


SUMr'1ARY 

Due to the complicated flow phenomenon at low levels· in urban areas, 
the ·assgssment of wind pressure forces for groups of low rise buildings 
is complex. As a result, the current design methods for the prediction 
of these forces are over-simplified and can lead to inaccurate estimates. 

A survey of previous studies of this field has revealed that no 
general relationship exists which defines the interaction between 
the various aspects of flow. This thesis, therefore, attempts to 
enhance ou.r knowledge about the flow around groups of buildings and .. 
suggests a means of quantifying the interaction between building shape, 
group geometry, flow properties and the resulting pressure forces. 

The present study has been carried out in a simulated urban terrain 
'atmospheric boundary layer flow. A series of model scale experiments 
were performed for different buildillg shapes. The study starts '.'lith 
the investigation of the influence of upstream f~tch o~ the central 
model drag before going on to the detailed measurements on various 
models covering a wide range of building shapes, group form and plan 
area density. The detailed measurements of mean pressure forces on 
model buildings situated within a variety of groups of similar form 
indicated three different trends in the behaviour of these forces, 
corresponding to the three flow regimes known to exist for flow over 
general roughness elements. The existence of these flow regimes has. 
been confirmed by velocity profile measurements. A general correlation 
between group geometry, flow properties and the resulting pressure 
forces has been suggested. . , 
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NOMENCLATURE 

H 

h 

Drag coefficient based on the free stream dynamic head 

Element's centre line drag coefficient based on the 
free stream dynamic head. 

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

Roof lift coefficient based on free stream dynamic head 

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

Leeward wall mean pressure coefficient . 
Leeward wall mean pressure coefficient at element centre line 

Windward wall m~an pressure coefficient 

Windward wall mean pressure coefficient at element centre 
line ' 

Building height, roughness element height 

Central model height relative to the average height 
of the group 

Group layout radius, also central model fetch 

Mean velocity in the free stream 

Mean velocity at roughness element height, H. 

Plan area density 
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1. INTRODUCTION 

The frontal and the side aspect ratios of roughnes,s elements have 
been shown to be important parameters in determining the flow 
characteristics over model arrays of such. elements, see Hussain and 
Lee (1980,a). Furthermore, a study of the flow around iso1ated·models 
of various heights carried out by Hussain and Lee (1980,b) has shown 
the model height to be one of the important parameters in determining 
the wind forces on the models. In this final phase of the study, a 
systematic investigation is made of the wind pressure variations.when 

.the test models of varying height are surrounded by uniform roughness 
arrays of various densities. This report describes the effect of the 
~urrounding roughness in shielding the· bluff model when the model 
height·is less than the average roughness height and of the degree 
of exposure experienced by a model ta11et than the surrounding roughness. 
This study will also be used to substantiate the trent of the variation 
of CDH with the ·h~ight which was established in BS55 for isolated models. 

A study of the drag of a bluff body immersed in a rough wall 
boundary layer formed by the flow over two dimensional roughness elements, 
made by:.Joubert, Perry and Stevens (1971), showed that when the height 
of :the individual element rises slightly above the average height of 
the array, the. drag coefficient increases very rapidly and that the 
reverse was true for bodies slightly lower than the array height. They 
showed the variation. in the drag coefficient of the order of approximately 
70% with only 1% chan~e in the height of the elements above or below 
the average height of the array and found this to be true only for the 
arrangement with stable vortices between the elements, i.e. the skimming 
flow regime. For the model arrays, however, where the ratio of the spacing 
between the elements and their h.eight 1S more than one so that the 
vortices between become unstable, i.e. the isolated roughness and the 
wake interfer~nce flow regimes, the drag coefficient was shown to be 
insensitive to small misalignment of the element crest. For a 20% change 
in the height, th~y found the changes in the drag were undetectable. 

Joubert et a1 also presented some preliminary measurements for 
three dimensional elements in a rough wall boundary layer growing over 
3" cubes arranged in a staggered layout pattern, extending 31 beyond 
the model position at approximately 8% density. The height ratio -of the 
pressure tapped model 3" wide and l~" deep, \'/hich was positioned in place 
of a cube on the centre line of the wind tunnel, was varied from 0.1 to 
3.44, while the height of the array was taken as 1.0. They showed a linear 
variation of the drag coefficient with the height. These results have 
been reproduced in Figure 1.1. 

The results of Joubert et al related to specific cases only and 
their experimental set up, particularly for three dimensional elements, 
was not rigorous as the authors themselves pointed out. Furthermore 
they noted that more experiments were required to clarify the interaction. 
An effort has, therefore, been made in the present study to extend these 
findings generally to three dimensional elements, where the cube has been 
taken as having a height ratio of 1.0 and all other model heights are 
related to it. The length and the breadth of the model have been kept 
constant while the relative height was varied from 0.5 to 4.0. 



2. EXPERIMENTAL ARRANGEMENTS 

A detailed explanation of the experimental arrangements is given 
in the earlier companion publication to this report, Internal Report 
No. 8S55 by Hussain and Lee (1980,b). This companion publication 
gives details of the wind tunnel and the atmospheric boundary layer 
techniques used, in addition to a full description of the programme of 
experiments to be carried out, the models used and the test parameter ranges 
considered. The measurement techniques are also described. Sufficient 
detail will be repeated here for the results to be interpreted correctly 
but for full details the reader is referred to 8S55. 

The model group, however, took the form of free standing cubes on 
the smooth surface of the turntable with the urban terrain atmospheric 
bounqary.layer simulation upwind. On the basis of conclusions regarding 
fetch length drawn in 8S55, and their application to subsequent 
investigations, the array size, R/H, of the model was kept between 
10 to 25 to allow for the model wall pressures to stabilise, depending 
9n the plan area density. Four values of the plan area density, Ap' 
ln each of the layout patterns, were chosen to cover the three 
flow regimes, and a series of mean pressure measurements have been 
undertaken for the varying height models. Where the model surface 
pressures have been normalised with respect to the velocity at the 
model height to get the values of COH, the velocity profiles for 
respective densiti'es in the nomal pattern were used. Table 1.1 gives 
the ranges of the parameters considered in this phase of the investigation. 

Table 1.1 Vatiables considered in this phase of the investigation 

Variables 

Relative height 
! . 

Plan area den~ity 

Ap 

Fetch 

. "Incident flow 

Pressure measurements 

0.5,0.8,0.9,1.0,1.1,1.2,1.3,1.4, 
1.5,1.7,2.0,3.0 and 4.0 

5.0%, 6.25%, 12.5% and 25.0% 
in normal pattern 
10.0%, 12.5%, 25.0% and 40.0% in 
staggered pattern 

10 < R/H < 25 

Simulated atmospheric boundary layer flo'." 
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3. EXPERIMENTAL RESULTS AND DISCUSSION : EFFECT OF MODEL HEIGHT 
VARIATIONS RELATIVE TO THE SURROUNDING ROUGHNESS 

3.1 Pressure measurements on the windward and leeward faces 

The vertical distribution of pressure coefficients normalised with 
respect to the free stream velocity, measured on,the centre line of the 
windward and leeward faces of all the models in various layout densities 
for both the normal and the staggered patterns, are shown in Figures 3.1 
to 3.8. These pressure distributions were integrated to give the mean 
windward and l~e~ard pressure coefficients Cpwc and Cpbc and subsequently, 
the drag coefflclent,. CDC' in eac~ case., . 

The shape of the windward pres~ure coefficient profiles were found 
to be similar to those ,for the cubes, see BS56. In the isolated 
roughness flow regime cases, considered here, the shape of all the 
profiles was sfmilar to an "5" shape. On the othe,r hand, in the wa,ke 
interference and the skimming 'flow regimes, the profiles were of a 
"reversed C" shape but their shape changed to an "5" type as the 
height of the model increased approximately 1.35 to 1.6 above the average 
height of the array. This is thought to be due to the limited extent 
of the internal layer growing over the roughness elements. It is 
suggested that when the height of the model was increased beyond the 
thickness of the internal layer (depending on the size,R/H, of the 
array in a particular layout density) the shape of the profile changed from 
a "reversed C" to an "5" shape. 

On the other hand, the leeward pressure profiles for the cases 
where the height was·larger than the average height of the array showed 
a kink at the average height of the array. This kink was shown to be 
distinct. in the case of models with height ratio more than 2. 

In an earlier investigation of flow over two and three dimensional 
roughness elements, Joubert et al (1971), showed different trends of 
the variation of drag coefficients when their relative heights were 
varied. In the case of a particular arrangement of three dimensional 
bodies in a rough wall boundary layer flow, the drag coefficient was 
found to vary linearly with the relative height. Hence it might be 
expected that the same trend would apply generally to three dimensional 
body arrays of various densities and layout patterns. 

In Figure 3.9, the variation of the drag coefficient, CDC' as a 
function of the relative height for various roughness element densities 
in the normal layout pattern is shown. The corresponding values for 
the staggered layout pattern are shown in Figure 3.10. Figure 3.9 
shows a broken straight line relationship to exist between the drag 
coefficient with the relative height, h, for a'll the density cases 
considered. The inflection points for various densities appear between 
values of 1.35h to 6h. Above this break point, all the lines are 
approximately parallcl to one another but below, the lines diverge from 
one another and this is the zone where the main difference occurs. 
At the higher densities, which represent the wake interference flow 
and the skimming flow regimes, th~ trend exhibits a further change 
immediately below the height of the cube. 



Comparing the variations of the drag coefficient with the relative 
height for the normal and staggered patterns in Figure 3.9 and 3.10 
it can be seen that the behaviour of CDc is similar for the two patterns. 
The values of the drag coefficient for ,dentical values of spacing 
between the elements are, however, smaller in the staggered pattern, 
similar to the trend estahlished for cuboid arrays in section 3, B556. 
For each value of plan area density the data in Figures 3.9 and 3.10 
can be divided into an outer zone and an inner zone. In the outer zone, 
the rate of change of wall pressures is identical for all the densities, 
resulting in parallel lines in the graph. On the other hand, the rate of 
change of pressure forces, in the inner zone, depends on the plan area 
density of the group layout. In this zone, the lines for various densities 
are no longer parallel except when they are in the same flow regime. 
It is suggested that in the outer zone the rate of change of pressure forces 
depends Qn the flow in the outer layer of the velocity profile which 
corresponds to the urban terrain atmospheric boundary layer simulated 
flow. This results in the lines being parallel in this zone. Conversely, 
the rate of change of wall pressures in the inner zone is governed 
by the inner layer profile which grows over the element arrays and 
results in different inner layer velocity profiles in each density. 
It is also found that the heights at which the inflection points in 
various density cases appear-correspond to the physical thicknesses 
of the inner layer growing over the model layout. 

The trends s~own by the present results agree with the hypothesis 
put forward by Joubert et al~ for thre~ dimensional elements, that as the 
height of the individual body increases the pressure coefficients and the 
drag coefficient on the body increase. This is, however, contrary to 
their results on tWQ dimensional bodies, where they showed a rapid 
variat~an in drag coefficient"of up to 70% with only 1% change in height. 

Figure 3.11 shows the present results for the 10% density case 
in a staggered layout pattern and their comparison with the corresponding 
r~sults for cubes in approximately 8.0% density in the same layout 
pattern presented by Joubert et al. Both sets of results show a broadly 
similar trend though the magnitude and the rate of change of drag coefficient 
is different. This difference is thought to be due to the differing 
ratios of boundary layer height to the element height in both the 
experiments. 

It was shown in"B555, Hussain & Lee (1980,b), that for isolated 
models the drag coefficient normalised with respect to the velocity at 
model height, CDH' decreases sharply as the height increases before 
becoming constant at a value of h ~ 1.6. The same general trend is 
shown to be true when the variable height model is surrounded by roughness 
arrays. Figure 3.12 shows the graph of CDH against the relative height, 

h, for the densities in the normal pattern. The corresponding figure 
from 8555 showing the data for the isolated models of various height 
ratios in a simulated atmospheric boundary layer flow is presented as 
Fig u re 3. 13. 

3.2 Pressure measurements on the roof 

The pressure coefficient distributions on the centre line of the model 
roofs for various densities in both the normal ~nd staggered patterns 
are shown in Figures 3.14 to 3:21. 
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These data show that on the roof the position of maximum suction appears 
to va~y with the height of the model. The models which have a height 
greater than the approximate thickness of the inner layer profile of 
the array behave like isolated models with the'maximum suction occurring 
slightly downstream of the windward edge and not at the windward edge 
itself. On the other hand, the maximum suction for other models with 
smaller heights always seem to appear at the windward edge: 

Figures 3.22 and 3.23 show the variation of the roof lift coefficient 
with the model heigrt for various densities in both the normal and 
staggered patterns. ' Comparing these data with that for the 'overall 
drag variation shown in Figures 3.9 and comparing these figures with 
earlier figures of 3.9 and 3.10 prompts two conclusions. Firstly, the 
variation of the roof lift coefficient, CL1' and the drag coefficient, 
CD1' with height is similar in the lower part corresponding to the 
inner boundary layer thickness. The roof lift coefficient varies 
linearly wHh height in this region. In the wake interference and the 
skimming flow regimes, the roof pressures also show different rates of 
change of pressure above and below the average height of the array. 
Secondly, the rate of change of roof pressures outside the inner layer 
profile is not the same for all densities, but the lines tend to merge 
to~~ther. . , 

The variation'of the roof lift coefficient normalised with respect 
to the model height velocities, CLH' plotted against the height in 
Figure 3.24, again shows a trend slmilar to the one exhibited by the 
drag coefficient. The roof lift coefficient, C~ , was found to decrease 
sharply with the increase in height before tendlMg to become constant at 
a value of 0.8, similar to the value found for isolated models and shown 
in Figure 3.13. 
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4. CONCLUSIONS 

1. The shape of the windward pressure distribution profiles was found 
to be similar to those found for the cube in various corresponding 
densities i.e. an "S" shaped profile in the isolated roughness flow 
regime and a "reversed C" in the wake interference and the skimming flow 
regimes. The "reversed C" shape of the profile, however, changed to an 
"S" shape for models of height larger than the thickness of the inner 
boundary layer of the array. 

2. The leeward pressure distribution profiles were found to be 
non-uniform. These profiles for models having a relative height> 2.0 
showed a distinct kink at the average height of the array. 

3. The graph showing the variation of the drag coefficient, Co ' 
with the relative height exhibits an inflection point, showing tfie 
different rate of change of pressure forces below and above it. This 
inflection appears at a point where the inner layer profile merges 
into the outer layer prof"ile at relative heights which vary from 
1.35 to 1.6 depending upon density. 

4. The value of the drag coefficient normalised with respect to the 
velocity at model heights, CD , in all cases considered, was found 
to be large for buildings of ~maller heights, its value decreasing 
as the height increased in the inner layer profile. In the outer layer 
profile, the value 6f COH tended to become co~stant at values between 
1.0 and 1.2." " 

5. The roof pressure,coefficients were found to be negative for all 
models. The maximum suction for models lying within the inner layer 
profile appeared at the windward edge, while the maximum suction for 
models with height larger than the inner layer profile was found to lie 
downstream of the windward edge. " 

6. ""The v~lu~ of the roof lift coefficient, CL , was found to decrease 
sharply with the increase in height in all dens~ties before becoming 
constant at a value of O.B. This value is very similar to the 
corresponding value found for isolated tall building models. 
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FIGURE 3.19 

ROOF PRESSURE COEFFICI ENT 
DISTRIBUTIONS FOR VARYING HEIGHT 
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FI GUR:S 3. 20 

ROOF PRESSURE COEFFICI ENT 
DISTR~3T..;TIONS FOR VARYING HEIGHT 
RAT I 0 ;.10 1) ~'L S - 2)10 ST A G G ER ED' 
P.;TTSR~·l 
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FIGURE 3.21 

RCO? PRESSURE COEFFICI EliT 
D:ST~I2ljTIO;rS FOR VARYI~JG HEIGH-=' 
~'. r-" ··(""'nrTr·~ 'crt <"'T \CGL~RED :~:\ .. :.. ,) ".v!.J'::'w ... J - q. ,,0 ..J ~1. J C ... 
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FIGuRE 3. 22 VARIATION OF CL1 WITH RELATIVE HEIGHT -

NOP1'ilAL PATTERN 
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FrGUriE 3. 23 VARIATION 'OF 'CL1 WITH RELAT!VE'HEIGHT -

STAGGERED PATTERN 
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FIGURE 3. 24 VARIATION O·F CLH WITH RELATIVE HEIGHT 




