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ABSTRACT 

WIND LOAD INTERACTION ON AN· ADJACENT BUILDING 

< 

In recent years, wind loading on buildings has been an area of 
~ 

active investigation by many authors. A review of this literature 

indicates that little information is available on the effect of an 

adjacent building on the pressure distribu~ion, mean force and moment 

coefficients and the probability density function of the peak pressures 

acting on a structure. Especially evident is. the need for defining 

possible areas of augmented high wind loading. The purpose of this 
.t paper is to give a detailed picture of these effects for a·-set of upwind 

J ~ 

structures and relative positions. The results show wher~ shielding and 

channeling effects can be of significant effect in mean~_.ind loading 

and local pressure distribution. Also, an attempt is mad~ to predict .. ~._ 
local peak pressures resulting from building interaction ~sing the 

statistical characteristics of wind . 
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Chapter 1 

INTRODUCTION 

A tall building by its very nature is an obstacle to the wind. 
" 

The pattern of airflow around a building depends on the characteristics 

of the approaching wind, on the immediate surroundings and on the size 

and shape of the building itself. 
· ~ '. 

There is a general outline for estimating wind loads and patterns 

on buildings. One initially assumes a certain design life for the 

building, and determines the mean hourly wind speed, gust factor and 

roughness category for the s ite based on local meteorological data 
,, 
'\-.. 

and the American'-'' National Standard Institute building code requirements. 

A~ first estimate of forces ~nd moments on various areas of the building 

is then obtained using basic shape factors with this building informa-

tion. When possible high wind loading situations are likely, wind 

tunnel tests are usually justified to quantify the wind loading. A 

rigid model is made and placed in the modeled area, with a suitable 

modeled approach wind. Local 1neasurements of fluctuating pressure are 

made at numerous points on the buildi ng for many wind directions. From 

this data and from a knowledge of the statist ics of the atmospheric 

wind magnitude and direction at the structure site, the wind loads to 

be expected at various locations on the building during the design life 

of the structure may be determined . 

When a nearby structure is included in the consideration of loading 
~ 

effects, wind analysis becomes more complel. A dramatic instance of 

adverse wind loading induced by adjacent structures occurred at Ferry 

bridge in England in 1965 with the collapse of three cooling towers in 

an array of eight. The cause was determined to be increased loading on 

1 
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the towers due to adjacent towers (see Sachs, 1972). Adverse wind 

effects due to adjacent structures were encountered during pre-erection 

wind-tunnel studies on the five-building Renaissance Center Complex in 

Detroit, Michigan (see Peterka and Cermak, 1976). The general inter-

ference problem resulted from the center tower being exposed to acceler-

ated flow from the upwind buildings. Slight changes in the approach 

wind direction caused large variations in mean loading on the center 

structure in addition to the local loading effects . 

Guidance from wind-tunnel tests can provide the designer with 

quantitative indications of situations in which a nearby building may 

cause increased or decreased loading. 

In recent years, wind loading on buildings has been an area of · 

active investigation by many authors. A review of this literature indi-

cates that little information is available on the effect of an adjacent 

building on the pressure distribution, mean force and moment coefficients 

and the probability density function of the peak pressures. A few 

studies have been performed to determine the structure of mean winds 

about groups of buildings but these are of minor use in assessing wind 

loads. Especially evident is the need for defining possible areas of 

augmented high wind loading. 

The objective of this research is to present a general set of 

guidelines for adverse and beneficial wind loadings resulting from 

building interaction. 
' Two buildings are used. The first, named the principal building, 

is instrumented and set at a fixed position. On this all measurements 

are made. The second building is set at an upstream position to create 

a flow interference on the principal building. Wind tunnel measurements 
•' . .!..'-.' 
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are made to establish the effect of the obstructing building in various 

positions in relation to the principal building, Height, distance 

between buildi~gs, angle of approach wind, and aspect ratio (H/W) are 

variables which are investigated. 

Reported are local pressure coefficients, and the force and 

moment coefficients. All coefficients are based upon the velocity pro-

file in the approach flow. Peak pressures described by two probability 

density functions are used to rationally predict peak pressures. 

No attempt was made to define potential interaction leading to 

dynamic problems such as galloping or buffeting. 
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Chapter 2 

BACKGROUND 

Two methods can be used to investigate wind load interaction on 

adjacent buildings. The first way is to examine the flow about an up-

wind building, especially in the separated and wake regions; and predict 

how the perturbed flow will respond upon collision with the downwind 

building. For this type of a~alysis a detailed pictu~e of flow charac-
~t-

teristics about the upwind building is needed. Many investigators have 

done just this. In 1976, Akins organized pressure measurements for a 

range of isolated buildings subjected to several planetary boundary 

layers. Hunt (1969) and Woo, Peterka ,and Cermak (1976) investigated 

the wakes to be found behind a large building in atmosphere wind, and 

Wise (1971) looked at the regions around a tall building where acceler-

ated flow is likely near the ground. A summary of these investigations 

shall follow in this cbapter. 

The secodd m~thod of investigatiri~ wind load interaction on 

adjacent buildings is by examination of the pressure distribution on the .. 

downwind building. Surprisingly, there has been very little written on 

this subject. Kelnhofer (1971) looked only at the influence of a 

neighboring building on the flat roof wind loading of a parallel build-

ing. His results lose some practicality because the experiments were 

conducted in uniform fiow. It is well accepted now that if an accurate 

assessment of the wind force is to be obtained, the model must be sub-

mer:ged in a turbulent shear flow that simulates the natural wind. 
:·.~-~t· 

Ishizaki and Sung (1971) investigated the wind speed in the gap between 

two buildings. They found for certain building orientations, the wind 

speed may be increased by a factor of 1.4. The critical separation 

4 
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distance was dependent on building widths and lengths as well as 

separation distance. There have been numerous studies concerning wind 

effects on a particular building and building complexes. In examining 

the wind loading on the Renaissance Center in Detroit, Michigan, Peterka 

and Cermak (1974) sited adverse and beneficial effects of the neighbor-

ing structures on the principal building . Similar observations were 

made by the same authors in wind studies of the Denver Square Office 
"'f' > 

Complex in Denver, Colorado (197~), ~ and One Houston Center in Houston, 

Texas (1976) . As new buildings are designed with acute angles and 

lighter materials, ·Peterka and Cermak concluded that certain isolated 

wind azimuths peculiar to that u~ban environment result in hazardous 

effects on the cladding . Also total wind loading on a building may be 

either adversely or beneficially affected due to surrounding buildings. 

The importance of adjacent structures en wind loading and the need 

for a general study of wind load interaction on ,adj acent buildings is 

seen from these reports. The follo\<Jing chapters shall present a quanti-

tative study of the pressure distribution on the downwind building. 

Although this report was not des i gned to study flow characteristics 

around an isolated building, it is important to present a summary of 

this phenomena as a preface to investigating wind load interaction 

between two buildings. 

The mean and fluctuating pressures on flat -roofed buildings immersed 

in a thick boundary layer were reported by Akins (1976) . Relevant geo-
·"--i<_1>t 
·.} 

metric and atmospheric variables which affect t he surface pressure on 
·:· ' . .... 

the buildings were singled out so that regions of severe local pressure 

could be identified. Mean pressure measurements for different aspect 

ratios (H/W) and different approach flow conditions were condensed to 
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one set of mean pressure coefficients based upon a local velocity for 

each side ratio (D/W) of the building. This, added to the large selec-

tion of building shapes inves.t,~'ated, enabled Akins to predict mean 

and fluctuating pressure coefficients for a wide range of ~ectangular 

shaped buildings . Results showed that a small change in uhe flow inci-

dent upon a building changes the pressure distribution on the building 
; 

quite significantly . Also, the local pressure coefficients for corre-

spending locations and wind directions were found to be primarily de-
:::~* 

pendent on the side ratio of the building as' a result of· differing 

separation-reattachment characteristics .. 

Hunt (1969) developed a theory which rel ated the overt;trning 

moment on the body to the moment of momeftum deficit in the wake. From 

this the mean velocity in the wake behind the two-dimensional and three-

dimensional surface mounted obstacles in a turbulent boundary layer is 
t r . ~.~ { ~ ~ 

predicted. Several assumptions were made by Hunt in developing this 

"ni~entun{ wake the6rli' " A basic assumption is that obstacles cause only 

a small perturbation in the boundary layer and that the height of the 

obstacle is much less than the thickness of the boundary layer. The 

zone of separated' i :ftiw b~hind the, body does not meet this criterion and 
/ 

therefore, tqe flow in this region cannot be predicted by the theory. 
! .'\' . f 

In addition, Hunt related the perturbation shear stress to the 

local mean velocity gradient by an eddy viscosity, which is constant 
- -~ - ' over most :of the wake . Admitting this hypothesis may be an over-

simplification, Hunt notes that the usefulness of this assumption is 
. •'; 

.~hat the equations of motion can then be solved for a first order solu-
:1 
tion. The comparison between his measured and theoretical mean velocity 

··t 

profiles for flow behind a two-dimensional block is good.. In the case 



7 

for the three-dimensional wake, the mean velocity results exhibit fair 

agreement with the observations for the limited data published. The 

most important limitation to the theory is that it is only valid at a 

distance of several building heights downwind, which may rule out its 
( 

usefulness in studying wind interaction between buildings. Hunt con-

eludes that characteristics of a turbulent boundary layer subjected to 
t 

two-dimensional or three-dimensional obstacles is highly complicated • 
and with the present ~no~;~dge about turbulent flow, theoretical develop-

ments must rely to a great extent upon experim~ntal observations and 

measurements. 

Woo, P~erka and Cermak (1976) and Hansen and Cermak (197.5) showed 
( · 

experimentally that wakes genefated by buildings are generally charac-

terized by increased turbulence, mean velocity defect and in certain 

situations by organized strong vortices with at~s parallel to the main 
~- .r ·-r£ ' - . 

flow direction (F1g. 2.1, 2.2). Woo showed that the fluctuating turbu-
'l 

lent velocity in the wake of the rectangular block is greatest· at a 1' 

height just above the block. In this region turbule~ce is convected 

downstream and diffused in a downward direction . The similar observation ,. 
was made by Hunt. 

It is evident that before building wake characteris ti~. s can be 

predicted with a high degree of confidence , further detai~?d measurements 

in the wakes of a wider range of bui l ding shapes is needed. From the 

existing Vf loci ty and turbulence measurements we can at best quali ta-

tively estimate the change in mean and fluctuating winds acting on,a 

building placed in the wake of another one . There is the added, and 

severe, problem of predicting ,pressure distributions even if the 

approach flow is defined. 

~· --' 
~-
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Wise (1971) investigated case studies of air movement around tall 

buildings. He reports the wind speeds of ground level corner streams 

and through-flow regions of selected buildings . The results of his 

study show that a person walking from a sheltered region among low 

buildings might experience up to a four-fo l d increase in wind speed on 

entering an arcade beneath a tall bui lding . Since the force of the wind 

increases with the square of its speed, thi s ' impl i es a sixteen-fold in-

crease in the force on a person, and illustrates the unpleasantness 

and possible danger of such a situation . The effect of the dimensions 

and spacing of two buildings on the wind speed in corner streams were 

also reported. Wise indicated that the he i ght and width of t he tall 

building are seen to be the most i mportant factors . From flow visual-

ization he observed the distance between the high and low buildings has 
I 

minor effect, and ~he height of the low building is unimportant until 

it is at least one-third of the height of the ta l l building. The maxi-
, -,.,, 
~~)ll speed in the corner stream is little influenced by the wind angle, 

although the positions of the corner-s t r eams obviously will change with 

wind angle. Little at tempt was made to re late his velocity measurements 
" ,, 

to overall effects on adjacent buildings, and although some information 

is reported on the pressure distribut i on on t he downwind building, the 

scope was not large enough to make any generalizations concerning wind 

load interaction on adjacent buildings . 

Peterka and Cermak (1976) discussed qua l itatively the adverse wind 

loading induced by adjacent buildings. The largest pressures acting on 

a structure are negative and act in a region of £low separation. This 

indicates that pressures in these regions could be incr eased if the flow 

in the vicinity of these., regions were accelerated by influence of an 
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adjacent structure. At the stagnation region on the front of a 

structure where largest positive values occur, any increase in the mean 

velocity or turbulence approaching this region will result in increased 

positive pressures. In a like manner, any shielding effects of adjacent 

buildings acting to reduce the velocities in these regions will have the 

effects of reducing pressure also. No mention was made of the forces 

and overturning moments on the building complex examined, although this 

can be readily derived given the mean-pressure distribution. 

The American Standard Building Code Requirement for Minimum Design 

Loads in Buildings makes little mention of possible hazards or benefits 

in total loading or cladding design that can result from wind inter-

action from another building. On shielding and channeling effects of 

adjacent buildings, the Building Code states: 

"Reductions in velocity pressures, due to direct shielding 
afforded by adjacent buildings or structures or by terrain 
features are not permitted .... For building complexes involving 
several structures, direct shielding may result in markedly i, 
reduced loads for certain wind directions. On the other hand, . 
channeling and buffeting in the wake of upwind obstructions 
might increase the pressures or suctions, and such increases 
should be allowed for in the design. Wind-tunnel tests in 
appropriate wind tunnels are recommended for this purpose." 

Thus, there is a need for quantitative descriptions of wind loading 

induced by an adjacent building. It is the purpose of this study to 

give a detailed picture of these effects for a set of upwind structures 

and relative positions. It is hoped that this information will be the 

primary step in formulating a designer's guide to prediction of local 

peak pressures on a downwind building. 

~·'· 



Chapter 3 

SCALING REQUIREMENTS 

General 

The general requirements for similarity of atmospheric boundary 

layers may be obtained by inspectional analysis of the equations of 

mass, momentum and energy. The three governing equations may be 
~ 

expressed in the following form (Cermak, 1971): 

and 

ap* ·-- + at* 
a(p*u~) 

1 
ax~ 

1 
= 0' 

au~ au~ [L~n00] __ 1 + u~ __ 1 + 
at* J ax ~ 

J 
2c . . kn~ Uk* = 

1) J 

aT* aT* 
-- + u~ at* 1 ax~ -

1 

aP* 
- ax~ -

1 

+ 1uv~ J [c UtT) ] <P*. 
~ o o po o 

a-8'u!* 
1 

ax~ 
1 

(3.1) 

(3.2) 

(3. 3) 

The dependent and independent variables have been made dimensionless 

(indicated by asterisk) by choosing appropriate reference values. 
f ' Cermak (1975) in "Applications of Fluid Mechanics to ·Wind 

· .. } 

Engineer.~ng--A Freeman Scholar Lecture" details the tequ<l~'~inents for 
!. ~···~;,i.;~ ';, · ~ 

)~· .. , ' 

exact similarity of the nondimensional coefficients (quantities in 

brackets) shown in Eqs. (3.1), (3.2) and (3.3) for the physical model 

and the atmosphere. In summary the requirements may _ be. stated as follows: 

10 . '!! ' 
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1. Undistorted geometry 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

Equal Rosby number: Ro = U /(L Q ) 
0 0 0 

Equal gross Richardson number: Ri = 
l'.T g L 

0 0 0 

T U 2 
0 0 

Equal Reynolds number: Re = 
U L 

0 0 
\) 

0 

Equal Prandtl number: Pr = (v ~ C )k opo po o 

Equal Eckert number: Ec = U2/[C (l'.T) ] o po o 
Similar surface-boundary conditions 

Similar approach-flow characteristics 

Cermak shows that all of the above requirements cannot be 

simul~~neously satisfied in the wind tunnel and atmosphere. However, 

some of the quantities are not important for the simulation of many 

flow conditions. The parameters which can be neglected and those which 

are important to this study will now be discussed. 

Neglected Parameters 

Wind forces on buildings require information on boundary layers 

during strong winds. Thermal stratification is destroyed by intense 

mixing of the airflow (neutral stability) hence boundary layers with 

adiabatic lapse rates are generally used for this type of study. This 

relaxes Richardson number requirements. Since air is used in the model 

for simulating the atmospheric boundary, Prandtl numbers ar~ equal. 

Eckert number differences are insignificant until the flow speed 
t 

The Rosby number is a quanti ty :iwhich ' approaches the speed of sound. 

indicates the effect of the earth's rotation on the flow field. This 

effect is assumed to insignificant in this study and therefore Rosby 

number similarity is neglected. 
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Relevant Parameters 

Geometric scaling, surface-boundary-conditions, and approach-flow' 
' characteristics must be similar for the atmosphere and its model. The 

special design features of the wind tunnel used in this study to meet 

these requirements will be discussed in detail in the next chapter. 

Reynolds number similaritl requires that tte quantity UD/v be 
- ~. 

similar for model and prototype. Since v, the kinematic viscosity of 
·I air is identical for both, Reynolds numbers cannot be made precisely 

equal with reasonable wind velocities. Wind velocity in the wind 

tunnel would have to be the model scale factor times the prototype 

wind (Peterka and Cermak, 1976). However, for sufficiently high 
4 Reynolds number (> 2 x 10 ) a pressure coefficient at any location on 

the building will essentially be constant with Reynolds number if the 

model is characterized by sharp corners. This will tend to fix 

separation points and so fix overall characteristics of the flow. 

Templin, Peterka and Cermak (1976) and Roshko (1970) indicated that 

care must be taken when modeling fine details such as building mullions 

and architectural features. Roshko conducted a wind tunnel study of a 

square prism with and without shallow grooves cut along the length of 

the two upstream faces. Wind was at a 45° angle to both front faces. 

Pressures on the leeward sides were measured with and without the grooves 

on the ups~;am face. A variation in the mean pressure of about five 
.'i.J.-'& 

5 percent was observed for the range of Reynolds number from' 4.3 x 10 to 
1 

5 7.8 x 10 . Although small, this indicated that exact scal~ng of details 1 

from full-scale to model will not automatically give accurate results. 

Templin et al. (1976) conducted a series of tests in which small 

architectural features were exaggerated relative to the true scale. 
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Although some differences were detected, the effects were small 

compared to the effects of overall geometry ·. Templin concluded that 

no general law for scaling small details can be formulated since there 

are too many parameters such as building geometry and wind direction 

that play a significant role in the final process. 

Time Scaling ·-
Time scaling is essential to relate peak pressures observed on 

the model to that in full-scale. Akins (1976) used the concept of 

reduced velocity for time scaling. The scaling specified was given by: 

(3.4) 

where D is an appropriate dimension of the building under consideration, 

n is a characteristic frequency, and U is the mean wind velocity . 
0 

One may note that the reduced velocity is the reciprocal of the 
1 Strouhal number. Since n

0 
= f, Eq. (3.4) can be rearranged to 

If u = u p m 

U D . 
(_E_) (~) T 
U D p m p 

only the geometric scale is involved in the time 

(3. 5) 

scaling. For a model scale of 1:250, approximately 16 seconds of wind 

tunnel wind averaging will correspond to a mean hourly wind in 

full-scale. 
:.!'~~ 

The American National Standard Institute (ANSI) building code says 

that the basic wind speed to be used in the determinat i on of wind load 

on a building corresponds to the fastest-mile speed for a 100-year 

mean recurrence interval. This speed is based on observed airflow in 

open level country at a height of 30 feet above the ground. For city 
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centers where extreme variations of shielding and channeling prevail 

more information regarding distribution of extreme winds is needed. 

The method given by ANSI for determining an appropriate time 

reference interval to convert peak pressure coefficients to full-scale 

loads will now be shown. 

1. Vellozzi and Cohen (1968) developed a simple conversion of 

fastest mile wind speeds to mean hourly averages (see Fig. 3.1). For 

a period of t seconds Fig. 3.1 gives, F, the ratio of the average 

probably maximum wind speed (V ) to the mean hourly speed. The a 
averaging period, t, for the fastest mile of wind is determined by 

(3.5) 

in which t is in seconds and Vf is the fastest mile velocity in 

:~ miles per hour. 
f ) 

2 . Velozzi and Cohen (1968) also gave an approximate method 

for adjusting the hourly wind speed obtained in Fig. 3.1 from the 

1/7 power law velocity ~profile to a different approach flow condition. 

It is 

(3. 6) 

in which Z is the gradient height, V is the hourly speed at g a 
30 feet for .the 1/7 power law velocity profile and a is an experi-

. J\..'i.1'. 
--~ 

mentally determined value for the approach flow conditions being 

studied (in this study a= .27). 

3. The appropriate reference pressure based on the mean velocity 

at the height of the reference wind tunnel measurement is then given by 

q 1 v 2 2 p z (3. 7) 
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When this reference pressure is multiplied by the peak pressure 

coefficients, peak loads are obtained. 

.; 



Chapter 4 

EXPERIMENTAL PROCEDURE 

General 

There are many variables to consider in dealing with wind pressures 

on buildings due to adjacent buildings. Examples are building heights, 

aspect ratios, relative positions, wind direction, and boundary layer 

characteristics. In order to present a reasonable ampunt of systematic 

experimental data, it was necessary to restrict the study to a limited 
·t-

range of some of these variables. It was decided to establish the 
t-

effect of one upstream building in various positions on just one down-

stream building. : . .:~f'his downstream building shall be referred to as the 

"principal building." The dimensions of the principal building were 

the same for all measurements. The single building upstream is referred 

to as the "obstructing building." Three series of experiments on wind 

load interaction on the two buildings were performed. They were: 
~ - . 

A. Obstrulfing and principal buildings were the same size; wind 

direction was normal to one side of the obstructing and 

principal buildings, and the distance between buildings varied 

laterally and longitudinally. 

B. Height of the obstructing building varied and wind direction 

was longitudinal to the buildings. Distance between buildings 

~as varied also in the longitudinal direction. 

C. Obstructing and principal buildings were the same size; wind 

approached at different azimuths with respect· to the center 

of the principal building; the distance between buildings 

varied longitudinally. 

16 



17 

In total 176 different building configurations were examined. 

The layout of the building configurations used for Series A, B, and c, 

and associated nomenclature are given in Fig. 4.la,b,c. 

The Wind Tunnel 

All measurements were made in the industrial aerodynamics wind 

tunnel located in the Fluid Dynamics and Diffusion Laboratory at 

Colorado State University, Fort Collins, Colorado. A schematic of the 
, . 

wind tunnel i~ shown in Fig. 4.2. It is a closed-return tunnel powered 

by a 75 hp constant speed induction motor 1 A sixteen-blade variable 

pitch axial fan provides . control of the speed of the tunnel. The flow 

is forced through a 4:1 contraction into a squa~e test section 18.3 m 
2 long with a cross-sectional area of 3.35 m . 

In order to obtain a thick turbulent boundary layer in the wind 

tunnel, spires and roughness elements were used in addition to the 

length of available test.section. The spires used were developed by 
~· 

Peterka and Cermak (1974). The dimensions of the spifes are shown in 

Fig. 4.3 and the positions at which they are located are shown in 

Fig. 4.4. In addition to the spires, barrier and roughne~s elements 

were used. The barrier and roughness elements began at a distance 1.22 m 

downstream of the spires and extended the length of the test section. 

The spacing and size of the roughness elements is given in Fig. 4.5. 

The turbulent boundary layer in which all tests were ~ducted 

was similar to that of Akins' (1976) Boundary Layer 2. The difference 

was that no roughness elements were used within 2.18 m of the center of 

the principal building. This is unlikely to effect any characteristics 

of Boundary Layer 2. Figure 4.6 is the mean velocity profile for this 

boundary layer. The velocity profile developed had a mean profile 
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following a power law of the form 

U(z) =(~)ex: 

U(6) 6 ( 4 .1) 

where U(z) and U(6) are the mean velocities at an arbitrary height, 

z, and at the top of the boundary layer, 6, respectively. The exponent 

ex: is determined by the boundary roughness. For this study ex: had a 

value of 0.26. The exponent of the power-law profile, ex:, in full-scale 

situations has been reported to range from 0. r 2':, for very smooth surfaces 

upwind of the measurement looRtion to 0.40 for an upwind terrain with 

very large and irregular obstacles. 

Figure 4.7 is the lateral variation of the mean velocity profile 

as measured by Akins (1976). The coordinate system used to describe 

the measurement locations are shown in Fig. 4 .. 4. 

The local turbulence intensity as measured by Akins (1976) is 
I 

plotted in Figs. 4.8a,b,c and listed in ~Table 1. The local turbulence 

intensity is defined as the ratio of the velocity fluctuations, u', v', 

w', to the mean velocity, U(z), at the height of the measurement. The 

longitudinal RMS velocity is (u'), the lateral RMS velocity is (v') 

and (w') is the vertical RMS velocity. Davenport (1961) showed wind 

tunnel values are close to full-scale estimates, and the trend of local 

turbulence intensity with increasing power-law exponent is the same in 

the wind tuhnel as in the full-scale environment. 

Geometric scaling of the boundary-layer ranged from 1:200 to 1:300 

for a power-law exponent of 0.26. 

three lengths , the roughness length 

This is determined ·by comparison of 

z , the longitudinal integral 
0 

scale A and the boundary-layer thickness z , to full-scale measure-x 0 

ments. Table 2 (from Akins, 1976) gives a range of reported values 
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from which geometric scaling was based. In order to make further 

comparisons more convenient, a scale of 1:250 is used in the remainder 

of this report .. Table 2 indicates any scale range in the region 1:200 

to 1:300 would be equally appropriate. 

Comparisons of other properties of the full-scale and wind tunnel 

boundary layers, such as velocity spectra, autocorrelation function 

and coherence functions are reported by Akins (1976). The reader is 

referred to this reference for a complete discussion of scaling boundary 
• ~ · ·IV' 

layers between the two systems. 

The Models 

The Principal Building. t 'All measurements were made on the principal 

building. The building was made of 0.635 em thick Plexiglas and instru-

mented on one surface. The dimensions and the locations of the taps on 

the princ~pal building are given in Fig. 4.9. The different sides of 

the building are referenced i~.Fig. 4.1 as 1 through 4. With the wind 

being from the north, the west face of the principal building was 

number 1 and the other sides were numbered clockwise . A photograph of 

the building is given in Fig. 4.10. The building was centered on a 

turntable at the downwind edge of the test section. The turntable was 

supported by a large inertial mass to isolate the building from any 

vibrations in the wind tunnel. The building was aligned in the wind 

tunnel using a small laser. The laser was placed at the upstream end 
't'' 

of the wind tunnel and reflected off a mirror on the building surface 

16 m downstream. The building was rotated so that the reflected beam 

was within 0.05 m of the incident beam resulting in a maximum error 

of the building orientation of 0.2 degrees. Other building orientations 

were then set using a graduated scale (readable to approximately 0.25 

degree) located on the base of the turntable. 
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The wind directions were measured clockwise from true north. 

Because the principal building is completely symmetrical, taps were 
i 

located on only one side. Data for the remainder of the building were 

obtained by rotating the building 90°, 180°, and 270°. Therefore 76 

real taps were used to measure pressures at 304, <;lifferent locations.,~. _,. ... . 

To measure pressures, holes were drilled in the model 1.5 mm in 

diameter perpendicular to the surface. A brass tube with inside diame-

ter 1. 5 mm was connected to each tap and p,roj ected into the interior of 

the building. Flexible "Tygon" tubing (1. 5 mm ID, 3. 0 mm OD) was used 
~ .. ~. ~~' 

to connect each tap to a pressure selector valve located at the base .of 

the building. Tube lengths were all 0.46 m. Akins (1976) determined 

the effect of the pressure-selector valve and the lengths of tubing on 

the frequency response of the entire system. He showed through compari-

son with a typical pressure spectrum that a maximum error in RMS of 5 

percent will result due to amplification of the signal through 0.46 m 
• length of plastic tubing. A second comparison of the probability density 

functions of the fluctuating pressure measured with different tube 

lengths showed no significant differences. 

Regions near the edge of the roof are subject to local intense 

pressure as a result of corner vortices being formed for certain wind 
'">, 

directions. Due to the limitations of available instrumentation and 

the large n~mber of taps needed to obtain an overall picture of the 

character of the surface pressure on the roofs, it was decided to leave 

effects on the roof for a future study. 

Obstructing Buildings. The obstructing building was always placed 

upwind to the principal building. The thirteen different obstructing 

building sizes used are shown in Fig. 4.11. The dimepsions of these 
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are listed in Table 3. All buildings were made of wood except for the 

one which was of identical dimensions as the principal building. It 

was made of Plexiglas for flow visualization purposes. The use of wood 
.~-·{ instead of Plexiglas was done for economics and was assumed to make no 

.difference in the flow characteristics . 
* 

Measurements 

Data Acquisition. A high-speed digital data-acquisition system was used 

for pressure measuremenfs . The principal components of the system are 

a pressure-selector valve and an analog-to -digital converter. A block 

diagram of the system is given in Fig . 4.12. The instantaneous pressure 

at a location on the model was transmitted from the taps to the selector 

valve in the 0.46 lengths of plastic tubing. The selector valve con-

sisted of two flat plates free to rotate relative to one another with 

an airtight seal between them . The top plate contained 80 holes so 

that pressures from 80 locations could be connected simultaneously. 

The lower plate had four holes which could be rotated to monitor any 

set of four pressures from the top plate simultaneously. The pressures 

were transmitted through very short tube lengths to the positive side 

of four differential pressure transducers (Statham Model PM283TC) 

mounted immediately below the valve. The negative or reference side 

of each transducer was connected to the static side of a pitot-static 

tube located above the model at the top of the boundary lay~r. In this 

way, the differential pressure measured corresponded to the difference 

between the external pressure on the building and local atmospheric 

pressure. When non-dimensionalized with an appropriate dynamic pressure, 

this gave an external pressure coefficient. 
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The fluctuating D.C. signal from each transducer was amplified 

and transmitted to a multi-channel analog-to-digital conyerter (Digital 

Data Recording Syst em, Systems Development, Inc., Dallas, Texas). A 

' minicomputer contra ed the A-D converter and multiplexor with sample-

and-hold circuits which sampled all channels simultaneously and hel~ .. 
"'-'' 

·~-:-- ' 

the information until the A- D converter could read it . . An operator con-

trolled the system through a teletype. The number of channels, sample 

rate, and details of digital tape formatttng were all input parameters . 
. . 

In all cases the pressures were measured simultaneously on four channels . ~.,.- .. -~ - ~ ·;t 
~: '" ' 1~:· 

at a sample rate of 250 samples/ sec for 16.3 sec. The reason for thiS f.\' 

time interval is that after 16 seconds , the mean and RMS were shown 

experimentally to be within one percent of the values that would repre-

sent the mean and RMS for .an arbitrarily long record of random signal 

(see Templin, 1976). As shown in Chapter 3, this 16 second time 

corresponds to about one hour of record at the assumed 1: 250 scale . 

The digital data were then analyzed using the CDC 6400 at the Computer 

Center of Colorado State University. 

The first four ports of the 80 port selector valve were connected 

by a manifold to the stagnation side of the Pitot-static tube. When 

the valve was in the first position , a signal was obtained by all four 

transducers that was proportional to the free stream dynamic pressure. 

This is related to the free stream velocity by 

- - 2 
p d = 1/ 2 p (U ( o)) (4. 2) 

where ,, Pd is the mean free stream dynamic pressure, p is the density 

of air and U(o) is the mean free stream velocity. 

The pressure measurement system consisting of both the transducers 

and amplifiers was calibrated in one operation. The gains of the 
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amplifiers were adjusted so that each pressure transducer/amplifier 

combination had the same calibration factor. All calibrations were 

linear and repeatable within 0.5 percent. 

'"~;_ 
Data Reduction. The digital tape generated from the analog-to-digital 

converter contained a record of a voltage signal e(t), in a discrete . ·' 

form, consisting'of N values obtained by sampling -at intervals of ~t. 

The total length of the record was then equal to N~T, where T is 

length of the record in seconds. The basic computation was to convert 

:t~~?e ·voltage signal into physical units of pressure. As shown by Akins 
it~ "f 

(1976), the use of linear pressure transducers makes this a single multi-

plication. The discrete form of the record in physical units was ex-

pressed as 

;;·!·. f 

I2 

f(t.) 
l 

1 
N 

or f .. 
l 

Then: 

I f. the and = was mean , i=l N l 

1 N 
f)2 = (n-1) I (f. - was the 

i=l l 

( 4. 3) 

variance, ( 4. 4) 

h f (-f-) 2 . with RMS being t e square root o The N values were searched 

for ~he maximum and minimum value. The two quantities were called fmax 

and fmin respectively. 

Pressure Measurements. Non-dimensional pressure coefficients, Cp, 

were obtained from the surface pressure on the principal building. 

The coefficients are defined as: 

c 
Pmean 

c = 
Prms 

(p-p static) mean 
o. Sp {U ( o) } 2 

------------------------~2 1/2 
{(p-pstatic) - (p-pstatic)mean} 

o.sp{U(o)} 2 

( 4. 5) 
~ 

(4.6) 
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c (p-pstatic)max 
(maximum in record) = 

O.Sp(U(o)} 2 Pmax 
( 4. 7) 

'!)!< · 

c (p'-p static) min 
(minimum in record) = 

o.Sp{U(o)} 2 Pmin 
( 4. 8) 

The mean pressure coefficient gives static wind loadingi: .. ' ' . 

pressure coefficient is a measure of the amplitude of fluctuation in the 

pressure signal. The peak pressure coefftcient is used to determrne ;the 
·· ··::ri·;~.~ 

largest loads acting at any point on the building and can be r~adill 

converted to full-scale by multiplication with a suitable reference 

pressure at the field site. ·'JI Examination of a large number of·pressure 

readings showed that the overall accuracy of the coeffiGients ~re + .03 

for mean pressure, ~ .01 for RMS pressure, and + . 1 for peak pressure 

coefficients (see Templin et al., 1976). 

Force and moment coefficients can be computed by integrating -
·• 

the mean pressure over each surface of the building. The forces and 

moments, expressed in coefficient form, are as follows: 

FLIFT 
CLIFT = -=-=_--=-,2-

0.SpUA WH 

-2 O.SpUA WH 

CDRAG MOMENT 
= MOVERTURNING(DRAG) 

CLIFT MOMENT 

- 2 2 O.SpUA WH 

= MOVERTURNING(LIFT) 
-2 2 O.SpUA WH 

,, . .f 
. ; . 
. ~£-1! 
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CTWIST 
M.rwrsT = - 2 3 0.5pUA W 

H 'i'i . 

UA 
1 

J U(z) dz if" = H 
0 .... ~~ . ... ~i~~ . 

Trie"coordinate system describing these forces and moments is shown in 
~ ,,. 

'Y 

Fig~ 4.13 . . :. Note that for comparison with Akins, Peterka, and Cermak 

(197S.·), force and moment coefncients were referenced to the mean 
fJ .. . 

velocity averaged over the height of the principal building, H. Also, • 
moment coefficients do not include the component of force from the roof. 

(": · The error · resulting in the moment coefficients for the size of principal 

building used i .s small (as shown by Akins, Peterka, and Cermak, 1975, 

the error is approximately 10 percent). However this error can be 

.f.,'f-~$ignificant if a principal building with larger side ratios was used. 
··~ ! ':: ....... ' ,, 

The force and moment coefficients in this study are used for comparison 
~ '/. 

with other building configurations and care should be taken in 

interpreting these coefficients for overall mean wind loadings . 

~·· 



Chapter 5 

RESULTS AND DISCUSSION 

General 

This chapter presents the effects on the principal building that 

result from wind load interaction of over 175 obstructing building i~on-

figurations. A computer software package was developed to present a 
-~

graphical display of all the pressure information obtained. This 

resulted in over 1700 individual contour plots of pressure distribution 

and pressure effects for the four sides of the principal building. , 

Because of the large amount of information presented, the building 

configurations are separated into three sets. The first set are the 

configurations in which the principal and obstructing buildings are 

the same size, and the wind azimuth is normal to one side of each 

building. In the second set the height of the obstructing building is ,' 

varied. The two buildings are aligned parallel to the north and the 

wind direction is northerly. The third set is for configurations in 

which the two buildings are aligned parallel to the north. The wind 

direction with respect to the center of the principal building is 
:i~;fi; 

varied a~d the two buildings are of the same size (see Fig. 4.1). 

Also presented in this chapter are the mean force and moments that 

act on the principal building for different building configurations 

investigated. The chapter is concluded with preliminary results of a 

statistical investigation of peak wind loading values on an unobstructed 

building and the same building subjected to upwind interference. 

Set A: Side 1 

Figure 5.6a shows the mean pressure coefficients for side 1. As 

the two buildings are separated farther in the along-wind direction (y/w) 

26 
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increases. Accordingly as the two buildings are separated farther in 

the cross-wind direction (x/w) increases. 

Looking in the (y/w) direction for (x/w) = 0.0, the mean pressure 

distribution changes dramatically until (y/w) approaches 6.0. For (y/w) 

les~ than 3.0 there is a small pressure gradient with the average pres-

sure 5,?efficient across the face being -0.1. As (y/w) approaches 6.0 
"'itr ;:, 

the gradient increases. At (y/w) of 6.0 and above the mean pressure 

distribution on side 1 is nea~ly the same . 

. It is difficult to assess how far upstream the obstructing building 

affects the principal building on side 1. For obstructing building 

coordinates of [(x/w), (y/w)] = (0.0, 5.0) the mean pressure at the top 

of the leading edge of side 1 is slightly lower than that on the un-

obstructed face (see Fig. 5.6a), whereas the pressure on trailing edge 

is higher than that seen on the unobstructed face. A simple method was 

devised to readily show where the placement of the obs tructing building 

adversely or beneficially affected the pressure distribution on the 

principal building. 

For each point on the principal building where a measurement is 
j , 

•' 

taken, the absolute value of each pressure coefficient was sutrt.racted 

from the corresponding absolute value of the pressure coefficient on the 

unobstructed building. Mathematically it is: 

lc I - lc I = P 
Pi unobstructed Pi principal 

(5 .1) 

If P is negative, the pressure coefficient has either undergone an 

increase in positive pressure or a decrease in negative pressure rela-

tive to the unobstructed building. This means the placement of the 

upwind building has had an adverse effect on that particular point on 
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the principal building. Likewise , a decrease in positive pressure or 

increase in negative pressure relative to the unobstructed building will 

make P a positive number, therefore resulting in beneficial effects 

due to obstructing building placement. On the contour maps areas of 

adverse effects are shaded for emphasis. 

Figure 5 . 6b is the adverse and beneficial wind loading effects · 

for the mean pressure on side 1. Looking at the contour map one 'can 

see how the obstructing building has passed the region in which it is 

affecting side 1 of the principal building. This line which is given 

by [(x/w), (y/w)] coordinates of (1.2, 1.5), (1.4, 2.0), (1.4, 3.0), and 

(1.0, 4.0) shall be referred to as a "safe line" for side 1 of this set 

of building configurations. 

The obstructing building has generally had a beneficial shielding 

effect for the mean pressures. In the region of 0.8 ~ (x/w) ~ 0.2 

the obstructing building has shielded the principal building in the 

middle and trailing edge. However, some hazardous effects occur on 

the leading edge for 0.8 ~ (x/w) ~ 0.4. This is caused by the flow 

field acyelerating around the corner from side 2 of the principal 
,-.. 
'~ building,!} Figure 5 . 1 depicts how as the value of (x/w) approaches 0. 6 

""· to 0.8 the 'flow field is distorted to a critical range in which the 

corner is adversely affected. As (x/w) approaches 1.2 to 1.4 the ad-

verse effect has diminished since a through-flow condition has developed 

on both sides 1 and 3 of the principal building. 

Examination of Fig. 5.6d emphasizes the flow-through characterized 

in Fig. 5.1. Figure 5 . 6d is the adverse and beneficial wind loading 

effects due to the RMS pressure on side 1. In all configurations up 

to the "safe line" there are adverse RMS effects occurring on the 

leading edge of the principal building and beneficial effects on the 
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trailing edge. Some cases such as (0.8, 2.0) show that as much as a 

66 percent improvement occurs on the trailing edge while the same per-

cent worsening occurs on the leading edge. Examining these RMS contour 

plots (Fig. 5.6c), the indication is that the accelerated flow generated 

by the obstructing building may attach to the leading edge of side 1 of 

the principal building for small values of (x/w). As (x/w) increases 
' 

the combination of the flow accelerating from the obstructing building 

and the flow accelerating around the corner of the principal building 

causes a very local instability in that same area. The RMS contour 

plots provide a good way of measuring the degree of this instability , 

which is important for cladding design . 

An adverse effect is formed on configurations (0 . 0, 1 . 5) to 
·:.. 

(0.0, 6.0) with the worst effects near (0.0, 4.0) (see Fig. 5 . 6b,5.6d ) . 

This can be -explained from the analogy that these building configurations 

are similar to one long building. There is the indication that for 

values of (y/w) less than 6 . 0 the two buildings are acting in a similar 

manner to that of a single building with a side ratio of 1:1 + (y/w). 

This interpretation is noticed by the approximate uo s ition of reattach-
.~.. t:~· .. 

ment of the flow on side 1 in Fig. 5.6c. Akins (1976) presented pre s -

sure information for buildings of different side r atios. He showed that 

reattachment occurs where the RMS pressure coefficient on a particular 

horizontal line is maximum and that the reattachment location was 

closer to the leading edge as the side ratio (length of side 2/length 

of side 1) decreased. 

Figure 5.2 is an illustration of this flow phenomena. Reattachment 

of the separation bubble originating on the obstructing building gives 

rise to large fluctuations on side 1. As the buildi ngs separate, the 
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reattachment position moves towards the leading edge of side 1. At 

(y/w) = 6.0 the reattachment will not reach the sides of the principal 

building, therefore the large fluctuating pressure region on side 1 

diminishes. 

For the unobstructed case reattachment does not occur on side 1 

for the side ratio of 1.0. This is in agreement with the findings of 

Akins (1976). 

Figure 5.6e is the wind loading for the peak pressures on side 1 . 

It is seen how in the region of (0.0, 2.0) to (0.0, 5.0) the peak pres-

sures can be over twice as high as in the unobstructed case. This is 

not surprising in view of the preceding discussion of the adverse mean 

and RMS in this region. Also, the "safe line" is seen to be in the 

same position as that for the mean pressures. Figure 5.6f is the 

adverse and beneficial wind loading for the peak pressure on side 1. 

This figure can serve as a unique design guide for local effects, and 

points out the hazardous conditions which develop along the leading 

corners. One should note that these are the absolute values of the 

largest peak positive or negative pressure coefficients. 

Set A: Side 2 

Figure 5.7a shows the mean pressure coefficients for side 2. As 

would be expected the pressure distribution for the unobstructed case 

is the result of the wind deflecting down to the lower level, up over 

the building and around the sides. The vorticity is concentrated below 

the stagnation point in front of side 2 and a streamwise component of 

vorticity (horseshoe vortex) is formed (see Fig. 2.2). The piling up 

of vortex lines in front of the face induces secondary vortices in the 
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opposite direction. This results in a small eddy attaching to the 

lower part of the front face and correspondingly a localized increase 

in pressure. Because of these effects the pressure distribution on the 

front face is referred to as being saddle shaped. Woo, Peterka and 

Cermak (1976) presented a detailed examination of the turbulence charac-

teristics of wake flow, vortex stretching over and around a building and 

viscous effects encountered at the base of the building in "Wind Tunnel 

Measurements on the Wakes of Structures." The reader is referred to 

this for a detailed discussion of these topics. 

The effect of the obstructing building is deflection of the 

horseshoe vortex and breakdown of the secondary vortices. This phenomena 

coincided with the blockage of the basic stagnation region on the prin-

cipal building by the obstructing building. The position at which stag-

nation does occur and the degree to which blocking occurs is dramatically 

seen in the mean pressure contours for side 2 (Fig. 5.7a). 

Figure 5.7b is the adverse and beneficial wind loading effects on 

the mean pressure for side 2. The obstructing building interferes with 

the stagnation position as far away upstream as (y/w) = 6.0 and to a 

lesser degree as far away crosswind as (x/w) = 1 . 4. For configurations 

in which (x/w) = 0, it is apparent that up to about (y/w) = 3.0 side 2 

is subjected to a wake flow from the obstructing building. This is a 

beneficial effect, especially in the main stagnation region and at the 

ground level where the attached eddy has disappeared. Along the corner 

there is a slight adverse effect but the pressure is small (C = -.1 
Pmean 

compared to C = 0.0 for unobstructed). At (0.0, 4.0) the 
Pmean 

characteristic saddle begins to form with a reduced vortex strength and 
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apparently no secondary vortices being attached to the front face. By 

(0.0, 6.0) the vortex has gained strength and has the characteristics 

of the unobstructed case, however, the distance between buildings is 

still not great enough for the development of the horseshoe vortex to be 

uneffected from the turbulence created by the wake of the obstructing 

building. By (0.0, 10.0) the obstructing building wake is sufficiently 

dissipated that the pressure distribution on side 2 is nearly the same 

as in the unobstructed case. 

The region bounded by 0.2 2 (x/w) 2 1.0 and 0.0 2 (y/w) 2 4.0 

provides an interesting study of the development of the saddle shaped 

mean pressure distribution and the stability of the horseshoe vortex. 

As close as (x/w) = 0.4, the high acceleration resulting from the separa-

tion of flow on the obstructing building creates a local high pressure 

region on side 2. As (x/w) increases the position of this pressure 

region correspondingly shifts. Accordingly, as (y/w) increases this 

effect gradually weakens. 

Figure 5.7c shows the RMS pressure coefficients for side 2. Up to 

(y/w) = 4.0 the pressure fluctuations are greater than those of the un-

obstructing case showing that the obstructing building wake is preventing 

formation of the stagnation region and horseshoe vortex formation. 

Figure 5.7d, which is the adverse and beneficial effects on the RMS 

pressures on side 2, shows the increase in fluctuating pressure is 

generally widespread for even as far away as (y/w) = 10.0. However, the 

increase is very small, especially as the (x/w) distance increases. By 

(x/w) = 1.2 the obstructing building for all intents has little influence 

on side 2 of the principal building. 
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Figure 5.7e is the peak pressure coefficients for side 2 and 

Fig. 5.7f is the adverse and beneficial wind loading effects for peak 

pressures on side 2. The corners of the front face are subjected to 

hazardous effects as a result of building interaction but to a lesser 

degree than the adversity seen on side 1. By (x/w) = 1.0 there is only 

a minimal change in peak pressure on side 2, but there is still an 

important increment in peak pressure occurring up to (y/w) of 10.0. 

This is an indication that the important adverse effects will occur 

for obstructing building orientations which are longitudinally upwind 

more so than those at lateral positions . 

Set A: Side 3 

Figure 5.8a is the mean pressure coefficients for side 3. As 

expected the flow phenomena about side 3 for configurations of (x/w) 

0.0 exhibit the same characteristics as those about side 1 . This was 

a good check of the symmetry of flow in the wind tunnel. 

The region of 0.2 ~ (x/w) < 0.8 is generally one of a blockage 

effect. Mean pressures in this area are drastically reduced and as 

shown in Fig. 5.8b, the effect is very beneficial on side 3. However, 

examination of Fig. 5.8d, which is the adverse and beneficial wind 

loading effects on RMS pressure and Fig. 5 . 8f (which is the corresponding 

effects on peak pressures) show the top leading edge to be a hazardous 

wind area. In some cases such as configurations (0.4, 2.0), (0.4, 3.0) 

and (0.8 , 3.0) the fluctuating and peak pressures along the top of the 

leading edge have doubled, whereas at the distance of less than one 

third the width of the side away from the leading top corner, the fluctu-

ating and peak pressures are about the same as on the unobstructed case. 

This points out that although the obstructing building may produce 
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beneficial mean loading effects, the local adverse effects produced can 

be severe. 

In examining the region of 0.8 < (x/w) < 1.2 for side 1, it was 

pointed out that the wind pattern undergoes a critical change due to 

deflection off the front face. For side 3, the alignment of the two 

buildings in this region still provides a basic shielding effect, except 

to a lesser extent than idMthe 0.2 ~ (x/w) ~ 0.8 range. Figures 5.8e 

and 5.8f indicate that (y/w) = 3.0 is a critical range for peak pressures. 

At this distance and (x/w) around (0.8 - 1.0) the geometry suggests that 

a strong localized eddy from the front face might be swept around the 

sharp corner as a result of the angle of through flow between the two 

buildings. The effective change in angle of approach flow on the prin-

cipal building due to the deflection of flow caused by the obstructing 

building is approximately 10 degrees. Flow visualization of building 

configurations in this range verified the instability of the flow on the 

leading edge of side 3 and also the approximate angle of the deflection 

of flow. 

It is interesting to note that as (x/w) becomes greater than 1.2, 

there appears to be a situation of gap flow between the two buildings. 

This may account for the adverse regions of mean pressure effects 

(see Fig. 5.8b) on side 3, since there is a slight acceleration of flow 

between the two buildings. 

Set A: Side 4 

Figure 5.3 is a sample of the mean, RMS and peak pressure 

measurements for side 4. Since this side of the principal building is 

the wake region, it would not be expected that the obstructing building 

placed upwind would have major effects. Figure 5.3 justifies this 
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expectation for the flow conditions and size of buildings used in this 

study. 

Set B: Variation of Height of Obstructing Building 

The following discussion will concern wind effects on the principal 

building resulting from the obstructing building being of a different 

height. Figure 4.lb gives an illustration of the building and wind con-.. 
figuration. It should be noted that because of the results of Set A, 

no measurements were made for side 4. Also, because of symmetry, the 

discussion of wind pressures on side 1 also apply to side 3. 

Set B: Side 1 

Figure 5.9a is the 1nean pressure coefficients for side 1 of Set B. 

Figure 5.9b is the adverse and beneficial wind loading effects for the 

mean pressure on side 1. When the obstructing building is of greater 

height than the principal building, there is virtually a total shielding 

effect. This can be expected due to the proximity of the two buildings. 

For (Z/H) = 1 . 0 the data from this set can be compared to Fig. S.la 

for (x/w) = 0.0, and it is seen that the experimental measurements are 

consistent. 

Figure 5.9d is the adverse and beneficial wind loading effects for 

RMS pressure on side 1 . From examination of this plot along with those 

for the mean pressures, it is apparent that when the obstructing building 

coordinates are ((Z/H), (y/w)) = (0.6, 1.5) , the adverse effects on side 1 

of the principal building are the greatest . As the height increases or 

decreases the adverse effect gradually lessens. Also as the distance 

between the two buildings increase, adverse effects decrease but to a 

lesser degree than that seen by changing the building height . 
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Figure 5.9e is the peak pressure coefficients for side 1, and 

Fig. 5.9f is the corresponding plot of the adverse and beneficial wind 

loading effects. The flow accelerating from the roof of the obstructing 

building sweeping around the sides of the principal building result in 

high peak pressures along the leading edge of side 1 . Very high peaks 

(2.0) are seen on the corner of the principal building when the obstruct-

ing building is taller . This implies that adverse effects may also be 

occurring on the roof of the principal building and further research is 

needed to quantify this phenomena. High peaks are evident for a signifi-

cant area of side 1 for all obstructing building heights greater than 

(Z/H) = 0.5. This leads to the conclusion that changes of building 

height may have a more pronounced effect on those building configurations 

in Set A. Further investigation by using an obstructing building of 

different heights for the configuration~ in Set A may result in extreme 

adverse local effects due to the complex flow created by: 1) acceleration 

from the roof, 2) effective change in angle of approach flow and, 3) 

acceleration of flow from side 2 of the principal building to side 1. 

Set B: Side 2 

Figure 5.10a quantitatively shows the development of the saddle 

shaped mean pressure distribution on the windward face of the principal 

building. As the upwind building decreases in height, the downwash 

effect begins to increase. At an obstructing building height of (Z/H) = 

0.5 the lower level of the principal building begins to experience a sig-

nificant adverse pressure effect. This is apparent from Fig. S.lOb 

and S.lOf which are the adverse and beneficial wind loading effects for 

the means and peak pressure coefficients, respectively. The correspond-

ing map of RMS pressure effects (Fig. S.lOd) illustrates that on the 
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middle section of the principal building, the stable horseshoe vortex 

flow has developed at (Z/H) = 0. 5. 

Figure 5.4 shows the apparent flow deve~ppment on side 2. It was 

already noted that for the unobstructed case, the increase in mean 

pressure along the lower edge of side 2 was by a s econdary eddy from the 

large horseshoe vortex . In the region of 0 . 9 ~ (Z/H) ~ 0 . 5, there is a 

downwash phenomena from the Tooftop of the obstructing building. This 

downwash causes an adverse effect on the top edge of the principal 

building. As the obstructing building decreases in this range, the 

position of the downwash also decreas es and the adverse effect on the 

top edge diminishes. At (Z/H) < 0. 5 the accelerated flow from the roof 

of the obstructing building causes the stagnation region to extend to 

the lower l evels of the pri ncipal bui lding . Thus , wher e the pressure 

increase on the bottom of side 2 was by secondary eddy effects on the 

unobstructed case, it is now caused by the strong downdraft caused by 

the small obstructing building . Tne extension of the sadd l e-shape pres-

sure distribution downward as shown i n Fig . 5. 10a i llustrates this flow 

condition. 

Set C: Change in Direction of Approach Wi nd 

The results of Set A showed that adverse ef f ect s on the principal 

building are largely caused by a change in the wind direction upon 

interference with the obstructing building . Also, adverse effects were 

the most pTominent in the RMS pressures and weTe loca l i n nature. 

Therefore, the final set of pres sure cont our s at t empt t o i solate critical 

angles of approach wind for two building configur-ations (see Fig. 4 . lc). 

Figure 5 . lla shows the mean pressure coeffic i ents for Set C, and 

Fig. S.llb is the adverse and beneficial wind l oading for the mean 
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pressures. For small wind angles, mean adverse effects are located 

along the edges and are generally small on side 2. For the wind direc-

tions reported, side 1 is &enerally in a wake situation and thus shielded 

from any mean loading effects. Side 3 is most effected by the change in 

wind direction reported. 

Figure 5.llb shows that for wind directions of 10 and 15 degrees, 

negative mean pressures reach -0.5 for the unobstructed case on side 3. 

This is lower than seen for 0 degrees, and indicates that the adverse 

effects seen for similar angles in Set A are plausible. The obstructing 

building causes beneficial effects on side 3 for wind directions of 10 

and 15 degrees. This is sensible, since using the analogy of the single 

building with large side ratio, the flow may be reattaching on the prin-

cipal building thus diminishing high negative pressure separation region. 

Adverse effects on mean pressure are seen at wind directions of 35 

to 45 degrees for side 3. These are large and cover nearly the entire 

face. This overall adverse effect is the first one seen of significant 

value. Another significant overall adverse effect on the mean pressures 

is seen on side 2 at wind directions 60 and 90 degrees. These wind 

directions create a gap flow between the two side-by-side buildings. 

The negative pressure gradient is especially steep (as shown in Fig. 

5.lla) for wind direction 90 degrees with values reaching -0.5 for the 

entire leading edge. For wind direction 60 degrees, the pressure gradi-

ent is not as steep but the angle of approach flow causes the leading 

edge of side 2 to be exposed to highly adverse pressure fluctuations 

(see Fig. S.llb). 

The results of these overall adverse effects resulting from 

shielding and channeling effects can lead to the maximum structural 
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loading occurring for approach winds other than those normal to the 

face of the unobstructed building. These hazardous conditions can also 

effect cladding design, and pedestrian level~, and are what were sought 

after in this investigation. The finding of these adverse areas also 

direct where future investigations should be concentrated, which was 

another goal of this study. 

Referring to the results of Set A, it was found that when effective 

change in approach flow on the principal building due to the deflection 

of flow caused by the obstructing building was approximately 10 degrees, 

local adverse effects were seen on the leading edges. Results from 

Fig. 5.lld (which is the adverse and beneficial wind loading for RMS 

pressures) confirm this to be a critical deflection angle. In order to 

see if this deflection angle was only sensitive to the building con-

figurations considered, a small experirr.ent was conducted in which the 

wind was deflected at a 10° angle from different reference points on the 

principal and obstructing buildings. Figure 5 . 5 is the RMS pressures 

for 6 configurations investigated. In all cases the RMS at the corner 

was higher than the unobstructed case with the wind normal to side 2 

(see Fig. S.lc). The highest local fluctuating pressure is seen in 

configurations A and F where RMS values reached 0. 3 in the corner. 

Summary of Pressure Contour Results 

For the experiments conducted, there was seen no building 

orientation which would drastically increase the RMS pressure over 0.35, 

or the peak pressure coefficient greater than 2.75, or 1nean pressure 

coefficient greater than 0.60 . However, care must be taken when trying 

to apply results from this study to other buildings. The geometric 

scaling, approach flow conditions and levels of turbulence intensity 
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are parameters whiJch can dramatically change the magnitudes and positions 

of the wind loads. The results presented by these pressure measurements 

are a useful starting point· for locating critical areas and are useful in 

defining the flow phenomena which will generally affect all adjacent 

buildings. 

An interesting investigation would be to examine the effects on the 

rooftop of the principal building for obstructing building heights of 

(Z/H) > 1.0 . Only limited information on this phenomena is in the 

literature. Kelnhofer investigated rooftop effects on the principal 

building for obstructing building height of (Z/H) < 1.0. The largest 

absolute peak value Kelnhofer found was at wind azimuth 135° and Z/H = 

0.75. Since the obstructing building is in the wake of the taller prin-

cipal building for this wind direction it is questionable as to whether 

the obstructing building is the cause of the peak pressure. Woo (1974) 

determined by observing smoke flow that the roof-corner-vortex pair on 

an isolated building is strongest at an angle of 47°. This corresponds 

to 137° on Kelnhofer's directional scale. 

Forces and Moments 

Mean force and moment coefficients for the building configurations 

examined are presented in graphical form. These coefficients were cal-

culated by integrating the mean pressure measured on the surface of the 

principal building (see Fig. 4.14). Drag force and moments are directed 

along the y direction on the contour plots. Lift forces and moments 

correspond to the x direction on the same figures. This directional 

system allows for clarity and easy calculation of resultant forces and 

moments . Calculations do not include contributions of skin friction, 

which are assumed to be relatively small. Also, all force and moment 

.. 
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coefficients use the approach wind speed averaged over the height of 

the principal building. 

Figure 5.12a shows the drag force for building configurations in 

Set A. For the unobstructed case (or C000) the drag force coefficient 

is 1.4. This corresponds well to the va lue reported by Akins, Peterka, 

and Cermak (1976) of 1.44. As expected , the mean drag force decreases 

considerably when the principal building is in the wake of the obstruct-

ing building. The effect of small negative pressures on the windward 

face is not large enough to reverse the direction of the drag force, 

although for obstructing building configuration (0, 1.5) the drag is 

practically zero . A 33 percent decrease in drag force is seen at a 

(y/w) distanc e of 4.0. By (y/w) = 10 . 0, there is practically no reduc-

tion in drag force. For the (y/w) range of 2 to 3 the reduction in drag 

force is considerable (50 percent) up ~o (x/w) = 0.6. As the buildings 

are separated farther in the (x/w) direction the reduction in drag 

force diminishes . (x/w) = 1.2 has the same drag force as the unobstructed 

case. The drag for ce is never great er than that of the unobstructed 

case. Figure 5 . 13a shows the drag force coefficients for Set C. For 

the unobstructed case reduction in the drag force is insignificant for 

wind directions less than 45°. Although the drag force for the case of 

(y/w) = 1.5 is always smaller than that of the unobstructed building, 

it is of interest to note the shape of this plot . The drag force 

increases until about 25 degrees, and then tapers down to zero. The 

shape of this plot suggests that channel ing effects will cause an 

increase in total loading and there can possibly be a building 

orientation which can cause even greater loading than when the wind is 

normal to the unobstructed·building. 
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The drag-moment coefficients are shown in Figs. 5.12b and 5.13b and 
< :., • . , 

exhibit the same characteristics as the drag force. Akins et al. 

obtained a drag-moment coefficient of 0.81 compared to the c0m of 0.76. 

The slight difference can be due to the neglection of the rooftop 

component of force in this study. 

Figure 5.12c shows the lift force coefficients for building 

configurations in Set A. As would be expected, the lift force will 

increase as the obstructing building deflects flow onto the principal 

building. In some instances, there is a reversal of lift force direc-

tion due to large negative pressures occurring on one side of the 

principal building. The lift force is at its peak (CL = 0.52) at 

obstructing building configuration of (0.6, 3.0), which is where high 

local pressure effects were noticed (see Figs. 5.8b, d). 

Figure 5.12d is the lift-moment coefficients for the Set A. The 

plot shows the lift force is relatively insensitive to the (y/w) of the 

obstructing building. Little appreciable difference in lift moment is 

also seen in Fig. 5.13d which is the corresponding coefficients for 

Set C. Figure 5.12e is the twist moment for Set A, which is shown to 

be negligible upon the building placements investigated. 

Figures 5.14a and 5.14b clearly show the decrease in drag force 

and moments as the obstructing building height increases. For the cases 

in which the obstructing building is taller than the principal building 

the drag force and moment, although small, reverse in direction. 

Peak Surface Pressures--Probability Densities 

The peak pressure coefficient for a given location and building 

configuration is a discrete point taken from a random pressure signal. 

Knowledge of the statistical characteristics of this pressure signal 
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is required to predict the peak values likely to occur in a given time 

period. 

Techniques for predicting the peak wind loading values on a 

structure by generating peak probability density functions are available 

for the positive peaks (Peterka and Cer mak, 1975) (Davenport, 1964). 

The procedure involves the assumption of a Gaussian pressure distribution 

of local pressures acting on the structure in response to a Gaussian 

distribution of velocity in the turbulent flow about the structure. 

Measurements made by Dalgliesh (1976) and Peterka and Cermak (1974, 

1977) in the positive pressure region agree well with Davenport's 

theoretical analysis. For the non-Gaussian fluctuations in the regions 

of high negative pressure, techniques for predicting peak probability 

density functions are being developed by Peterka (1977). In all cases, 

the design procedures are not intended to handle the presence of struc-

tures immediately upstream . Preliminary work to account for building 

interference phenomena on the statistical characteristics of peak 

pressures is discussed in this section. 

The peak probability density funct i on is a function of sample time 

(Davenport, 196la). Since climatologica l records commonly refer to 

hourly mean wind velocities, the samp l e duration of frequent interest 

is one hour. The purpose of Davenport's statistical model is therefore 

to relate the largest likely instantaneous value o,f the pressure force 

occurring during that hour to the mean value , power spectrum, and proba-

bility distribution of the peak fluctuati ons at that point. It has been 

shown earlier in this study that 16 s econds of wi nd tunnel sampling 

corresponded to a mean hourly wind . With this in mind, an experiment 

was developed to obtain statistical information on peak pressure loading 

influenced by an upwind building. 
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l 
Four pressure locations were selected on the principal building 

for this study. They were tap 44 on side 2 (or 244), taps 41 and 44 on 

side 1 (141, 144) and, tap 44 on side 4 (444). As seen in Fig. 4.10, 

all taps were the same height on the building. The,- ;four taps were 

simultaneously sampled for approximately 1 1/2 hours to .obtain 350 

records of 16 second intervals. The largest negative and largest posi-

tive peak for each record was found. These data were'used to plot a 
' s 

frequency distribution for the negative peak value and a similar curve 

for the positive peak value. The experiment was run fGr . three obstruct-
. ,. 

ing building configurations ((~/w, (y/w) of (0,2) f (0,3) and (0,6)) and , .. . 
for the case in which no obstructing building was present. 

To compare the experimental data from the model with that from 

Davenport's (1964) theory and Peterka and Cermak's (19o/ 5) data, only 

two pressure regimes are of immediate i~portance. They are (1) those 
... 

associated with direct wind impingement on the stru.cture with generally 

positive mean pressures (tap 244) and (2) those a~sociated with sepa-
·~ 

rated regions with negative pressures (taps 141 and 144). Three sets 

of peak probability density curves are therefore reported. They are: 

Probability Distribution of Peak Positive Pressure, Tap 244 (Fig. 5.15) 

Probability Distribution of Peak Negative 
'J.l 

Pressure, Tap 141 (Fig. 5.16) 

Probability Distribution of Peak Negative Pressure, Tap 144 (Fig. 5.17). 

Figure 5.18 shows the• random pressure sample for one second of each 

pressure tap measurement for which a probability density curve is 

reported. 

The theory by Davenport is that given a stationary random function 

x = f(t) having a normal probability distribution with mean x, standard 
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deviation cr(x), and n defined as (x-x)/cr(x), the probability 

distribution of the function is 

P (n) 
1 1 2 

= (2TI) exp(- 2 n) (5.2) 
\ ', 

The probability distribution for the largest peak in time T is 

2 2 
p(n) ·'= .nvT exp- ~- vT exp(- ~) 2 2 (5.3) 

The quantity, v , is interpreted by Davenport to be the frequency at 

which most of •the energy in the spectrum will generally be close to the 
,. 

natural freqAency (for application to building motion). In order to 

obtain this value tcalled average effective fluctuation rate) the power 

spectral density f d'r the positive and negative mean data are required. 

Because of the l 'imited scope of this investigation, an approximate 

value of v was obtained by best fitting the experimental data with a 

family of curves generated for different values of vT in Eq. 5.3. 

For the positive peak probability distribution (Fig. 5.11) with no 

upwind building (y/w = infinity) v was approximately 20 , and ranged 

from approximately 5 for when (y/w ). = 2.0 up to approximately 45 for 

when (y/w) = 3.0 . The value of v agrees with values reported by 

Akins (1976) (v approximately 20 in both s eparate.d. and stagnation 
·~ 

regions) for the case with no upstream values. Values of v for cases 

with upstream building interference are original ~o this study and 

therefore these values are not availabl e in the liter ature for compari-

son. Since v is defined as the average effective fluctuation rate of 

the random signal in peaks per second, an approximat e value can be 

obtained by obtaining the number of independent peaks on the appropriate 
,I, 

time vs. pressure curve. ' Unfortunately, this i.nvol ves theoretical 
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analysis of extreme value statistics based on the power spectrum of the 

random function at a given frequency. The scope of this investigation 

did not include measurements for generating a power spectral density 

with the frequency response needed to carry out the extreme value 

statistics. 

The experimental curves for the negative peak probability densities 

exhibit the same characteristics as those reported by Peterka and 

Cermak (1975) in that they do not fit Davenport's theoretical curve 

well. Also the peaks of the experimental data are displaced to higher 

values and the larger peaks tail off slowly to values of nine standard 

deviations from the mean, as seen by Peterka and Cermak. 

In light of the preceding information, a design technique suggested 

by Dalgliesh (1971) and Akins (1976) for peak surface pressures was 

examined and expanded to apply for situ~tions in which there is upwind 

interference by an adjacent building. Akins shows the approach to be 

based on the knowledge of the spatial distribution of the mean and RMS 

pressures and the probability distribution of the peak pressures. The 

peak pressure coefficient can be expressed as 

= c + n c 
Pmean Prms 

(5.4) 

For the four building configurations examined at the three pressure 

taps considered, the ~xperimental values for c and c were 
Pmean Prms 

used with an appropriate value of n to statistically predict a c 
Ppeak 

The n used was the mean value of the corresponding probability density 

curve given in Figs. 5.15, 5.16, and 5.17. This choice of n meant th~ 

probability of occurrence of the predicted peak being greater than or 

less than the experimental peak was the same. For all cases the 
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predicted peaks and the peaks found experimentally were within the 

repeatability of the measuring system. 

The predicted values of were normalized with respect to C 
Ppeak 

This ratio is plotted for the corresponding unobstructed building case. 

versus distance between buildings in Fig. 5.19 . The results show that 

for each of the three building distances investigated , the normalized 

value of n is practically the same for each tap . This finding is 

new and has not previously been reported in the literature. What makes 

this finding of particular significance is that (n/n ) is the same for 
00 

tap locations in either positive or negative pressure regions. Also, 

(n/n ) does not increase more than 13 percent from the value with no 
00 

building interference, indicating the sensitivity of the obstructing 

building to the statistical method used. There is also the possibility 

that in the limited number of configurations investigated, the maximum 

value way have been passed over. 

A wider ranging investigation is needed to conclude what general 

effect the obstructing building has on the statistical characteristics 

of peak pressures. Nevertheless, t he results presented are a first step 

into this phenomena and establish a technique for comparison with future 

studies. 



Chapter 6 
. . 

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY 

Conclusions 
' The experimental findings of this study are limited to .. one:,, approach 

flow condition and geometric scaling, therefore no attempt shall be made 

to state any generalized conclusions regarding exactly where and in what 

magnitude does an obstructing building adversely or beneficially effect 

the principal building. However, the mechanisms which were s·hown to 

cause beneficial and adverse wind loading are general in nature. This 
·" 

study presents a detailed picture of these mechanisms for a particular 

set of upwind buildings and relative positions. With this in mind, 

conclusions reached by this report are now listed. 

1. Local adverse effects occur mainly along the corners and ~ 

leading edges of the principal bJilding . ' These effects are most pro-

nounced when an obstructing building is about 3 diameters (cente.~o-

center) upwind and 0.8 to 1.2 diameters crosswind (center-to-center) 

from the principal building. The effect of these configurations can 

double the local peak surface pressure . The building configurations 

stated correspond to an approximately 10 degree deflection of the wind 

azimuth from true north. Thus in a preliminary investigation of local 

wind effects, a starting point may be to isolate building configurations 

and wind directions which produce these small acute angles on the· 

alongwind sides of the principal building under investigation. 

2. By 6 diameters upwind or by 1.6 diameters crosswind, an 

obstructing building of similar or smaller size than the principal 

building has very little effect on the pressure distribution or mean 

wind loading on the principal building. 

48 
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3. Results from both shielding and channeling effects show that 

at wind azimuths 25-45 degrees from true north (with the two buildings 

being relatively close) mean wind loading may be greater than that for 

winds normal to the face of the two buildings. However, mean wind 

loading is still not greater than if there were no obstructing building 

upwind ·of the principal building. 

4. Local adverse effects are sometimes very sensitive to wind 

direction. In some instances a change of 5 degrees in wind azimuth 

shows a dramatic change in the magnitude and position of these effects. 

5. The height of the obstructing building greatly effects 

positions where local adverse effects occur on the principal building. 

An obstructing building of 0.9 to 0.5 the height of the principal 

building will create adverse effects in pressure along the top edge of 

the windward face. Obstructing building heights lower than this can 

cause high local pressures near the base. Also, the drag force and 

moment decreases as the obstructing building height increases. 

6. The effect of the obstructing building on statistical 

prediction of peak surface pressures on the principal building was 

investigated. Preliminary results indicated that a consistent trend 

exists in the probability densities for peak pressures as distance 

between buildings increases. 

7. The lift or drag forces and moments are not larger than when 

the obstructing building is missing. 

Recommendations for Further Study 

Numerous extensions to the work discussed in this study are 

evident. 
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1. Exte~ion of the results of this study to different approach 

flow conditions, and different geometric scalings. 

2. Investigation of rooftop effects due to adjacent buildings. 

3. Additional studies for obstruction and principal buildings of 

different aspect ratios, different corner geometry and surface texture. 

Also further investigation of the effect of changing the relative posi-

tions of the buildings used in this study and the number of obstruct~ng 

buildings. 

4. Dynamic analysis of wind load interaction by an adjacent 

building. 

5. Further investigation of statistical techniques for prediction 

of peak surface loads on a building. 

6. Investigation of multiple building interference effects. 
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Table 1. Summary of Properties--Boundary Layer 2 (Akins, 1976) 

z/o U(z)/U(o) u' (z)/U(z) v' (z)/U(z) w' (z)/U(z) 

0.02 0.39 0."245 

0.04 0.46 0.225 0.161 0.129 

0.06 0.52 0.210 0.147 0.117 

0.10 0.60 0.175 0.120 0.101 
l" 

0.14 0.66 0.150 0.104 0.081 

0.18 0.70 0.133 0.091 0.073 

0.20 0. 72 0.125 0.088 0.070 

0.30 0.80 0.096 0.069 0.087 

0.40 0.85 0.075 0.056 0.049 

0.50 0.89 0.064 0.048 $ .. ~~ ::/;;'¥..,, 

0.60 0.92 0.054 0.040 0.035 

0.70 0.94 0.044 0.034 0.032 

0.80 0. 9{j 0.040 0.030 

0.90 0.98 

1. 00 1. 00 : 

1 

.. 
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Table 2. Geometric Scaling- -Wi nd Tunnel to Ful l -Scal e (Akins, 1976) 

z ,, 
0 X 

" p m m m 
Boundary Power-Law IV!nd Wind ltind 

Layer Exponent Full-Scale Tunnel Scale Full-Scale Tunnel Scale Full-Scale Tunnel 
----

1 0.12 0 . 001-0.01 1. 22x1 0 -5 82-820 122 0.45 270 270 I. 27 

2 0. 26 0. 1-0.5 ·- 3 2.79x10 36-180 130 0.60 220 360 I. 27 

3 0. 34 0.5-1.0 4.9xl0 -3 100-204 140 0.50 280 360 1. 27 

4 0 . 38 o. 7-1.5 l.lxlO -2 64-140 I 52 0.50 300 450 1. 27 

Source ESOU(l972) Temp1in(l969) ANSI AS8 . 1-1972 

~e .... 

·• 

l/ 

Scale 

210 

280 

280 

350 

Terrain Oescription 

level surfaces with very smal l 
surface obstructions, grassla ud 

rolling or level surface broken 
by numerous obstructions such 
as trees or small houses 

heterogenous surface with 
structures larger than one 
story 

heavily built up suburban area, 
typical of approach f l ow over 
a large metropolitan area 

til 
til 
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Table 3. Building Details 

BUILiDING DETAILS 

~ t~Height Sides 
Squares 

Number (em) (em) 

1 2.54 12.7 

2 ,'' 5.08 12.7 'f 
" 3 7.62 12.7 

4 10.2 12.7 

5 12.7 12.7 

6 15.2 12.7 

7 17 . 8 12 . 7 

8 20.3 f 
12.7 

9 22.9 12.7 

10 25 . 4 12.7 

·~ 11 27.9 12 .. 7 
0 .. 12 30 . 5 12 . 7 

. ' 13 33.0 ·;> -~1 12.7 
:·:,'t .. 
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Cohen, 1968) 
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Figure 4.5. Roughness Configurations 
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Figure 4.8a. Local Longitudinal Turbulence Intensity 
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Figure 4.10. Principal Building Showing Pressure Valve and Transducers 

Figure 4.11. Obstructing Buildings and Principal Building 
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Figure 5.2. Effect of Varying Obstructing Building 
Pl-acement in the Longitudinal Direction 
(Streamlines in the Flow) 
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