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SUMl. ..... 1ARY 

A STUDY OF THE ~HND PRESSURE FORCES 
ACTING ON GROUPS OF BUILDINGS 

BAHER F. SOLD-tAN 

In urban areas, where buildings are mostly in 

groupS, 'IIlind pressure forces are expected to depend 

on the natural wind properties as well as on the 

building group form. A reliable estimate of these 

pressure forces on buildings is necessary not only for 

the prediction of wind loading, but also for an 

accurate prediction of natural ventilation. 

In an attempt to gain an understanding of the 

wind flow properties and the pressure forces on low 

rise bUildings in urban areas, a detailed investigation 

on the interaction between the group geometry, flow 

properties and the resulting pressure forces has been 

carried out. From the re vi et .. , of previous work on 

natural ventilation, wind loading and air flo~T round 

groups of buildings, it has been concluded that no 

general relationship exists at present which defines this 

interaction. However, the similarity between boundary 

layer flow over rough surfaces and the natural wind on 

the earth's surface served to provide useful information. 

Considering buildings as roughness elements on the earth's 

surface, the geometrical and the planning parameters 

""ere investigated in order to arrive at a complete 

definition and the practical limits of building group 

forms. 



In the present study, a series of model scale 

eXueriments have been performed which considered a ... 

wide range of group forms subject to two different 

incident flow conditions. The detailed measurements 

of the pressure forces on the faces of a model building 

situated within a variety of groups of similar form and 

~size indicated three different trends in the behaviour 

of these forces. The hypothesis made, that these trends 

~"ould correspond to the three flow regimes known to 

exist for flow over general roughness elements was 

substantiated by velqcity profile measurements as well 

as by surface flow visualization tests. 

Finally, the case of generalized application on 

buildings was investigated on the basis of the relationships 

obtained between group geometry I flow properties and the 

resulting pressure forces. Here, an "alternative method 

for the prediction of natural ventilation in low rise 

buildings is presented in which the geometrical parameters 

definin~ the building group form is taken into account. 

It is suggested that this approach will lead to an 

improvement in the present methods of natural ventilation 

calculation. 



~'!ENCLATURE 

A list of the nomenclature used in the thesis is 

gi ven be 10'tl. The list covers the nomenclatu:::-e used in 

all Ch~pters apart from Chapter 4. In this Cha?ter 

the nomenclature is given within. 

List of Nomenclature 

A 

B 

b 

C 

Area of the intervening smooth surface/ 
roughness element I also site area/ 
building. 

Frontal aspect ratio (L/H). 

Side aspect ratio ('Vv/H). 

Frontal area of roughness element. 

Constant in equation (5.2). 

Constant in equation (5.23). 

Constant in equation (5.24). 

Constant in equation (5.25). 

The groove breadth in the flow direction. 

Constant in equation (5.7). 

Constant in equation (2.4). 

Drag coefficient based on the free 
stream dynamic head. 

Drag coefficient based on the dynamic 
head at the building (or roughness 
element) height, H. 



SYmbol , 

C, . 
.c 

C f e 

C 
p."v 

6.C 
P 

D 

d 

E 

Drag coefficient based on the maximum 
pressure difference across the element. 

Drag coefficient based on the friction 
veloci ty, u*. 

Local skin friction coefficient. 

Effective local skin friction 
coefficient, Co lA. 

1 

Infiltration coefficient of the opening 

Pressure correction factor in equation 
(3.1) . 

Leeward .".,all mean pressure coefficient. 

Nindward wall mean pressure coefficient. 

Pressure coefficient based on U
l

. 

!'-lean pressure difference coefficient 
across two opposite faces of the 
model or a building, (based on U

l
) . 

Mean pressure difference coefficient 
across t~lO oPl?osite faces of the model 
or a building { (based on u

H
). 

Drag force on a building or roughness 
element. 

Ground level displacement, zero pl~. 
displacement. 

Hea..11. value of d. 

Constant in equation (5.8). 



r··,...."-ol .:> 'f .~i.U 

E t 

F 

f 

H 

H 

h 

~1ean bridge voltage of the a:1emometer. 

The reatt3.chrnent distance dO'/Instream 
the building or any roughness element. 

Hean bridge voltage of the a:1emometer 
at zero velocity. 

The sum of the separation and reattachment 
distances Eu and Ed around t~e building 

or any roughness element. 

The separation distance upstream the 
building or any roughness element. 

Dimension of the stable vor~ex in the 
flow direction. 

Constant in equation (5.18). 

Functional dependence of the inner layer. 

Functional dependence of the outer layer. 

Functional dependence of the ~·lindT . .;ard 
pressure profile. 

Functional de?endence of the lee~·,ard pressure 
profile. 

Coriolis parameter. 

Building height, roughness element height. 

Average value of H. 

Height of obstructing building. 

Low building height. 



Syrnbo 1 

K 

k 
s 

L 

L x 

m 

n 

p 

n 
'-max 

Constant in equation (3.2) 

Correction factor to allow for variation 
of pressure with orientation of 
building. 

The equivalent sand grain roughness size. 

Building or roughness element dimension 
across flow direction. 

Length of the opening (crack). 

Distance of separation bebleen buildings 
also site length, in the wind direction. 

The simple model used in the first stage of 
the investigation. 

The detailed model used in the second 
stage of the investigation. 

Constant in equation (6.1) . 

Constant in equation (5.23) . 

Constant in equation (5.25). 

Exponent. 

\-.Jind pressure on the building surface. 

Leeward wall pressure. 

Haximum vlind pressure on the building I 
(or roughness element). 

Hinimurn vlind pressure on the building I 
roughness element}. 



symbol ------

v 

v 

w 

x 

y 

Cl. 

y 

<5 r 

Roughness function. 

Volume flow rate. 

Velocity component in the vertical 
direction. 

Building (or roughness element) 
dimension along flow direction. 

Distance along wind direction, also 
representing building group fetch. 

Height above the ground. 

Gradient height at the top of the 
boundary layer. 

Roughness length. 

Hean value of Z . 
o 

Exponent in the power law. 

Orientation angles of the hot wires 
(I and II) with respect to the x axis. 

Angle of obstruction bet~.;een buildings. 

Boundary layer thickness. 

Internal layer thickness. 

Laminar sublayer thickness. 

Rough flow boundary layer thickness. 

Smooth flow boundary layer thickness. 



symbol 

R 

s 

s 

T 

II 

J 1 

u ~~ 
e.l..l: 

u 
y 

The static pressure at the reference 
point. 

Wind pressure on the building at any 
height, y. 

Pressure difference across the building. 

Pressure difference across any opening. 

The free stream dynamic head. 

Group layout radius, also the central 
model fetch. 

The cube spacing in the flow direction. 

The mean spacing of the cubes in the 
flo"', direction. 

The clear spacing bet~veen the cubes or 
buildings in the flow direction. 

Slope of the hot-wire calibration lines. 

Mean velocity in the ~'Tind direction. 

Nean velocity in the free stream. 

Hean velocity at lOm above the growJ.d. 

Friction velocity. 

Effective velocity acting on the hot­
~·Tire . 

Gradient velocity. 

Hean velocity at height H. 

Hean ',lelocity at any height: y. 



Symbol 

e 

K 

\J 

p 

Toe 

lji 
x 

I, II 

Error in origin for measuring y, (H =€ + d). 

The building or central model orien ta"tion 
angle with respect to wind direction. 

Universal constant (~ 0.4). 

Density of building (or roughness element) 
grou?s. 

Frontal area density. 

Plan area density 

Kinematic viscosity of air. 

Density of air. 

surface shear stress 

Effective surface shear stress. 

The surrounding group angle of 
orientation with respect to wind 
direction. 

Effective angle betvleen the flm; direction 
and the plane normal to the wire axis. 

Ratio betvleen building width, N a...'1.d the 
site lenath,L . 

.J X 

Ratio between building length,L and the 
site lateral dirnension,L . y 

Subscript denoting hot wire no. 

subscript denoting values corresponding 
to small change in the hot wire effective 
angle ,l'. 



1. INTRODUCTION 

1.1 Natural Ventilation of buildings 

1.1.1 Ventilation in terms of supplying fresh outside 

air into building interiors is one of several means by 

which the indoor climate of a building could be controlled. 

Introducing outside air internally may be achieved by 

means of natural ventilation, mechanical ventilation or 

air-conditioning. The choice of either method not only 

has its consequence on the architectural design principles, 

but also on the building cost and the resulting indoor 

environment; for example, the building dep~~ and in turn 

its form is directly affected by this choice. Mechanical 

ventilation will involve additional initial expenditure 

and increased· running costs which might in some buildings 

be necessary and may be compensated for economically. The 

artificial control of ventilation will enable the provision 

of conditions very close to the required internal 

environment, in contrast with the natural methods of 

ventilation which rely on highly variable external climatic 

conditions. However, in most cases, where the external 

climatic impacts are not too severe to produce balanced 

conditions by natural means and when minimum building cost 

is of prime importance, natural ventilation becomes the. 

only available alternative for the designer. It may also 

be noted that housing consumption of energy for heating 

purposes in many countries represents a large proportion 

of the national energy budget, a considerable part of 

which is wasted by uncontrolled excessive ventilation. 
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Therefore a proper estimate of the natural ventilation 

rates in buildings is necessary if buildings are to meet 

their environmental and economic requirements. 

1.1.2 Natural ventilation occurs in virtually all 

buildings through the openings in their envelope. 

Intentional air flow through openings provided in the 

building, such as windows or ducts is usually referred to 

as ventilation. On the other hand, unintentional flow 

may occur through gaps and cracks in the building such 

as those round windows or doors. This type of flow is 

known as infiltration. Where ventilation may be allowed 

or prevented through controlling the ventilation openings, 

infiltration is usually out of control and subject to 

variability of the natural forces created in the- ambient 

climatic conditions. However,infiltration rates may be 

put to minimum if the gaps and cracks round ventilation 

openings and doors are minimized. 

1.1. 3 The main principle that operates to produce 

natural ventilation in buildings is the existence of a 

pressure difference between the inside and the outside 

of the building. The magnitude of the pressure difference 

and the flm'i resistance will determine the rate of air 

flow L~rough the openings. The size, shape and location 

of openings determine the speed and pattern of internal 

flow. The two forces that produce pressure differences 

across building elements are the wind force and the 

thermal force, known as "stack effect". Due to air 

flow around a building, different pressures are exerted on 

its external surfaces. For an isolated building of simple 
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rectangular form with a flat roof, if the wind is normal 

to one of its sides, positive pressures develop on the 

windward wall and negative pressures on the roof and the 

rest of the walls. The pattern of the pressure distribution 

as well as its magnitude will depend mainly on the 

properties of the oncoming flow, the building form and 

-
other parameters relating the building to the flow. This 

point is discussed in detail in Chapter 2. 

1.1.4 Ventilation may also occur, though to a lesser 

extent, either due to pressure fluctuations on the walls, 

an action related to the turbulent nature of the wind, or 

due to turbulence diffusion. Although the magnitude of 

ventilation provided by these two mechanisms is normally 

negligible, it could be of considerable weight in 

situations where only one opening is prov~ded to the space 

or during the absence of both wind and thermal forces. 

1.1.5 Natural ventilation principles have been established 

through the extensive studies made either on full scale 

buildings or on scale models. However, a detailed 

accurate description of the natural ventilation occurring 

in any building of moderate complexity appears to be very 

diffucult, Bilsborrow (1973). This is partly due to the 

lack of an accurate practical measure of the effectiveness 

of ventilation, but probably mainly due to the complex 

interaction of the factors affecting the ventilation 

potential in any circumstances. At present the accepted 

measure is the rate of air flow,rn3/hr, sometimes expressed 

in terms of the number of a certain volume (usually taken 

as the room volume or the total building volume) per 
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unit time, air change/hr. 

1.2 Natural ventilation calculation 

1.2.1 The two common methods currently in use for 

natural ventilation calculations are the air change 

method and the crack method. Both methods are described 

in the IHVE Guide (1970) and the ASHRAE Guide (1972). 

The air change method which is entirely emperica1 is 

based on the assumption that similar building types of 

typical construction and normal use in winter would have 

aimi1ar infiltration rates. Therefore, tabulated values 

of infiltration rates are given for different building 

types assuming normal exposure and an average ratio 

(25%) of openab1e areas (windows and doors) to external 

wall area. Allowance of 25-50% is given for higher 

ratios of openab1e areas in the external walls as well 

as for different degrees of building exposure. The 

latter being 50% increase for severely exposed sites and 

33% decrease for sheltered sites. The three degrees of 

building exposure are classified as follows: 

Sheltered: 

Normal: 

Severely 

Exposed: 

Up to third floor of buildings in city 

centres. 

Most suburban and country premises: 

fourth to eighth floors of buildings 

in city centres. 

Buildings on the coast or exposed on hill 

sites: floors above the fifth of 

buildings in suburban or country districts: 

floors above the ninth of buildings in 

city centres. 



In the air change method quoted in the ASHRAE Guide, 

allowance is made for opening distribution in the 

external wall and weather stripping. A reduction of 33% 

is made in the latter case. 

1.2.2 The crack method for infiltration calculation is 

based in principle on the following equation which 

relates the ventilation rate, V, to the pressure 

difference,~o , acting across any opening, 
-0 

V = C .• L (~p) l/n 
~ c 0 

(1.1 ) 

For a particular building, the infiltration coefficient, 

C
i

, and the crack length, Lc' are dependent on the type 

and the area of the openings respectively. From the 

work on air flow through openings, a relationship is 

shown to exist between C. and the exponent n, Bilsborro;"l 
~ 

(1973) . Therefore, it remains to determine ~p' in .. 0 

equation (1.1) in order to obtain the ventilation rate, V. 

From the work on air flow round building models an est~mate 

of the mean pressure difference across the building ~p, 

may be obtained, half of which is assumed to act across 

each of the windward and the leeward faces of the building, 

giving ~po. The main assumption made in ~~e IHVE Guide 

to estimate the mean pressure difference across any building, 

~p, (hence ~po) is that the velocity pressure of the wind 

at the roof top level is approximately equal to ~'r? 

Therefore, for one design wind speed and three velocity 

profiles assumed to occur on three different sites (open 

country, suburban areas and city centres) the corresponding 

velocity pressure profiles are plotted. These velocity 

pressure profiles are then used to obtain ~p for buildings 
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of any given height in the three site conditions. It 

seems that the main assumption made in the IHVE Guide to 

estimate ~p may result in considerable error since 

important factors affecting ~p such as the building 

form and the properties of the oncoming flow are neglected. 

The effect of these factors is well documented (see for 

example the Code of Practice CP3, Chapter V, part 2 (1972) 

and the work of Jensen and Franck (1965)). The conclusions 

that can be made from the above discussion is that the 

accuracy level of the ventilation rate using the crack 

method depends on the accuracy of dete:-cmining the 

pressure difference across the building, ~o, in different 

sites. Therefore it is important to consider the factors 

affecting tip if any reliable estimate of the ven'tilation 

rate is to be made. 

1.3 The factors affecting the pressure difference across 

buildings 

1.3.1 There are a large number of variables affecting 

the pressure difference across buildings in the natural 

wind. The complexity of interaction between these variables 

and the difficulty of controlling them in nature called for 

the dependence on the scale model experimental work as a 

main source of information. In particular the work done 

on the drag (hence ~p) of bluff bodies i~mersed in turbulent 

boundary layers provide the basic information required, 

see for example the work of Good ~nd Jourbet (1968), 

Jensen and Franck (1965), Morris (1955), Joubert, Perry 

and Stevens (1971) and Wooding, Bradley and Marshall (1973). 
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From this work the similarity of wind flow over the 

earth'S surfaces to the turbulent boundary layer flow 

over rough surfaces is established. Hence, buildings on 

the earth's surface may be considered as elements on a 

rough surface over ~lhich a turbulent boundary layer flor.·ls. 

1. 3.2 By definition, the drag exerted on any bluff 

body in boundary layer flow is the difference between the 

integral of the windward and the leeward pressures. These 

pressures are determined by the process of separation and 

reattachment of air flow round the body. Although the 

factors affecting separation are not necessarily the same 

as those affecting reattachment, it seems logical to 

classify all the factors involved into the follo~ling two 

groups: 

(a) factors related to the building form, and 

(b) factors related to the properties of the wind. 

The main properties of form known to affect the drag of 

buildings in urban areas are: 

(a) individual form, and 

(b) group form. 

Individual building form is the only form factor affecting 

the drag of isolated buildings and may be broken dor.vn to: 

(i) building shape, (ii) building size and 

(iii) building permeability. 

1.3.3 The effect of varying rectangular building 

shape on the drag coefficient, Co ' is well documented in 
H 

the Code of Practice CP3 (1972). The method of determining 
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the wind pressures on buildings, used in CP3, utilizes a 

design wind speed and a drag coefficient CD' For a 
H 

particular case, the height of the building is taken into 

account since the reference dynamic head is that appropriate 

to the top of the building. The value of CD used simply 
H 

takes account of the building geometry. However, . the 

extensive ~vork of Good and Joubert (1968) and Jensen and 

Franck (1965) has deomonstrated that for buildings in the 

turbulent boundary layer, the size of the building alone in 

a particular flow situation will influence C
DH

. The third 

prcperty of individual form that affect the drag coefficient, 

is the building permeability, though relatively less 

information is available in the literature to illustrate 

its effect. The full scale measurement on Royex House 

reported by Newberry, Eaton and Mayne (1973) i~dicate that 

permeability reduced the pressure difference across the 

building by a factor of about 30%. 

1. 3.4 In the case of low building density where buildings 

are wide apart i.e. in open country, the individual building 

form is the only form that the wind can flsee". As the 

density increases, i.e. in suburban and urban areas, 

buildings are close to each other so that each building form 

becomes a detail in the group form as a whole. In this case 

the group form becomes more important than the individual 

building form in influencing the drag forces experienced 

by each building. Recent experimental work (see for 

example Joubert, Perry ~id Stevenson (1971» shows how the 

group geometry of roughness elements simulating buildings 

immersed in turbulent boundary layer flow affect the drag 

force on each element. 
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4 Formulation of the problem and the oattern of 
1. 

investigation 

1. 4.1 In the discussion so far, the problem of 

estimating a reliable value of ~p for natural ventilation 

calculation is shown to depend on two main groups of 

factors, i.e. form-related factors and flow-related factors. 

Thus, in urban areas where buildings are mostly in groups, 

it is expected that the two main factors affecting ~p 

are (i) the group form and (ii) the properties of the 

natural wind. Therefore, in an attempt to gain further 

understanding of the wind flow and more important the 

pressure forces in urban areas, it is intended to carry 

out a detailed investigation on the interaction between group 

geometry, properties of air flow and the resulting pressures. 

It is hoped that a relationship may be obtained betrtleen 

the group geometry, and the resulting pressure forces and 

also between the group geometry and the interacting flow. 

If this is the case, then a relationship must exist between 

the pressure forces and the flow properties. Such 

relationships may well exist since similar relationships 

between the flow properties, the element form and the 

resulting pressures are reported by Good and Joubert (1968) 

for the simple case of a two dimensional isolated element 

in smooth surface flow. 

1.4.2 In order to cover the different aspects of 

form and flow in urban areas in the present investigation, 

and because of its implications on planning decisions, it 

was necessary for the investigation to meet the theoretical 

aspects as well as the practical aspects of different fields. 
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For example the investigation of air flow is to meet both 

the practical aspects of air flow in the nat~ral wind as 

well as the theoretical aspects of turbulent boundary 

layer flow over idealized rough surfaces. Tte geometry of 

building groups must also consider the pract~=al aspects 

of the planning parameters as well as the theoretical 

aspects of form description. Consequently, the following 

pattern of investigation emerged, to meet these diverse 

requirements. 

1. 4. 3 Since the properties of flow in the r.atural wind 

are important factors in determining the pressure forces 

on buildings, they are first considered in Ctapter 2. 

A review on the previous work on the wind pressure and flow 

over groups of buildings is made in Chapter 3 so that 

relevant information may be obtained. In Chapter 4 the 

different aspects of density and form are in7estigated 

in an attempt to link the planning parameters in urban 

areas to the geo~etrical parameters describing various 

arrays of rectilinear elements ~mulating building groups. 

Since buildings may be considered as roughness elements on 

the earth's surface over which the atmospheric bOlli1dary 

layer flows, the idealized case of flow over rough surfaces 

is discussed in Chapter 5. From this Chapter an 

understanding of the interaction between the flow, the 

roughness geometry and the resulting pressures is achieved. 

At the end of Chapter 5 it is shown that further investigatior. 

is needed to close the gap between the idealized theoretical 

case and the practical case of buildings in the natural wind~:,;{ 

10 



1.4.4 In Chapters 6 - 8 the results of the experimental 

investigation carried out in the present work using cubes 

as a simplified building form are explained and discussed. 

The main variables considered are: 

(a) the properties of the oncoming flow: two 

different flow conditions, 

(b) the group form: including a wide range of 

group density and pattern and 

(c) the resulting pressure forces: detailed 

pressure measurements on two opposite faces 

of the cube. 

Pressure measurements were made from a pressure tapped 

model within the group. Velocity profile measurements 

were also made for the flow over the different groups 

considered. ~he measurement techniques, the accuracy 

level and the set up of the models and equipment is given 

in Chapter 6. Following in Chapter 7, the discussion 

on the pressure measurement results is given and a 

hypothesis concerning the flow behaviour is made. The 

flow measurement results given in Chapter 8 enabled a 

check to be made on the hypothesis outlined in Chapter 

7 as well as providing information about relevant 

velocity profile parameters. This information enabled a 

comparison to be made between the results obtained and 

the established work on flow over roughness. In addition 

it enabled correlations to be made between the different 

parameters consideredo The flow visualization experiments 

are presented in Chapter 9 and a discussion is given on 

the way in which these results can be used to substantiate 
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the hypothesis for the existence of different flow 

regimes formulated in Chapters 7 and 8. 

1. 4.5 In Chapter 10 a more general discussion is 

presented on the application of this study to the 

building designers problems. The guide lines of an 

alternative method for the prediction of the pressure 

differences across buildings is given in an attempt to 

improve the current IHVE Guide method for the calculation 

of infiltration rates. Finally in Chapter 11 the 

general conclusions reached in the thesis are summarized. 
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C H APT E R 2 
THE PROPERTIES OF THE WIND AND THEIR INFLt:JE:-.rCE 
ON THE PRESSURES ON BLUFF BODIES. 



2. THE PROPERTIES OF THE WIND AND THEIR INFLUENCE ON 

THE PRESSURES ON BLUFF BODIES 

2.1 The structure and behaviour of the natural wind 

2.1.1 The main flow variables in the natural ~"'ind that 

affect the drag of buildings are the velocity profile of 

the _wind, wind turbulence and wind direction. Before 

discussing their effect on the drag of buildings some 

background information about the structure and behaviour 

of the natural wind is given. 

2.1.2 The structure of the atmospheric boundary layer 

is highly complicated. This may explain the fact that 

although many experiments are being and have been made of 

the atmospheric boundary layer, much more information is 

needed concerning its detailed flow structure and flot.., 

patterns, Counihan (1975). In the atmospheric boundary 

layer, wind properties are dependent on both the 

upper boundary conditions which are the Gradient wind 

speed and its direction, and more important the lower 

boundary conditions the topography, surface roughness and 

surface temperature at the earth's surface. This boundary 

layer may be regarded as the layer from which momentum is 

directly extracted and transferred downward to overcome the 

aerodynamic friction arising from the motion of the air 

relative to the earth's surface, Pasquill (1970). Within the 

boundary laye~ regions of different properties can be 

identified. Close to the surface, the shear stress is 

approximately constant and independent of height. Wind 

direction is also independent of height. This defines the 
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"roughness layer" or "surface layer" which extends from 

the ground up to about 30 metres in open country and lOOm 

in urban areas, after which this approximation breaks 

do;vn, Counihan (1975). On top of the roughness layer and 

occupying the rest of the boundary layer is"Ekman layer". 

In this layer the shear stress decreases with height from 

its maximum value at the roughness layer to zero at the 

Gradient wind, a height of some 300-600 meters. 

Another characteristic of this layer is that wind direction 

also changes with height in a clockwise rotation known as 

"Ekman spiral". Within large surface roughness, such as 

in urban areas, we may define an "interfacial layer" in 

which the downward flux of momentum is transferred to 

pressure forces acting on the surface roughness elements 

themselves, Pasquill (1970). This layer is characterized 

by wake flows and large variations of static pressure. 

2.1.3 Over land, the earth's boundary layer is always 

adapting to changes of surface roughness. It is observed 

that an internal layer grows from the surface at a roughness 

change and develops until it displaces the old layer, 

Elliott (1958), Munn (1966). In nature the normal fetches 

of tm-l!1S are not sufficient for the boundary layer to 

adapt fully, (i.e. the velocity profile does not change with 

fetch), before the surface roughness changes again. 

However, in the lower layers close to the surface, adaptation 

to roughness change takes place very rapidly and relatively 

short fetches (~ 100-500 meters) may be required for these 

layers to adapt completely, BRE Digest 119 (1970). 
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2.1. 4 The structure of atmospheric turbulence is usually 

described by the existence of eddies of different sizes 

and highly irregular shape in the atmospheric 

boundary layer. In general the eddy size i~creases with 

distance above the ground as there will be more room for 

larger eddies to grow. It is postulated that eddies 

comparable with the boundary layer height exist in the 

earth's boundary layer, Townsend (1951). As a result 

of this eddy cascade, the wind speed changes continuously 

with time, and the mean value of the wind s?eed is then 

dependent on the period taken for averaging. The 

energy contained in the eddies can be analysed for 

different frequencies to yield a spectrum similar to that 

shown in Figure 2.1, Van der Hoven (1957). From the 

discussion on this spectrum made by Davenport (1963) 

the following may be quoted: 

"One of the most important distinctions that 

it appears can be made is between the fluctuations of 

a macrometeorological kind such as the movement of 

large-scale pressure systems, seasonal variations etc. 

and those which are of a local, micrometeorological 

kind and associated with the flow characteristics of the 

boundary layer itself" ..••. "It appears that these two 

types of fluctuations are separated by a gap extending 

from roughly five minutes to five hours. This gap is 

important to our evaluation of wind loads for several 

reasons. It enables a clear cut distinction to be made 

between gusts and weather-map disturbances and furthermore 

their causes: in another sense this distinction can be 
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regarded as between gusts and the mean wind where the mean 

wind is characterized by the ~verage velocity over some 

period within the spectral gap". 

2.1. 5 In the discussion so far, the wind direction has 

been considered constant. 

As this is not the case in natural vlind where 

these variables are constantly changing, wind may blow 

from different directions throughout the year for 

various periods of time. The statistical ~nalysis and 

presentation of wind speed in terms of percentage of 

time and direction is known as a wind rose (see Figure 

2.2) and is nece.ssary for each site due to climatic 

variations and the local effect of topography or large 

obstruction on the prevailing wind direction. A change in 

wind direction for a building on a site may result in 

completely different flow conditions due to the 

corresponding change in the surface roughness up wind. 

2.1. 6 It is 'IIlell known that in boundary layer flow 

over flat surfaces the flow speed changes with the 

distance from the surface. For the earth's boundary 

layer, several emperical fonns have been suggested 

to describe the velocity profile of the wind. The two 

"laws" in common use are the "power law" and the" log. lawn. 

The power law takes the simple form of: 

(2.1) 
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where u
G 

is the Gradient wind speed and YG is the 

Gradient height (the boundary layer height). Davenport 

(1963) collected together mean wind speed profile data 

for a wide range of countries and terrains. He showed 

that the index of the power law, a, and the Gradient 

height, YG*,varied with the nature of the terrain and 

suggested the representative values shown in table 2.1 

and Figure 2.3. 

Table 2.1 Variation of the exponent a with type of terrain 

Type of terrain 

Grassland 

Woodlands, Suburbia· 

Urban Centres 

(After Harris,1972) 

Exponent Cl. 

0.16 

0.28 

0.40 

Gradient 
height YG (m) 

280 

400 

430 

The extensive amount of available data for lakes and 

mud flats through to suburban terrain confirms that the 

exponent Cl. could take.the value of 0.11 up to 0.3 

respectively. However, the values for urban terrain are 

less well established, Harris (1972), Caton (1975). 

2.1. 7 As an alternative approach, the application of 

boundary layer theories based on experiment to the earth's 

natural boundary layer was preferred by metereologists 

due to the emperical nature of the "power law". In strong 

winds and neutral stability the wind flow on the earth's 

surface is completely turbulent. Therefore a logarithmi~ 

law of the form: 
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u 11n L = 
u* K Z ...... (2.2) 

0 

where y~ Z • 0 
was proposed, Sutton (1953) 

This equation is me a...'1ingless for y<Z . To satisfy the 
0 

condition u = 0 on y = 0, the above equation may be written 

as, 

u 

u* 
= 

y+Z 
1 In 0 

K ~ 
(2. 3) 

This equation is approximately the same as equation (2.2) 

for small values of Z and large values of y. Typical o 
values of the roughness length, Z , for different types o 

of terrain are given in table 2.2. 

Table 2.2 Values of Zo for various types of terrain 

Type of 'terrain 

Very smooth (mud flats, ice) 

Lawn, grass up to O.Olm 

Downland, thin grass, up 

to O.lm 

Thick grass, up to O.lm 

Thin grass, up to O.Sm 

Thick grass, up to O.Sm 

Rural terrain 

Suburban terrain 

Urban terrain 

21 

Z (m) 
o 

0.00001 

0.001 

0.007 

0.023 

0.050 

0.09 

0.10 

1.0 

2.50 

Reference 

Sutton (1953) 

Sutton (1953) 

Sutton (1953) 

Sutton (1953) 

Sutton (1953) 

Sutton (1953) 

Counihan (1972 ) 

Counihan (1972) 

Counihan (1972 ) 
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It may be noted that the form of the logarithmic la\·! 

as in equation (2.2) applies only to the constant shear 

stress layer, i.e. the roughness layer. To extend the 

validity of the logarithmic law to Ekman layer where the 

shear stress is no longer constant, a linear term should 

be added and equation (2.3) takes the form, Harris (1972). 

~~ = ; In y ; Zo + Clfy 

o 

(2.4) 

where f is the Coriolis parameter,and Cl is a function of 

u*, Zo' f and the Gradient velocity and wind deviation 

between ground level and Gradient height. 

2.1. 8 In the case of flow over urban areas, the 

flow assumes a ground level displacement, d, therefore 

equations (2 .• 2) and (2.3) should be modified to read: 

u 1 In = y - d ( 2. 5 ) 
u* K Zo 

and u 1 In y - d +Zo = 
u* K Z 

0 
(2.6) 

The model for flow in urban areas proposed by Harris (1972) 

shown in Figure 2.4 and based on equation (2.6) assumes 

three zones of flo'irl, "A", "B" and "C". Region "A" 

represents that part of the flow described by a logarithmic 

profile similar to equation (2.6). While in region"C", i.e. 

within the displacement height, apart from the fact that 

wind speed is zero at zero height no general law is 

applicable and the flow is determined by the adjacent 

bui.ldings. Finally regj on" B" is simply a transit ion from regio:: 

"A" to region "C". t10re important is the assumption that, 
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d, is of the same order of the average building height 

H ~~d no profile law can be expected to fit data above 

an urban terrain below a height of about 1. 5d. In the 

present study ~~ese assumptions are examined. 

2.2 Effect of flm., parameters on the mean oressure 

dif:erence across buildings 

2.2.1 From wind tunnel experiments, the effect of 

wind direction,turbulence and the velocity profile 

parameters on the mean pressure difference across buildings 

is established. However, the comparison bet~'leen full scale 

and model results provide some basic information, see for 

example Jensen ~~d Franck (1965). The effect of varying 

wind direction on the pressure difference, ~p, has two-fold 

effect. Firs~, variation of wind direction might imply 

completely different flow conditions due to variation of 

upstream surface roughness, hence different turbulence 

characteristics and velocity profiles. Second, varying 

wind direction might change t:.p across tr~lO opposite faces 

of a building. Dick (1949) noted in his full scale studies 

on natural ventilation of houses, that vlind direction is 

of negligible effect. However, this might not be the case 

for: 

(i) buildings of long plan shapes 

(ii) buildings grouped at large spacings and 

(iii) where ventilation openings are only supplied 

on two opposite faces of the building. 

Under these conditions, the driving force for ventilation 

is the mean pressure difference, Lp, across th2 faces, rather 

24 



than the drag force, D, in the flo~'l direction. The drag 

force may show little variation due to the change in 

wind direction, hence ventilation is expected to reflect 

the sa~e trend of, D, for buildings not satisfying 

conditions (i) ancl (iii). On th·:=! other hc:.nd i: c0:1cL:'tioD3 

(i), (ii) and (iii) are satisfied, the mean pressure 

difference across two opposite faces may range from a 

maximum equal to the drag force, at normal incidence to 

a minimum for the wind at right angles. Therefore, 

information about T,olind directions in nature is necessary 

if any estimate of ~p is required. 

2.2.2 It is knm'Tn that turbulent scale and intensity 

affect the drag coefficient of rectangular body forms 

through its effect on the separated flO\'J region, Lee 

{1975 (a», Lee (1975 (b». On three dimensional 

rectangular forms, very little work e~ists, apart from that 

by Cook (1972) where only the effects of turbulence scale 

or intensity were investigated independently. Jensen and 

Franck (1965) conducted wind tunnel experimental work in 

T,olhich the flow structure "vas varied using different surface 

roughness upstream the model, on T,olhich the boundary layer 

naturally developed. Although no attempt was made to measure 

the associated turbulence characteristics or to reproduce the 

atmospheric turbulence structure I it T,olaS implied that 

modelling the correct ratio of H/Z in natural '.'iind was 
o 

closely related to modelling the turbulence properties. 
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In general it ap2ears that higher turbulence intensities 

reduce the pressure difference by increasing the negative 

leeward pressure. On the other hand, effects of tur~ulence 

scale wouldapoear to be dependent on the ratio of eddy size to 

building dimensions. Dominant effects would occur at 

values of this ratio ranging betv-leen 0.5 - 10, Cook 

(1972) I Armitt (1974). 

2.2.3 The main parameters of the boundary layer velocity 

profile knm'in to affect the flo~tl mechanism, ::'ence the 

pressures and the drag force on bluff bodies, are the 

boundary layer thickness, 0, the roughness length, Zo' the 

zero plane (ground plane) displacement, d and the friction 

velocity u*. The effect of increasing the ratio R 
<5 

al1d ul/u* on the drag of a t\'iO dimensional ?late 

normal to the flm·, on a smooth surface vias investigated 

by Good and Joubert (1968). In this study, Good et. al. 

showed hm'i CD as v-iell as CD are dependent on H/o and 
1 H 

H ,hence H/Z o ' since v/u* is a length scale proportional 
v/u* 

to Zo for smooth surface flow. Their results may be seen 

in Figures 2.5 and 2.6 

2.2.4 The work of Je.nsen and Franck (1965) not only 

shows the effect of the ratio H/Zo ' for various rough 

surfaces, on the pressure difference (see Figure 2.7) 

but also on the pressure dis·tribution as C2.n be seen in 

Figure 2.8. In this work although no allowance seems to 

have been made for d in determining the values of Zo' the 

effect of variations of Z as a oarameter of value was o ~ 

demonstrated. Due to the dependence of Z or d in the cases 
o 

where high roughness elements were used, large values 
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of d are to be expected. Hence the corresponding values 

of Z are possibly an overestimate. 
o 

2.2.5 It may also be noted that due to the disturbance 

of the floN and the grmvth of an internal lajer (referrGd 

to in 2.1.3) at a change of surface roughness, the shear 

stress at the surface, hence u*, experience a sudden 

change followed by gradual change until the value of the 

new shear stress is attained, Blom and Narte:J.a (1969). 

Consequently, the drag force on large groups of bluff 

bodies reflects the same disturbance experienced by u* 

at the leading part of the group as well as the trailing part 

of the group, ~~tonia and Luxton (1971), Antonia and 

Luxton (1972). In between these two parts, adaptation take~ 

place. However, for very small groups of bluff bodies, 

the drag force may not reach stability before the 

disturbance of the trailing part is experienced. The 

detailed discussion on the behaviour of the flow par~rneters 

is given in Chapter 5. 

31 



CH/\PTER 3 

A REVIE~v ON PREVIOUS WORK PELEVANT TO 
NATUP~L VENTILATION OF BUILDING GROUPS. 



3. A REVIEN ON PREVIOUS ~'lORK RELEVANT TO NATUR.i\L 

VENTILP-.TION OF BUILDING GROUPS 

3.1 Introduction 

3.1.1 Over the years a considerable amoun~ of work has 

been done in the investigation of wind effects on buildings 

for various purposes, which might be broadly categorized 

as wind loading, wind environment and the natural 

ventilation of buildings. Most of the work ~as concentrated 

on isolated buildings, li-lhile groups of builc.ings have 

received comparatively very little attention. Hence, 

because of the interrelationship between bu~lding form, wind 

flow and the resulting pressure forces, the findings of 

particular investigation will be useful not only for its 

"''-'V ....... ~ , 

original purpo·se but also may help with the solution to other 

problems in related categories. With the factors affecting 

the pressure difference across buildings in illind, it is 

in tended in this section to give a revio::w 0: the previous 'dork 

on building groups. It r,·lill include the relevant Hork made 

on: 

1. Natural ventialtion of building grou?s, by 

~veston (1956), Givoni .(1968) and Nelson (1971). 

2. Wind loading on buildin~ groups, by Vincent and 

Bailey (1943) and 

3. Air flow round groups of buildings, by Wise, 

Sexton and Lillywhite (1965), Wise (1970), 

Olgyay and Olgyay (1963) and Koenigsberger, 

Ingersoll, MayheTtl and Szokolay (1973). 
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3.2 Previous work on natural ventilation of building 

groups 

3.2.1 In the work reported by Weston (1956), the effect 

of obstructing a simple industrial building b'..''" other 

different building forms placed at different upstrea~ 

distances was investigated. r',leasurements of average 

internal air speeds i,vere made in a 1/16 scale model, 

for different obstruction cases, ·the results being 

presented in the form of the percentage of the mew~ internal 

air speed obtained for the same building when unobstructed. 

For ease of comparison, all dimensions which ~-/ere g:' ven in 

the report, in full scale equivalent, are given here 

normalized by the vlindward v/all height, H, of the experimenta: 

building (4.S7m in full scale). Table 3.1 gi'les the 

dimensions of the experimental building together <.-/i th 

average and extreme values of the 18 different obst::-uc·ting 

buildings used. 

Table 3.1 Dimens ions of the bui ldings used bv \'ies ton, E. T. 

Dimension Experimen tal Obstructing Buildings 
Building 

min avg max 

Building length (across ~'/ind) 4H 3.07H 4.04H 6.67H 

Building depth (along wind) 12H lH 2.71H 4H 

Building height lH O.67H 1.82H 2.73H 

From the information given by l'leston, the results obtair..ed from 

the different obstructing buildings were averaged and the 

standard deviation <tlas calculated. This fo:rw of 

presentation is shown in Figure 3.1 which shows the effect 
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of the distance of separation on the in t€!l"nal air veloci t~l. 

From this work Weston drew the following conclusions: 

(i) As a general rule, increasing the distance of 

se?araticn between the buil~ing and ~ts 

obstruction improves the natural ventilation. 

(ii) There is a certain distance of separation at 
"-

which a change of flm" condi tions ap?ears to 

occur, in that, ventilation conditions are 

fou.T'ld to be at a minimum and to imprQ'le by 

any increase or decrease in the dist~~ce of 

separation. For most of the cases tested this 

distance 'o'ias found -to be 1. 33H (see"Figure 3.1). 

(iii) At small distances of separation natu=al ventilatior 

improved by increasing the height of the obstructin~ 

building. The reverse occurred if the distance of 

separation is increased beyond 2H. 

(iv) A similar effect was obtained, though to a lesser 

extent, by increasing the length of tte obstructing 

building normal to the vdnd. 

The explanations given in the report of these phenomina 

~vere assisted by the use of smoke flol',o' visualization 

techniques and may be summarized as follows. Ventilation 

conditions improve if the pressure difference across the 

building increases. At small distances of separation (i.e. 

less than 1. 33H) the r,.Tind~tlard building wall is in the 

reduced pressure zone of the obstructing building and beco!':l.e~ 

subject to a Imver pressure than that at the leer/lard '/'lall 
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In this case reversed flow was noted in the test building. 

Decreasing the distance of separation intensified these 

conditions, hence improving natural ventilation. At 

larger distances of separation i.e. greater than 1.33H, 

the reduced pressure zone of the obstructing building no 

longer appeared to affect the ~tlindward ~vall and in the 

general ventilation condi tions "Tere found to be 

proportional to the dist~~ce of separation. The decreased 

pressure to the lee~vard of the obstructing building was 

also fo~~d to be intensified by either increasing its 

height or its length normal to the, ~lind. From the ,\.york. of 

~'leston sho~·m above, the following additional comments may be 

made. 

(i) The values of the standard deviations of the internaJ 

flm.; rat.es shown in Figure 3.1, indicate that the 

variation in natural ventilation conditions due to 

the various obstructions investigated were small 

(order of 5 - 10%) for any particular distance. 

(ii) It is not possible to establish any meaningful 

relationship between the ventilation conditions and 

the geometry of the obstruction owing to the limited 

test range (see table 3.1) 

3.2.2 In a series of ,·lind tunnel experiments reported 

by Givoni (1968) I the effect of building group geometrJ 

on natural ventilation and air flml round building blocks 

was investigated. In this study measurements of average 

air speed ,vere made both inside and outside the models I 

and expressed as a percentage of the wind speed at the 

same height upstream of the group. As no mention was made 
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of the mean velocity gradient in the incident flm-i, it is 

resonable to assume that the flmv 1;,'las uniform. The blocks 

which measured 600 x 200mm in plan by 400 mm heigh \-lere 

arranged in ei ther blo or three rows normal to the '·lind. 

In the former arrangemen t i:.:1 which only tr.-1O blocks -,-lere 

used one block in each row, the longitudinal distance 

of separation ,vas varied from 0.75 to 3.2SH at O.2SH 

intervals, where H is the block height. In the latter 

arrangement where three rmvs were considered, longitudinal 

distances of separation took the values of 0.7SH, l~ and 

1. 2SH, while the lateral distance of separation bet:-leen 

blocks in the same row varied from 0 to 1.2SH at intervals 

of O.2SH. In this latter arrangement the case of a single 

block in each rm'l was also studied as an extreme ""here the 

lateral distance of separation is 00. The main conclusions 

obtained by Gi voni, from this T/lOrk were: 

(i) The effect of increasing the longitudinal 

distance of separation betr,.;een blocks in t,-IO 

rm.;s ,vas to increase the air speed between the 

blocks r.vhilst the internal air speed in the 

leeward block reflected an initial decrease follm·ted 

by a.'1 increase. 

(ii) The effect of increasing the lateral distance of 

separation betr.veen blocks in the same rm-' Has to 

initially increase both internal and external air 

speeds then to reach a maximum followed by gradual 

decrease to a value approximately equal to the 

initial value where the lateral distance was zero. 
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Despite the usefulness of these results it is difficult 

to extend their applicability to other situations, since 

the values of internal air speeds given is dependent 

largely on the block proportions and the ~'lall o[Jer{ing 

details, as well as the flow properties. 

3.2. 3 Nelson (1971) reported an algorith~ for the 

computerized calculation of natural ventilation r .. Sl-tes 

in which an equation similar in form to the equation 

iJ = C .• L 
1. c ...... (1.1) 

.",,~, 

'tlas adopted. The effect of the surrounding buildings as 

well as the building orientation was taken into 
~ 

consideration for assessing, .• wind pressure. In principle 

it is assUIr.ed that the pressure I P actinG at any y' .~ -

height, y, on the building facade may be obtained using 

the following formula:-

K o 
...... (3.1), 

. ,·,here Cp _ is a correction factor for the effect of 
- J: 

surrounding~ and Ko is a correction factor dependent 

on the facade orientation. The pressure correction factn~ 

Cpf is given for three types of surro~~ding buildings at 

different distances of separation, T:lhich are given in 

table 3.2. 



Table 3.2 Values of Cp~ for different surrounding builcings 
- :r: 

and distances of separation 

separation Lot'ler building Equally high or Taller building 
distance Upstream higher building downstream 

Upstream 

Subject Wind- Lee- Side ~-lind- Lee- Side rtlind- Lee- Si-::le 
building ward ward ;,.;all Hard ward \vall 'Hard ward \v"all 
thickness ;,.;all \ ... ~J...l wall \.;all ',010.11 wall 

0.5 0.10 - O. 30 -: O. 80 -0·50 -0.25 -0.45 0.50 0.45 0.45 

1.0 -0.10 -0.25 -0.50 -0.50 -0.20 -0.30 0.45 0.30 0.30 

2.0 0.10 -0.25 -0.40 0.00 -0.20 -0.30 0.~3 0.10 0.10 

3.0 0.10 -0.25 -0.40 0.10 _0.20 -0.35 0.45 0.00 0.00 

5.0 0.25 -0.35 -0.60 0.25 -0.25 -0.45 0.50 -0.10 -0.10 

co 0.60 -0.35 -0.70 0.60 -0.35 -0.70 0.60 -0.35 -0.70 

The dynomic head ~pu2 vIas determined from a veloci ty profile 
y 

formula similar to that used by Vincent and Bailey (equation 3.2) 

given in the next section. The correction factor K , which 
o 

allowed for the variation of pressure with orientation, is 

assumed to be equal to -1.0 for the leeward ~flalls, whilst for 

the windr . .,ard ,.,alls Ko = Cos e and fer the side walls 

K = - Cos 8, ~'There 8 is the angle bett"een the "lind and a o 

normal to the building face. The following ranges of e are 

given for each ,,,all: 

~Vind~"ard wall 

Side Wall 

Leeward NaIl 

315 0 < 8<45 0 

45 0 < e <900 

{2700 < 8<315 0 



3.2.4 The follm'ling remarks may be noted on the method 

suggested by Nelson. 

(i) The basic concept of using the dynamic head of the 

flow to describe the pressure on the building 

suggests a similarity to the concept employed in 

the Crack t'Iethod of the IHVE Guide. The main 

criticism in such a concept is that the pressure 

coefficient used is independent on both the 

building shape and the properties of the incident 

f lmv . 

(ii) A closer look on the correction factor for the 

surrounding buildings,Cp , shows that it is actually 
f 

a different way of presenting the results of Vincent 

and Bailey (1943) ~"hich will be commented on in the 

next section 

(iii) The variation of the pressure correction factor, Ko' 

\..,i th the angle of incidence e shoVis an abrupt change 

of sign for the same magnitude at e = 450 and 315
0

, 

the angle at which the facade changes from ~·lindward 

to sideward. Though there will be a gradual ch~~ge 

of sign it vlill not be as abrupt as this method 

indicates. 

3.3 Previous work on wind loading on building qroups 

3.3.1 Vincent and Bailey (1943) carried out a series of 

~'lind tunnel experiments to investigate proximity effects 

on the wind loading of buildings. The cases considered 

Tt/ere mainly for t~"lO buildings, one dm-lnstream of the other, 



though some additional results are given for the isolated 

bullding case a~d for an array of three identical buildings. 

All of the cases of building proximity investigated 

showed the effect of the obstruction by an upstream building 

apart from one case in \vhich the effect of a dmmstream high 

building on a low building upstream was investigated. 

The geometrical variables considered in this study r,·lere 

the building shape, the group form and the distance of 

separation between buildings. In the seven shapes of 

buildings considered, (see table 3.3) variations r..;ere made 

in the height and roof shapes while the length and thickness 

remained ap?roximately constant. 

Table 3.3 Description of the models used bv Vincent and 

Bailev 

Model Height to Overall Length Thickness Type of Roof 
eves ( rnIn) height (mm) normal to along Ttlind 

~'lind (mm) (mm) 
,-

A 30.5 42.7 127 53.8 Sloped at 23. :: -

B 30.5 58.7 127 53.8 Sloped at 45° 

C 63.5 91. 7 127 53.8 Sloped at 45° 

D 30.5 46.7 127 53.8 Slope'j at 30° 

E - 30.5 31. 2 127 53.8 Flat 

F 63.5 64.3 127 53.8 Flat 

G 132.1 203.2 50.8 Stepped 

The distance of separation was varied in units of the building 

thickness, from a minimum of zero to a maximum which varied 

from 3 t 20 for different models. Despite the early date of 

this report, consideation was given to the simulation cL_the 



natural T.·lind profile at least in terms of velocity gradient. 

The profile simulated was that appropriate to flow in open 

country with a boundary layer thickness, 0, of 203mrn. The 

profile shape was a close approximation to the following 

formula, suggested by the Meteorological Office at the time. 

= K {1.00 + 2.81 log (y + 4.75)} •••.•• (3.2) 

No mention was made of the method by which the velocity 

profile was simulated. In the course of this investigation 

pressure measurements were obtained from a centre line rm-l 

of tappings of the r,vind .... 'ard wall and the roof. The leeward 

wall pressure was obtained from only one tapping near the 

top of the wall. The pressures were given in the forw 

of coefficients non-dimensionalized vlith respect to the 

dynamic head at a height of 50.8mm from the tunnel vlall. 

From the results obtained, those concerning the wall pressures 

are considered most relevant and are shown in Figure 3.2 

(a) - (j). For convenience of comparison and analysis, the 

variation of mean pressure on both walls vii th distance of 

separation have been replotted together with the corresponding 

values for the isolated test building in each case. The 

main conclusions drar,yn by Vincent and Bailey from this study 

were: 

(i) The effect of a small building on the pressure 

difference across a heigh building downstream, 

case (a), is small. The maximum reduction at 

any dis tance r,'las about 20% of the isolated case. 

(ii) In the case of two high buildings, case (b), a 

considerable effect on the Ttlall pressures was fOUIld 
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to occur as the distance of separation decreased. 

The pressure difference bet"veen the I,'lind',vard al'1d 

leeward vlalls "vas zero at a distance of separation 

6 times the building thickness. Furthe~ore, 

thrust forces, where the wind';1ard T,Tall pressures ,-lere 

more negative than those on the leer,'lard "Tall, ',[ere 

experienced at smaller separation distances. 

(iii) The effect of the number of ~odels upstream, cases 

(c) a.l1d (d), 'VTas found to be small, therefore, the 

results ""ould be expected to be representative of 

built up areas. 

(iv) Due to the downwind shelter effect present in most 

cases even at large separation distances, 

allo,vfuJ.ce should be made to reduce the fully 

exposed values for the lower part of a building 

up to some specific height. 

3.3.2 From a further consideration of the results 

obtained by Vincent and Bailey the following points 

emergec.: -

(1) For the two building cases it can be sho';'m thai 

the variation of wall pressure with distance 

of separation in the different cases depends on 

group form. Suggesting HIHo as a parameter 

roughly describing group form, (where H is the 

height of the building under investigation ~J.d Ho 

is the height of the obstructing building) different 

group forms regardless of roof shape may be Hri tten 

as:-

(i) 

(i i) 

(iii) 

H/H <1, high building upstream o 

HIHo = 1, two equal buildings 

H/H~ >1, low building upstrea..u 



A negati~le sign may be given to this parameter to 

indicate a reverse situation when the building under 

consider<J.tion is upstream of the obstructing building. 

An example of this case was included in the study and 

the result is shown in case (j). 

2. In case of more than two buildings additiottal g20rr..ei:-

rical parameters are needed to describe the group fO~8, 

where variations in individual building dimensions will 

add complexity to these parameters. He~e only one 

simple case has been considered, case (d) where the 

three buildings tested were identical. 

3. A zone of negative pressure difference at certain 

4. 

distances of separation can be seen as a co~~on 

feature in the cases of Figure 3.2 (b), (c), (e) and 

(f) . The significance of this observation is that 

these a~e the only cases vlhere H/Ho ~ 1. Furthermore, 

the distance at which the pressure difference ch~lges 

its sign appears to be approximately the same in all 

those cases apart from case (b). However, normalizing 

the distance of separation with respect to rather 

than the building thickness, is not only more appropriat 

because of the sensitivity of flow to variation in height 

but also makes the separation distance at which zero 

pressure difference occurs approximately equal in all 

cases. 

In the cases ~'lhere H/H > 1 1. e. cases (a), (g), (h) f 
o 

and (i), the pressure difference between the windw"ard 

and leeward faces was positive at all distances, and 

the shelter effect decreased as H/H increased. 
o 
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5. Finally, a relevant point may be made concerning 

the case of more than blO buildings shown in case 

(d). Here, contrary to the conclusion given in 

the paper ';ihleh implies a negligible -=ffect 

for the number of models, it can be seen by 

comparing cases (c) and (d) that t'tlO major 

differences occur. First, the zone of negative 

pressure difference which was dominan~ in the two 

building case, (c), disappeared in the three 

building case, (d); and secondly, the point at 

which the pressure difference is zero occurs 

approximately at zero distance of separation. 

3.3. 3 The general conclusions which could be obtained from 

Vincent and Bailey's work are: 

1. The parameters governing the flo'd and pressures 

in groups of tvlO buildings are not the same as 

those for an array of more than tvlO. 

2. For pairs of buildings subject to the same 

incident flow conditions, the pressure difference 

between the wind<;V'ard and lee~"ard faces vIas affected 

both by the building form and the distance of separa-

tion. Better correlation of the results was obtained whe 

the group form parameter H/Ho T,'las used and 'tlhen the 

distance of separation t'las normalized T,V'i th re spect 

to H rather than the building thic~ness. o 



3.4 Previous v/ork on air flo~'T round groups of buildings 

3.4.1 Wise, Sexton and Lillywhite (1965) have reported 

some measurements of the floYl round buildings on the basis 

of ',vind tunnel eXj?eriments. The o\J.ilding tY!?2!S unde::::-

investigation consisted of a low rise building, a tower 

building and a slab building. The dimensions of these 

models in terms of the low rise building height are given 

in table 3.4. 

Table 3.4 Dimension of the models used by ~Vise et. al (1965) 

in terms of the low rise building height 

Model 

Tmver 

Slab 

Low building 

Height, H 

4 

3 

1 

Length 

1 

4 

4 

Thickness 

1 

1 

1 

where t..1,.e length is the dimension normal to the flo\:1 and 

the thickness is the in-wind dimension. The incident floyl 

simulated a suburban velocity profile artificially 

generated using vertical array of horizontal slats. The 

buildings were relatively large in size compared with the 

boundarJ layer thickness, c, i.e. Hie = 0.22, 0.67, 0.89 

for the low building, the slab and the tower respectively. 

Three forms of building groups \<lere studied in addition 

to the isolated building cases, in which the air velocity 

was measured at discrete points round the blocks. The 

groups considered were: (i) two low buildings, (ii) three 

lo~.". buildings and (iii) a slab ylith a 10YI building upstreilill. 

In all cases the distance of separation was kept constant 

/IQ 



at double the Im.,r building height. The results showed that 

a vortex existed between the buildings in all cases. 

However, the wind speed at any point between the 

buildings compared with that at the same height far 

upstreu.m is shown to be reduced in betr,'leen the buildings 

in cases (i) and (ii) whilst in case (iii) it increa$ed 

by about 30% in the region close to the ground. 

Furthermore, it was noted that the effect of adding the 

third building, case (ii) I on the relative speeds 

observed in the t\VO building group, case (i), was 

negligible. k~ examination of the data presented here 

does not, however, yield the information that the relative 

speed betvleen building 1 2..'1.d 2 (the upstream pair) is 30% 

less than that between buildings 2 and 3 (the downstream 

pair) in case (ii). The particular geometric para~eters 

considered in the r"iork of l'iise et.al coupled ",ith the 

relaxation of simulating size parameters, i.e. Hlo or H/z 
o 

will tend to limit the general applicability of the 

results. In addition, the f10w speed measurement at 

discrete points makes it difficult to obtain a~y relation 

bet"'ieen the flmv parameters and the group form para:neters. 

3.4.2 In order to relate the flow speed at one point to 

the geometrical parameters describing a group of t',.,O 

buildings, Wise (1970), in a later investigation, carried 

out a more detailed study of case (iii), the co~~ination 

of a slab with an upstream low rise building. The 

geome trical parameters varied \Vere: the distance 0 f 

separation, L , the slab building thickness M , and the x 

slab building height H. The main conclusion reached was 
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that the velocity at one point between the two buildings 

and close to the ground, u A is a complex function of the 

wind speed at the top of the slab building, UHi the 

height of the point above the ground, a; the slab building 

length, L, height, H and thickness, W; as "tlell as the 

low building height h. The follo'Vling expression was 

obtained for U A . 

This equation was found to be 

limits only ~ >33 W >1 L 
a ' H ' H 

applicable within the following 

H >1 and h > 8. 

3.4. 3 In a study, whose purpose was to improve the natural 

ventilation rates of low rise housing in different layout 

patterns, Olgyay (1963) presents a series of useful flow 

visualization photographs. The group model consisted 

of six blocks, arranged in three rows at different 

spacing in each layout pattern. The main conclusion 

resulting from this study was that the gridiron pattern 

(where buildings are aligned in the wind direction) causes 

more shelter to subsequent rows of buildings, while the 

staggered pattern (where buildings are shifted laterally 

every other row) gives better ventilation. It was 

reco~~ended that a spacing of seven times the building 

height should secure satisfactory ventilation for each unit. 

Similar comments are given in the book by Koenigsberger, 

Ingersoll, Mayhew and Szokolay, (1973) in a series of 

sketches which were based on studies carried out in the 

A.A. school of Architecture. Here, a distance of six times 

the building height is given as the satisfactory limit for 



an adequate natura.l ventilation. 

3.4.4 In the studies of Olgyay and Koenigsberger, et. al 

the measure of satisfactory ventilation was not defined, n~~ 

vIas the form of the indi vdual buildings considered to be 

an important parameter. The effect of the latter is expected 

to play an important role and such recommendations as 

they give should be treated with caution. 

3.5 Conclusions 

3.5.1 From the above review, the following conclusions 

may be dra'v"m: 

1. The flow and the pressure forces on groups of 

buildings are dependent on both the individual 

building form, i.e. size and shape and the building 

group form, i.e. the relative size of individual 

buildings and the layout pattern. 

2. The simulation of the natural boundary layer 

properties in terms of the velocity profile shape 

was considered by some workers. HOT,oleVer the 

effect of building size in terms of Hie or H/Zo 

was not considered at all. 

3. The effect of fetch on either the flow or the drag 

forces was not considered at all. 

4. Despite the useful information obtained from the 

work on natural ventilation, wind loading and wind 
~ 

flow round groups of buildings, no general 

relationship was obtained between the group geometr~ 

the resulting flow and the pressure forces. This 



conclusion is natural as the number of variables 

involved is prohibitively large and any general 

relationship would be a complex one. 

5. It is evident that the pressure forces on a group 

of two similar buildings, hence the flow, does not 

represent the flow round a group of more than two 

buildings, the case of urban areas. 

3.5.2 The complexity of the problem indicated by the 

above conclusions suggest that in order to obtain any 

relationship between individual building form, building 

group form and the resulting pressure forces, great 

limitations ought to be put to the variables involved, and 

in particular those concerning the building and group 

form. A more" appropriate approach may then include the 

effect of building size, (H/o), as well as the size of 

the building group (in terms of fetch) required to give 

representative results of the corresponding conditions 

in urban areas. 
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4. DENSITY A...~D FORH 

4.1 Introduction 

4.1.1 The design and planning of residential areas 

often refers to housing density as an indicator of 

environmental quality. This follows from the hypothesis 

that the geometry of urban form will largely determine 

its environmental conditions. Since the density of 

~uilt form is a function of its geometry it is important 

:0 determine the relation between the geometrical 

)arameters needed to define group form and its density. 

L 1.2 Several studies have been made in which the 

iensity of residential areas were considered in relation to 

?lanning param~ters as well as geometrical parameters for 

iifferent environmental criteria. A review on these 

,tudies is made in order to see how accurately group form 

=an be defined in terms of the parameters considered, as 

Nell as to determine the practical limits of these 

?arameters. A theoretical analysis is also presented to 

e~able a complete definition of group form to be made, in 

terms of a proposed set of geometrical paraE~ters and 

group density. 

4.1.3 Due to the complex interaction between the 

parameters involved, a method of graphical presentation has 

been evolved to show the interaction bettveen these 

parameters, as vTell as the commonly accepted zones 

fined within their limits. If flow conditions are 

. t on group form then the suggested graphical 



presentation would help in identifying zones of similar 

flow conditions. Such an identification procedure will 

not only help the planner in recognizing the consequences 

of form variation on the resulting flow, but also wou~d 

guide the aerodynamicist to design meaningful experiments 

within the practical limits of urban form. 

4.2 Density of Residential Areas 

4.2.1 The density of residential areas has been 

investigated from many different aspects and for various 

criteria, Gropius (1956), Stevens (1960), Se gal (1965) 

and Martin and March (1972). The large number of the 

variables involved coupled with the interrelationship 

existing between them, make it necessary to clarify the 

concept of density. It is of particular importance to 

identify the relevant parameters linking the planning and 

aerodynamic aspects of urban building density. 

4.2.2 For provision of sunlighting, Gropius considered 

the problem as a two dimensional building array and 

investigated the following variables: 

site area/building 

angle of sunlighting 

number of beds 

number of storeys 

A 

Y 

N 

F 

His conclusions were reported by Martin et. al. (1972 ) in 

which the following relationships were suggested: 

(i) N increases as F increases vlhen A and y are constant. 

(ii) A decreases as F increases when N and y are constant. 

(iii) y decreases as F increases when A and N are constant. 



Although these relationships considered descriptions of 

form, they are neither conclusive nor do they recommend 

the limit of each variable. Moreover, the relations are 

not presented in a manner which quantifies the extent to 

which these variables are inter-dependent. 

4.2.3 In his study, Stevens (1960) was concerned with 

the aspect of population density in residential areas. 

Although some of the parameters he considered affect the 

group form (e.g. number of storeys and plot coverage), the 

way in which the charts and tables supplied are presented 

does not convey hmv different geometrical for.ns are 

utilised for the same population density. Furthermore the 

range of these parameters is limited, i.e. the numbers of 

storeys considered were 1, 2, 4, 8 and 12. 

4.2.4 The analytical approach taken by Segal (1965) 

considered the follo'tling variables: 

1. Floor space rate (unit area/person) 

2. Floor space/dwelling (dwelling area) 

3. Angle of obstruction 

4. Open space area/dwelling 

5. Storey height 

6. Site area 

7. Number of storeys 

8. Ground coverage (area density) 

9. Number of dwellings 

He noted that if the first five variables are kept constan.t 

then by increasing the number of storeys the resulting 

changes to the remaining variables were as follows: 

(i) The site area/dwelling decreased, 



(ii) the site coverage/dwelling decreased, 

(iii) the number of dwellings/acre increased. 

However, the rate of decrease or increase is negligible 

as the number of storeys increases reaching an optimum 

value between 10 - 15 storeys. These results are helpful 

in determining the geometrical configuration of a group of 

houses, However, some of the parameters which were 

maintained as constants, i.e. the angle of obstruction and 

the open space area/unit floor area, are of considerable 

influence on the grouping form; thus restricting the scope 

of Segal's conclusions. 

4.2.5 Svennar (1972) discussed the viability of 14 

parameters used in studying the density of residential 

areas, and proposed a standard set of parameters (Table 4.1) 

differentiati~g between those related to density and those 

related to space. Either group of parameters could be 

expressed in terms of floor area, dwelling units or 

population. 

Table 4.1 Density and space parameters proposed by Svennar 

(l9 72 ) 

~ 

Density Space 

I Indoors I Ou:tdoors , 

, 
I Floor Space Index Open Space Index = 
1 

Floor area: gross floor area free site area = gross site area gross floor area 

Housing density = Unit size = 
Dwelling dwelling units/ gross floor/ Free area/ 
Units dekare unit unit 

Population density Floor space area;] Population 
= persons/dekare rate = gross Free 

floor/person , unit , , 



In these parameters four independent variables vlere considered: 

Ap = fraction of site area used for building; % 

(plan area density) 

F = average number of floors 

Z = average d',velling unit size 

G = average number of people per unit 

For a given building site area, A, the following function 

were derived: 

Ap .A.F 
100 

Floor Space Index (F.S.I)= 
A 

A • F 
= --E..-

100 

A - A .A 
-E-

Open Space Index (O.S.I) = 100 

~ .A.F 
100 

100 - A 
= E 

A . F 
P 

-A .A. F • .....L 
100 

= Housing Density 
A 

AE . F 
= 100 Z 

A -
A .A E 

= 100 
A 

A -E- . 
Free Area per unit 

100 . Z 

100 - A 

1 
Z 

F 

=( 
Ap F 

E) • . 

Population Density 
A . F . G 

= E 
100 Z 

Z/unit 



Floor Space Rate z = G/person 

Free Area per Person 

From a geometrical approach it appears that the expression 

of both the density and the space parameters are more 

relevant in terms of floor area. For each function a 

table was supplied for different values of the four 

independent variables. These values ranged between: 

5% - 40% for A p 

1 - 12 for F 

0.05 - 4.8 for F.S.I. 

0.1 - 19 for O.S.I. 

Although the requirement for sllillighting and its dependence 

on site latitude was noted, the variation of density with 

the angle of obstruction was not considered. The final 

part of Svennar's work dealt with an analysis of 19 

residential developments of different types from which 

measurements of density parameters have been taken. 

4.2.6 Martin and March (1972) analysed two mathematical 

models, the first based on Gropius's hypothesis (1956) and 

the second based on the work of Beckett (1942). In Gropius's 

model the dependent variables are: 

N = number of beds 

A = area of site 

T = tangent of the angle of sunlight, y. 



In each of the following equations one of these variables 

is the dependent variable while the others are ass~~ed 

constant. The remaining parameters are (see Figure 4.l(a»: 

L = length of block 

W = width of block (assumed to be constant) 

Sx = width of site 

S = length of site y 

(S - W) = space between blocks x 

h = storey height (assumed to be cons tw"1 t) 

g = parapet height (assumed to be constant) 

b = number of beds per unit floor area (assumed 

to be constant) 

The principal independent variable is: 

F = number of storeys 

The three experessions derived from Gropius's model are 

N = 

A = 

T = ~ F = 3 

F 
bWAT. hF + WT + g 

N 
W 

hF + ~VT + g 
F 

hF + g 
bAF - N 

The first derivatives d~n were obtained and are shown 
dF 

graphically in Figure 4.l(b) I (c) and (d). It can also 

be shmm that: 

hN - b~'lAT = 0 when F + QC 

The second derivative of ~lF which shows the rate of increase 

of N decreased very rapidly (i.e. d
2

N ~ 1-) 
dF 3 

F 
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Figure 4.1 GRAPHICAL 1?R.ESENTATI00i OF GROJ?IUS' S 
MODEL, (after Martin and March, 1972). 
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4.2.7 The mathematical model of Beckett is more elaborate 

and refine form of Gropius's model, and differs in the 

following respects: 

(i) The blocks were arranged in parallel rows 

with intersecting streets. 

(ii) The angle of obstruction is read from a 

point above the ground on the window sill 

of the first floor, see Figure 4.2. 

The same notation as Gropius's model is used here 

with the following additions: 

i = height at which the angle of obstruction 

intersects the facade (0 .< i < h) 

~y 
L = 
Sy 

0 = area of open space 

The principal dependent variables studies by Beckett were: 

Gl = N/A = bed space (population, etc.).density 

in relation to site area 

G
2 

= 0 lA = (1 - A ) 
P 

1 

Open Space Index 

Figure 4.3 shows the variation of Gl , G2 and G3 with F, 

for different values of T for b = 1, ~y = 0.75, i = 0.6 h, 

g = 0.3h. Here it should be noted that Beckett actually 

studied G2/Gl which is the Open Space Index. For small 

nQmber of floors Gl and G3 change their behaviour for 

small and large values of T respectively. This contradicts 

Gropius's model and is mainly due to changing the point 

at which the angle of obstruction is measured. Martin 

and Harch conclude that for practical purposes Gropius's 
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Figure 4.3 GRAPHICAL PRESENTATION OF 
BECKETT'S t-'lATHEM.Zls.TICAL MODEL, 
(after Martin and r·larch, 1972). 
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model is probably as good as Beckett's and is simpler to 

use. Recent investigations on daylighting suggests that 

the choice of reference point makes very little difference 

to the value of the external daylight factor and thus 

the angle of obstruction. 

4.2.8 This review of the various methods of defining 

housing densities suggests the following: 

(i) For a given site area, A, and constant storey 

height, h, the F.S.I. determines the total 

volume of building(s), see Figure 4.4(a). Further 

knowledge of the O.S.I. helps in determining 

number of storeys, F, and the plan Area Density, 

~ , see Figure 4.4(b). Although a complete 
p 

definition of density and space is achieved in 

terms of floor area, further information is needed 

to determine the building group form. 

(ii) The angle of obstruction, y,(on the assumption of 

a regular array of uniform buildings on a grid) 

together with the F.S.I. and the O.S.I. might be 

sufficient for the assessment of some urban 

environmental conditions, i.e. daylighting or 

sunlighting. However, different forms ';<lhich 

fulfil these conditions would behave differently in 

aerodynamic terms, see Figure 4.4{c). 

(iii) Most of the investigations considered the number 

of storeys as the main independent variable while 

other parameters relevant to air flow were either 

not considered in depth (i.e. the plan area densi~ 
,),; 



1IIIIiillliillllll!!lIIII!lii 

F.S.l. only is constant; 
O.S.l" F, A I Y and As 
are variable~. 

F. S. I. I O. S. I., F and 
A are constant while 

p 
A and y are variables. 

s 

D 

D 
D 

F.S.l" O.S.I. and y are equal in all configurations 
despite their differences in group form. 

" "" I " , 

Figure 4.4 

~ • 

EF~ECT OF INCOMPLETE DEFINITION OF 
FOR~1 DETERMINING PA?-M1ETERS. 
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Buildinq 1")lan area , 
B ild" . 't ) or not cons~dered at all. u ~ng s~ e area 

(i.e. the Frontal Area De 't Building facade area 
ns~ y, Building site area 

S Od A t R t' Building thickness and Frontal 
~ e spe c a ~o I ' 

Building height 

A t R t ' Building length) 
spec a ~O, Building height . 

(iv) As the parameters are interdependent a 

representation more suitable than tables (Svennar), 

and more compact than several graphs (Martin and 

March) I on which the range and limits of all 

the relevant variables could be seen, is desirable. 

Furthermore it is apparent that density limits 

depend on the criterion considered. This criteria 

in turn selects or may sometimes introduce its 

own governing parameters. For example the form 

determining parameters for day lighting would not 

consider orientation while for sunlighting, 

orientation and latitude would be important. 

Considering boundary layer flow over urban areas, 

the group form determining parameters may be 

selected so as to be more oriented towards flow 

criteria. No such attempt has been previously 

undertaken. 

4.3 The geometrical parameters defining group density 

and form 

4.3.1 An attempt is made here to analyse the density of 

urban building form which overcomes some of the criticisms 

of previous work reported in the preceding section. tVith 



particular reference to air flow over building groups, it 

is expected that a complete definition of group form would 

include the geometrical parameters of the individual 

buildings as well as those of the group. For rectangular 

building forms, uniformly distributed on a grid pattern, 

see Figure 4.5, the following parameters are chosen. 

(i) Individual form parameters 

h = storey height 

F = number of storeys 

H = building height = F.h) 

L = building length (across flow direction) 

W = building thickness (along flow direction) 

a
p 

= 

a~ = 

Af = 
A = s 

building plan area (= L. \'J') 

building facade area (=L.H) 

L frontal aspect ratio = H 

W side aspect ratio = 

Wr = floor width ratio 

H 

= W 
h 

(ii) Group form parameters 

s = 
x 

S = y 

A = 

Yx = 

Yy = 

tan Yx 
= 

tan = 

building site length (in the flor'l direction) 

building site width (across flow direction) 

building site area ( = S • S ) 
x y 

angle of obstruction (in the flof"; direction) 

angle of obstruction (across flow direction) 

building height 
longitudinal space between buildings 

H = 

building height 

lateral space between buildings 

H 
= S - L 

Y 
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Figure 4.5 
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GENEPAL GROUPING FOR-M AND 
ITS GEOMETRICAL PA~~~~TERS. 
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t/lx = building: thickness 
building site length 

t/ly = building: length 
building site width 

A = plan area density = p 

= 

= 

w 
s x 

L 
5 

Y 
building plan area 
building site area 

a = p 

A 

Af = frontal area density = building facade area 
building site area 

= af 
A 

4.3.2 It is shown in paragraph 4.2.8(i) how the 

planning parameters (F, F.S.I and O.S.I) are not sufficient 

to define a particular group form. However, they may be 

expressed in terms of the geometrical parameters as 

follows:-

F.S.I = Floor Space Index = total floor area 
building site area 

O.S.I. = Open Space Index = open space area 
total floor area 

a F 
= -E-

A 

A-a 
= '-':.p 

a F-' 
p 

Similarly, these planning parameters are related to the 

plan area density as follows: 

F.S.I = F.A 
P 

and O.S.I 1 
(1 A ) = -

F.S.I P 

This may be re-arranged into: 

F.S.I 1 (l-A ) = O.S.I P 

(4.1 ) 

(4.2: 

A graphical presentation of equation (4.1), Figure 4.6(a), 

gives a family of straight lines, the slope of each line 

would correspond to the number of storeys. In the same 

way, a graphical presentation of equation (4.2), Figure 

4.6(b), gives a family of straight lines, the slope of 

each line would correspond to the reciprocal of O.S.I. 
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