.44 .17 .52 10-3 .13 8-2 - . 23 .40 1.18 10-3 - . 29 
8-4 - . 48 . 17 .55 8-4 - . 14 .20 .68 
8-6 - . 4 7 .15 .48 · 8-6 -.17 .11 .44 

9-1 - . 36 9-1 - . 36 
9-4 - . 47 9-4 - .13 
9-7 -.45 9-7 - .17 

10-1 -.02 10-1 -.08 
10-4 -.41 10-4 -.13 
10-7 -.48 10-7 - . 16 



Table 6: Surface mean , fluctuating and peak pressure coefficients, R-Tower, NW wind, 

Face 4-1 Face 1-2 Face 2-3 Face 3-4 Root 

Station cP C C Station cP C C Station cP cPt CPmax 
Station cP cP C Station cP 

No. pf Pmax No. pf Pmax No. No , t Pmax No, 

1-1 -.28 .29 . 95 1-1 ~ .so • 71 .62 1-1 -.74 .16 ,80 1-1 - . 1 9 , 10 .35 1-2 -.17 
1-3 -.44 . 28 . 96 1-2 . 18 . 18 .27 1-3 -.79 . 27 ,94 1-2 -.21 .10 .35 1-3 -, 1 4 

1-4 -.66 .26 . 90 1- 3 . 44 .5 2 .71 1 - 4 -.41 . 29 .90 1 - 3 -. 22 . 16 ,56 1- 4 - .15 
1-5 -.64 . 24 .80 1-5 -. 17 . 31 .84 
1-7 -.62 . 18 .64 2-2 .B4 1- 7 - . 14 • 71 , 7R 7- 7 - • 21 2-1 - . 35 

2- 5 - .27 
2-2 -.45 3-1 . SB .17 .43 2-2 -.73 3-1 -.21 . 09 , 33 
2-4 -.64 3-2 . 74 . 20 .52 2-4 -.52 3-2 -.20 .OB .33 3-2 -.62 
2-6 -. 59 3-3 . 65 . 15 .47 2-6 -. 22 3-3 -.22 .11 . 40 3-3 -. 56 

3-4 -. 44 
3- 1 - . 37 . 31 . 98 4-2 • 72 3-1 -. 66 .20 .91 4-2 -. 20 
3-4 -.60 .24 .Bl 3-4 - . so .30 .BS 4-1 -.7 3 
3-7 -.01 . 20 . 69 5-1 . 45 3-7 .08 , 29 . 66 5-1 - . 21 4-5 -.7 6 

5-2 . 60 5-2 -.20 
4-2 -.47 5-3 .52 4-2 -.73 5-3 -. 24 5-2 - • 71 
4- 4 -.60 4-4 - . 44 5-3 - .74 
4-6 - .59 6-2 . 63 4-6 -. 23 6-2 -. 23 5-4 -. BO u, 

u, 
5-1 -.35 7-1 . 33 5-1 -.73 7-1 -.19 
5-4 -.60 7-2 .48 5-4 - .35 7- 2 -. 22 
5-7 - . SB 7-3 . 4 2 5-7 -. 15 7-3 -. 29 

6-2 -. 41 8-2 .42 .15 . 45 6-2 -.70 8-2 -.20 .1 2 1.22 
G- 4 - . ~9 6-4 -. 23 
6-6 -.69 9-1 . 16 6- 6 -. 09 9-1 -.15 

9-2 .27 9- 2 - .19 
7-1 - . 26 9-3 . 27 7-1 -.67 9:.3 -.27 
7-4 - .57 7-4 -.10 
7-7 -. 6 9 10-1 . 10 7- 7 - .08 10-1 -.17 

10-2 . 22 10-2 -.20 
8-2 -.21 .19 • 72 10-3 . 20 8-2 -.37 .37 1. 23 10- 3 -.15 
8-4 -.38 . 35 . 99 8-4 0 .15 .62 
8-6 -.76 .39 l.22 8-6 -.0 1 

9-1 -.12 9-1 -.47 
9-4 - . 14 9-4 -. 03 
9-7 - .85 9-7 - .03 

10-1 -.08 10-1 -.01 
10-4 - . 16 10-4 -.06 
10-7 - . 44 10-7 -.01 
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