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SUMMARY

A STUDY OF THE WIND PRESSURE FORCES
ACTING ON GROUPS OF BUILDINGS

BAHER F. SOLIMAN

In urban areas, where buildings are mostly in
groups, wind 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 review of previous work on
natural wventilation, wind loading and air flow 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
were 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

experiments 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
would correspond to the three flow regimes known to

exist for flow over general roughness elements was
substantiated by velocity 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, flow properties and the
resulting preésure forces. Here, an alternative method
for the prediction of natural ventilation in low rise
buildings is presented in which the geometrical parameters
defining 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.



A list of the nomenclature used in the thesis is
given below. The list covers the nomenclature used in
all Chepters apart from Chapter 4. In this Chapter

the nomenclature is given within.

List of Nomenclature

Ssymbol

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

Frontal aspect ratio (L/H).
Side aspect ratio (W/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 egquation (5.7).

Constant in eguation (2.4).

Drag cosefficient based on the free
1 stream dynamic head.

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



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

Drag coefficient based on the friction

velocity, u,.

Local skin friction coefficient.

Effective local skin friction
coefficient, C. /A.
9

Infiltration coefficient of the opening

Pressure correction factor in equation
(3l

Leeward wall mean pressure coefficient.

Windward wall mean pressure coefficient.

Pressure coefficient based on Ul'

Mean pressure difference coefficient
across two opposite faces of the
model or a building, (based on Ul).

Mean pressure difference coefficient
across two opposite faces of the model
or a building, (based on UH)‘

Drag force on a building or roughness
element.

Ground level displacement, zero plz.
displacement.

Mean value of d.

Constant in eguation (5.8).



Mean bridge voltage of the anemometer.

The reattachment distance downstream
the building or any roughness element.

Mean bridge voltage of the anemometer
at zero velocity.

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

or any roughness element.

The separation distance upstream the
building or any roughness element.

Dimension of the stable vortex in the
flow direction.

Constant in equation (5.18).

Hh

Functional dependence of the inner layer.

Functional dependence o

Fn
ct
oy
D

outer layer.

Functional dependence of the windward
pressure profile.

Functional dependence of the leeward pressure
profile.

Coriolis parameter.

Building height, roughness element height.

Average value of H.

Height of obstructing building.

Low building height.




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 between 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 cauation (6.1).

Constant in equation (5.23).

Constant in equation (5.25).

Exponent.

Wind pressure on the bullding surface.

Leeward wall pressure.

Maximum wind pressure on the building,
{or roughness element).

Minimum wind pressure on the building, (or
roughness element).




The static pressure at the reference
point.

Wind pressure on the building at any
height, ¥.

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
flow direction.

The clear spacing between the cubes or
buildings in the flow direction.

Slope of the hot-wire calibration lines.

Mean velocity in the wind direction.
Mean velocity in the free stream.

Mean velocity at 10m above the ground.
Friction velocity.

Effective velocity acting on the hot-
wlre.

Gradient wvelocity.

Mean velocity at height H.

Mean velocity at any height y.




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.
Mean value of Zo'

Exponent in the power law.

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

Angle of obstruction between buildings.
Boundary layer thickness.

Internal layer thickness.

Laminar sublayer thickness.

Rough flow boundary layer thickness.

Smooth flow boundary layer thickness.




Error in origin for measuring y, (H =¢ + 4d).

The building or central model orientation
angle with respect to wind direction.

Universal constant ( ~ 0.4).

Density of building (or roughness element)
groups.

Frontal area density.

Plan area density

Kinematic viscosity of air.

Density of air.

Surface shear stress

{
£
€
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]

Effective surface shear stress.

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

Effective angle between the flow direction
and the plane normal to the wire axis.

Ratio between building width, W and the
site length,Lx.

Ratio between building length,L and the
site lateral dimension,Ly.
Subscript denoting hot wire no.

Subscript denoting values corresponding
to small change in the hot wire effective
angle, ¥.
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T INTRODUCTION

1.1 Natural Ventilation of buildings

Teidad 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 orx
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 depth 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 comvensated 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.

1



Therefore a proper estimate of the natural ventilation
rates in buildings is necessary if buildings are to meet

their environmental and economic requirements.

I.1..2 Natural ventilation occurs in wvirtually 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 énd subject to
variability of the natural forces created in the  ambient
climatic conditions. However,infiltration rates may be
put to minimuﬁ if the gaps and cracks round ventilation

openings and doors are minimized.

Tsida 3 The main principle Lhat operales Lo produce
natural wventilation 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 flow resistance will determine the rate of air
flow through 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




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.

Tiwi Ll 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 whgre only one opening is provided to the space

or during the absence of both wind and thermal forces.

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,mB/hr, sometimes expressed
in terms of the number of a certain volume (usually taken

as the room volume or the total building volume) per



unit time, air change/hr.

152 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 emperical is
based on the assumption that similar building types of
typical construction and normal use in winter would have
similar infiltration rates. Therefore, tabulated values
of infiltration rates are given for different building
types assuming normal exposure and an average ratio

(25%) of openable areas (windows and doors) to externmal
wall area. Allowance of 25-50% is given for higher
ratios of opeﬁable 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: Up to third floor of buildings in city
' centres.
Normal: Most suburban and country premises:

fourth toeighth floors of buildings
in-city centres.
3_ Severely Buildings on the coast or exposed on hill
- Exposed: sites: floors above the fifth of
buildings in suburban or country districts:

floors above the ninth of buildings in

city centres.

4




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,&po, acting across any opening,

- vyl
vV = Ci'Lc (Apo) n S E B (i N

For a particular building, the infiltration coefficient,
Ci' 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 Ci and the exponent n, Bilsborrow
(1973). Therefore, it remains to determine &po in

equation (l1.1) in order to obtain the ventilation rate, V.
From the work on air flow round building models an estimate
of the mean pressure difference across the building Ap,

may be obtained, half of which is assumed to act across
each of the windward and the leeward faces of the building,
giving ﬂpo. The main assumption made in the IHVE Guide

to estimate the mean pressure difference across any building,
Ap, (hence Apo) is that the velocity pressure of the wind
at the roof top level is approximately equal to A4p.
Therefore, for one design wind speed and three velocity
pProfiles 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 Ap for buildings



of any given height in the three site conditions. It
seems that the main assumption made in the IHVE Guide to
estimate 8p may result in considerable error since
important factors affecting Ap 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 determining the

pressure difference across the building, AP' in different
sites. Therefore it is important to consider the factors
affecting Ap if any reliable estimate of the ventilation

rate is to be made.

1.3 The factors affecting the presSure difference across

buildings

S S 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. 1In particular the work done

on the drag (hence Ap) of bluff bodies immersed in turbulent
boundary layers provide the basic information required,

See for example the work of Good and Jourbet (1968),

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

and Stevens (1971) and Wooding, Bradley and Marshall (1973).




from this work the similarity of wind flow over the
ecarth'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 which a turbulent boundary layer flows.

l.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 following 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 down to:

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

(iii) building permeability.

12 3:8 The effect of varying rectangular building

shape on the drag coefficient, CD , 1s well documented in
H
the Code of Practice CP3 (1972). The method of determining




the wind pressures on buildings, used in CP3, utilizes a

design wind speed and a drag coefficient C, . For a

Dy

particular case, the height of the building is taken into
account since the reference dynamic head is that appropriate
+o the top of the building. The value of CDH used simply
takes account of the building geometry. However, the
extensive work 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 CDH' 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) indicate that

permeability reduced the pressure difference across the

building by a factor of about 30%.

YaFed 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 "see". 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 and Stevenson (1971)) shows how the
group geometry of roughness elements simulalting buildings
immersed in turbulent boundary layer flow affect the drag

force on each element.



1.4 Formulation of the problem and the pattern of

investigation

¥, 45k In the discussion so far, the problem of
ostimating a reliable value of Ap 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 A4p

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 thaﬁ a relationship may be obtained between

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.

Yo, 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.



For example the investigation of air flow is to meet both
the practical aspects of air flow in the natural wind as
well as the theoretical aspects of turbulent boundary
layer flow over idealized rough surfaces. The geometry of
building groups must also consider the practical 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.

leda3 Since the properties of flow in the natural wind

are important factors in determining the pressure forces

on buildings, they are first considered in Chapter 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 investigated

in an attempt to link the planning parameters in urban
areas to the geometrical parameters describing various
arrays of rectilinear elements simulating building groups.

Since buildings may be considered as roughness elements on

A
B
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the earth's surface over which the atmospheric boundary

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 investigation
is needed to close the gap between the idealized theoretical

case and the practical case of buildings in the natural wind.

10
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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. The 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 considered. 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

Ll
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the hypothesis for the existence of different flow

regimes formulated in Chapters 7 and 8.

. B 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

yeneral conclusions reached in Lhe Lhesis are summarized.

12
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THE PROPERTIES OF THE WIND AND THEIR INFLUENCE ON

THE PRESSURES ON BLUFF BODIES

The structure and behaviour of the natural wind

X 0 R The main flow variables in the natural wind 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

2 W B N TR e S R R

is highly complicated. This may explain the fact that

although many experiments are being and have been made of

e A

the atmospheric boundary layer, much more information is
needed concerning its detailed flow stfucture and flow
patterns, Counihan (1975). In the atmo;pheric 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 layer, 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

13
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"roughness layer" or "surface layer" which extends from
the ground up to about 30 metres in open country and 100m
in urban areas, after which this approximation breaks
down, 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. 13 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). 1In nature the normal fetches
of towns 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).

14




2.1.4 The structure of atmospheric turbulence is usually
described by the existence of eddies of different sizes
and highly irreqgular shape in the atmospheric
boundary layer. In general the eddy size increases 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 speed 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 Figu;e 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.
ana 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: 1in another sense this distinction can be

15
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regarded as between gusts and the mean wind where the mean

wind is characterized by the average velocity over some

period within the spectral gap".

235 In the discussion so far, the wind direction has

been considered constant.

As this is not the case in natural wind where
these variables are constantly changing, wind may blow
from different directions throughout the year for
various periods of time. The statistical analysis 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 necessary 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 well 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 forms have been suggested

to describe the velocity profile of the wind. The two

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

The power law takes the simple form of:

.
= = (%) (2::1)
Ye G
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where Ug 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, &, 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 o with type of terrain

(After Harris,1972)

Type of terrain Exponent o Gradient
height Ya
(m)
Grassland 0.16 280
Woodlands, Suburbia 0.28 400
Urban Centres 0.40 430

The extensive amount of available data for lakes and
mud flats through to suburban terrain confirms that the
exponent o 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 wdiord 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 logarithmic

law of the form:
19
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E* = %m lé.c_) ______ (2.2)
where y> zo. was proposed, Sutton (1953)

This equation is meaningless for y<zo. To satisfy the

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

as,

+
Y+2

(2.3)
o

This equation is approximately the same as equation (2.2)
for small values of Zo and large values of y. Typical
values of the roughness length, ZO, for different types

of terrain are given in table 2.2.

Table 2.2 Values of Zo for various types of terrain

Type of ‘terrain zo(m) Reference

Very smooth (mud flats, ice) 0.00001 Sutton (1953)
Lawn, grass up to 0.0lm 0.001 Sutton (1953)

Downland, thin grass, up

to O0.1lm 0.007 Sutton (1953)
Thick grass, up to O.1lm 0.023 Sutton (1953)
Thin grass, up to O0.5m 0.050 Sutton (1953)
Thick grass, up to 0.5m 0.09 Sutton (1953)
Rural terrain 0.10 Counihan (1972)
Suburban terrain 1.0 Counihan (1972)
Urban terrain 290 Counihan (1972)

21
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It may be noted that the form of the logarithmic law

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).

u _lain ¥t %204 c,Ey s S u A2 (2.4)
U% K A
O

where f is the Coriolis parameter,and Cq is a function of
u,, 2_, £ and the Gradient velocity and wind deviation

between ground level and Gradient height.

2 L B 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:

2 e dayx=8 % v (2.5)
u, K Z

S B s in 22 8 %% R (2.6)
=T K Z,

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 flow, "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
buildings. Finally region"B" is simply a transition from region

"A" to region "C". More important is the assumption that,

22
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d, is of the same order of the average building height
H and no profile law can be expected to fit data above
an urban terrain below a height of about 1.5d. In the

present study these assumptions are examined.

2,2 Effect of flow parameters on the mean pressure

difference across buildings

221 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 between full scale
and model results provide some basic information, see for
example Jensen and Franck (1965). The effect of varying
wind direction on the pressure difference, 4Ap, has two-fold
effect. First, 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 Ap across two opposite faces
of a building. Dick (1949) noted in his full scale studies
on natural ventilation of houses, that wind 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

1s the mean pressure difference, Lp, across the faces, rather

24



than the drag force, D, in the flow direction. The drag
force may show little variation due to the change in

wind direction, hence ventilation is expected to reflect
the same trend of, D, for buildings not satisfyving
conditions (i) and (iii). On the other hand if conditions
(1), (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 wind directions in nature is necessary

if any estimate of Ap is required.

25522 It is known that turbulent scale and intensity
affect the drag coefficient of rectangular body forms
through its effect on the separated flow region, Lee

(1975 (a)), Lee (1975 (b)). On three dimensional
rectangular forms, very little work exists, apart from that
by Cook (1972) where only the effects of turbulence scale

or intensity were investigated indevendently. Jensen and
ranck (1965) conducted wind tunnel experimental work in
which the flow structure was varied using different surface
roughness upstream the model, on which the boundary layer
naturally developed. Although no attempt was made to measure
the associated turbulence characteristics or to reproduce the
atmospheric turbulence structure, it was implied that
modelling the correct ratio of H/ZO in natural wind was

closely related to modelling the turbulence properties.

25
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In general it appears that higher turbulence intensities
reduce the pressure difference by increasing the negative
leeward pressure. On the other hand, effects of turbulence
scale would appear to be dependent on the ratio of eddy size to
building dimensions. Dominant effects would occur at

values of this ratio ranging between 0.5 - 10, Cook

(1972), Armitt (1974).

2023 The main parameters of the boundary layer velocity

profile known to affect the flow mechanism, hence the

pressures and the drag force on bluff bodies, are the
boundary layer thickness, §, the roughness length, Zo’ the
zero plane (ground plane) displacement, d and the friction
velocity u,. The effect of increasing the ratio H

and ul/ﬁ* on the drag of a two dimensional plate :

normal to the flow on a smooth surface was investigated
by Good and Joubert (1968). In this study, Good et. al.
showed how CDl as well as CDH are dependent on H/§ and

H/ , hence H/Zo' 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 Jensen 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 distribution as can be seen in
Figure 2.8. In this work altnough no allowance seems toO
have been made for d in determining the values of Zy0 the
effect of variations of Zo as a parameter of value was

demonstrated. Due to the dependence of ZO or d in the cases

where high roughness elements were used, large values

26
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of d are to be expected. Hence the corresponding values

of ZO are possibly an overestimate.

2.2.5 It may also be noted that due to the disturbance

of the flow and the growth of an internal laver (referred

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 Wartena (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, Antonia and Luxton (1971), Antonia and

Luxton (1972). In between these two parts, adaptation takes
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 parameters

is given in Chapter 5.
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3a A REVIEW ON PREVIOUS WORK RELEVANT TO NATURAL

VENTILATION OF BUILDING GROUPS

3.1 Introduction

S P . Over the years a considerable amount 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 has concentrated
on isoulated buildings, whille groups of buildings have
received comparatively very little attention. Hence,
because of the interrelaticnship between building form, wind
flow and the resulting pressure forces, the findings of any
particular investigation will be usecful not only for its
original purpose but also may help with the solution to other
problems in related categories. With the factors affecting
the pressure difference across buildings in mind, it is
intended in this section to give a review of the previous work
on building groups. It will include the relevant work made
on:
1. Natural ventialtion of building groups, by
Weston (1956), Givoni (1968) and Nelson (1971).
2. Wind loading on building. 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, Mayhew and Szokelay (1973).



3.2 Previous work on natural ventilation of building
groups
S Zuid; In the work reported by Weston (1956), the effect

of obstructing a simple industrial building bv other
different building forms placed at different upstream
distances was investigated. DMeasurements of average
internal air speeds were made in a 1/16 scale model,

for different obstruction cases, the results being

presented in the form of the percentage of the mean internal
air speed obtained for the same building when unobstructed.
For ease of comparison, all dimensions which were given in
the report, in full scale equivalent, are given here
normalized by the windward wall height, H, of the experimental
building (4.57m in full scale). Table 3.1 gives the
dimensions of the experimental building togsther with
average and extreme values of the 18 different obstructing

buildings used.

Table 3.1 Dimensions of the buildings used by Weston,E.T.

Dimension Experimental Obstructing Buildings
Building
min avg max
Building length (across wind) 4H 3.07H 4.04H 6.67H
Building depth (along wind) 12H 1H 2.71H 4H
Building height 1H 0.67H 1.824 2.73H

From the information given by Weston, the results obtained from
the different obstructing buildings were averagzsd and the
standard deviation was calculated. This form ot

presentation is shown in Figurxe 3.1 which shows the effect
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of the distance of separation on the internal air velocity.

From this work Weston drew the following conclusions:

(1) As a general rule, increasing the distance of
separaticn betwsen the building and its
obstruction improves the natural ventilation.

(ii) There is a certain distance of separation at
which a change of flow conditions appears to
occur, in that, ventilation conditions are
found to be at a minimum and to improve by
any increase or decrease in the distance of
separation. For most of the cases tested this
distance was found to be 1.33H (see Figure 3.1).

(iii) At small distances of separation natural ventilation

improved by increasing the height of the obstructing
buildiﬁg. 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 the obstructing

building normal to the wind.

The explanations given in the report of these phenomina

were assisted by the use of smoke flow 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 windward building wall is in the

reduced pressure zone of the obstructing building and becomes

subject to a lower pressure than that at the leeward wall.
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In this case reversed flow was noted in the test building.

Decresasing 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 oif the obstructing building no
longer appeared to affect the windward wall and in the
general ventilation conditions were found to be
proportional to the distance of separation. The decreased
pressure to the leeward of the obstructing building was
also found to be intensified by either increasing its
height or its length normal to the wind. From the work of
Weston shown above, the following additional comments may be
made.

(1) The values of the standard deviations of the internal
flow rates 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 In a series of wind tunnel experiments reported
by Givoni (1968), the effect of building group geometry
on natural ventilation and air flow round building blocks
was investigated. 1In this study measurements of average
air spesed were made both inside and outside the models,
and eypressed as a percentage of the wind speed 4t the

same height upstream of the group. As no mention was made



of the mean velocity gradient in the incident flow, it is
resonable to assume that the flow was uniform. The blocks
which measured 600 x 200mm in plan by 400 mm heigh were
arranged in either two or three rows normal to the wind.
In the former arrangement in which only two blocks were
used one block in each row, the longitudinal distance

of separation was varied from 0.75 to 3.25H at 0O.25H
intervals, where H is the block height. In the latter
arrangement where three rows were considered, longitudinal
distances of separation took the wvalues of 0.75H, 1lH and
1.25H, while the lateral distance of separation between
blocks in the same row varied from O to 1l.25H at intervals
of 0.25H. In this latter arrangement the case of a single
block in each row was also studied as an extreme where the
lateral distance of separation is «. The main conclusions

obtained by Givoni, from this work were:

(i) The effect of increasing the longitudinal
distance of separation between blocks in two
rows was to increase the air speed between the
blocks whilst the internal air speed in the
leeward block reflected an initial decrease £f£ollowead
by an increase.

(ii) The effect of increasing the lateral distance of
separation between blocks in the same row was to
initially increase both internal and external air
speads 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 wall opening

details, as well as the flow properties.

Juie 3 Nelson (1971) reported an algorithm for the

computerized calculation of natural ventilation rates

in which an equation similar in form to the equation

- 1/n
V=L g (Apl = seseeas ¢l 1.2

was 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 assumed that the pressure, Py, acting at any

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

the following formula:-

where Cpf is a correction factor for the effect of
surroundings and Ko is a correction factor dependent

on the facade orientation. The pressure correction factor
Cpf is given for three types of surrounding buildings at

different distances of separation, which are given in

table 3.2.
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Table 3.2 Values of Cpf for different surrounding buildings

and distances of separxation

Separation Lower building Equally high or Taller building
distance Upstream higher building downstream
Upstream

Supbject Wind- Lee~- Side Wind- Lee- Sid2 Wind- Lee- Side

building ward ward wall ward ward wall ward ward wall
thickness wall wall wall wall wall wall

0.5 0.10 —0.20 -0.80 =-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.CO -0.20-0.30 0.45 0.10 0.10

3.0 0.10 ~0.25 -0.40 0.10 -~0.20 -0.35 0.45 0.00 0.0C

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

b 0.60 -0.35-0.70 0.60 =0.35 -0.70 0.60 -0.35 ~0.70

The dynomic head:%pui was determined from a velocity profile
formula similar to that used by Vincent and Bailey (egquation 3.2)
given in the next section. The correction factor Ko' which
allowed for the variation of pressure with orientation, is
assumed to be equal to -1.0 for the leeward walls, whilst for

the windward walls B, = Cos 6 and for the side walls

Ko = - Cos 0, where 8 is the angle between the wind and a

normal to the building face. The following ranges of 6 are

given for each wall:

Windward wall 3159 <« g<ds®
o an®

Side Wall 457 < 8<930
570° < 0<315°
(o] Q

Leeward Wall 90~ < p<270
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3.2.4

The following remarks may be noted on the method

suggested by Nelson.

(1)

(i1)

(iii)

X < O

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 Method 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

flow.

A closer look on the correction factor for the

surrounding buildings,C, , shows that it is actually

Pe

a different way of presenting the results of Vincent
and Bailey (1943) which will be commented on in the
next seetion

The variation of the pressure correction factor, Ko'
with the angle of incidence 6 shows an abrupt change
of sign for the same magnitude at 6 = 45° and 3150,
the angle at which the facade changes from windward
to sideward. Though there will be a gradual change
of sign it will not be as abrupt as this method

indicates.

Previous work on wind lcading on building groups

Vincent and Bailey (1943) carried out a scrics of

wind tunnel experiments to investigate proximity effects

on the wind loading of buildings. The cases considered

wWere mainly for two buildings, one downstream of the other,
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| though some additional results are given for the isolated
building case and 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 which the effect of a downstream high
building on a low building upstream was investigated.

The geometrical variables considered in this study were

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 were made
in the height and roof shapes while the length and thickness

remained approximately constant.

Table 3.3 Description of the models used by Vincent and

Bailey
Model Height to Overall Length Thickness Type of Roof
eves (mm) height (mm) normal to along wind
Wind (mm) (mm)
A 30.5 42.7 127 53.8 Sloped at 23.:3°
@

B 30.5 58.7 127 53.8 Sloped at 45
C 63.5 91.7 127 53.8 Sloped at 457
D 30.5 46.7 127 53.8 Sloped at 30°
E 30.5 31.72 127 53.8 Flat

F 63:5 64.3 T2 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 af_ the _

r.5

—
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natural wind profile at least in terms of velocity gradient.

The profile simulated was that appropriate to flow in open
country with a boundary layer thickness, §, of 203mm. The
profile shape was a close apoproximation to the following

formula, suggested by the Meteorclogical Office at the time.

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

c‘<c
I._l

0

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 row

of tappings of the windward 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 form

of coefficients non-dimensionalized with respect to the
dynamic head at a height of 50.8mm from the tunnel wall.

From the results obtained, those concerning the wall pressures
are considered most relevant and are shown in Figure 3.2

{a) = (3)- For convenience of comparison and analysis, the
variation of mean pressure on both walls with distance of
separation have been replotted together with the corresponding
values for the isolated test building in each case. The

main conclusions drawn by Vincent and Bailey from this study

ware:

(1) The effect of a small building on the pressure
difference across a heigh building downstream,
case (a), is small. The maximum reduction at
any distance was about 20% of the isolated case.

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

considerable effect on the wall pressures was found
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to occur as the distance of separation decreased.

The pressure difference between the windward and
leeward walls was zero at a distance of separation

6 times the building thickness. Furthermore,

thrust forces, where the windward wall pressures were
more negative than those on the leeward wall, were
experienced at smaller separation distances.

(1iii) The effect of the number of models upstream, cases
(c) and (d), was found to be small, therefore, the
results would 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,
allowance should be made to reduce the fully
exposed values for the lower part of a building

up to some specific height.

b L ) From a further consideration of the results

obtained by Vincent and Bailey the following points
emerged: -
(1) For the two building cases it can be shown that
the variation of wall pressure with distance
of separation in the different cases depends on
group form. Suggesting H/HO as a parameter
roughly describing grcoup form, (where H is the
height of the building under investigation and HO
is the heilight of the obstructing building) different
group forms regardless of roof shape may be written
as:;
(i) H/HO <1, high building upstream

(ii) H/HO = 1, two equal buildings
(iii) H/HO >1, low building upstream

A -~
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A negative sign may be given to this parameter to
indicate a reverse situation when the building under
consideration is upstream of the obstructing building.
An example of this case was included in the study and
the result is shown in case (j).

In case of more than two buildings additional ¢geomei-
rical parameters are needed to describe the group form,
where variations in individual building dimensions will
add complexity to these parameters. Here only one

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

three buildings tested were identical.

A zone of negative pressure difference at certain
distances of separation can be seen as a common

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

(£). The significance of this observation is that

these are the only cases where H/I—IO € 1. Furthermore,
the distance at which the pressure difference changes

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 Ho rather

than the building thickness, is not only more appropriate
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 where H/HO >1 i.e. cases (a), (g), (h),
and (i), the pressure difference between the windward
and leeward faces was positive at all distances, and

the shelter effect decreased as H/H0 increased.
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5. Finally, a relevant point may be made concerning
the case of more than two buildings shown in case
(d). Here, contrary to the conclusion given in
the paper which implies a negligible eifect
for the number of models, it can be seen by
comparing cases (c) and (d) that two major
differences occur. First, the zone of negative
pressure difference which was dominant 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.

3a3: 3 The general conclusions which could be obtained from

Vincent and Bailey's work are:

1. The parameters governing the flow and pressures
in groups of two buildings are not the same as
those for an array of more than two.

2. For pairs of buildings subject to the same
incident flow conditions, the pressure difference
between the windward and leeward faces was affected
both by the building form and the distance of separa-
tion. Better correlation of the results was obtained wher
the group form parameter H/H_ was uszad and when the
distance of separation was normalized with respect

to HO rather than Lhe building thickness,
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3.4 Previous work on air flow round groups of buildings

S - - Wise, Sexton and Lillywhite (1965) have reported
some measurements of the flow round buildings on the basis
of wind tunnel experiments. The building typ2s under
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 Wise et. al (1965)

in terms of the low rise building hesight

Model Height, H Length Thickness
Tower 4 1 L
Slab 3 4 i
Low building -~ i 4 1

where the length is the dimension normal to the flow and
the thickness is the in-wind dimension. The incident flow
simulated a suburban velocity profile artificially
generated using vertical array of horizontal slats. The
buildings were relatively large in size compared with the
boundary layer thickness, 6, i.e. H/§ = 0.22, 0.67, 0.89
for the low building, the slab and the towar respectively.
Three forms of building groups were 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
low buildings and (iii) a slab with a low building upstream.

In all cases the distance of separation was kept constant
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at double the low 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 comparsd with that at the same height far
upstream is shown to be reduced in between the buildings
in cases (i) and (ii) whilst in case (iii) it increased

by about 30% in the region close to the ground.
Furthermore, it was noted that the effect of adding the
third building, case (ii), on the relative speeds

observed in the two building group, case (i), was
negligible. An examination of the data presented here
does not, however, yield the information that the relative
speed between building 1 and 2 (the upstream pair) is 30%
less than that between buildings 2 and 3 (the downstream
pair) in case (ii). The particular geometric parametecrs
considered in the work of Wise et.al coupled with the
relaxation of simulating size parameters, i.e. H/S or H/ZO
will tend to limit the general applicability of the
results. In addition, the flow speed measursment at
discrete points makes it difficult to obtain any relation

betwveen the flow parameters and the group form parameters.

3.4.2 In order to relate the flow speed at one point to
the geometrical parameters describing a group of two
buildings, Wise (1970), in a later investigation, carried
out a more detailed study of case (iii), the combination
of a slab with an upstream low rise building. The
geometrical parameters varied were: the distance of
separation, Lx’ the slab building thickness,W, and the

slab building height H. The main conclusion reached was



that the velocity at one point between the two buildings

and close to the ground, U, is a compléx function of the

A

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

Hf
height of the point above the ground, a; the slab building
length, L, height, H and thickness,W ; as well as the

low building height h. The following expression was

obtained for UA.

u
B wgogn [R50
u H

H

L

g 0.4 0.8
0.4 W

g0+
(&) }

This equation was found to be applicable within the following

limits only-g >33, #>1, £ >1 and ¢ >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

3 staggered pattern (where buildings are shifted laterally

every other row) gives better ventilation. It was

L

recommended 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
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an adequate natural ventilation.

3.4.4 In the studies of Olgyay and Koenigsberger, et. al.
the measure of satisfactory ventilation was not defined, nor
was the form of the indivdual 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

5.1 From the above review, the following conclusions

may be drawn:

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. However the
effect of building size in terms of H/§ 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 geometry,

the resulting flow and the pressure forces. This
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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.

0 s JA 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/§), 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 AND FORM

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
built form is a function of its geometry it is important
to determine the relation between the geometrical

parameters needed to define group form and its density.

4.1.2 Several studies have been made in which the
density of residential areas were considered in relation to
planning parameters as well as geometrical parameters for
different environmental criteria. A review on these
studies is made in order to see how accurately group form
can be defined in terms of the parameters considered, as
well as to determine the practical limits of these
parameters. A theoretical analysis is also presented to
enable a complete definition of group form to be made, in
terms of a proposed set of geometrical parameters 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 between these
parameters, as well as the commonly accepted zones

confined within their limits. If flow conditions are

dependent on group form then the suggested graphical
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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 would
guide the aerodynamicist to design meaningful experiments

within the practical limits of urban form.

4.2 Density of Residential Areas

Ae2. 1 The density of residential areas has been
investigated from many different aspects and for various
criteria, Gropius (1956), Stevens (1960), Segal (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/bullding A
angle of sunlighting Y
number of beds N
nurnber of storeys F

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

which the following relationships were suggested:

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

(iii) Yy decreases as F increases when A and N are constant.
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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 wvariables are inter-dependent.

4,23 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 coverace), the
way in which the charts and tables supplied are presented
does not convey how different geometrical forms 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 following wvariables:

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 constant
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 sect of parameters (Table 4.1),
differentiating between those related to density and those
related to space. Either group of parameters could be
expreséed in terms of floor area, dwélling units or

population.

Table 4.1 Density and space parameters proposed by Svennar

(1972)

Density Space

i Indoors Qutdoors

| Floor Space Index |[Open Space Index =

Floor area ! _ gross floor area free site area
gross site area gross floor area
e - Housing density = Unit size =
& Dwelling . dwelling units/ gross floor/ Free area/

it Units dekare unit unit

! : ; E
. Population density i REee

Population:

rate = gross . Free area/

> DERSONS dakhre floor/person | unit
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In these parameters four independent variables were considered:

A = fraction of site area used for building; %
(plan area density)
F = average number of floors
Z = averags dwelling unit size

G = average number of people per unit

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

were derived:

A
ol BB
100
Floor Space Index (F.S.I)= =
l .F
o -
100
A= kel
Open Space Index (0.S.I) = 100
A
F E .AIF
100
100 = A
A . F
p
b e L
. . 100
Housing Density =
A
A = F
| = 100 z
A
A = E -A
Free Area per unit = 1__—__l99
P A . F
100 ° Z
100 - A
=(———=L). z/unit
l - F
P
lp « F .G
Population Density = "

(=g s ]



Floor Space Rate = %/person
100 ~ *p. 2
Free Area per Person = (7___—_—2) E/person

From a geometrical approach it appears that the expression

y o JPO -

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%

4

0% for A
P

L = 12 for F

0.05 = 4.8 for F,S.1.

0.1 ~ 19 for 0.S.I.

Although the requirement for sunlighting and its dependence
on site latitude was noted, the variation of density with

the angle of obstruction was not considered.

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

residential de

velopments of different types from which

measurements of density parameters have been taken.

4.2.6 Martin
models, the fi
the second bas
model the depe
N =

A

and March (1972) analysed two mathematical

rst based on Gropius's hypothesis (1956)

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

ndent variables are:
number of beds
area of site

tangent of the angle of sunlight, ¥y.
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In each of the following equations one of these variables

is the dependent variable while the others are assumed

constant. The remaining parameters are (see Figure 4.1(a)):

. e — ——

L = length of block
W = width of block (assumed to be constant)
Sx = width of site
SY = length of site
(Sx— W) = space between blocks
h = storey height (assumed to be constant)
= parapet height (assumed to be constant)

= 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

2 5 F
o= glF = BHaE. hF + WT + g
_ _ N _ hF + WT + g
A = B,F = owr 3
- N . hF + g
T_GBF W bAF - N
The first derivatives Egi were obtained and are shown
drF
graphically in Figure 4.1(b), (c) and (d). It can also

be shown that:
hN - bWAT = 0O when F * =

The second derivative of QlF which shows the rate of increase

of N decreased very rapidly (i.e. dZN = l_)
dF F3
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Figure 4.1

GRAPHICAL PRESENTATION OF GROPIUS'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)

L
[p | oot
y Sy
Q = darea 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, = 0/A=(1—kp)
= = 3
G3 Gl/GZ

Open Space Index

Figure 4.3 shows the variation of G G, and G, with F,

L' 2 3

for different values of T for b =1, wy = 0.75, 1 = 0.6 h,
g = 0.3h. Here it should be noted that Beckett actually
studied GZ/Gl which is the Open Space Index. For small
number of floors Gl and G3 change their behaviour for

small and large wvalues 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 March conclude that for practical purposes Gropius's
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BUILDING ARRANGEMEMNT STUDIED
BY BECKETT, (after Martin and
March 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 wvarious 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 0.S.I. helps in determining
number of storeys, ¥, and the plan Area Density,
RP, see Figure 4.4(b). Although a complete

definition of density and space is achieved in

terms of floor area, further information is needed

4

f to determine the building group form.

% (ii) The angle of obstruction, y,(on the assumption of
‘% a reqular array of uniform buildings on a grid)

2; together with the F.S.I. and the 0.S.I. might be
%? sufficient for the assessment of some urban

 § environmental conditions, i.e. daylighting or

A sunlighting. However, different forms which

i fulfil these conditions would behave differently in
i aerodynamic terms, see Figure 4.4(c).

ﬁé (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 density;
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Figure 4.4 EFFECT OF INCOMPLETE DEFINITION OF
FORM DETERMINING PARAMETERS.
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Building nlan area

- - or not considered at all.
Bullding site area ) e

Building facade area
Building site area

(i.e. the Frontal Area Density, r
Building thiCknessr and Frontal
Building height

Building length

Building height -

Side Aspect Ratio,

Aspect Ratio,

(iv) As the parameters are interdependent a
representation more suitable than tables (Svennar),
and more compact than several graphs (Martin and
March), 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 daylighting 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. With
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particular reference to air flow over building groups, it
is expected that a complete definitilion 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) 1Indiwvidual 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)
ap = building plan area (= L.W)
ag = building facade area (=L.H)
A£ = frontal aspect ratio = %
- : : _ W
AS = side aspect ratio =5
i 5 _ W
W_ = floor width ratio = =
r h
(ii) Group form parameters
Sx = building site length (in the flow direction)
Sy = building site width (across flow direction)
A = building site area ( = Sx'sy)
¥ = angle of obstruction (in the flow direction)
YY = angle of obstruction (across flow direction)
Gan " building height
Yx longitudinal space between buildings
ST - S
Sx - W
tan ¥ - building height
Y lateral space between buildings
» H
S
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Figure 4.5 GENERAL GROUPING FORM AMD
ITS CEOMETRICAL PARAMETERS.

69




RO, i ook e

s -

_ building thickness

_ W
Yx = building site length - s,
p = building length - L
y building site width Sy
_ . _ building plan area
lp phai RLed Aeslty = building site area
a
= TP
A
. ’ _ building facade area
kf = frontal area density = Foilding site area
= 2t
N A
..- lp = )\f- AS
4,3.2 It is shown in paragraph 4.2.8(i) how the

planning parameters (F, F.S.I and 0.S.I) are not sufficient
to define a particular group form. However, they may be

expressed in terms of the geometrical parameters as

follows:-
B _ total floor area _ a_F
F.S.I = Floor Space Index = building site area —%—
open space area A
0.S.I. = Open Space Index = Lotal Floor Arch = aPFJ

Similarly, these planning parameters are related to the

plan area density as follows:

FL8:T = P Sl (4.1)
P
_ 1
and 0.S.I = (L - A )
F.S.I P

This may be re-arranged into:

N 5
F.S.I 05 I (1 p) — (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 O0.S.TI.
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A combined graphical presentation of equations (4.1) and
(4.2) is shown in Figure 4.7. For convenience and ease of
reading, particularly at low values of lp, Figure 4.7

is redrawn in log-log form as shown in Figure 4.8.

4.3 3 From the geometry of the group it can be seen

that, for the longitudinal direction

cotan Yy Sx - W
x — e
H
but since X = WL
P S .S
X Yy
.. cotan ¥y =L%%—(%—)‘W}/H
& p Yy
A
]
= =i, — R
A s
P ¥
: . WE ¥, e (4.3)

P = Tcotan R T As

Considering the lateral direction and following the same

procedure gives:

A . Bg ¥

SR 4.4
D X ( )

cotan Yy + Af

Adding (4.3) and (4.4) yields the general form:

% Ag. Yy Be m Yy

P=% { + }
cotany  +A_ cotan.yy + Ag aeenns (4.5)

It was also previously shown how the plan area density is

related to the frontal area density, i.e.

Equation (4.6) will be used later on in Chapter 5.
It can be seen that equation (4.5) is the general form in
which the plan area density is presented in terms of all

the geometrical parameters needed to completely define

72




F.S:

Figure 4.7 GRAPHICAL PRESENTATION OF THE
RELATIONSHIPS BETWEEN THE
PLANNING PARAMETERS.
(Heavy lines indicate the sucgested
limits).
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both the individual and the group geometry.

4.3.4 It can also be seen that the geometry of surface
roughness investigated in the literature of flow over
rough surfaces are only special cases of equation (4.5).
For example, in the case of two dimensional roughness
elements, i.e. when the building covers the site length,

wy = 1, and Yy = 0. Then equation(4.5)will take the

form:
Ao
A, = + 9,3
P cotany, + Al v
A
LBy A = B 47
P cotan Y, * Al israas (247)

When the building or roughness elemenl is square in plan,
and Sx = Sy it follows that, the variables in the x
direction will be identical to the variables in the y

' i i = = 1 =
direction, i.e. AS Af, wx vy and Yx Yy' It
also follows that hp = wi,y Therefore equation (3.5)

will take the form:

& s 8s /o
P cotanyx +AS
™ fkp = As ...... (4.8)
H cotanYx +AS

Figures 4.9 and 4.10 show cotan ¥ plotted against A
and give families of curves for values of AS in equations
(4.7) and (4.8) respactively together with families of

curves representing the variations in kf.
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4.3:5 In order to give some meaning to the interpretation
of the chart given in Figure 4.8, examples from the

housing schemes reported by Svennar (1969) are shown

in Figure 4.11 (a) te (g). The values of F.S.I, 0.S5.1I.

and Ap given with each scheme enabled plotting
corresponding points on the chart of Figure 4.8. It

may be noted that the resulting number of floors, F,

on the chart is an average value for the whole site.
Therefore, an integer value of F will only appear

where uniform buildings were used throughout the site.

4.4. Limits of the Parameters

4.4,1 The purpose of this chapter has been to achieve the

following objectives:

(1) to investigate the parameters governing the

geometrical configuration of housing groups

(ii) to define the range and limits of these

parameters.

The first of these objectives has been fulfilled by
equations (4.1), (4.2) and (4.5). So far as the second
objective is concerned the survey and statistical analysis
of 110 housing schemes made by the Department of the
Environment (Turner, 1973) ,together with the examples guoted
by Svennar (1972) give some of the required information.
Figure 4.1 shows the F.S.I. plotted againstlp for all the
110 schemes. It is clear that the majority of the schemes,
108 out of 110, lie on the scale of Ap between 5% and 40%
while the average is in the region 10 - 20% kp. Although

the maximum value of F (number of storeys) was 30, it would
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I AND lp (after Svennar, 1972).
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be reasonable to assume that 90% of the housing blocks
are less than 25 floors. In addition, from the examples
given in Svennar's report (1972) it is seen that the open
space index is not likely to be less than 0.25. These
limits have been shown in Figure 4.7 as heavy lines

indicating the limited area in which most of the schemes

are built. The side aspect ratio, g is limited by the

floor width ratio, g & If we assume a constant storey

Li

height, h, the range of 3 is likely to be from 2 to 6.

This is equal to 6 to 18 metres for a 3 metre storey

height. Accordingly, as the range of F is from 1 - 25

storeys, the range of As, (= FW h)’ lies between 0.08

and 6. The upper limit of cotan Y, may well be more than

10 for very low densities but it is hardly acceptable at
less than 0.5 for any density. These limits have been
shown in Figures 4.9 and 4.10 as heavy lines indicating
the limited area in whicn building group forms in urban

areas may ocCcur.

4.5 Conclusions

4.5.1 For a matrix of similar buildings, the planning

parameters, i.e. Floor Space Index, Open Space Index and

consequently number of storeys together with the plan
area density are not sufficient to give a particular

form.

4252 Specifying the angle of obstruction normal to the
building facade may help to gquantify environmental conditions

such as daylighting or sunlighting, but does not give

complete definition of form, an essential requirement for

| air flow.
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4.5.3 In order to achieve complete definition of group
geometry ,the frontal and side aspect ratios together with
the ratio of building length to site length in both
directions are required as well as ghe cotan of the

angle of obstruction in both directions. Equations are
given for the general relation between these parameters
in terms of the plan area density or the frontal area

density.

4.5.4 Different grouping forms of buildings have been
presented graphically. In those cases in which flow
investigations have been undertaken, it would be possible
to plot the limits of the different known flow regimes

on the graph. This would enable the planner or the
architect, when sufficient data are collected, to
recognize the different flow conditions, hence to

properly choose the grouping form.

2.5:5 Although group geometry could be complétely

specified, different scales can be given to the same
geometry. The required scale can be obtained by linking
the geometrical parameters to the planning parameters
fhrough the plan area density. For this reason the plan
area density was deliberately chosen as an akecissa for

the planning parameters presented in Figure (4.8), similar
to the abcissa for the geometrical parameters presented in

Figures 4.9 and 4.10.

83



CHAPTER 5

FLOW OVER ROUCH SURFACES.
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5. FLOW OVER ROUGH SURFACES

5.1 Introduction

8. L.l In previous chapters the practical problem has
been explained. This can be stated briefly as the
definition of the forces on arrays of similar buildings
caused by the wind flow. Leaving aside the practical
details for a moment, this problem can be re-stated as
the definition of the forces on the roughness elements

of a surface over which a turbulent boundary layer flow
occurs. The application of the boundary layer theory

to the flow over the earth's surface has been shown to be
valid in the study of micro-meteorology and to be

helpful in providing a flow model for wind tunnel
simulation of the natural wind. Thus the solution to the
practical problem may be considerably eased if some
consideration is given to the way in which the idealized

problem has been tackled in the past.

5. 1:2 In this brief consideration of the general

properties of flow over idealized smooth and rough surfaces,
Lhe casc of flow over large roughness elements will be
reviewed and in particular the effect of roughness

geometry on the properties of flow. The investigation will
extend to consider possible relationships between the
roughness geometry, the resulting flow and the external
pressure forces. It should be noted that these idealized
considerations are normally limited to an infinitly extending

uniformly roughned surface. Such situations rarely exist
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in nature, particularly for large roughness elements.
Therefore, the effect of a step change in surface roughness

will also be considered.

B2 Flow over smooth surfaces

Seded The general structure of turbulent boundary layer
flow over smooth surfaces may be divided into two main
layers.
(i) an inner layer, usually called the wall layer,
in which the wvelocity is a function of a
Reynolds number based on the friction velocity

and the distance from the wall, i.e.

u — YU,
m, - AL

)

and (ii) an outer layer in which the wvelocity defect law

applies, i.e.

U.—'Ul

16 5 N F2 (x/8)

The entire velocity profile (Figure 5.1) may then be

expressed as:

_ YU,
= 7, (5 +F, (y/6)

A zone of overlap exists in which both Fl and F2 are
valid, consequently the logarithmic velocity distribution
is obtained, Clauser (1956). While the flow in the outer
layer is insensitive to the conditions at the surface and
is mainly affected by pressure gradients, the reverse
applies to the inner layer in which the flow is entirely
dependent on the turbulent friction generated at the wall.

Therefore, the inner layer is the more relevant part of the




AN
Relative

@ velocity

| The outer layer

~bs

Relative height (log scale)

Figure 5.1 THE GENERAL STRUCTURE OF TURBULENT
BOUNDARY LAYER FLOWS.
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tubulent boundary layer in the present study and will be

more closely examined.

B i In the inner layer, three regions of flow may
be identified. Very close to the wall, a very thin
laminar sublayer exists in which the velocity is linearly

related to the distance from the wall, i.e.

B g I8 (5.1)

T, = wweiss <
The thickness of the laminar sublayer, 61, corresponds
to a value of “u* = 5, At the top end of the innexr

v

layer, fully turbulent flow prevails in which the well
known logarithmic velocity distribution may be written as:

yu
v _ Lg% 4+ . (5.2)
U, K v

Fully turbulent flow is usually found at wvalues of

Yyu

v* > 70. In between the laminar sublayer and the

¢ ¥Y+
v

is present. For smooth walls, the constant B in

logarithmic layer, at 5 < 70, a transition =zone

equation (5.2) takes a value of approximately 5.1,
different values being obtained from different sources,
4.9, Clauser (13956), 5.5, Schlichting (1968). Graphical

presentation of equation (5.2) is shown in Figure 5.2.

5.2.3 The extension of the logarithmic line down to

the surface gives a finite height, known as the roughness
length, ZO, at which the wvelocity 1is theoretically zero,
Figure 5.2. Using this roughness length, equation (5.2)

may be written in the form:
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v Z u*
B o =2 =%t Iy w0
u, K v Y
% 1.
where B = - 2 In =
K v
thus . _l1l,3yhy ... £3.3)
U, < 2
0
where Z0 =v_  exp. (-xB) G (5.4)
Y
The universal constants k and B are commonly given the
values of 0.4 and 5.1 respectively. Hence
Z_u,
0
% = 0,13 s 3 S (5.5

Egquation (5.5) implies that Z0 is not constant for smooth
surfaces and that its value is determined by the friction

velocity, u,.

Bed Flow over rough surfaces

5.3.1 From the fundamental work of Nikuradse on the
effect of sand grain roughness on pipe flow three flow
conditions were established. These are as follows:
(i) The completely smooth flow where the roughness
size is small and contained within the laminar
sublayer.

(ii) The completely rough flow where the roughness

extend completely outside the laminar sublayer.
(iii) The intermediate roughness or transitional flow
where the roughness extend partially outside
the laminar sublayer.
Nikuradse used sand grains as his roughness elements

glued to the surface in the maximum possible concentration.
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His results for the three flow conditions may be expressed
in terms of a Reynolds number based on the sand grain

roughness height, Ks’ as follows:

Ksu* <5 Completely smooth flow
v
K Uy
5< % 0 transitional flow
K Uy
3 > 70 completely rough flow
54342 In the case of turbulent boundary layer flow

over rough surfaces the flow structure still retains an
inner and outer layer analogous to the smooth surface flow.
Thelogarithmic distribution of velocity in the zone of
overlap between the inner and outer layers imply that a
similar logarithmic distribution should also exist in

the inner layer, Clauser (1956). Since the addition of
roughness always increases turbulent skin friction, and
hence u,, the logarithmic line of the inner layer
represented by egquation (5.2) must shift to the right and
downward because of the way u, occurs in both the abcissa
and ordinate. Hence, for rough wall flows, equation (5.2)

takes the form:

where Au represents the vertical shift of the logarithmic

U,

line caused by roughness and is known as the roughness

function, (see Figure 5.3). It has been found that for flow
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over rough surfaces Au depends on the size, shape and
Uy

distribution of the roughness elements. Following from this

the dependence of Au on the roughness Reynolds number
u*

Hu, has been established, where H is the roughness element

3
height. This analysis made by Clauser (1956) and Hama

(1954), showed that in the fully rough flow, the dependence

- -
of Au on Hu, can be expressed as:

u, v
Hu
.A_u= lln " + C * s a0 (5.7)
u* K v

In the intermediate roughness flow, %E behaves differently

*
in that smaller values are obtained than are indicated by
equation (5.7) until it reaches zero, a condition of the
smooth flow as shown in Figure 5.4. Due to variations in
roughness element form, size and pattern of distribution,
different lines can be obtained for equation (5.7) corresponding
to different values of C. This point will be considered in
detail in section 5.4. 1In the analysis reported by Clauser
(1956) , it was pointed out that if a suitable roughness
dimsnsion replaced the roughness height H, the different
lines obtained for equation (5.7) would collapse on a single
line with a universal constant. In the nexlt parpargraph it
will be shown that such a collapse could be obtained if the
equivalent sand grain roughness KS is used in place of the

roughness height H.

5% 3.3 In the fully rough flow, Schlichting (1963) shows
that:
B, e - 0 s (5.8)
U, K KS
where E is a universal constant = 8.5.
92



\Equoﬁon (5.7)

log —2

Smooth! Intermediate ,L Fully Rough "
Roughness T

Figure 5.4  VARIATION OFlu/u, WITH Hu,/V IN
THE THREE FLOW CONDITIONS.
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Equation (5.8) may be re~-written as:

k u

*
u, .1 1n 3% - & in == + 8.5
u, K v K v
k u
2 E":!—-ln Yu*+B—{-:-l- 1n S*_3-4} e e (5.9}
By K ) K v
where B = 5.1
Comparing equations (5.6) and (5.9) gives
k u
Au 1 s % _
'_l"J";' =% 1n v e e {5.10)
This may also be written as:
Au _ 1 Hu 1 ks
a " I qe A2 ity = 1
E: =2 In v* = In T 3.4 S LN (5.11)

Equation (5.11) will be used latexr on. Comparing equation
(5.8) with equation (5.3), which is still valid for rough
surfaces provided y ls medasured from the correct origin,

gives in the fully rough flow:

k

s
e, e A5 o FiE R
Zs

(5.12)

Therefore the condition of completely rough flow exprassed

ksu* > 70 may now be written as Zou* 3 i3

v v

previously as

An approximately similar value was noted by Jensen and Franck

(1965) .

5.3.4 Due to the irregularity of rough suxrfaces, the
question will arise as to which origin should be taken for
the measurement of y, whether it is more appropriate to
choose the crest of roughness or the lowest point on the
surface. However, if y is shifted by a constant amount,

curvature will appear in the straight line logarithmic part
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of the velocity profile. Therefore the experimental points
measured from the wall may be shifted upward assuming a
zero plane displacement, d, untill a straight line 1is
obtained, Clauser, (19586). On the other hand, if vy was
taken from the crest of the roughness elements, a downward
shift will be necessary to bring the origin of y at a
distance & below the crests such that (Perrxy & Jourbert,

1963).

H=c¢+d SR S (5133

5.4 Effect of roughness geometry on the wvelocity profile

parameters

I S A considerable amount of work has been done on the
investigation of fully rough flows over rough surfaces
consisting of regular arrays of geometrical rcughness
elements in different regimes. The classification of the
flow over roughness elements into three regimes was first
introduced by Morris (1955). These flow regimes which are
applicable to pipe flow, open channel flow and flat plate
boundary layers are denoted as isolated roucghness flow,

wake interference flow and skimming f£low. In the isolatsd
roughness flow, the roughness elements are sufficiently

far apart that each element acts in isolation and behind
which the wake and the séparation bubble develop completely,
reattachment occurring before the next elsment is reached.
In the second regime the roughness elements are close

enough to each other so that the separation bubble associated
with each element does not have room to dewvelop fully.

In the third regime, the roughness elements are closer still
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so that stable vortices are created in the spaces between
the elements. The flow here appears to skim on the crasts

of the elements.

S=8.2 Considerable work has been done on the investigation
of the effect of roughness geometry and distribution on

the resulting flow. Due to the complexity of the problem
and the great number of parameters which can be considered

to fully specify the element shape and distribution on the
surface, the majority of the work has been done on the simple
case of two dimensionsal roughness elcments. An excellent
review on this case is given by Liu, Kline & Johnston (1966).
In regqular arrays of three dimensional elements, the
paramenters required to fully describe the roughness geometry
(i.e. element shape and distribution) may also be

siwplified to depend on either the frontal area density,

A-, or the plan area density, Ap. This simplification can

=
4

be made if the frontal aspect ratio, A the side aspecrt

£
ratio, As' as well as wx/wv’ which define the pattern of
distribution are kept constant. This may explain why in
most of the investigations, the correlations are made with
the roughness density, neglecting the other variables.
However, in the analytical review made by Wooding, Bradley

and Marshall (1973) the inclusion of an aspect ratio

factor ¢(Af, AS) was suggested.

5.4.3 The effect of changing roughness density on the

velocity profile parameters has been investigated by Koloseus

and Davidian (1966) and Wooding, Bradley and Marshall (1973)

and was found to influence Lhe value of Ks. Furthermore,

H
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the work reported by Dvorak (1969) and Simpson (1973)
indicate that the effect of changing roughness density
is to vary the constant C in equation (5.7), such

an effect was also reported by Clauser (1956). From
equations (5.7) and (5.11l) it can be shown that a

relationship between C and 55 does exist. This may

oo}

be written as:

1in 8 =3.4 cpdaps 51
K

Wooding, Bradley and Marshall (1973) explained the

results and analysis of Koloseus et. al. (1966) on the
grounds of the three flow regimes of Morris. The results
showed how the parameter Eg increases linearly with the
density, kf, in the isolatgd roughness regime reaching

a maximum value in the transition to the wake interference
regime and subsecuently decreases. It may be noted
however that the distinction between the wake interference
and the skimming flow regime is not clear. From the
comparison between roughness elements of different
geometrical form it is evident that the behaviour of

each of them is characterized by a particular line on

a plot of kS/H againstkf. Although all the lines showed
the same trend, they all showed variations in the location

of the maxima, as can be seen in Figure 5.5.

5.4.4 In the paper by Dvorak it was suggested that the
constant C of equation (5.7) was a function of the
roughness density defined as l/J\p in the presegt notation.
The variation of C obtained from the experimental results
of different workers was represented by the following

equations:
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Figure 5.5  VARIATION OF k_/H with Kf FOR DIFFERENT
ELEMENT FORMS.
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for hp <20% C =5.95 (1.103 log Ap e 1) ETEL {5,15)

and for Ap 5208 T = 17.35 {1.625 168 A = I} seeses (5.16) |
p

The experimental points given supporting equation (5.15) '
ranged from 1% <A< 13% approximately, while those supporting
equation (5.16) ranged from 24%< AP< 50%. In a later paper
by Simpson (1973), C was termed f(&HJ and an improved
correlation was suggested by using the frontal area

density (defined in terms of the present notations by l/Kf]
in place of the plan area density used by Dvorak (1969).
However, the scatter of the extra experimental results
quoted by Simpson from other workers indicate that equation
(5.15) 1is better represented as a family of parallel lines.
This was independently shown from the work of Koloseus

and Davidian (1966) in the isolated roughness flow.

Comparing equations (5.14) and (5.15) shows that_?\f can be

related to Eg as follows:
H
1 k
= 1w m 3.4 = 5,95 {1.103 log k. = 1)
K H -
k
i.e. log —% = 1.14 log A - 0.426  ..... . (5.17)

The slope of the logarithmic line of 1.14 from equation
(5.17) is in good agreement with the corresponding value
of 1.0 obtained from the results of Koloseus and Davidian

(1966) in the isolated roughness regime.

5l B In the previous sections the multiple rzlationships
k_u, Hu, k
r

between _S " ﬁi and 2Y are given by equations
v v
*

(5.10 and (5.11) (see Figure 5.6 (a)). Further

relationships between 2% , C and )\ are also given by

Uy



equations (5.7), (5.15) and (5.16) (see Figure 5.6 (a)
and 5.6(b) ). From the above relationships the three
dimensional diagram shown in Figure 5.6 (d) was constructed

to i1llustrate the effect of the roughness density Aon

du  Hu, S
u, v and g for any one particular roughness element

form in the fully rough flow .

5.4.6 From their extensive work on two dimensional

sguare sectioned roughness elements, Perry and Joubert
(1963) and Perry, Schofield and Joubert (1969) reported
two types of roughness geometry, "k type" and "d type”
roughness corresponding to the wake interference and
skimming flow regimes respectively. The error in origin
€ in the wake interference flow was shown to be
proportional to the roughness height H, while in the
skimming flow regime, € is not proportional to H but to
the boundary laver thickness §. They also found that the
correlation scheme for — versus

Wy 5
is only valid in the wake interference flow. No such

Au Hu,  suggested by Clauser

correlation was obtained in the skimming flow regime.

5.4.7 From their work on the flow structure for both

the wake interference flow and the skimming flow rcgimes
Perry et.al, (1969) were able to offer the following
explanation of the flow mechanism :
(i) In the wake interference flow, eddies with
a length scale proporticnal to the roughness
height H are assumed to be shed into the flow,
forming a sublayer structure having a thickness

of some factor times H. Further away from the
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crests, this sublayer structure blends smoothly
into the flow described by the logarithmic law,

see Figure 5.7(a).

(ii) In the skimming flow regime, the stability of
the vortices between the elements result in
negligible eddy shedding from the elements into
the .flow. The outer flow rides over the elements
relatively undisturbed and the sublayer structure
forming on top of the elements approaches zero,

(see Figure 5.7(b)).

5.4.8 As an alternative scheme to that proposed by
Clauser, Perry et. al.(1969) suggested the use of a

roughness Reynolds number based on the error in origin

Eu."c

e and the friction wvelocity, i.e. for the correlation

of the data. The roughness function is then expressed

as follows:

by _ 1 Eu,
E— —nEln"‘"‘\‘)"" +F - - = s o= e (5-].8}

where F is a universal constant and was found to have the
value of -0.4. This scheme is superior to that by Clauser
in that its wvalidity is extended Lo cover the wake
interference flow, the skimming flow regime and also

flows with adverse pressure gradients, Perry and Joubert
(1963) , Perry, et. al. (1969) and Schofield (1975). A
recent paper by Wood and Antonia (1975) has shown that

this correlation extends also to the intermediate

Su Hu
roughness flow where is as low as 3 and v+= 60.
S
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5.4.9 In order to check the validity of this scheme
on the isolated roughness flow regime, the data of

Liu, Kline and Johnston (1966), obtained for two
dimensional square roughness elements in the 3 flow
regimes are plotted in Figure 5.8 and compared with the
results of both Perry et. al. (1969) and Wood et. al.
(1975). The satisfactory correlation indicates that
the wvalidity of this scheme may well extend to include

the isolated roughness flow regime.

5.4.10 The variation of d /H and 26/H with roughness

density, kp' was investigated by Counihan (1971).
For approximately cubical roughness elements (the

elements were square in plan with 15.9 mm side length

and 9.5 mm high), Counihan found that % increased

linearly with AO and suggested that heyond a value of

hpapproximately 50% o

will follow an asymptotic line
to reach a maximum value of 1.0 at lp = 100%. The

variation of Eg with A was different in that it
H ™

increased linearly with Kp to reach a maximum value
and then decreased with increasing_lp. Here it may

be noted that this variation is expected to be similar

-

to that of k

_S
H
between ks and ZO in the fully rough flow (see

with density due to the proportionality

Equation (5.12)). The maximum in Eg was at )\ = 25%
H P
h Af = 15% for the

cubical roughness elements rcported by Koloseus and

for Counihan's results compared wit

Davidian (1966). This discrepancy is thought to be
attributed to the difference in the definition of

density used in each case. Transforming Ap used by

104
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Figure 5.8 A CHECK ON THE VALIDITY OF THE
CORRPELATION SCHEME SUGGESTED BY
PERRY et. al. (1969) ON THE
ISOLATED ROUGHNESS FLOW REGIME.
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used-by Counihan to A using the previously given

£

relation :

and knowing that AS for Counihan's roughness elements
was 1.67, gives a correction factor of 0.597 to be
multiplied by his wvalues of kp. Therefore Ap at 25%
will be corresponding to hf at 14.9% which is only 0.1%

different from that noted by Koloseus et. al. (1966)

of 15%.

B The effect of a step change in surface rougkness

LT The discussion so far has been limited to an

idealized surface of uniform roughness elements

extending for very long fetches, so that flow stability
is assumed to have been achieved. However, in situations
where a step change in surface roughness occurs, an
internal layer grows on the new roughness surface and
develops in the flow direction to replace the older

layer as the fetch increases. This problem is of great
interest to the studies of air flow in the atmosphere

as such surface changes are frequently met on the earth's
surface, see for example Elliott (1958), Bradley (1968),
Panofsky and Townsend (1964) and Blom and Wartena (1969).
The main conclusion from the results of these investigat-~
ions is that the adaptation of the surface shear stress to
the new boundary condition takes place fairly rapidly,
therefore reliable values of the drag forces on an
element may be obtained at a relatively short fetch

compared with that required for the whole boundary
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layer to adapt.

e el The effect of fetch on velocity profile
parameters has been reported to be different for
different flow regimes. From the work of Perry,
Schofield and Joubert (1969), Antonia and Wood (1975),
Schofield (1975) and Wood and Antonia (1975) on the
skimming flow regime, the following behaviour of

velocity profile parameters was confirmed:

. ZO is proportional to the internal layer
thickness 51 and both of them increase linearly
as a function of fetch. The same applies to €

although it grows very slowly with fetch.

2. The local skin friction coefficient C% and

hence the element drag coefficient, Ch_+ for a
i3

particular density is constant and does not vary
with fetch, a characteristic of a self preserving

flow.

5:5%3 From the work of Perry et. al. (1969), Antonia

and Luxton (1971) and Joubert, Perry and Stevens (1971)
on the wake interference flow regime the effect of fetch

on the same parameters was noted as follows:

1. Both Z0 and € are constant and instead of being
dependent on fetch, they are dependent on the
roughness element height H.

2. The internal layer thickness 83 increases
logarithmicly with fetch.

3. Unlike the flow in the skimming flow regime

the local skin friction coefficient C% decreases

with fetch.
8



545 4 As relatively less work has been reported on

flow in the isolated roughness flow regime compared with
the other two regimes, the effect of fetch on the profile
parameters is not well established. However, from the
work of Liu, Kline and Johnston (1966) and Counihan

(1971) the following behaviour may be noted:

1. 2z ,€C' and ¢ show a similar behaviour of
decreasing by increasing the fetch.
2. As usuzl,the internal layer thickness, Gi,
increases with fetch.
As an extreme, when the roughness density reaches

zero, i.e. smooth wall turbulent flow, the effect

of fetch will be to increase zO and decreaseC%

; Z u
and hence u,, since _o * = constant.
v

5.+6 Effect of roughness geometry on the mean pressurss

and their distribution

5.6.1 It was shown in the last sections that the main
effect of roughness geometry, characterized by its density,
is to change the flow from one regime to the other. 1In

the present section, the attention will be given to the
resulting drag forces on the roughness elements as well

as to their pressure distribution in each of the three

flow regimes. In the case of a rough surface with the

roughness density so low that the total drag on the

surface is approximately equal to the frictional drag
on the smooth intervening boundary, the total drag will

bz a function of only thc Reynolds number based on the

i0e
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free stream velocity and the fetch. If the total

drag is chiefly due to the form drag on the roughness

cr

elements and if the zones of separation round the

elements do not change, then the total drag on the

surface will be a function of only the geometry of the
roughness and independent on the Reynolds number.

In between these extremes a transition region exists

where the total drag is dependent on both the Reynolds
number and the roughness geometry. Hence in the

isolated roughness flow regime where the density is

low, these three cases will exist. The total drag

will be independent of the Reynolds number in the highex
density range of this regime. In the wake interference
regime, the total drag is only due to the form drag on

the elements. As the density increases the flow changes to
the skimming flow regime. For identical roughness elements
with flat top surface the flow may once again experience

a transition region and ultimately a smooth surface flow

on top of the elements as the density ko reaches 100.

562 For simplicity in the present work, the only
case that will be considered is that the total surface
drag force is dependent only on the roughness geometry
and that the frictional drag on the wall between
roughness elements is negligible. In this case the
element drag coefficient may be written as:

5 D
Ch = gz, eeeees (5.:19)

a
1 17k
and the effective shear on the surface‘%e may be written

as:
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Hence, the effective local skin friction coefficient may

be written as:

substituting from equation (5.19) and (5.20) into

(5.21) gives:

5653 Due to the scarcity of data on the drag of

regular arrays of roughness elements in the isolated
roughness flow regime, we will have to rely on the analogy
between this flow and the smooth wall flow round a

single element being reasonably correct. However, some
difference may occur due to the different properties

of incident flow in each case. For example, Lhe value

d which will be zero for the smooth flow incident on

Fh

Q
a2 single roughness element, is only approaching zero
at very low densities. From the work of Good and
Joubert (1968) on two dimensional bluff plate in smooth
wall flow, the main conclusions may be summarized as
frollows:-

1. The drag coefficient CD is dependent on the

1

outer flow variables H/§ and Hy

up to H/§S
= 0.8 after which it is dependent on H/S§ alone,
see Figure 2.5.

2. A drag coeffcient based on the friction velocityv,

CD , 1s dependent only on the roughness Reynolds
*
Hu

number if the roughness is within the inncr



layer of the incident velocity profile (see

Figure 5.9). The relationship quoted is of
the form:
C. = m, log Hs +m

D* 1 kY] l s W & & b {5-23)

A linear relationship was found to exist between
the windward and the leeward pressure coefficients
provided that the element height is within the
inner layer of the incident velocity profile,

The same result was also noted by Plate (1964).

A drag coefficient, CD , based on the maximum
m

pressure difference over the bluff-plate was

approximately constant, i.e.

D &

= 0,945
Pl)H

R ¢
which agrees well with the value of 0.95 obtained
by Plate.

Normalized pressure distributions with respect

to the maximum pressure were obtained as a function
of the relative height on the plate face y/H. The
pressure distribution was of an "S" form with the
peak pressure occurring at y/H . 0.6, (see

Figure 5.10(a) ). Such pressure distribution

form is usually obtained for isolated buildings.

The dependence of C on H9s was also shown in

Dy v
this work. This implies a dependence of Ch on H/ZO
d
following from equation (5.5). The same dependence

on H/ZO was also reported by Jensen and Franck (1965)

for completely rough flows.

Iy
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Since the above work was conducted in smooth wall flow,

one would expect that the differences that would ocenr

on fully rough surface would be due to the introduction

of the zero plane displacement @ and the variation of Zo
with roughness density. Therefore, equation (5.23)
may be altered to read, for smocoth flow:
C = m lOg H_+B R S ) (5.24)
D, 1 z 2
o
Z_u,
where B2 = my log o B,
and for rough surfaces
= =&
CD* = my log Zo + B3 5 R (5. 25)

where B3 and m, are constants to be determined for rough

surfaces.

5.6.,4 In the wake interference flow recime, owing to
the increase of the zero plane displacement, the drag

coefficient CDl is expected to decrease as the density
increases. It is also expected that equation (5.25)

will be valid. The pressure distribution on the face of the
elements is different from that of the isolated roughness
flow regime in that the "S" form is slightly distorted

and would be better represented by a reversed "C" over 95%
of the element height, Schofield, Perry and Joubert

(1974), Figure 5.10(b) ). Similar results though less
accurate at the lower and upper parts on the element were
obtained from the work of Antonia and Luxton (1971). On

the leeward face, the pressure dislribulicn is approximately
uniform. These distributions are obtained from two

dimensional square roughness elements in zero pressure

'_l'
|.\-—J
fr =4



:radients. Unfortunately, no similar data are available

-1 three dimensional roughness elements.

5.6.5 In the skimming flow regime, the rate of

change of the zero plane displacement with density is

less than the corresponding rate in the other two regimes,
{(see Counihan (1971) ). This would imply that the

drag coefficient CD is less sensitive to variations in
1

density. However, significant effects on CD were
1

observed due to the vertical misalignment of the element
crests, Perry, Schofield and Joubert (1969). From these
observations it seems that in the skimming flow regime,
where £ is very small, a small fraction of the element
height could be very large relative to the value of ¢.

The pressure distributions on the front face of a two
dimensional square element are rather similar to those
corresponding to the wake interference regime, where the
reversed "C" form of the pressure profile now covers up

to 98% of the element height (Figure 5.10(c) ). The
pressures on the upper part have higher values than those
on the lower part of the face. On the leeward face, the
pressure profile becomes non-uniform and similar to the
windward face pressure in the lower half of the face with
minimum pressure occurring at mid-height, Schofield, Perry
and Joubert (1974). Such variation on the leeward face is
characteristic of the stable vortex created in the space

between elements ,Roshko (1955).
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Figure 5.10 (c) THE PRESSURE DISTRIBUTION ON AN
ELEMENT IN THE SKIMMING FLOW
REGIME. (after Schofield et. al.
1974).
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56,6 In this chapter it is shown that the main effect

RTINS

of changing the roughness geometry and pattern of
distribution is to produce different flow regimes. It is
also shown that the velocity profile parameters i.e. Zo and
d as well as the resulting drag forces (hence u,) are
dependent on the flow regime hence the roughness geometry.
Since air flow in urban areas in strong winds is completely
rough, it is considered that the results obtained for the
different regimes may well extend to include arrays of
similar buildings in full scale conditions. However,

as most of the work reported has been for idealized
conditions of 2 dimensional roughness elements and single
step change in surface roughness, further work on three
dimensional rectilinear roughness elements in semi
idealized conditions (i.e. multiple changes of surface
roughness) and covering wider range of densitlies and
patterns is required. Such work is not only useful in
closing the gap between the idealized and the natural
random conditions, but also in providing relevant information
on the behaviour of the element drag, hence the natural

ventilation potential, in the different flow regimes.
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6. EXPERIMENTAL ARRANGEMENT AND TECHNIQUES

P | Introduction

o

B ol In order to carry out a detailed investigation

of the effect of building group geometry and the
properties of wind flow on the resulting pressure forces,
a series of wind tunnel model studies were made.

To obtain any general relationship between the pressure
forces and the geometry of the group, it was necessary
to limit the great number of the geometrical parémetérs
involved. Since the cube is the only three-dimensiocnal

rectangular body form that is characterized by a single

dimsnsion, it was chosen as the individual building form.
The group form was also limited by considering buildings
of uniform size, though in different confligurations.
Contrary to these limitations on form, the incident flow
properties were varied, since they were shown in Chapter
5 to have an effect on the resulting drag forces.
Consequently two incident flows were chosen as part of
this study,
(a) a relatively thin boundary layer, resulting
from the flow on the smooth wind tunnel floor
(smooth flow) and
(b) a relatively deep boundary layer, resulting from
the boundary layer growth over a rough sheet
placed on the tunnel floor upstream the group

(rough flow), Details of both flows will be

given subsequently.

6.1:2 Considering the model as the centre of the grouo

in this parametric study, the following variations of
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the descriptive parameters were involved, see Figure 6.1.

(1) The building group density, defined by either
plan area or frontal area, as both are equal

for cubes, was varied from 3.125% < A < 50%.

(ii) The building group pattern, (a) normal, (b)

staggered, and (c) random.

(iii) The building group layout size, R/H, where this

varies from 3 <R/H <14.

(iv) The incident flow, (a) rough flow, and (b)

smooth flow.

(v) The incident flow direction. Tests have been
performed with the group layout rotated at 15°
intervals in the range - 90° < o <+ 90° for each
value of 8, the orientation of the central model.
In the random pattern this range was extended to
—lBOO-<¢ < 1800. 5] was also varied at 15°
intervals in the range ~«90% 2 8 ==+ 90°. The

definition of ¢and 6 are shown in Figure 6.1.

6oted The variations of the above parameters were
considered at different levels of detail in two stages
of the investigation, the comparison of which is given

in table 6.1.
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Table 6.1

The variables considered

in the two stages

- — —————

of the investigation.

Variable lst Stage 2nd Stage
Model M3 M24
Density 9.2, 18.9 and 39.1% 14 densities
21258 & X %
50%
Pattern Normal, staggered Normal and
and random. staggered
Fetch 3 < R/H < 14 Constant at

R/H = 14.

Incident flow

Smooth and roucgh

Smooth and
rough

Orientation

- 90%<0< + 902 *

- 900<¢< + 9000**
-180%<$< + 180° #***

Velocity profiles
round the model

Not measured

28 profiles in
6 densities,
normal pattern,
rough flow

Area of influence
round the model.

Investigated for A =

9.2%, normal
pattern, rough flow.

Not considerad

* all patterns
i normal and staggered patterns
nYH random pattern.
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In the first stage, only three densities were studied

using a simple model, M,, with 3 pressure tappings,

3
see Figure 6.2. This limited range allowed detailed
studies to be made of the effect of the model orientation,
the building group pattern and the building layout size,
hence the model fetch. It also enabled a detailed study
to be made of "the area of influence" of the building
group round the model that is responsible for the
pressure forces obtained. This part of the study was
performed for one group density, and one layout pattern

in the rough flow. The combination of the parameters

considered in this stage may be seen in table 6.2.

Table 6.2 The combination of the parameters considered

for pressure measurements made in the first

S ——— o —— e w  ae— ek S e i S i g b i W ¢ Pt T T TR i L L IR S0

stage
Density % Variable Normal Staggered Random
Smooth Rough Smooth Rough Smooth Rough
8. 2 Fetch N = ¥ &
Orienta- * * * ® * ™
tion
18.9 Fetch * # * *
Orienta- o » ® % * ®
tion
391 Fetch *
Orienta- % #
tion

In the second stage, a further detailed model, was

D-‘Iz 4

used having a total of 24 pressure tappings equally
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distributed on two opposite faces, see Figure 6.2, In

this stage, both the fetch, R/H,and the incident flow
dircction, 6 were kept constant. Consequently because
of the limitations in the variables considered here, it
was possible to carry out detailed velocity profile
measurements of the flow round the central model at
different densities for one pattern. The choice of
these densities was based on the analysis and the
hypothesis made from the detailed pressure measurement
regarding the existence of various flow regimes. The
combination of the parameters considered and the

measurements made in this stage may be seen in table 6.3.

Table 6.3 The combination of the parameters considered

and the measurements made in the second stage

Density Normal Pattern Staggered Pattorn
% Smooth Rougn Smooth Rough
flow flow flow flow

3.125 * * * *
4.0 * * % * *
5.0 = N

6.25 * * * *
8.0 * * % * *

10.0 * %

12.5 * * % * *

16.0 * * * ®

20.0 * *

25.0 & ** * *

32.0 * %K * *

40.0 x *

50.0 * * k * *

# Pressure neasurenents only

bt Pressure and velocity profile measurements.
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6.1.4 It may be noted that no attempt is mad= in

the present investigation to simulate the properties of
the natural wind, 1.e. its turbulence structure or

the velocity profile shape. 1Instead, it was considered
that an investigation of the effect of changing the
boundary layer thickness §, hence the ratio H/§,would

be of some value since this is a constraint often
relaxed in wind tunnel experimental studies (see for
example the review made in Chapter 3). It was also
considered that the multiple step change of surface
roughness caused by placing the rough sheet upstream of
the group would extend the scope of the investigation as
such multiple changes of surface roughness frequently
occur in nature. With regard to the turbulence
characteristics of the incident flow, it is assumed that
its structure would be determined by the model building
group itself, consequently it becomes similar to the
turbulence structure created on similar building group
geometries in full scale conditions. The validity

of this assumption has been substantiated by the work of
Jensen and Franck (1965) and is discussed in detail by

Sundaram, Ludwig and Skinner (1972).

6.2 Details of wind tunnel, model and incident flow

modification

(e | The wind tunnel in which the tests have been
carried out is an open circuit tunnel with a closed
working section. The lateral dimensions of the working

section are 610mm X 610mm, and its length, including the
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distance upsteam of the model mounting position available
for modification of the boundary layer, is 2.98m. A
section through the wind tunnel may be seen in Figure
6.2. The wind tunnel speed range was 0-25 m/sec. The
tests were carried out at a Reynolds Number of 2.5 x 104,
based on the model height and the free stream velocity.
No correction for wind tunnel blockage has been applied
since the frontal arca blockage ratio was only 3.3% when

the model layout extended to the wind tunnel side walls.

Gida2 The pressure tapped models used in both stages
of the investigation were cubes having a side dimension
of 20 mm and were made from brass, machined to give
sharp edges. All pressure measurements were taken from
tappings on two opposite faces of the models. The

mocdel used in the first stage, M had 3 pressure

3t
tappings, 1.0 mm in diameter, two on the windward face
and one in the leeward face, Figure 6.2. The model

used in the second stage, M24 had 24 pressure tappings,
0.5 mm in diameter, equally distributed on two opposite
faces, Figure 6.2, The surrounding building models used
for the arrays were nominally identical to the
instrumented model, i.e. 20 mm cubes. Accurately sized
plastic cubes were used immediately around the model and
less accurate wooden cubes were used for the remainder

of the group layout. Double-coated adhesive tape was

used to hold the surrounding cubes in position.

6.2.3 The model was mounted on a turntable, 12 mm thick
and 560 mm in diameter, in order to vary the flow

direction. A special arrangement was made for the
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turntable and the model mounting system, Figure 6.3
which enabled roatation of both the model and the

turntable independently to any reguired angle (8 or &)

7

from below the tunnel floor. Care was also taken not to
disturb the flow on the smooth tunnel floor due to the
turntable thickness. Therefore, a leading plate, the
same thickness as the turntable was placed round the
upsteam half of the latter and extended for 865 mm from

the turntable centre, ending with a bevelled edge,

Figure 6.3.

6.2.4 The two incident flows used were:

(a) the boundary layer which resulted from the
air flow over the smooth floor of the wind
tunnel working section (smooth flow); and

(b) the flow obtained from the boundary layer growth
on a rough sheet placed upstream of the turntable
on which the model group layout was positioned

(rough flow).

This rough sheet, consisting of a random layout of

wooden blocks measuring 50 x 25 x 25 mm, fixed on a
hard-board sheet, covered the width of the working section.
The rough sheet extended from 2.42 - 0.915 m upstream of

the turntable centre.

6.3 Measurement technique and accuracy level

6:3:1 In the first stage of investigation, only

pressure measurements were made using the model M An

3-
inclined tube manometer was connected to the stainless

steel tubing of the model for pressure measurement.
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The dynamic head which was used for normalizing the
pressure values was that in the free stream at 300 mm
above the model position. It was monitored by means

of a pitot static tube fixed to the side wall of the
tunnel. In the normal and staggered patterns, pressure
measurements were made twice at each value of 6, i.e. at
+ 6. An average value was then taken to cancel out any
error either due to the positioning of blocks or due

to the orientation angle. The same procedure was made
when ¢ was varied. In the second stage, the pressure
measurements were made using a multitube inclined manometer
which enabled a simultaneous reading of the 24 tappings
on the model. Direct readings of the pressure

coefficient CP were taken by tilting the multitube
1

manometer to give a unit length corresponding to the

dynamic head.

A The accuracy levels of the pressure measurements

were not equal in all cases. They were mainly dependent
on the fluctiations of the liquid levels in the manometer
tubes. Higher accuracy levels (+ 2%) has been estimated
to be obtained for the values of CPl at the leeward
faces, higher densities, rough flows or at large fetches.

An accuracy level of + 5% would be anticipated in the

other cases.

653+3 In the measurement of the velocity profiles a
DISA constant temperature hot wire anemometer, Type S55MO1,
fitted with a miniature X-probe model 55P63 was used.

For the purpose of traversing the hot wire probe
vertically over the turntable, an automatically controlled
traversing mechanism was made which enabled the operator
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to control the vertical step of the traverse in the
range of 2-30 mm as well as the time delay between

steps in the range of 10- « sec. The system was
designed so that the signal from the hot-wire was fed

to the anemometer there to a Solartron data logger which
was used to operate an electric typewriter in order to
obtain automatic printout of the output voltage, see
Figure 6.3. The operation was further automated by
connecting the data logger to the traversing mechanism
control box, in order to start the data logger at the
end of each vertical step. At each point in the velocity
profile, 5 readings of the hot-wire output were taken at
2 second intervals, the average value was then used for

the calculation of the mean velocity at that point.

6.3.4 In the calibration of the X=-configuration hot-
wire probe, a pilol slatic tube was used in conjunclion
with the hot wire probe to monitor the £low speed at the
wind tunnel centre. Neglecting the fluctuating componen
of the flow due to turbulence,hence its corresponding
fluctuating voltage output, the response of a hot-wire
placed normal to the flow may be described by King's

Law as follows:

E2 = Eg + m vu & wansrE (6.

where E is the mean bridge voltage of the anemcmeter zand
u is the mean velocity. Eo and m are constants
independent of flow wvelocity. In the case of an inclined
wire with respect to flow direction, it may be assumed
for simplicity that the hot-wire is cooled only by the

effective velocity, i.e. the velocity component

Usffr
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normal to the wire axis. Hence the cosine law applies:

Ugeg = uw. COSY L (6.2)

where ¥ is the effective angle between the flow direction
and the plane normal to the wire axis, see Figure 6.4.
Resolving the flow velocity into its two components u and
v on the x and y axis gives the following equations for the

two wires I and II of the x-probe, Klatt (1969).

u x -
effI = u sin o, vV cos oy
..... (6.3)
u £f _ " B
eff . = u sin o V COS Q..
where ¢t and arp are the orientation angles of the wires

with respect to the x axis. The effective angles are

related to the orientation angles as follows:

o
I

Il

(90 4-¥f and Grr = (90 - TII) as

may be seen in Figure 6.4. Assuming that the v component
is zero in the free stream, the following relations are

then obtained:
u B U sin o
leffI

L (6. 4}

1 R
From equations (6.1), (6.3) and (6.4) and assuming

o

that oap = 135 and Crp = 457 the relative velocity u/Ul

may be obtained as follows:
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2 E2 2 2 2 2

E E E
= = 0.5 {(— 2L) + (2% oLL) )
e 3 E‘_ - E E - E
1E oI JIE oIT
- 2 .3 3
sin(®t * %) B2 7 Bor, (EII EOII)} R D)
g2 - g2 Be .~ g2
I ol I1T oII
1 + cos (% - ;) E% = EgI - EiI - EgIIz
— = {( ) = )y} (6.6)
U ) g2 - B g2__- g2
1 11" ®orr 111 “oII

If the angles o and « are not 135° and 45° respectively

I IT

then sin (GI + aII) # 0. Thus the second term in equation
(6.5) may be considered as a correction factor for u,
dependen* on the symetry of the wires round the x axis.

Conversely, the angle between the wires, (a )

s S
determins the accuracy of the v component in equation (6.6).

T For the purpose of measuringtﬁ and o accurately,

i o
the method described by Dean 1974 for measuring the

effective angles, hence ar pr Was employed. In
i

Y1 171
this method the hot-wire calibration equation (6.1), mav

be put in the form:

E2 &= Ei + m (u cos ¥) aat RO (6.7)

If the wire is rotated a further angle AY then equation

(6.7) may be written as:

2 2

, 0.
Ey =E_, tm, {ucos (¥ +AY)} 777 ..... 2 (6.8)

where the subscript A denotes the values corresponding

to the angle ( ¥Y+AY). Dividing (6.7) by (6.8), we obtain:

2 2 2
{(Eﬂ - an)/mﬂ T - cos( ¥ +AY) 5 & (6.9)
E2 B E2 cos V¥
( o) /m

= cos AY = tan Y sin AY
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(EZ—Eg) = (1:”:_;I -Ez)

Both Eg and m do not vary significantly and the ratio
m/m& is reasonably constant for small values of & AY

where

m _ T ,cos (y+pAy) 2
mA TA { cos ¥ }

and where both T and T&are the slopes of the calibration

lines given in Figure 6.5, from calibration tests to

check this point. The variation of Ei

A’ T:ﬁ and the

ratio m/rn‘rl with small angles of yaw, up to + 8° is
] given in table 6.4 and may be shown plotted in Figure 6.5.
Table 6.4 Variation of the constants Ega, 'I'ﬁ and m/ma
with small yaw angles + AY
AY e T m/m
oA A A
+ 8 6.97 1L.55 0.989
+ 6 7.00 11.76 0.993
+ 4 T+0X 11.99 0.995
+ 2 702 12,18 0.998
0 7.02 12,38 1.000
- 2 703 12.54 1.004
- 4 T07 12.66 1.010
- 6 7.09 12.81 1013
. - 8 Tel?Z 12.91 1.019
y = 45°
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Thus equation (6.9) may be simplified to read:

2. w? B

cos AY . (_Q__ 04, = tan ¥Ysin AY ..e..e (6.10)
2 o~ 2
E EO

Plotting the left hand side of equation (6.10) against
the right hand side yields tan Yas the slope of the

straight line. The results are obtained by presenting
the data in the manner shown in Figure 6.6, from which

?I and wII’ hence aI and GII were determined.

6.4 Flow visulization technigue

6.4.1 In order to obtain further information about the
flow pattern and behaviour in the different flow regimes,
a series of flow visualization experiments were
undertaken. The wind tunnel used for these experiments
was an open circuit tunnel with a closed working section.
''he working section was 1.20m x 1.20m in cross section and
was 6.10 m long. The maximum speed at the tinnel centre

was 9 m/sec.

6.4.2 The models used were wooden cubes having 45 mm
side dimension, and placed on smooth polished aluminium
sheet, measuring 0.91 x 0.91lm. Arrays of three densities,
one in each flow regime for both the normal and staggered
patterns were investigated in addition to the isolated

model case.

6.4.3 Two incident flows were also used here, i.e.
smooth flow and rough flow, for which the ratios H/&
were 0.5 and 0.05 respectively. In the rough flow, a
turbulent boundary laver was grown aon a rough sheet
covering the wind tinnel width and extended from 6.0 m

to 0.6 m upstream of the aluminium sheet on which the
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~oup layout was placed. Polystyrene blocks measuring
00 x 100 mm and 50 mm heigh uniformly glued on a hard-

sard sheet were forming the elements of the rough sheet.

4.4 The paint used for visualization was made up as

‘ollows, (all parts by volume):

1 part Dayglo Saturn yellow pigment,

3 parts kerosene

7 parts white spirit

from the forula given by Grigg and Sexton (1974). A
spray gun was used Lo cover the aluminium sheet as well

s the cubes with a thin uniform layer of paint. The

fu

wind tunnel was then turned on maximum speed until the
liquid evaporated, in about 30 minutes. The pattern

usually developed completely in about 5 minutes.

ST PR During the photographing of the high group
layout densities, the cubes were so close to each other
that the light did not reach the floor areas in between
on which the flow pattern was obtained. Therefore, in
some cases two photographs were taken, the first

with the cubes in position to show the flow pattern

made on the top surface of the cubes. Another photograph
was then taken after replacing the cubés by thin hard
board pieces cut to the same cube size to define the cube
position and to show the flow on the floor between the

cubes.
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P EXPERIMENTAL RESULTS AND DISCUSSION:

Praessure Measurements.

Fecd: The effect of fetch on the central model drac

0 K § In this investigation the model croup took the
form of free standing cubes on a smooth surface, hence
the oncoming flow underwent an abrupt change of surface
roughness when it reached the group lavout, The

effect of this disturbance on the incident flow has been
investigated to determine the model groun layout size

required for the surface pressure forces Lo stablilize.

T diar2 The variation of CD with group layout size
1
R/H (which is alsu the fetch of the central model) is

shown in figure 7.1 where Ch is defined as the windward
1
and leeward face pressure coefficient difference at 6

= 0°. From figure 7.1(a) in which the surrounding

group was not rotated, the stability of CDl is achieved
bzfore 6 - 7 R/H in the normal pattern awmart [from the
lowest density in the smooth flow. In this case the fetch
required is approximately double the previous valus,

The staggered pattern behaved differently in that,
stability was only achieved for the rough flow cases at

R/d = 12. The smooth flow in this pattern required

fetches longer than R/H = 13.5, Figure 7.1l(b).

7 els3 The effect of varying the angle of the surrounding

group, ¢, was also investigated as a step towards the

| ultimate case of the random pattern. Examples of the
! effect of varying ¢ on Cn for the largest and smallest
A
values of R/H examined for the different densities and

patterns in the smooth and rough flows aze given in
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Figura 7.1 VARTIATION OF CD WITH GROUP LAYOUT SIZT,

1
R/H (N = 0,6 = 0).
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Figure 7.2. Due to the symetry of layout pattern

+

Figure 7.2 has been plotted for only the range ¢ = 45°.

It is evident from thes figure that in the normal pattern,

minimum values of CD are obtained at ¢ = 0. Conversely,
:

the staggered pattern showed a general trend of decreasing

C. with increasing ¢ particularly at the heigher density
|
1
considered of this pattern, (18.9%). From the way CD
1
changes witnh ¢ at the largest fetch in all cases, it may

be concluded that the effect of ¢ decreases as the fetch

increases.

7.1.4 The different values of CD obtained from varving
1

¢ were averaged at each value of R/H to vield the

general effect of increasing the fetch on C This

Dl'

effect is shown plotted in Figure 7.3 for the normal

and staggered patterns. The effect of varying the

incident f£low from smooth to rough is also shown.
Comparing Figures 7.1 and 7.3 shows that the main effect
of varying ¢ is limited only to the small values of

R/H. The conclusion to be made from this part of the
study is that longer fetches are reguired for lower
densities, staggered patterns or thinner incident

boundary layvers.

7 The size of influence area around the central model

7.2.1 In the case of two dimensional roughness elements,

there is only one dimension representing the group layout
size, i.e. the length along the wind direction (fetch).

The group layout size for three dimensional elements,
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however, may be represented simply by a circle, as has
been assumed in the present work. In the following
part of the investigation an attempt is made to find
out the actual form rather than the assumed circular
form of the group layout that produces the stable wvalue
of CDl obtained. For this purpose one case only was
chosen as an example. This was the normal pattern of
9.2% density in the rough flow. The criterion was to
remove all the surroﬁnding model blocks that would
produce a change of less than x 5% of the value of CD
obtained for wvarious values of ¢. This limit was alsi
extended to include a change of less than s 10%. On
the assumption that the blocks to the leeward of the
central model would have the least contribution to the
pressure forces on that model, the removal of the blocks
started with the leeward-sector blocks of the outer ring
(R/H = 13.5). The removal of blocks went on to the

windward sectors followed in the same way to the inner

rings.

7.2.2. During the experiment it was noted that the

removal of either the windward or the leeward outer blocks
resulted in an increase in the positive windward pressures
and negative leeward pressures respectively. Therefore,
the values of the pressure difference obtained may also

be achieved by balancing the pressures on both faces, i.e.
substituting the increase in either pressure by a decrease
in the other. A small shift of the instrumented model

in the flow direction within the influence zone would

result in such balanced conditions. An example of this
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case may be seen in Figure 7.4 where ¢ = 45°.

e
g
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Te2.3 'he results obtained for the layout sizes

5 representing the influence area with = 5% and z 10%

. limits at ¢ = 0°, 15°, 30° and 45° are shown in Figure
7.4. It can be seen that the smallest layout size

was obtained at ¢= O and the largest was at ¢ = 15°.

This may be explained as follows. Since the pressure

on both windward and leeward faces on the central

model is expected to depend on the block spacing in the

flow dircction, this spacing is a minimum at ¢ = O and
0

maximum at ¢ = 15 . In between these extremes the

influence zone takes an intermediate size.

T 24 It can be seen that the influence zone extends
to a maximum at the windward side and slightly less to
the leeward side. The minimum extension of the
influence area at the side sectors normal to the flow
suggest that the pressures on the model's windward and
leeward wall, are influenced least of all by blocks in
these sectors. A superposition of the influence areas
obtained at the different wvalues of ¢ has been performed
to represent the likely influence area required for a
random pattern in the same average density, see Figure 7.5.
This figure shows a small difference in the areas
representing the limits of : 5% and x 10%, indicating
that an appreciable difference would occur in the
pressure forces if these limits are not taken into

account. From this part of the investigation the following

points may be concluded for buildings of egqual height.
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(i) The size of the influence area depends on the
spacing between the buildings in the flow
direction.

(ii) The effect of the blocks at the side sectors,
is minimal.

(1ii) The blocks that need modelling are neither a
single raw nor are they circular in the layout
form. Instead they may be approximated to a
foot-print shape.

(iv) As this part of the investigation considered
only one density, 9.2%, in the normal pattern
and rough flow at 6 = 0, it might be expected
that other variables will affect the size of

influence area.

7+3s The effect of Density on the pressure forces

Padel The pressure coefficient distributions on the
windward and leeward faces of the isolated model in the
two incident flows are shown in Figure 7.6. In Figures
7.7 to 7.10 pressure coefficient distributions are

shown Ifor the model in various layout densities and both
patterns, normal and staggered, where ¢ = 0 and 8 = O.
From these pressure distributions, the mean windward and
leeward pressure coefficients were calculated, the

difference of which yields the drag coefficient, Cp
1

| in each case.
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Tads 2 In an earlier investigation of the Zlow over thrze

dimensional cylindrical roughness elements, Marshall

(1971) showed that a linear relationship existed

between the element drag coefficient, CD ; and l/(k:)%,
l L

a function of the element density. Despite the fact that

o

the results quoted by Marshall had a large dzgrese of
scatter and that they showed no evidence to support the
I existence of different flow regimes, the pronosal of
such a linear relationship is nevertheless cf value.
In Figure 7.11 the variation of the mean windward and
mean leeward pressure coefficients as well as the drag
coefficient, CDl, as a function of S/H in the rougn flow
case for the normal pattern is shown. The corresponding
variation for the staggered pattern is shown in Figure
7.12 while the smooth flow results for both patterns are
shown in Figures 7.13 and 7.14. The spacing parameter
S/H, is egual to(%)% for the normal. layout pattern and
{%)% for the staggered layout pattern. In Figure 7.1l1
the wvariztion of the windward pressure coefficient, Co ;
Frr
with S/H shows a broken straight line relationship to
exist. The figure also shows another straight line
relationship to exist for the variation of the leeward wall
pressure coeificient, CPlr over the range of S/H >2.5.
A sudden decrease may be seen in CP at S/H = 2.25 followed

1
by gradual increase at smaller values of S/H. The variaticn

of CD in the same figure reflects these chances in the
Ji

form of a broken straight line and a jump followed by

gradual decrease until the value of CD dpproaches zerag.
1
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Comparing the wvariations of C_ , CO and CD with S/H
Py Py 1
pa

for the normal and staggered tterns in Figures 7.1l1

and 7.1l2 prompts two immediate conclusions. First, the
benhaviour of pr and CPl is similar for the two patterns
and second, the break point and the jump occur at the
same value of S/H, i.e. S/H = 3.3 and S/H = 2.25
respectively. However, it may be noted that the jump of
C in the staggered pattern is not reflected in the

1

resulting C line due to the small value of CD at that

D
1 S
point. The corresponding variation of C_ , CD and
W =k
CD for the two patterns in the smooth incident flow shown
1

-

in Figures 7.13 and 7.14 indicale that a similar pattern of

behaviour also occurs giving the break points at S/ = 3.3
and S/8 = 3.45 for the normal and staggered pattarns
repsectively. The jump in Cpl (which is more gradual Ior
the normal pattern than the sfaggered pattern in this £low)
occurred at S/H < 2.5 and S/H < 2.7 for the staggerasd and
normal patterns respectively. For the staggersd pattern

in the smooth incident flow, the high walues of C at

large spacing (S/H > 5) i.e. low densities did nO;Jcorrelata
with the linear relationship as can be seen in Figure 7.14.
This may be explained by the greater fetch required for

stabilization in this particular case indicated to earlier

in Figure 7.1.

Ta 3. 3 On the basis by which the different flow regimes

are céefined in paragraph 5.4.1, it is postulated that with

reference to Figures 7.11 - 7.14, the regimes may each
be characterised by a diffecrent rate of change of the model

wall pressures, C and C with spacing. On this basis
W 1

1 am
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the above figures are then analysed as follows:

(a) ne isolated roughness flow regime corresponds
to a spacing of S/H > 3.3 for the normal pattern
in both smooth and rough flows, i.e. X < 9.2%.
The corresponding values for the staggered pattern
in the rough and smooth flows are S/H > 3.37 and

3.45 respectively, i.e.X < 17.6% and 16.8%.

5}
4

he skimming flow regime corresponds to an

2lement swacing of S/H <2.5 for all cases, i.2.\ >16%

fu

nd 32% for the normal and stacgerad natterns

respectively in both incident £flows.

he wake interference flow regime corresponds

0
]

to an element spacing of 2.5 < S/H < 3.3 for the
normal pattern in both incident £flows, i.e.

9.2%<A<16%. The corresnonding valuzs for the

k)

staggered pattern in the rough and the smooth £lows
are 2.5 ¢ S/H < 3.37 and 2.5 <8/4 < 3.45 i.e.

17.6% <)< 32% and 16.8% <A< 32% respectively.

1

This classification of the flow regime by spacing, or
density is supported by further evidencs in later sections

of the thesis.

(P From their investigations of tha wake structure of

an isclated cube in a turbulent boundary layer, Castro and
Robins (1975) have shown that the reazzzzhizent distance
for the downstream separation region cczuirs at a distanca
of 1.5H from the rear face. This is czzzzrable with a

distance of 1.53H and 1.39H determined Iz< the prasent

161
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investigation by the surface flow visualization of an
isolated cube in a rough and a smooth flow raspectively
(Figures 7.15 and 7.16). If the upstream senaration
region lengths, which were similarly found to be 0.83H
and 0.95H respectively, are added, then the
spacing between elements before flow interference occurs
is 3.36H and 3.54H for the rough and smooth Fflows
respectively. These values are in good agresement with

the spacing of 3.3H and 3.37H (rough flow, Figures

~J

sk
] and 7.12) and of 3.3H and 3.45H (smooth flow, Figuras
7.13 and 7.14) at which the change of regime from
isolated flow to wake interference flow was suggsstad.
The change from the wake interference flow rsgime to

the skimming £lcw regime may be explained as follows.

In the work of Tani, Iuchi and Komoda (1261) Zor the
flow over two-dimensional grooves, they were classified
as deep or shallow grooves according to the ZIlow
behaviour. The deep groove behaviour is similar to

the skimming flow over roughness in that a stazble vortex
within the groove was obtained. It was found that this
behaviour occurs at a ratio of b/H = 1.4 where b is the
groove breadth in the flow direction and H is the groove

height. This value is equivalent to a value of S/H = 2.4

in the present work since b is equivalent to the clear
spacing between cubes. Furthermore, the leeward groove -
wall pressures refelcted an inarease when the vortex

| started to develop at b/H = 1.4 followed by gradual
decrease. A replot of these reults is given in Figure 7.17.

On these grounds it is possible to explain the variation



% W :.:J‘\ :"“-‘I "‘“‘ .‘.‘v ] 'I-.

;’1% N d"ifh ,;1
\. rl t ‘Lv';,-{” i‘_ ;
: gA '} . ; ﬁ‘?

F‘ff

Iﬁii“

l'r:

 §-o . -.. .U‘
rER fie ha g
i o et 0

i‘l.

| . i I Ui
s |,}:J%‘

3 W My, i-(l'" ; ;

_1 o ,rl"l T E
b T 4

i'a !l‘l t el vy

AL T ;ﬁ'b' '-‘r '-‘ W
i'?‘f_u"‘
:'(! o

'ﬁ; 1} 23
] ."..‘:‘ _.I: !* i

- 9 Jla.." o

Amrot
*"II,‘{Q'
5

>} « 1%

1 '
:: ]
e Y %
.ii'! y 5 L
Y ok A

o b uph Sl MY

B

I

R T ISOLATED CUBE,.(SMOOth flow?oﬁ




LY

:: Figure

7.16 . SURFACE FLOW VISUAL

i

P

)

L

ZATION. OF, T
‘, \ - ‘R . 1 v

bt ‘... . ISOLATED CUBE, -(rough  f1o
- e <Ly i - A Q\.: Rt LI ,‘-.‘ N : e : b
. A’ : ; : I,._: - : > R 1 16 4 -:, ek



B

1 | I i I
|
i i
1 -
| onset of a
-0-03 - |_stable vortex §
-0-04 - ! o L :
0 0-5 1-0 1:5 2-0 2:5 30
b/ H
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of the leeward wall pressures C at S/H < 2.5 by the
initiation of a stable vortex, alcharacteristic of the
skimming flow regime. It is interesting to £ind that the
values of b/H and S/H for +the skimming flow over two-
dimensional grooves and over cubes are in such good
agreement i.e. 2.4 and 2.5 respectively. Iilowever, the
maximum value of the negative pressure due to the vortex
formation occurrsed at approximately S/H = 2.25 in the
present work. These values differ from the wvalue of

b/H = 0.875 (which is equivalent to S/H = 1.875) given
by Tani et. al. at which the negative pressures were

maximum.

7+ 345

i

or an infinitely extending rough surface in
which the model represents a typical roughness elemsnt
then the effective local skin friction coefficient

L
C. , may be calculated thus,
e

cl = . JA v Ag
fe Dl Dl £

assuming that the frictional drag on the intervening

1
Q

surface is negligible compared with the form drag of

the elements themselves. The effective skin friction
coefficient, C%  1s shown plotted against the element
density, Rf, ineFigure 7.13 for both normal and staggered
patterns in the rough flow. The corresponding results
for the same patterns in the smooth flow are also shown
in Figure 7.19. The results of Koloseus and Davidian

(1966) for the variation of KS with A given in Figure

f!’
5.5 for an array of cubes, showed a similar variation.

L R L . T S e T e Lty B P SR e P PENE N LS L S

i, ST

It is suggested that the interpretation of Wooding, Bradlsv
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and Marshall (1973) to this type of data presentation
(see Chapter 5) indicates that the initial linear

increase of log Cé with log kf represents the isolated
E

roughness flow regime, the subsequent levelling off
and slow decrease of the curve represents the wake

interference flow regime and the final sharp cut-off

represents the skimming flow regime. The walues of the
group density at which these changes of flow regime occur
can be seen from Figures 7.18 and 7.19 to agrse with those
suggested by Figures 7.11 to 7.14. The results of
Koloseus anda Davidian postulate that the change of flow
regime from isolated flow to wake interfersnce flow =IZor
their‘staggered pattern would occur at Ae = 12.5%

comparad with Rf = 17.6% and 16.8% for the rough and

smooth flows respectivaly in the present investigation.

3.8 The pressure distributions on the model shown

-

n Figures 7.7 to 7.10 suggest that a grouping according
to the variation of the mean wall pressure cosfficients
with S/H would result in a reasonable collapse of the data.
This means that the windward wall pressures would be
divided into two groups, i.e. the first corresponding
to S/H > 3.3 (isolated roughness flow) and the s=cond

corresponding to S/H < 3.3 (wake interference and skimming

flow). On the other hand, the leeward wall pressures
would be divided into a group for S/H > 2.5 (isolated
rouchnass flow and wake interference flow) and the

other for S/H < 2.5 (for the skimming flow regime). When

this grouping was performed by shifting ths zeros, the



pressures collapsed as a family of self similar profiles
within each group. This classification is shown in
Figure 7.20 for the normal and staggered natterns in
both flows. It may be noted that the pressures
distributions of the windward wall at the nighest
densities in some cases (32% and 50% normal pattern,
rough and smooth flows) showed a flattcning pressure
distribution at the lower part of the model. This type
of distribution was also noted for the flow over slots,
Roshko (1955), Taniet. al. (lYy6l) and was explained by the
existence of more than a sincle vortex in the narrow
cavity though relatively weaker than the single vortex

in the square cavity.

T xSl The similarity of shaoe and collapss of the

data conform to the universal shape functions suggestad
by Schoiield, Perry and Jonbert (1974) for the pressurs
distributions on the windward and leeward faces of two-
dimensional square section roughness elements in the
wake ilnterference flow and skimming flow regimes. Thase
shape functions were, however, for only one value of
the roughness density in each of the two flow regimes.
The present investigation enables this definition of a
pressure profile shape function to be extended to the
isolated flow regime. In this regime the windward face
pressure distribution takes the form of an "S" shape,
similar to the form found for an isolated rectancular

body in a turbulent boundary layer.

Tx3:08 The method of normalizing the windward pressures

using the maximum pressure, suggested by Good and

Jouber: (1968) was also attempted.  Although this
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method proved to be successful in the isoclated flow
regime where an "S" distribution form prevailed it did not
show any promise in collapsing the pressure profiles in the

other flow regimes. A nlot of the normalizeé

h

prassure orofilss

on the windward walls of the normal and staggersd
patterns in the two flows investigated may be shown in

Figures 7.21 and 7.22.

Tt The effect of pattern and orientation on the

orassure difference betwesen two opvosite faces,ACD

Ts

=

.1  The variation of ﬂCp with the model orientation,

€, is shown in Figure 7.23 for the two incident flecw

Lyees, the two layout patterns and for three values of

the group density. A comparison with the corresponding

data for an isclated cube in both incident flows is

also presented. The manner in which Lhe results in

Figure 7.23 have been obtained has an important effsct

on the conclusions which can be drawn from these dzata.

Since each experimental point for a particular valus of

8 represents an average of 12 values for the variation ot
o |

¢ from +90° to - 90° in 15° intervals, both the flow

structure and the interpretation of the density value will

differ from that applicable to the corresponding results
for € = 0° where ¢ was not varied. Hence the density in
Figure 7.23 cannot be represented by a single value of

the cube spacing for a particular group layout. Instead,

an effective spacing, S, is used where S is equal to the

averaga value cf the longitudinal axis cube spacing as the

172
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model surroundings are rotated. In this manner effective
spacings of S/H equal to 4.0, 2.8 and 1.8 can b= defined
for the group densities 9.2%, 18.9% and 39.1% respectively,
irrespective of whether the pattern is normal or

staggered.

7.4.2 From Figure 7.23 it can be seen that the different
incident flows have a large effect on the behavicur of

the isolated model. This effect has been shown by

Good and Joubert (1968) to be mainly due to the difference
in the thickness of the two incident boundary layers.

It can also be seen that the results for the 9.2% density
layout are similarly grouped accorxding to incident flow
type and afe not influenced by layout pattern. Conversely,
for a2 lavout cdensity of 18.9% the resulting curves are
grouped according to pattern whilst incident flow type

no longer dominates. At 39.1% all the experimental points
lie on a single line. The groupings of these curves may
be explained, with reference to Figures 7.11 to 7.14, by
classifying the flow regimes which correspond to the
various values of S/H. At a layout density of 9.2%, S/H
equals 4.0, and hence this is an isolated flow rsgime
where the type of incident flow dominates the model
behaviour. However, at a layout density of 18.9%, where
S/H = 2.8 the flow regime is wake interference flow. Here
it is suggested that the model behaviour will be dominated
by the wake of the blocks upstream which forms the
boundary layer structure over the element layout itself,
Perry et. al. (1969), and hence the results will be

grouped now by layout pattern and not incident flow type -

176



Finally, at a lavout density of 39.1%, S/H eguals 1.8,

hence this is a skximming flow regime. Here the incident

flow tyze is almost of no effect.

7.4.3 The effect of model orientation on the value of

i s o} 0 -
AC_ in the range O <8< 60  is shown to be negligible
for the wvalues 0f density considered. However, 1t might
be expected that at smaller values of the layout density,
i.e. larger values of S/H, the effect of orientation in

the isolated rcughness flow regime would increase.

7.4.4 2 compariscn between the effect of model

orientation on the value of AC_ in the normal and
stagge;ed patterns with that found for a random group
layout is shown in Figure 7.24 for the rough flow case
alone. The results for the 9.2% density confirm the
assumption that this is an isolated roughness flow
regime wnere the effect of pattern is not a2 major

consideration and the approaching flow type is dominant.

o

However, at 18.9% density in a wake interference flow
regime the effect of layout pattern type is shown to be

more important.

] Ceonclusions

[ —

7.5.1 From the part of this study in which the efifect

of upstream fetch on the pressures experienced by the
roughness elements, in order for the pressures to
stabiliza was investigated, it is concluded that longer
fetches are required for lower densities, staggerasd

patterns or thinner incident boundary layers (Figure 7.3).
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7.5.2 The size of the influence area rouni the model
depends on the spacing in the flow directisn, being
larger for wider spacings. The limit of this aresa
takes the form of a foot print shape rather than the
assumed circular form. This new form emphasizes:

the effect of both the windward and leewardi sectors,
and suggests that the side sectors are less important,

(Figure 7.5).

7.5.3 From the break point in the graph showing the

variation of the mean windward pressure with spacing at

a value of S/H = 3.4 and from the jump in the variation

of the mean leeward pressure with spacing zt a value oif
S/HE x 2.5 in all cases, it is postulated that two changss
of flow regime occur at these values of $/3. The Ifirst
change from an isolated flow regime to a wake interisrencs
flow regime occurs at S/H = 3.4 while the seccnd change

at S/H = 2.5 corresponds to the change from the waks
interference flow regime to the skimming flow recime,

(Figures 7.11 - 7.14).

7.5.4 The explanation of these two changes, supported by

previous work on isolated bodies and the flow over
deep grooves (similar to the skimming flow regimz), is
given as follows. The isolated roughness flow regime is

obtained if the spacing S/H is large enouch so that the

flow regime starts when these zones interisrs with the
next cubes. The skimming flow ragime star:ts when a
stable vortex begins to form in the spaces Zatween tha

cubss.
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7.5.5 The variation of the effective skin friction

coefficient with density reflected a behaviour similar
to the reported behaviour of the equivalent sand grain
roughness with density. The variation of the lavout
pattern affected the values of the effective skin
friction coefficient obtained in the three flow regimes
with the excsption of the high density wvalues in the

skimming flow regime, (Figures 7.18 and 7.19).

7.5.6 A collapse of the windward pressurs distribution
profiles was obtained when the profiles weres classified

by flow regime. A similar collapse was obtained for th:
leeward pressure profilesg. The windward pressure vrofiles
in thé isolated flow regime took the form of an "S",

while those in the wake interference and skimming £low
regimes took the form of a reversed "C". The leeward
pressure profiles in the isolated roughness flow regims
and the wake interference flow regime reflscted an
approximately uniform distribution. In the skimmina

flow regime, the leeward pressure profiles

were no longer uniform, and a minimum pressure at the cube
mid-height indicated the existence of a stable strong vortex,

(Figure 7.20).

7.5.7 The normalization scheme suggested by Good and

Joubert (1968) for the isolated-body windward pressure
profiles, applied only on the isolated flow regime pressure

nrofiles, (Figures 7.21 and 7.22).
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Ta5d The effect of group layout pattern seems to be
negligible in the isolated roughness flow regime, while

the incident flow type is dominant. In the wake interference
flow regime, the dominant eifect is-that of the layout
pattern while the incident flow type becomes less

important. In the skimming flow regime, neither the

incicdent f£low nor the layout pattern seem to affeact

the resulting pressure forces dominantly. Here the

®

ffect of the group layout density might be more important.

(Figures 7.23 and 7.24).

¥ In all densities, the eiffect of the group

layout orientation angle, ¢, becomes less imgortant as tne
fetch increases. The effect of the model orientation
angle, &, was different in that, nearly similar effects

wera optained at all densities, (Figures 7.23 and 7.24).
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CHAPTER 8

EXPERIMENTAL RESULTS AND DISCUSSION:
Velocity Profile measurements.



g EXPERTMENTAL RESULTS AND DISCUSSION

Velocity Profile Measurements

8.1 Introduction

3.1.1 An extensive series of velocity profile measurements

have been undertaken with the aim of substantiating and
extending the findings from the pressure measurement tests.
The velocity measurements presented here are restricted

to the rouch flow case and the normal pattern of the

group layout. The vwvertical origin of the measursments

was the smooth surface between the cubes. Six values of
the group density were chosen to cover the three flow
regimes Ghich emerged from the analysis of the pressure
distribution measurements. These were 4% and 8% density

in the isolated roughness flow regima, 12.5% density in

the wake interference flow regime and 25%, 32% and

tn

o

oo

density in the skimming flow regime.

8.1.2 In most of the previously reported work where

velocity profiles have been measured over roughness
element arrays, the flow regimes considered have been
the wake interference and skimming flows over two-

dimensional elements. Hence, not only do the

velocity profiles remain invariant in the transverse
direction, but only negligibly small differences exist
between adjacent elements in the streamwise direction
for these element spacings. However, in the o»resent
investigation on flow over three dimensional elements,
larger spacial variations in the velocity profiles will
exist, particularly for the larger cube spacings of the

isolated roughness flow regime. 1In view of this, two



sets of velocity profiles were taken at lines of symmetrv
where the greatest difference would be apparzsnt, e.g. the
longitudinal cube axis and the corresponding street axis.
Each set of profiles consisted of measurements made at
distances of O, 1lH, 2H and 3H upstream of the centre of
the model, Figure 8.1. In the next part, the velocity

profile analysis 1s presented starting with the incident

velocity profiles.

8.2 Veloclity Profile Analysis: the two incident Zlows

- S 1 The smooth flow velocity profile measured at the

turntable centre in the empty tunnel (before placing the
pressure tapped model, the group layout or the rouch
sheet to obtain the rough flow) may be seen plotted in log-
log form in Figure 8.2. From this type of plot the
exponent of the power law, &, was found to be 0.1l5 and
the boundary layer thickness,as, was found to be 40 mm.
Plotting the same profile as Q/Ul versus log y, shown in
Figure 8.3, givés the inner layer logarithmic line, the
equation of which was found (by regression analysis) to
be:

% = 0.220 log y + 0.583  ....... (8.1)

1

From the knowledge of Ul and the slope of the log line,
u,, (the friction velocity) was found to be 0.822m/sec.

and ZO (the roughness length) found to be 0.0022 mm,.

U %
v
agreement with the theoretical value of 0.11 - 0.13. The

Hence zo takes the value of 0.124 which is in good

logarithmic part of the profile was also plotted in the
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form of =y versus ;—i in Figure 8.4 and compared with the
*

theoretical line for smooth surfaces represented by:

= va
ﬁ- = B, 78 X e B.Ad 0 asenas (5.2)
* v

8.2.2 The rough flow velocity profile, (mesasured at the

turntable centre with the rough sheet in the tunnel,
without eitgér the model or the group layout) was also
plotted and compared with the smooth flow profile in
Figures 8.2, 8.3 and 8.4. From Figure 8.2 it can be

seen that the boundary layer thickness 5r = 180 mm and
there is an infliection in the profile at about y = 55 mm.
Consequently two values of g were found, i.e. a= 0.069
corresponding to the lower part of the profile andao = 0.239
corresponding to the upper part of the nrofile.

This inflection is explained by the growth of an internal
layer on the smooth surface between the end of the

rough sheet and the measuring position. When the rough
flow profile was plotted in the log Law form, the inflection
shown in Figure 8.2 disappeared completely as shown in
Figure 8.3. Here the logarithmic line of the inner layer

may be represented by:

= 0.1147 log vy + 0.5530  ..ee... (8.2)

C‘.lC-'

1

from which u, takes the value of 0.429 and ZO the value of
0.000015 mm. The height of the logarithmic region is
shown to be approximately 40 mm in this flow, i.e. complete

submerging of the model in this region. The presentaticn

of the logarithmic region in the form of %— versus YS*
*
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shown in Figure 8.4 shows an upward shift of the line in
contrast with the more usual characteristic for the flow
over rough surfaces which result in downward shift equal
to %E g The value of B, the constant in ecuation 5.2,
obtained from this line was 19.35. Similar large values
for B were reported by Antonia and Luxton (13971) for a

similar change of surface roughness, i.e. from rouch to

smooth at small fetches. They noted that B decreasad

gradually by increasing fetch but still had az large
value, B = 6.9, at a fetcﬁ of 372H. They explained this
behaviour by the incomplete adaptation of tha lagarithmic
reagion ©Of the profile in this type of surface roughness

change, i.e. from rough to smooth.

8.3 Velocity profilec analysis: flow within the crouop
layout
8. 3.k At any change of surface roughness an intermal laver

is known to grow from the surface to eventually replace the
0ld layer. In the present study, the incident rough flow
underwent two subsequent changes of surface roughness
before it reached the turntable on which the model group

was placed. The first change was at the leading edge of

the rough sheet, and the second change was at its trailing
edge. A third change of surface then occurrsed at the
leading edge of the model group layout. In the present
case, the fetches between these changes were too small to
allow for complele profile adaptation, though their
effects will blend to give a resultant rough incident £flow

profile.



S:3:. 2 A careful study of the rough flow welocity

profile shows that it is actually composed of four layers
or zones arranged on top of each other in the same

sequence as the changes occurred upstream, *his is
illustrated in Figure 8.5. The top of the profile, Zone I,
is that corresponding to the flow on the smooth: tunnel wall
upstream the rough sheet. Next to this is zone II which
corresponds to the flow on the rough sheet itself.

In changing the surface roughness at the trailing edge

of the rough sheet, adaptation to the new boundary
conditions takes place in zone III afterlwhich an internal
layer grows on the surface forming zone IV. A compariscn
between different profiles for different dansities
including the profile of the empty turntable before placing
the model group is given in. Figure 8.6 by shifting the
origin. It can be seen that zones I, II and III are oZ
approximately constant thickness and that their absolute
position depends only or the thickness of zone IV. This
internal layer, zone IV, either grows oﬁ the smooth
turntable before the group is placed'ln'position or on the
new roughness composed by the layout group. It can also

be seen from Figure 8.6 that the data points for all

the corresponding zones collapse on each other apart frem
those of zone IV, this being the zone where the main
differences occur. Therefore, in the rest of the verbcit;
profile analysis, consideration will be gonfined to zone

IV which is assumed to be most relevant to the model layout

underneath.
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8.3.3 Great variation in the velocity profiles were
observed between those measured at the cube centre linc
and those corresponding to the street centre line. An
example showing these variations from profiles taken at
A = 4%, 12.5% and 32% is given in Figure 8.7. Conversely,
relatively less variaticn in the velocity profiles was
observed between those taken at different fetches in a
particular density. This can be seen in the examples

at A = 4% given in Figures 8.8 and 8.9 for the street
centre line and the cube centre line profiles respectively.
The effect of increasing )l was to decrease the velocities,
particularly those within the cube height. This effect

was cléarly observed in the street centre line profiles,
Figure 8.10 and also in the cubecentre line profiles,
rigure 8.1l1l. It may be noted from Figure 8.11 that the
logarithmic region of the internal layer moves vertically
upward as the density increases. At all densities this
logarithmic part did not extend beyond the cube heignt
and hence was not obtained from the profiles taken on top
of the cube, illustrated in Figure 8.6. Since this
logarithmic region is the back bone of the velocity profile
analysis, only profiles taken at the cube centre line in
between the cubes, at 1H upstream the model, in different

densities will be considered further.

8.3.4 To obtain an estimate of the magnitude of 4, the
zero piane displacement, and also ZO, the roughness length,
the graphical method of Perry and Joubert (1963) was usead.
In order to apply this method it is necessary to have a

prior knowledge of the slope of the logarithmic resgion
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of the internal layer profile. Hence it has been assumed
that the value of C%  obtained originally from the model
pressure distributiois, would make the log-region slope
compatible with the profile nearest upstream to the model,
measured on the cube centre line. In table 8.1, wvalues of
CDl, Céﬂ, u, and the slope of the log-region are given for
each dé;sity. The application of this graphical method
of solution can be seen in Figures 8.12 to 8.16 for the
five densities 4% to 32% respectively. Since the value of
C% for the street centre line is not known, no attempt has
e

been made to determine the wvalues of 4 from the street

centre line velocity profiles.

Table 8.1 Velocity profile parameters detsrmined from

+tha prassure measursmant rasul+s

A CD C% u*(=Ul/c; /2) Slope of log-region
% L & (m/sec) © (5.75 s
U
1
4 0,253 0.010% 1.558 0.409
8 0.178 0©.0142 1.847 0.485
12.5 0.120 0.0150 1.897 0.498
25 0.050 0©.0126 L339 0.457
32 0.031 0.0098 1.535 0.403
50 0.007 0.0036 Q.929 0.244
B:3.5 The cube centre line velocity profiles taken at the

lower densities of 4% and 8% have also displayed a
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logarithmic region below that of the intemmal layer due to
the cube array, see Figure 8.12 and 8.13. Similar
observations have been reported by O'Loughline and
Annambhotla (196%9) for flow over very low density arrays

of cubical roughness elements,X max = 1.5%. They have
attributed this lower logarithmic region to the flow over the

smooth interwvening surface between the roughness elements.

8+3.6 Three parameters are obtained from the analysis made

in Figures 8.12 - 8.16, these being the zero plane
displacement, d, the roughness length ZO and the internal
layer thickness, Si. From the relations, H = d + € and
K, = 30 ZO, the error in origin,€ , and the eguivalent
sand grain roughness, Ks’ were also obtained. These

parameters are given in table 8.2.

Table 8.2 Velocity profile parameters for the various

densities
® (m) @ B
4 0.003 0.0170 0.0016 0.0480 0.032
8 0.006 0.0140 0.00265 0.0800 0.036
12.5 0.0114 0.0086 0.0017 0.0510 0.034
25 0.0153 0.0047 0.0012 0.0360 0.036
32 0.01l6 0.0040 0.00105 0.0315 0.032

Velocity profiles of the form u/u, against (y-d) u,/v
have been plotted in Figure 8.17 from which the roughness

, A
function EE has been obtained. The wvalues of Hu, and
* v
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Eusx (the two correlation schemes with the rouchness
v

ol

function to %E} for the densities 4%, 8%, 12.5%, 25% and

*

o>
i

32% are given in table 8.3. Neither nor £ were

uy
obtained for 50% density, since the only profile made
was on top of the cube and did not show the logarithmic

region.

Table 8.3 Roughness function parameters at various

densities

A% au Hu, €U,

U, v Vv
4 1791 2098 1888
8 _ 19.59 2485 1740
12:5 18.A0 2552 1098
25 17.55 2340 556
32 16.85 2065 413

The variation of Au/u, with density, shown in Table 8.3,
displays a similar trend to that of the effective skin friction
coefficient C% , in which a maximum is obtained at the

start of the wike interference flow regime. This is

followed by a decrease in the skimming flow regime to a

value of zero at 100% density, corresponding to flow over

the smooth surface formed by the elements top surfaces.
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8.4 Discussion of the velosity profile parameters

8.4.1 In the absence of a theoretical prediction technique

to assess the validity of the present results, the only
alternative is to compare them with previous compatable

work in the field, the review of which is given in Chapter 5.

A
8.4.2 The roughness function EE cbtained for the
*

different densities, and hence different flow regimes, is

checked against the two correlation schemes avaulable,

2 Hu
i.e. *

suggested by Clauser (1956) and 53* suggested

by Perry, Schofield and Joubert (1969). 1In Figure

8.18 the results of Perry and Joubert (1963) and Perry,
Schofield and Joubert (1969 for the wake interference flow
regime are replotted together with the present results.

The wvariation of density at a constant fetch in the present
study resulted in small wvariation in the friction velosity
u,,hence the é%perimental data are covering smaller range
than those by Perry et. al. (1963) and Perry et. al. (1969)-.
Although their work was only for one density the large
fetches considered, resulted in an appreciable change in u,.
Despite the limited range of roughness covered by the
present experiments, there is a reasonable agreement for the

isolated roughness flow regime and the wake interference

flow regime. The deviation of the skimming flow regime

results (i.e. for A = 25% and 32%) is to be expected,
since such a flow regime has been shown to yield poor
correlation with %Ex.rPerry, Schofield and Joubert (1969).
In the second correlation scheme, the present results are
shown plotted in Figure 8.19 together with the line of
best fit and the zone of experimental scatter obtained

from the work of Perry, Schofield and Joubert (1969).
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Reasonable agreement can be seen for this correlation
scheme. From the good agreement obtained so far, it is
suggested that thevalues of € , the error in origin and

Z the roughness length, are sufficiently accurate to
continue the investigation to see the effect of varying

A B the group density on the velocity profile parameters.
8.4.

3 The variation of d/H with Ap has been previously
investigated by Conihan (1971). A comparison between

his results (in which lp has been replotted as lf) and

the present results is shown in Figure 8.20. The values

of d/H obtained by Counihan are lower than the correspnding
values in the present work. One reason for this difference
is that the values of d/H are an average of several locations
normal to the flow between the block centre line and the
street centre lipe. This figure indicates that a straight
line relationship exists between the zero-plane displacement
and the density in the isclated roughness and wake
interference flow regimes. Further evidence for this

linear relationship given from Cook's results,(1976) and obtained
from rectangular blocks (L = 100 mm, W =50 mm, H= 50 mm)

in a staggered pattern is shown in this figure. A separate
relationship for the skimming flow regime is suggested from

both the present results and Counihan's extrapolated line.

8.4.4 The variation of ZO/H, the roughness length,with A

has also been compared with the results obtained by Counihan
(1971), shown in Figure 8.21. Both results show an increase
in the roughness length with lf to reach a maximum then a
subsaquent decrease. This maximum in the wvalue of ZO/H
occurs at the change of regime from isolated roughness

flow to wake interference flow. It was shown in the
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previous chapter that such a change occurs at the same
value of S/H and not lf for both the normal and the
staggered pattern. Therefore the difference between
the value of Af at which both Zo/H and EO/H reach
their maximum is thought to be primarily due to the
difference in layout patterns used by Counihan and
that used in the present investigation, where different
values of kf resulted from the same wvalue of S/H. The
values of d/H obtained by Counihan were found by the
graphical method of Perry and Joubert (1963) used in
the present investigation but relied on a trial and error

method which did not utilize C% to determine the correct
e

slope of the logarithmic line. It is thought that this~
may have resulted in an underestimate of the values of
d/H. Since lower values of d result in higher wvalues of
ZO, this would-explain the higher values of EO/H in

Figure 8.21 and the lower values of d/H in Figure 8.20.

8.4.5 The present results have been compared in Figure

8.22 with the variation of KS/H, the equivalent sand

grain roughness with kf, reported by Koloseus and

Davidian (1966) whose results were for roughness elements
in the staggered pattern. In this pattern the value of Kf
obtained at a particular cube spacing S/H is double that
obtained in a normal pattern. Therefore, in order to
compare the present results for the normal pattern with
those of Koloseus et, al. the results are plotted against

Af and then shifted to correspond to double their original
values, as shown in Figure 8.22. The agreement is
satisfactory in the isolated roughness flow and wake inter-

ference flow regimes. In the skimming flow regime, it
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appears that agreement between the present results and
those of Koloseus et. al., does not depend on the shift of
Af. This would imply that in this flow regime the
dependency of KS/H is primarily on the group density and
not the spacing parameter S/H. This suggestion is

supported by the variation of the effective skin £friction

with lf shown in Figure 7.18. 7.19.

8.4.6 The depth of the internal layer, 51, obtained

in zone IV was also compared with the results of Schofield

(1975) and Antonia and Luxton (1971). 1In Figure 8.23,
6, = 4
i

Z
o]

group layout fetch. Good agreement is obtained not only

is shown plotted against R/Z0 where R is the

with the experimental results of Schofield and Antonia et.
al. but also with the theoretical prediction by Townsend's
theory (1965) for the growth of an internal layer following
a change in surface roughness. Consequently, it is
concluded that the values of di as well as ZO are

satisfactorily correct.

8.5 Correlations between group geometry, flow properties

and the resulting pressure forces

8.5.1 The correlation between the group geometry

parameters and the resulting pressures in terms of S/H

versus C and C and C. wversus A_ are given in Chapter
Py Py fe £

7 in the discussion of the pressure measurements. In this

chapter where flow measurement results are discussed, the

correlations are given between the group geometry and

the flow parameters in 8.3.3 to 8.3.5. 1In addition to
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these correlations, it is hypothesized that a relationship
may exist between the element spacing, S, and the velocity
at the cube height, UH. A plot of UH/Ul against the
clear spacing between the cubes, SC/H is shown in Figure

8.24. A straight line was found to represent the

experimental points and may be expressed by:

U (]
— = 0.27 log == + 0.27
1 H

Extrapolation of the line indicates that U._. = O as SC/H = 0,

H
It should bz noted that the wvalues of UH used are those
measured at the cube height without any correction due to

the zero plane displacement d.

8.5.2 The correlation between the flow properties and
the resulting pressure, was suggested in Chapter 5 to take

the form of equation (5.25) i.e.
C = m, log e FB. 0 weesse (5..25)

where m, ana B3 are constants dependent on the characteris-

tics of the rough surfaces. Values of CD were calculated
*
3

and plotted against 7~ as shown in Figure 8.25. From this

o
figure, the experimental points may be representing a

straight line expressed by:-

C = 98 log = = 50:3
B Z,

Also shown in the figure is the correspeonding line giwven

by Good and Jobert from their work on a two dimensional

plate in smcoth surface flow.

8.5.3 For the case of flow over an isolated element the

element pressure distributions are commonly normalized
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with respect to the element height. However in the
case of flow over groups of elements the boundary layer
undergoesa zero plane displacement, d , which does not
occur for the isolated element case. Hence it is
suggested that a better correlation of the pressure
distributions might be obtained if the effectiwve height,
g, was used instead of H for normalizing the pressure
tapping positions along the cube height. Since the
maximum and minimum values of the pressure did not
materially alter on the windward face of the cube at
different densities, the pressure difference (pma -

X

pmin) on the face was used to normalize the different
values of pressure. In order to have a pressure co-
efficient ranging from O to 1, the differencs (p—pmin}
was used instead of the value of p. The values of ¢
determined frbm the different velocity profiles were
used for the normalization of the corresponding
pressure distributions previously obtained. Figure 8.26

shows a plot of E——-Eﬂiﬁ against X—éJg in which

the pressure dist??ﬁui?&gs were approximately grouped
around a single curve regardless of flow regime. It is
considered that this collapse, though including some
scatter is better than the previously suggested correlation
in which only the isolated roughness flow was collapsed
(see paragraph 7.3.8). It may also be noted that all

the pressure profiles reached their maximum at a value of

0.6 = Qe
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8.6 Conclusions

8.6.1 The various changes of surface roughness experienced

by the incident rough flow were reflected in all the

velocity profiles in the form of different zones. The
only change corresponding to group layout changes was
noted to be in the lower zone of the profile, i.e. the
internal layer growing over the group layout, (Figures

8.5 and 8.6).

8.6.2 The logarithmic region of the internal layer of

f the cube centre line profiles did not extend above the
cube height in any case at the fetch considered (Figure

8.11)

L S
il

8463 In the isolated flow regime, the roughness function

was shown to increase with increasing group lavout
density and reached a maximum at the change to the wake
interference flow regime after which it decreased,

(Table 8.3)

8.6.4 The Clauser type correlation scheme for the

roughness function and the roughness Reynolds number
based on the friction velocity and the element height (the
cube height) was shown to yield good correlation for the
present experimental results in the isolated flow and

wake interference flow regimes, (Figure 8.18).

8.6.5 The alternative correlation scheme suggested by

Perry, Schofield and Joubert (1969) for the roughness

¥ 25a .

function and the Reynolds number based on the friction

o, -

velocity and the error in origin was also shown to yield

L
B

- {‘?.“‘1

reasonable agreement, (Figure 8.19).
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8.6.6 A linear relationship was shown to exist between

the zero plane displacement and the group layout density
for both the isolated flow and wake interference flow
regimes. Another relationship is suggested to exist for

the skimming flow regime, (Figure 8.20).

867 The variation of the roughness length with

increasing group layout density was shown to increase to
reach a maximum at the change from the isolated roughness
flow regime to the wake interference flow regime and to

decrease subsequently (Figure 8.21).

8.6.8 The variation of the equivalent sand grain

roughness with increasing density showed good agreement
between the present results and the results of Koloseus and

Davidian (1966) (Figure 8.22).

8.6.9 The depth of the internal layer obtained

indicated good agreement with both previcus results and the

theoretical prediction by Townsend, (Figure 8.23).

8.6.10 A relationship was suggested to exist between the
velocity at the cube height and the clear spacing between

cubes, (Figures 8.24).

8.6.11 A relationship between the drag ccefficient based
on the friction velocity and the error in origin normalized
with respect to the roughness length was also shown to.

exist, (Figure 8.25).

8.6.12 A normalization scheme for the pressure distribution
profiles which takes into account the zero plane dis-
placement and the effective height (error in origin) has

been suggested. In this scheme there was an approximate
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collapse of all the pressure distribution profiles on a

single curve, (Figure 8.26).
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CHAPTER 9

EXPERIMENTAL RESULTS AND DISCUSSION:
Surface Flow Visualization.



9. EXPERIMENTAL RESULTS AND DISCUSSION:
Surface Flow Visualization.

3, 9.1 Introduction

9.1.1 In the flow visualization experiments, only a
small selection of the many possible combinations of
flow and form parameters were examined. This
selection was composed of one value of the density in
each of the flow regimes for each of the two layout
patterns under investigation. The density parameter
was given the following values,A = 4% (isolated
roughness flow regime), 16% (wake interference £flow
regime) and 50% (skimming flow regime) in the case of
the normal pattern. The corresponding density values
investigated for the stagyerad paltlerm wsrs 8% 32%
and 50%. Two results were obtained for each density

and pattern, one for the rough incident flow and the

other for the smooth incident flaw.

w
A
as
[} 4
)
7

9.2 Discussion of the iscolated cube case

9.2.1 The flow pattern obtained from the isolated

cube in both the smooth and rough flows are shown in
Figures 9.1 and 9.2. The similarity of flow pattern is
apparent in the two figures, though the smooth flow
resulted in a clearer display, this possibly resulting
from the higher velocities close to the surface. These

two surface flow patterns have been used to build up

a three-dimensional picture of the flow around the cube,

Figures 9.3 and 9.4. From these the main features of the
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Figure 9.4 SUGGESTED THREE-DIMENSIONAL DIAGRAM
FOR THE TLOW PATTERN ROUND THE
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flow may be summarized as follows:

(1)

(ii)

(iii)

94242

The existence of an upstream vortex which is
identified by the streaklines fanning outward

from the windward cube face.

The existence of a downstream eddy bubble formed
by the reversed flow. The separation

originating at the windward edge of the vertical
cube sides seems to divide the bubble into two
vortices forming at the leeward cube wall.
Although the flow reattaches on the ground

plans leeward of the cube, the reattachment zone
is very faintly defined. This is probably due

to the zero velocity of the flow in that zone.

The flow separation which occurs at the cube

top windward edge is followed on the upper suriface
by a'éeattachment at about H/3 from the windward
edge. Two small vortices were noted to exist

at the leading top surface corners. Therefore the
pigment collected round the edge of these vortices
and may be seen as a white zone in Figures 9.1 and
9.2. The suggested flow pattern in these zones
may be seen in the 3-dimensional diagram of

Figure 9.4.

When the top of the cube was sprayed with an

ample amount of paint mixture, the ligquid was pushed to

the leeward edge of the cube top by the reattached flow

234



At '}’"\M' o <

to form a pool (see Figures 9.3 and 9.4). Therefore, the
pigment particles collecting at this pool edge showed as
a white zone, (see Figure 9.1). A similar observation
may be noted in the subsequent cases for the flow over
the different group layouts, in the smooth as well as

the rough flow.

9.3 Discussion of the isolated flow regime results

9.3:1 t is postulated that the isolated roughness
flow regime is characterized by a complete development
of the wake and separation bubble behind each element,
thus allowing the flow reattachment to occur before the
next element is reached. An examination of the results
of this flow regime either for the normal pattern,

(A = 4%) or the staggered pattern, (A = 8%) in the
rough flow, shown in Figures 9.5 and 9.6 indicates that
the flow did reattach between subsequent cubes. A
comparison between these figures and the isolated cube
flow pattem case, given in Figure 2.1 indicates that
the separation bubble behind each cube is approximately

equal in size to that of the isolated cube case.

9.3.2 The observations made regarding the rough flow

cases discussed above are also substantially applicable
to the smooth £flow cases of the normal and staggered
atterns shown in Figures 9.7 and 9.8. Here the
appropriate comparison to be made is that with the

isolated cube case shown in Figure 9.2.
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9.4 Discussion of the wake interference flow regime

results
9.4.1 In Figure 9.9 the normal pattern group layout
at A = 16% is shown as an example of the wake interference

flow regime in the smooth flow. The higher flow wvelocities
round the second and third rows of the array arising from
a shorter fetch, resulted in the clearest streak marks

in this flow regime. It was then possible to draw a

three dimensional diagram flow, given in Figure 9.10,
which would explain the surface paint pattern. The streak
marks in front of each cube do not exhibit the fanning

out pattern, shown in the previous figures. Instead,

they indicate two stagnation lines corresponding to the
two shear layers separating from the vertical sides of

the upstream cube. The clarity of these streak lines

even at the back rows suggest that the windward face

of each cube deflected the flow downward and resulted

in higher velocities near the ground plane, see Figure
9.10. Thus, this interpretation of the flow pattern
suggests that it is a wake interference flow regime

where each cube face interferred with the separation
bubble of the upstream cube, confirming the pressure

and velocity measurements.

9l The results obtained in the rough flow for the

same density and pattern (16%, normal) » Figure 9.11,

indicates that the general flow pattern is similar to

that discussed above. However, the lower flow speeds
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resulted in a less well-defined streak line pattern.

9.4.3 The staggered pattern results (A = 32%) in

either the smooth flow, Figures 9.12 and 9.13, or the rouch flow,
Figure 9.14 did not give a defined streak line pattern.

However, the smooth flow results of Figure 9.13 indicate

the existence of vortices in between some of the cubes.

9.5 Discussion of the skimming flow regime results

95k In this type of flow regime, a stable vortex is

known to occupy the space between the roughness elements,
whilst the flow rides relatively undisturbed on top of the
elements. In the present study, the best flow visualization
results obtained for this flow regime were for the

staggered pattern (A = 50%) in both the smooth flow,

Figure 9.15, and the rough flow, Figure 9.16. In this
layout pattern, the space between the cubes became a

cubical void in isolation. As a result, a strong stable
vortex existed in these spaces and was indicated by the
streak lines shown on the floor between cubes. A sketch

representing this type of flow may be seen in Figure 9.17.

QuSa2 The results obtained from the normal pattern in
this flow regime either in the smooth flow, Figure 9.18,
or the rough flow,Figures 9.19 and 9.20 seems to give
little information. This might be attributed to the
existence of only a weak vortex. in the space between the

cubes which resulted in lower velocities near the floor.
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9.6 Conclusions

9.8+1 The three regimes which have been indicated to
exist for the flow over various rough surfaces are shown
to give different flow pattern round the cubes (representing

roughness elements).

2;5;3 For the cubes investigated, the effact of changing
the incident flow type and thus the parameter H/S from

0.5 - 0.05 did not result in an appreciably different flow
pattern. The main difference in this comparison were
clearer streak lines in the smooth flow (H/§ = 0.5). This
is thought to be mainly due to the higher velocities

occurring at lower levels.

%6 3 The isolated roughness flow regime is characterisecd
by a flow pattern round each cube similar to the flow
pattern round a cube in isclation. The separation and
reattachment of the flow is indicated to occur for each
cube in the group with the associated vortices upstream
and downstream. A small separation region was noted on

the leading part of each cube top surface. The group
pattern was of little effect on the flow behaviour round

the cubes.

9.6.4 In the wake interference flow regime, the flow
pattern showed a strengthened upstream vortex coupled with
a restricted downstream vortex for each cube. This is
explained by the interaction between the cube windward

face and the separated flow from the preceeding cube.
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9.6:.5 The flow pattern between the cubes in the skimming
flow regime was thought to indicate traces of a stable
vortex in the staggered pattern. In the normal pattern

no indication of a particular flow was apparent.
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CHAPTER 10

GENERAL APPLICATION FOR BUILDINGS.
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10, GENERAL APPLICATION FOR BUILDINGS

16, L Introduction

10..1. 1 In Chapter 1, the Crack Method for natural
ventilation calculations, as described in the I.H.V.E
Guide, was discussed (see paragraph 1.2.2). It was
explained how an infiltration chart, shown in Figure
10.1, is utilized to determine the infiltration rate. It
was noted that some of the relevant factors affecting the
pressurce difference across buildings, ﬁcp, are neglecled.
The major omissions in this category are building form

and flow properties. An attempt is made in this chapter
to present an alternative method of determining &CP, in

which these factors are now included.

10 . tei In explaining this alternative method, the
generalized effect of these other factors is presented.
Any gquantitative estimate.of the likely values of ACP
requires detailed experimental data which includes both
an accurate simulation of the natural wind properties
as well as a wide range of different building forms.

Such reguirements are considered to be outside the scope

of the present work.

10.2 The three flow regimes and their generalized parameters

Y0521 The different behaviour in each of the flow regimes
is reflected in the pressure forces, the velocity profile
parameters and flow pattern given in Chapters 7, 8 and 9

respectively. These results indicate that the flow regime
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for any building group must first be defined if any

estimate of the pressure forces on buildings ars to be made.

10.2,2 From the present work, it has been clearly
demonstrated that the first change of regime from

isolated roughness flow to wake interference flow, is
dependent on the distances of separation and reattachment
around the cubes. In the second change of regime from
wake interference to skimming flow the condition of
maintaining at least one stable vortex in the space between
the cubes was also indicated. The governing condition for
each flow regime may then be expressed as follows:-

for the isolated roughness flow regime
Sc/H > Et/H'
for the wake interfercnce flow regime

By < s /H< E./H
'I_'I—-' c t

and for the skimming flow regime
sc/H < Ev/H

where Sc is the clear spacing between buildings,Et is the
sum of the separation and reattachment distances Eu and
Ed around the isoclated cube respectively and Ev is the
stable vortex dimension in the flow direction, see

Figure 10.2. From these conditions, it follows that the
different flow regimes may also be estimated for other

building forms if the corresponding dimensions of Et/H

and Ev are known.
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10.2,3 From previous studies reported on the flow over
rectangular cutouts and groowves, Roshko (1955), Tani,
Iuchi and Komoda (1961) and Maull and East (1963), it
appears that the vortex dimension Ev is directly related
to the groove height, and not the groove length normal to
the flow. This is explained by the breakdown of the

flow into cellular three dimensional vortices (Maull and
East) . In the tests by Tani et. al it was found that
the vortex flow was initaited at a wvalue of SC/H = 1.4,
Since this is similar to the value of 1.5 determined in the
present study, for the stable vortex dimension behind
cubes it lends further support to the suggestion that Ev
is related to the roughness element height. Hence

it follows from this similarity between groove flow and
flow over cubes at high densities, that the skimming flow
regime will occur at SC/H = 1.5 for buildings with a

wide range of values of the frontal width, L/H.

10.2.4 The dependence of the downstream reattachment
distances, Ed' on the frontal aspect ratio L/H has been
reported by Evans (1957) for different building roof
shapes and side aspect ratios. Evans's results which will
be analysed later in this chapter indicate that Ed
increases as L/H increases., Conversely, the upstream
separation distance Eu seems to be of the same order of

the building height Hy for a wide range of values of L/H.

10,25 From this discussion, it may be concluded that
the frontal aspect ratio is the dominant parameter and

may alter the flow from the isoclated flow regime to
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the wake interference flow regime. The role of the frontal
aspect ratio may then be considered similar to the role of
the frontal area density or the plan area density. It

also follows that any of the three flow regimes is not a
sole function of the plan area density, A , the frontal
area density, lf or the frontal aspect raiio, AF.

In Figure 10.3 three examples are given for the_different
flow regimes obtained when only one of the three paramerers,
Ap' Af, and Af is wvaried while the other two were constant.

10.3 The relationship between the building form, its

relative height and the downstream eddv size

1031 In the above discussion, information about the
downstream eddy size was shown to be required if the
transition from the isolated roughness flow regime to wake
interference fiow regime is to be identified for different
building forms. Therefore, in an attempt to extend the
applicability of the present results to forms other than
the cube, a series of flow visualization experiments were
carried out to measure the downstream reattachment
distance, Ed’ behind different building shapes.

Variation of form parameters included L/H in the range

1 to 15 and W/H in the range 0.5 to 1.5. The effect of
the incident boundary layer thickness was also investiaged
i.e. using both the smococth and rough incident flows
described in Chapter 8. The wind tunnel used was that

described in Chapter 6, while the model height was 32 mm.
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10.3.2 The results obtained for the wvariation of Ed/H
with L/H is shown plotted in Figure 10.4 for the different
values of W/H. From this figure it may be concluded that
larger wvalues of Ed/H are obtained with increasing L/H,
H/S or decreasing W/H. It may also be noted that Ed/H
tends to a constant value after a certain size of L/H.
This value of L/H is larger for thinner boundary layers

or smaller building thickness. The range of Ed/H
corresponding to any particular value of L/H (due to
change of H/S orW/H ) is minimum at L/H = 1 (cubes), and
increases as L/H increases. This would imply that as
longer buildings are considered, the spacing at which a
change of regime would occur will be increasingly affected

by the ratio H/§ or W/H.

10.3.3 When the work reported by Evans (1957) on the
variation of Eg4 with rectangular building forms were
plotted in the same way as shown in Figure 10.4, not only
was the same trend reflected, but also good agreement was
obtained, see Figure 10.5(a). Furthermore, whenEvans's
results for other building forms were normalized with
respect to the total building height in each case, the
data points collapsed on single line Figure 10.5(b). The
range of variation of W/H covered in Figure 10.5(b) was
Q.75 € W/H € 2.0. Figure 10.5(b) would seem to indicate
that the effect of changing either the roof shape, or

W/H is not of prime importance.
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10.4 The suggested method for determining the natural

ventilation potential, &Cp

10,4.1 In order to make an estimate of the probable

value of acj across the opposite faces of a building within
a group of similar form and height information will be
required about the individual form, the group form, the
building fetch and the building orientation with

respect to the oncoming wind.

10.4.2 In order to identify the type of flow regime
applicable to a given layout pattern of buildings it is
possible to plot the separation and reattachment distances
against the frontal aspcct ratio L/H. In Figure 10.6

the left hand ordinate represents both the total separation
distance Et for the isolated building case as well as

the minimum vortex size Ev for the onset of skimming flow.
Using the same units of distance, the clear space length
Sc may be represented by the right hand orindate. The
criteria by which different values of Sc/H are divided
into different flow regimes given in paragraph 10.2.2 may
now be applied to Figure 10.6. In this way the lines in
the figure may now be seen to divide the geometrical
parameter into their different flow regimes where zone A
represents the isolated roughness flow regime i.e. Sc/H

> Et/H, zone B represents the wake interference flow
regime - i.e. 1.5¢< SC/H < Et/H and zone C represents

the skimming flow regime, 1i.e. Sc/H < 1.5. Thus for any
pair of values of SC/H and L/H the flow regime may be

defined. The effect of variation of W/H from 0.5 to

1.5 is indicated by the dotted lines dividing zone A
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from zone B. By definition of Ev variation in W/H will

not affect the onset of the skimming flow regime, zone c.

10.4.3 For ventilation purposes, building surface pressures

are usually normalized with respect to the velocity oressurs

at the building roof level, giving CD . The correlation
H

between the roof height wvelocity, quUl, and SC/H

obtained from the velocity profile measurements and gilven

in Figure 8.24 was then used to convert the experimental

values of CD into CD using the following relationship.
1 H

U, 2

c = C 1

D D, (g™)
H I

When the results of Cg obtained were plotted against
Sc/H a broken line relgtionship was obtained as may be
seen in Figure 10.7. It may be noted that not only do
the inflections of the graph correspond to the changes
of flow regime, but also the line corresponding to the

skimming flow regime gives CD a value of 0 at SC/H = 0.
H

10.4.4 Since the data given in Figure 10.7 are for
cubes, i.e. L/H = 1, it is necessary to extend the

range by considering the information given in Figure 10.6.
It is suggested that as L/H increases the break point
between the isolated roughness and wake interference flow
regime at SC/H = 2.5 will move towards higher values of
Sc/H while the value of CDH remains constant. Conversely,
the break point at SC/H = 1.5 denoting the start of the
skirmming flow regime, will remain in the same position.
The data extropolated for other values of L/H is shown in

Figure 10.8.
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10.4.5 It was shown earlier in Chapter 7 that the effect of
decreasing the upstream fetch was to increasé the pressure
forces on the model. It was also shown that the change

of the pressure forces increased as the density decreased
particularly for small fetchas. It is, therefore, suggested
that the effect of decreasing the fetch would be to produce

a family of curves in each of the three flow regimes, Figure
10.9, Because of the disturbance which usually occurs at
the first and second blocks in the flow direction in the wake
interference and skimming flow regimes, it is assumed that
the fetch, X/H, represented in Figure 10.9 starts at the
third block, provided that the array size is not very small.
Furthermore the effect of a small array size would result

in an increase in CD due to the proximity to the leeward
H

edge of the group.

10.4.6 To ailcw for the effect of the building crientation
angle, 6, the results obtained for Acp at different values
of 6 and group density in the rough flow, given in Figure
7.23, were normalized with respect to the value at 68 = O.

A plot of these normalized values for the two patterns in
three flow regimes is given in Figure 10.10. It seems from
this figure that all the results, regardless of pattern or
flow regime fall in a single curve. On the basis of this

figure, a reduction factor for Cy may be used at each value
H

of 8,

10.4.7 Having now arrived at a means of determining the
value of Ch for systematic variations in the important

H
parameters which influence its wvalue, it is now possible to

specify the alternative prediction procedure. Assuming
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a group of buildings of constant height, a chart may be
constructed as shown in Figure 10.11l, simply by placing
Figures 10.8. 10.9 and 10.10 side by side. For one value
of W/H (=1) and a constant ratio of H/§. the value of

CD may be determined from the first part of the chart
H

given the building form (L/H) and the arouo clear spacin

ul

in the flow direction SC/H. Knowing the building fetch

would then enable a correction in the wvalue of C to be

Py

made by means of the second part of the chart. Finally,
the required value of &Cp across the building may be
obtained from the third part of the chart where the line

indicating the value of C intercepts any one of the

Dy

lines representing the building orientation anglef . An
example showing the seguence of these steps is given on

the chart Figure 10.1l1.

l0.4.8 The chart described above utilized one value of W/4d
and one ratio of H/S. To take into account the effect of
both these parameters, different charts might be used.

The effect of increasing the ratio H/§ will be to increase
the resulting CDH values while increasing W/H will result in;
lower CD values. Ilowever, since the total bﬁundary layer
thicknesg 6 in nature varies from 300m in open country to
600m in city centres, it is most likely that the effect of

such a change will be relatively small on C Similarly,

Py

since the range of W/H from 0.5 - 1.5 would cover a wide
range of building forms, for which the corresponding effect
on Et/H is relatively small, it is suggested that a chart
basecd on W/H = 1 and H/8§ = 0.025 (assuming H = 12m and

6= 480m) would be suitable for most practical purposes.
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10,5 Conclusions

10.5: 1 From the analysis and discussion made in this
chapter it is concluded that the suggested chart Firgure 10.1ll
shows how the different parameters are taken into account to
yield the required pressure difference across buildings.

This chart may then replace the left hand side of the
infiltration chart given in the IHVE Guide, once the values

of CDH are obtained from a simulated natural velocity profile.
In general any prediction procedures based on these lines

can only lead to a substantial improvement in the present

technique.
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R 121 1o CONCLUSIONS

1T.1 The level of accuracy of natural ventilation

calculations using the Crack Method depends on the

accuracy of determining the pressure difference across

the building.

1.2 The main assumptions made in the IHVE Guide by

which the pressure difference across buildings are
estimated may result in considerable error since
important factors affecting the pressure forces, i.e.

the building form and the properties of the natural wind,

are over simplified.

11.3 From the review made of the relevant literature

on natural ventilation, wind loading and external wind
flows, no general relationship was found to be available
which related the group geometry of built form to the
resulting flow and the pressure forces on the elements

of the group. However, it was evident that the flow

and the pressure forces on groups of buildings are
dependent on boﬁh the individual building form and the

building group form.

11.4 From the investigation made of the planning and

geometric parameters of housing groups it was concluded
that for a matrix of similar buildings, the usual planning
parémeters alone are not sufficient to define the group
form. A complete definition of the group form reguired a
knowledge of both the individual building form (frontal
and side aspect ratics) and the building site proportions
(ratios of building length to site length and the clear
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spacing between buildings in both directions). Equations
representing the general relationship between these

parameters have been formulated.

13..5 Since buildings may be considered as roughness

elements on the earth's surface, an investigation was
made of the flow over idealized rough surfacss. The main
effect of changing the roughness geometry and the pattern
of distribution of the elements is to produce different
flow regimes. The velocity profile parameters and the
pressure forces are dependent on the flow regime and

hence the roughness geometry.

1L.6 Tha analysis made of the flow velocity and pressure

measurements on a building model (a cube) within a group
of similar form showed that it is possible to apply the
boundary layer-thecry for flow over rough surfaces to
building model groups. The concept of the three regimes
of flow over roughness elements has been substantiated
by the experimental measurement of pressure forces,

velocity profiles and flow visualization.

h 8 D For small values of the upstream fetch the building

model experienced a high drag which was shown to be
dependent on the incident boundary layer thickness. As
the fetch was increased the model drag decreased until a
stable value was attained,longer fetches being required
for lower values of the layout density or thinner incident

boundary layers, (Figure 7.3).

1.8 The size of the influence area round the model

was found to depend on the element spacing in the flow
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direction, this area being larger for wider spacings.
The limit of this area takes the form of a foot print
rather than the circular form previously adopted,

(Figure 7.5).

11..9 The different flow regimes wera shown to be

characterized by a change cf behaviour in the mean
windward and leeward wall pressures as the spacing
between the buildings in the flow direction is increased,

(Figures 7.11 - 7.14).

11.10 The governing conditions of these changes of

behaviour in the pressure forces, supported both by
previous work and the current flow visuvalization results

may be given as follows:-

(a) In the isolated roughness flow regime, the
clear‘épacing between blocks is greater than
the sum of the distances of separation and
reattachment round the block obtained in

the isolated element case,.

(b) In the skimming flow regime, the space between
the blocks contains a stable vortex. The onset
of formation of the vortex appears to be entirely
dependent on the ratio between the clear
spacing and the block height. This ratio was
found to be 1.5 for the present study of flow
over cubes, a value which is in good agreement

with figures given previously for flow over two

dimensional grooves.
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(c) The wake interference flow regime occurs if the
clear spacing between the blocks takes any

value between the previous two cases.

) o 1 L1 The variation of the effective skin £friction co-

efficient with density reflected a behaviour similar to the
reported behaviour of the equivalent sand grain roughness

with density, (Figures 7.18 and 7.19).

1l.12 A collapse of both the windward and leeward

pressure distribution profiles was obtained when the
profiles were classified by flow regime. The windward
pressure profiles in the isolated flow regime took the
form of an "S", while those in the wake interference and
skimming flow regimes took the form of a reversed "C".
In the skimming flow regime the leeward pressure
profiles were no longer uniform with height as they had

been for the other two regimes, (Figure 7.20).

11.13 The '‘effect of group layout pattern on the surface

pressures seems to be negligible in the isolated roughness
flow regime, while the incident flow type is dominant.

In the wake interference flow regime, the dominant effect
is that of the layout pattern while the incident flow

type becomes less important. In the skimming flow regime
neither the incident flow nor the layout pattern seem to

affect the resulting pressure forces dominantly, (Figures

7.23 and 7.24).

11.14 In all densities, the effect of the group layout

orientation angle ,¢, becomes less important as the fetch

increases. The effect of the model orientation angle, 6,
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was approximately similar for all densities and patterns

(Figures 7.23 and 7.24).

11.15 From the velocity profile measurements, it was

shown that the various changes of surface roughness
experienced by the incident rough flow were reflected
in all the velocity profiles in the form of different

zones (Figures 8.5 and 8.6).

11.16 In the isolated flow regime, the rouchness
function was shown to increase with increasing group
layout density and reached a maximum at the change to the
wake interference flow regime after which it decreased,

(Table 8.3).

11.17 The Clauser type correlation scheme for the

roughness function and the roughness Reynolds number
based on the friction velocity and the element height
(the cube height) was shown to yield good correlation
for the results of the isclated flow and wake interference

flow regimes, (Figure 8.18).

11.18 The alternative correlation scheme suggested by

Perry, Schofield and Joubert (1969) for the roughness
function and the Reynolds number based on the friction
velocity and the error in origin was also shown to yield

reasonable agreement, (Figure 8.19).

21.19 A linear relationship was shown to exist between

the zero plane displacement and the group layout density
for both the isolated flow and wake interference flow
regimes. Another relationship is suggested to exist for

the skimming flow regime, (Figure 8.20).
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11.20 The variation obtained of both the roughness length

and the equivalent sand grain roughness with density showed
good agreement with previous work, (Figures 8.21 and 8.22
Similarly, good agreement with the theoretical prediction
of the internal layer depth was also demonstrated, (Figure

8.23).

1121 A relationship was suggested to exist between the

velocity at the cube height and the clear spacing between

cubes, (Figure 8.24).

1122 A relationship between the drag coefficient based

on the friction velocity and the error in origin
normalized with respect to the roughness length was also

shown to exist, (Figure 8.25).

11.23 A normalization scheme for the pressure

distribution profiles which takes into account the zero
plane displacement and the effective height (error in
origin) has been suggested. In this scheme there was

an approximate collapse of all the pressure distribution

profiles on a single curve, (Figure 8.26).

171.24 For the purpose of general application on buildings

a chart has been produced in which the different parameters
affecting the pressure difference across buildings are
included. This chart may then replace the left hand side
of the infiltration nomogram given in the IHVE Guide, once
the values of the pressure coefficient are obtained from

a simulated natural velocity profile. It is considered
that any prediction procedures based on these lines can
only lead to a substantial improvement in the present

technique.
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