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SUMMARY 

PRESSURE distributions on models of walls and rectangular-block structures 
have been measured in a wind tunnel. The tests were conducted both in an 
artificially produced velocity gradient, used to simulate natural condi­
tions, and in a constant velocity field, for comparison with standard 
procedures. Several rules have been deduced from the results by which 
pressure distributions and wind loads can be predicted for buildings in 
any specified wind field. Changes in the flow pattern due to the velocity 
distribution have been observed and correlated with the pressure distribu­
tion. Only on the front surfaces were distinct phenomena observed: an 
intense downward flow carrying high energy air to ground level exists on 
tall buildings, and on low structures a region of reversed flow occurs at 
ground level resulting in an attached eddy. 

1. INTRODUCTION 

In many instances of contemporary design practice, wind loads are assumed 
to be the result of a steady wind with constant velocity at all elevations 
above ground level. Under these assumptions the pressure p at any point on 
the structure can he related to the ambient pressure Po and the constant 
velocity Vo through the pressure coefficient 

p - Po 
c = p where e is the ambient density of the aIr. 
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If the structure has sharp corners and wind velocities are of the order of 
5 mi./hr. or more, the theory of flow around bluff bodies indicates that 
c is a unique function of the wind direction relative to the building. 
~r a few simple shapes the values of c can be deduced from certain 
classical experiments in aerodynamics. kowever, for the large majority of 
practical cases, wind-tunnel tests are required for each indiviual struc­
ture shape and orientation with respect to the wind direction. Thus there 
results a catalogue of pressure coefficients for every building geometry~ 
While there is no all-inclusive listing of these coefficients, a very 
large number of building shapes have, for instance, been tested at the 
Iowa Institute of Hydraulic Research, and the results correlated and 
summarized(l). furthermore, average values for building surfaces have also 
been assembled from various sources and issued in handbook form for design 
purposes(2). However, it is widely recognized that any extraordinary shape 
must still be studied in scale model tests in a1wind tunnel. 

The commonly adopted testing procedure neglects two major meteorological 
characteristics, i.e. the gustiness of the wind and the variation of velo­
city with height. These phenomena are not independent but are the natural 
consequence of the friction of the earth's surface on the motion of large 
air masses. It can easily be deduced that the rougher the surface the more 
gusty (unsteady) the wind and the greater the curvature in the velocity 
distribution. 

Turbulence of the natural wind field has been measured-in the field and 
found to have the same general properties as wind-tunnel turbulence. How~ 
ever, there is a very large difference in the size of the eddies. In a 
conventional wind tunnel the eddies are an order of magnitude or more 
smaller than the size of the model, whereas in the field the eddies are an 
order of magnitude larger than the structure. The effect of these large 
eddies on wind loads has been discussed by Davenport(3) who has shown that 
the dynamic properties of the building influence the resulting wind loads. 
A few simple cases have been analyzed but much remains to be done. It is 
evident from Davenport's work that conventional wind-tunnel tests do not 
give an indication of the size of these dynamic loads. 

The natural velocity distribution can, however, be readily reproduced 
in a wind tunnel and the loads resulting from this effect analyzed. 
Screens and grids can be installed in the tunnel test section and any 
velocity distribution produced. Pressure distributions can be readily 
measured and local values of the pressure coefficient cp obtained. The 
reference velocity Vo used here is that of the undisturbed· wind field at 
the elevation of the top of the building. The inclusion of still another 
variable (i.e., the velocity distribution) on which the pressure coeffi­
cients are dependent further complicates the presentation of test results. 
A given plot will now show results for only one shape, one orientation and 



one distribution so that many tests of a particular building would be 
required to give a complete picture. There are, however, trends observed 
in tests on simple shapes which can be of real help to designers in esti­
mating the loads on buildings of more complex shape. 

This paper presents the most significant results of a programme of 
measurements of pressure distribution on typical building shapes in a low­
speed wind tunnel. Two wind fields were used. One of constant velocity 
represented typical standard wind-tunnel test conditions; for the other a 
velocity distribution approximating that in the atmospheric boundary layer· 
was developed. The distribution selected was typical of urb~ conditions as 
defined by Davenport(3). The models in every case had sharp corners and 
rectangular plan section to minimize scale effects. Attempts were also made 
to apply the principles of flow around bluff bodies to give analytical 
procedures for the prediction of pressure distribution for any velocity 
field. However, this approach was successful only for tall buildings. For 
low buildings, i.e., with heights roughly equal to the lateral dimensions 
or less, the pressure distribution cannot be predicted, but total loads 
can be predicted to the accuracy coomon in practice. 

2. PRESSURE DISTRlDUTION AROUND BUILDING SHAPES 

Virtually all building shapes are classified as bluff bodies and thus 
have distinctly different pressure distributions from streamlined bodies 
such as air foils and submarine hulls. The distinguishing property is the 
wake of separated flow surrounding the rear part of the body. As sketched 
on fig.l the flow approaching the body is deflected by the front facing 
surfaces but separates completely from the surface at a sharp edge. Thia 
is a direct consequence of the inability of the fluid to undergo the very 
large accelerations required to follow the surface at the corners. Because 
of shear along the edge of the wake a return flow toward the body in the 
centre of the wake is induced. Thus, the characteristics of the wake 
region are (i) velocities much smaller than the mean flow, and, hence, 
almos~ uniform pressure on the body surfaces, (ii) a gentle flow upstream 
along the surfaces and (iii) a negative pressure compared to the ambient 
since it is dictated by the prevailing pressure at the point of separation. 
In addition to this mean flow there are intense pressure and velocity 
fluctuations resulting from the entrainment process along the wake stream­
line. It should be noted that these fluctuations are so large that the 
position of this streamline can be defined only by a long time average. 
Beyond this general description little can be said about the absolute 
values of cp for a given body shape. In general, the location of separation 
depends on the shape and size of the body, the orientation and velocity of 



the wind but for bodies with sharp 
separation line is fixed along the 
orientation for any given shape. 

edges, i.e., for most buildings, the 
edges. Hence cp varies only with wind 

The surfaces of a structure exposed to \,ue mean flow display a pressure 
distribution identical to that on a body in inviscid fluid flow with a 
free streamline for the wake streamline. Thus the pressure is above ambient 
over most of the frontal surface and there are steep pressure gradients near 
the edges where streamline curvature is sharp. For irrotational flows, 
e.g., in a constant velocity field, the pressure distribution can be pre-­
dieted from theory but in many cases this requires a long, detailed calcu­
lation. For the boundary-layer velocity distribution, theory has not yet 
been developed, hence experimental measurements must supply the missing 
information. 

There will of course be a thin boundary layer on these front surfaces. 
For the Reynolds numbers of model and full-scale buildings the thickness 
is of the order of 0.1 of the width of the building. The presence of this 
boundary layer does not affect the pressure distribution. However, since 
the velocity within the layer is small, it is influenced by the pressure 
distribution. Thus a secondary flow results along the surface of the body 
in the direction of the maximum pressure gradient. This fact can be used 
to predict the direction of the surface flow from the contours of Cp_ Lines 
drawn normal to the contours thus are directions of secondary flow. Farther 
away from the body the streamlines are not in the direction of the pressure 
gradients because of the higher inertia of the main flow. 

This discussion intimates the wide applications of the pressure contours 
such as are presented in figs.2 and 3. Some of these are 

(i) evaluation of wind loads, 
(ii) illustration of the direction of flow of pollutants released from 
the building, 

(iii) determination of direction of surface motion of deposited r~in, 
(iv) general shape of snow drifts around building. This requires measure­
ment of pressure distribution on the ground surroundin~ the building. 
::uch a list shows the practical advantages to be gained from any 

summari zation of pressure distributions on building shapes. 

3. EFFECTS OF A NATURAL VELOCITY DISTRIBUTION ON FLOW PATTERN 

As a consequence of the preceding discussion it is to be expected that 
the potential flow and wake regions will be influenced in very different 
ways by changes in the velocity distribution in the approaching flow. 
Separation lines will obviously not be affected but the shapes of wake 
streamlines will be changed because of the change in the potential flow 



field. Thus the only change of significance to be expected on the body 
surfaces in the wake will be in the average level of c • because differ­
ences in the pattern of pressure contours will be small. On the other hand, 
the front faces will directly reflect the variation of stagnation pressure 
with height above the ground. Indeed, experimental observations reveal two 
flow phenomena not found in a constant velocity field. These are 

(i) a secondary flow down the front of the body due to the fact that 
the pressure near the top is larger than at the bottom, 

(ii) a reversal of flow along the ground in front of the body. This is, 
the result of the adverse pressure gradient built up ahead of the body 
acting on the slower moving fluid near the ground. The result is a flow 
separation of a d~fferent kind on the ground at a point ahead of the 
body which involves a lateral flow away from the separation point to 
both sides. The size of flow reversal zone relative to the height of 
the building varies with the steepness of the velocity gradient, i.e., 
the ratio of stagnation pressures at the top and bottom and also with 
the height-width ratio of the building. The latter is an important 
parameter because the length of the zone of adverse pressure gradient 
is roughly equal to the width of the building, This upstream flow com­
bines with the main flow on the front of the structure to produce the 
eddy sketched on jigs.7 and 9. 
The explanation of these phenomena by theoretical principles is straight­

forward, and similar reasoning can also be used to predict.the effects on 
the pressure distribution. The secondary flows alone have little effect but 
the flow reversal and the consequent eddy give a zone of relatively con­
stant pressure similar to the wake. This effect changes the pressure dis­
tribution over the entire front face. In a manner similar to flow in the 
wake, the size of the flow reversal zone fluctuates with time since the 
point of separation is not fixed by geometry. Thus large pressure and velo­
city fluctuations are found over the front surfaces. 

The foregoing description of the potential flow zone was deduced fran 
careful observation of a wall placed perpendicular to the flow. Examina­
tion ,of other wind orientations on the wall and the front faces of other 
shapes showed similar effects except that the size of the eddy reduced as 
the angle of orientation was decreased. In the interests of brevity this 
paper will be restricted to the 900 orientation, data and descriptions of 
other orientations being contained in other publications(4) (5). 

In the following paragraphs the measured pressure distribution on some 
typical shapes will be discussed in detail and numerical values assigned 
to the effects described above. These can then be used to predict the 
pressure distributions on other shapes and provide rules for framing 
specifications. 
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4. WIND- TIJN~EL TESTS OF PARTIQJLAR SHAPES 

Qescription of Tests 
Pressure measurements were made on models constructed· of acrylic plastic 

sheet material in the low-speed wind tunnel of the Department of Mechanical 
Engineering, University of Toronto. This is an open-return tunnel with a 
4 ft. by 8 ft. cross-section and a maximum speed of 25 ft./sec. Thus, 
although the pressures to be measured were small and required the careful 
use of micromanometers the results did not require correction for wall 
effects. The largest dimension on any model was 18 inches, and consequently 
any blockage effect was negligible. The methods and instrumentation used 
in the tests were conventional in wind-tunnel practice except in the crea­
tion of the velocity distribution. In every case a detailed measurement of 
the pressure distribution was made with the model in a constant velocity 
field. For this the model was set on a thin ground board mounted clear of 
the natural boundary layer of the tunnel floor. These results were taken 
as standard and agreed well with published data. 

The boundary-layer velocity distribution was created in the lower half 
of the tunnel by installing a curved screen in the entrance of the test 
section. Considerable effort was expended in shaping this screen to pro­
duce the desired distribution. The final shape was roughly parabolic with 
the vertex upstream at the tunnel centre line. The top hal£ of the cross­
section was filled with a continuation of the screen normal to the flow 
direction. The action of a screen in producing a shear flow has beerr 
explained and a theoretical derivation presented by Elder(6). However, in 
the present instance it was not possible to calculate the resulting flow 
profile because of the interaction with the natural tunnel boundary layer 
and the large velocity deviation from the average. The velocity distribu­
tion evolved was described by the polynomial law used by Davenport(2). 

~o =(~) l/k (1) 

where Vo is the velocity at the reference elevation Yo' Most of the tests 
were conducted with a distribution for which k .. 4. This corresponds to 
conditions on the outskirts of a large city. For a few of the earlier 
tests a different screen was used which produced a distribution for which 
k .. 6. It was found that constant handling of this screen produced 
creases and wrinkles which acted like small lenses. Flow concentration 
resulted which could not be corrected and thus the screen had to be re­
built. 



Tall Buildings 
Very clear evidence has been obtained(4) of the effects on a building 

of square floor plan with a height-width ratio of 8. This is typical of 
contemporary skyscrapers. All of the changes in pressure distribution 
between the two velocity distribution studies can be readily explained 
by elementary theory. These effects are best illustrated in figs.2 and 3 
which present the pressure contours for the wind normal to the front face. 
For this orientation the front face is in the potential flow region and 
all other surfaces are in the wake. 

In the constant velocity field the pressure distribution on the front. 
see fig.2, is typical of that on a very long flat plate. The contours are 
vertical except near the top where over a length of about 2B (B = width) 
an end effect is displayed. In this area some of the mean flow deflected 
by the building passes over the end and some over the sides. 

On the lower part of the building the flow deflection is entirely 
lateral and at the top the deflection is entirely vertical. In fig.~ the 
streamlines close to the centre line are schematically presented. These 
were deduced from the pressure distribution and checked with tufts of 
wool held in the air flow. On the sides, roof and back of the structure 
the pressures are more uniform but still show gradients much larger than 
those found on low buildings (1), Examination of the pressures in detail 
shows that the roof has more suction than the sides and back near the base. 
This indicates that the flow diversion over the top has resulted in more 
sharply curved wake streamlines. Since the wake is relatively stagnant 
an upward flow is induced from the relatively high pressure zone near the 
ground. The normals to the contours indicate that this takes place up the 
sides and back and into the roof zone from where the fluid is removed by 
the intense shear layer. 

The patterns of pressure contours and flow lines are changed consider­
ably in the presence of the velocity gradient, note fig.3. There is a 
strong downward flow and pressure gradient on the front, the pressures 
on the roof and sides are quite uniform and the roof pressure is about 
half the intensity of the constant velocity case. These can all be 
explained in terms of the variation of stagnation pressure with height 
on the front of the structure. In the region immediately upstream of any 
bluff body the flow must decelerate in the longitudinal direction and 
accelerate in the lateral direction for the fluid to pass around the 
body, Along the central plane this lateral acceleration must be small 
for reasons of symmetry,hence an area is developed on the front of th& 
body where the pressure approaches the stagnation pressur~ 

= 1.00 
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In the constant velocity case this is an area extending about 6B of the 
height from the base. The same tendency exists in the flow with a velocity 
distribution but the stagnation pressure varies with height. Thus the 
layer of air close to the surface is subjected to a strong vertical pres­
sure gradient and a strong flow down the structure results as shown on 
fig.~ for the streamlines near the central plane. As a result of the down­
ward flow the velocity distribution is more uniform immediately behind the 
building. Thus smaller structures in the immediate vicinity would be sub­
jected to higher wind loads than with the tall structure absent. This is 
a relatively minor effect,but the higher velocities on neighbouring streets 
would surely be noticeable, particularly by the movement of debris. Near 
the top 'of the building the downward flow is superimposed on the natural 
upward flow from the end effect. The result is a substantial reduction in 
the quantity of air flowing over the top and a reduction of the height 
influenced by the end. Consequently, the suction on the roof is reduced 
by about half. The effect of the velocity distribution on the pressure 
distribution near the top is the same as a reduction in height of the 
building. Thus it would be expected that the relative size of the reduc­
tion of suction on the roof would be larger for taller buildings and also 
for distributions with greater curvature. This is verified in observations 
on lower buildings. With the roof pressure reduced to the same size as 
that on the walls and back, the upward flows along these surfaces do not 
exist. 

If it is assumed that a flow with a velocity gradient exists in thin, 
independent horizontal layers then a simple analytical solution is obtained 
for the pressure distribution. The pressure at any point is influenced­
only by the velocity in the main stream at the same elevation. Pressure 
coefficients are then determined from the equation 

= ~~ (2) 

where V = \ the velocity at the elevation where cp 1S deterrnined,and 
cpo a pressure coefficient at the same point on the building in a 

constant-velocity field. 
This assumption would be valid if the layer on the front of the body 

were so thin that the main stream were not affected by the downward flows 
shown on fig.~. This layer thickness has not been determined. 

The overall accuracy of this linear approximation has been found by 
plotting profiles of the pressure distribution on the front face as 
measured and as predicted by Equation (1) . fig.5 is the vertical profile 
on the centre line of the front face and this shows clearly the agreement 
found . Over the lower 75% of the structure, i.e., height equal to six 
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widths. the agreement is very good. There is a small region of constant 
pressure at the base which is negligible for this case but which is a 
major factor in the pressures on low buildings. On the top section of 
height 2B the effect of the reduction in flow over the top is felt. The 
pressures are about 8% higher than those given by Equation (2). As shown 
by the vertical pressure contours in this region on fig.3, the deviated 
flow is to the sides. Thus the centre-line pressure excess is closer to 
~ y2/2 than that given by Equation (2). Lateral profiles also show that 
these deviations from Equation (2) are generally found all across the 
width. Profiles for y/H = 0.47 show good agreement. those for y/H =0.735 
show deviations for part of the width and those close to the top show pres­
sures all higher than predicted. 

It is instructive to compare the deviations between total load on the 
front face as predicted by Equation (2) and as measured. The total load is 
about 3% larger than predicted but the total moment about the base is about 
8% larger. Thus it would be expected that for all tall buildings this effect 
u of real importance. 

A simpler approximation indicated from the above discussion is 

"p • "pI (~~y (3) 

where ~l = a standard pressure coefficient given by the lateral profile 
for the uniform region in fig.a. A single lateral profile is specified and 
the pressure profile at any elevation is given by multiplying this by the 
local stagnation pressure. This means that along the centre line for 00 

orientation the pressure coefficient is (Y/Vo)2. From fig.5 -rt is seen that 
this gives good agreement up to within 5% of the top of the building. 
Similarly good agreement is found on the lateral profiles. 

Pressure distributions on a surface in the wake region cannot be 
expected to be described by Equation (2) or (3). These pressures reflect 
conditions of separation all along the edges and thus are an integrated 
effect of the velocity distribution. For the equations it is assumed that 
pressure is detennined by local conditions. An approximation to the wake · 
pressures in a non-uniform velocity distribution can be obtained from the 
same general reasoning and the measurements in the constant velocity field. 
The average pressure in this case was influenced by the lowest i.e., the 
roof. pressure. Thus in a boundary-layer type velocity distribution. if the 
pressure coefficient at separation were constant. the pressure would be 
lowest where the velocity was highest. This would make the roof pressure 
the controlling factor again but as noted above. the roof pressure is 
affected by the reduction in flow up the building at the top. Consequently 
the measured reduction of 40% on pressures is consistent with these argu­
ments. Extending this reasoning to the general case leads to the conclu­
sion that average pressure coefficients should decrease with building 
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heights and the relative reduction of cp by a non .. unifoIm velocity distri­
fbution should also decrease. These have been observed. 

Low Buildings 
The classification of a building as low or high in relation to the 

pressure distribution on its surface is through the ratio of height to 
width of the frontal projection. Absolute height is relatively immaterial 
compared to this ratio in influencing pressure distribution because this 
is primarily the result of top and side deflection of the main flow 
streamlines. 
(i) Very Wide Wall 

This case of a low building demonstrates the opposite limit of effects 
to the skyscraper. Flow around the sides of1the wall is negligible com­
pared to that over the top. Thus for most of the width the flow is essen­
tially two-dimensional and a single curve presents the pressure 
distribution. 

In a constant velocity field the wide wall is subject to the same flow 
conditions as a long flat plate submerged in an infinite fluid. The plane 
of symmetry of the plate corresponds to the floor on which the wall rests 
and the streamlines and pressure distribution shown on fig.~ are thus 
obtained. On the front there is a more gradual decrease of pressure from 
the base to the top than on a tall building, note fig.5. On the rear the 
constant suction of the wake is seen. The value of .. 1.4 shown for ~ was 
measured(7) for an infinitely long plate. This changes with height .. width 
ratio, being about -1.0 for a ratio of 0.1. 

The flow pattern and pressure distribution in a boundary-layer velocity 
field shown on fig.7 have been deduced from measurements on a wall with a 
height-width ratio of 0.5 and corrections made for end effects. A stable 
eddy with a horizontal axis forms along the front of the wall at the base. 
This eddy is roughly circular and the size depends primarily on the curva­
ture of the velocity profile. The more curved the profile, i.e., the 
smaller the value of k in Eq. (1) the larger the eddy. It forms as a con­
sequence of the adverse pressure gradient ahead of the wall due to stag­
nation on the wall. A return flow is set up along the floor in response to 
this pressure gradient because the inertia of the fluid particles near the 
floor is very small. Because the pressure throughout this eddy is virtually 
constant the pressure variation over the front of the wall is small and 
the load on this surface is greater than for a constant velocity field. It 
appears that the suction in the wake is also not so large because of the 
same effects which lead to a smaller roof pressure on a tall building in the 
boundary-layer case. Thus the total load on the wall is reduced in the 
presence of the boundary layer but by a relatively small percentage. 
Available results indicate that this reduction is about 10% for a velocity 
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field typical of an urban area. However, because of the uniform pressure on 
the front the overturning moment about the base of the wall is increased by 
a small percentage in the presence of the boundary layer. 
(ii) Wall of Height-Width 1: 1 

For walls with the .height and width of the same order the flow pattern 
shows the effects of deflection over both the top and the sides. It is' thus 
a comblnation of the two simplified cases discussed above; the distribution 
of pressures varies considerably with height-width ratio. No general con­
clusions can be drawn applicable to all ratios but trends due to the top 
and side effects can be seen in the measurements. figs. 8 ~nd 9 present 
the flow pattern and centre-line pressure distributions for the constant 
velocity and boundary-layer fields respectively. Nothing unusual is seen ln 
the first figure but with a velocity gradient the pattern reflects the 
phenomena discussed above. The effect noted on the tall building of pressure 
varying with free-stream stagnation pressure is also found but only over the 
upper portion. The lower part is covered with the eddy found in front of a 
very wide wall. The length of this eddy is so short that there is very 
little recirculation and near the sides the streamlines are entirely 
lateral. Thus the flow near the wall in this area exhibits the same downwash 
noted for the tall building. Again the structure acts to bring high velocity 
air to lower levels. The effect of the eddy is most clearly noted on the 
floor where a dividing streamline exists. In the layer adjacent to the floor 
the air downwind of this streamline is moving away from the building and 
upwind of the streamline toward the building. Thus any material moved along 
the floor tends to deposit near this streamline in the zone of minimum 
velocity. A good example of this dividing streamline is the snow drift ahead 
of a building which accumulates during a high wind. There is always a cl~ar 
area in the front of the building. From the arguments above it is evident 
that the size of this area depends on the height-width ratio of the build­
ing and the curvature of the velocity profile. 

In both velocity fields suction in the wake is much smaller than for the 
wide wall. There is also little difference between the suction in the two 
cases. In addition the suction is less than that found on tall buildings, 
indicating that the wake pressure is least negative for ratios near unity. 
This is consistent with observations of flat plates in infinite wind 
streams (7) • 
(iii) Rectangular-Block Structures 

From the preceding discussion it is evident that the effects of velocity 
distribution on the flow around walls are readily explained and predictions 
can be made of the pressure distribution on walls of any shape in any wind 
at any orientation. The only point which remains to be settled in preJict­
ing the wind loads on building shapes is the influence of velocity distri­
bution on the side, roof and back surfaces of a building. Because of the 
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separation along front edges the pressure distribution on the front is 
tndependent of the depth of the building, i.e., dimension in the flow 
direction. For wind directions other than the nomal incidence, ,the pres-
sure distribution over the front may vary with length of side walls but 
the effect of velocity distribution on the pressure distribution is the 
slllle as for thin walls. 

\1easurements of pressure distribution on a cube are typical of all rec-
tangul ar-block structures. These show the complexity of flow in any 
velocity field and demonstrate that no simple conclusions about the wake 
pressures can be drawn. Pigs. 10 Gnd 11 present measured pressure con­
tours for the constant velocity field and a boundary-layer field typical 
of a suburban area. 

Front surfaces exhibit a distribution virtually identical to that 
measured on a wall of a 1: I ratio. These are typical of all block 
structures of similar height: width ratio. <At the sides and the roof 
the suction is slightly greater in the boundary-layer flow and the pattern 
is quite different. This change is consistent with the differences found 
in the suction on the rear, i.e. in the boundary-layer flow the suction is 
much less than in the constant-velocity field. For other structural 
shapes and wind directions the results were quite similar but some cases 
have been found in which the differences in pressure distribution between 
the two velocity fields were very small. The variations are not easily 
e"Plainable and no doubt are due to the complex nature of the flow in the 
wake, For exanple, along the sides the wake is restricted in width by 
the solid wall. Thus the flow which separated on the front edges may 
become reattached ahead of the rear edges. This area of reattached flow 
depends on the velocity distribution as well as the shape and orientation 
parlllleters. There is reason to believe that it may also depend on the 
Reynolds number of the flow, hence the small- scale model tests may not 
define the pressure distribution on a building. However, the average 
pressure on the sides and 1"00£ is not likely to vary much with a change of 
Reynolds number of 100 or 1000 fold. 

From the results shown on fi.gs. 10 and 11 and measurements on other 
rectangular-block structures it appears that the soundest recommendations 
which cart' be' made at present are maximum suction coefficients applicable 
to any conditions. For the wind noma! to one face these would be a pres-
sure coeifici ent of -0. 55 for the rear surface. and -0.70 for the sides and 
roof. 
(iv) Structures with Gable !bofs 

\{easure:ments have also been made of the flow pattern and pressure dis­
tribution around a cube with a series of gable roofs (5) . In every case 
the effects of the velocity distribution were identical to those observed 
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, (ii) below this elevation the lateral pressure distribution is rela­
tively constant with height: the distribution is approximately the 
same as that determined by (i) above at elevation equal to the width, 

(iii) if the building is much lower than the width, a constant value of 
cp = 0.9 provides a conservative loading over the whole front face for 
a perpendicular wind. At other wind orientations the values listed 
in building codes suffice. 
For the side and rear face~ of a building the pressure coefficients 

given by standard wind-tunnel tests should be used. In some cases it may 
be possible to reduce the design loads but this rarely exceeds 'lO~ 

For the roof the pressure coefficients can be reduced by up to 50% for 
\ 

a tall building, (height - width ratio = 8) but for a building of ratio 
= 1 the pressure should be that for a constant velocity field. 

Probably the most important conclusion of the studies has been that <=n . 
varies relatively little from the values listed in building codes providied 
that it is based on the natural velocity at the elevation of the top of the 
building. This means that the average wind pressure is a function of 
the height of the building. This is consistent with the observation 
that a building in a natural wind field acts as a deflector bringing high 
energy air down. to lower levels. Thus neighhouring low structures are 
subj ected to higher velocities and ground level winds increased in 
magnitude. 

In addition to the total loads on walls discussed above, there is con­
siderable practical interest in local high pressures which dictate loads 
on windows, fasteners and similar snall items. A few of these situations 
have been studied and in no case was a consistent intensification or relief 
of the condition noticed.' Thus, for eXlIIlPle, closely spaced buildings of 
comparable height should be designed for constant velocity conditions.' 

It is apparent that wind loads on all building shapes are as comple~ 
in description as the shapes themselves. This complexity is considerably 
reduced if the designer is bniliar with the characteristics of flow 
around bluff bodies and can use this knowledge in his deductive process. 
The prime object of this paper' has been the supplying of such knowledge 
for the case of a natural wind field. 
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on walls and rectangular-block structures. This is not surpn.S1ng since 
the roof is located in a region of relatively small velocity gradient. 
Such a conclusion would not be expected for changes made to the building 
shape near the ground. 
(v) Structures of Intermediate Heights 

A progressive change in effects was noted in comparing the pressure 
distributions on walls for height-width ratio varying from I to 8. As the 
building height increased the size of the frontal eddy remained roughly 
e<pal to the width of the building. Thus the pressure distribution above 
a height equal to the width could be accura~ely predicted by the schemes 
used for the tall building. Below this level the pressure is roughly con­
stant. In the wake region the effects of velocity distribu~on varied 
from those observed on the cube to those on the tall building. 

5. APPLICATION TO BUILDING DESIGN PROBLEMS 

Phenomena associated with the gradient of wind velocity have been 
observed and analyzed from the wind-tunnel studies of small building 
models. These same effects must occur on full-scale buildings but it 
would not be expected that the identical pressure distribution would be 
found. fuildings differ greatly from models in surface finish and appur­
tenances which particularly influence the line of separation and wake 
suction. Furthermore the Reynolds number of the flow over the building 
is up to 500 times that over the model. This' means that the areas of flow 
reattachment will be much different in the two cases. In opposition to 
these considerations are the facts that forces due to steady winds on any 
structure need not be p'redicted within a few percent and the detailed 
pressure distribution is rarely re<pired. Thus the general rules deduced 
by comparing the pressure distributions in constant velocity and boundary­
l~er wind fields should be of sufficient accuracy for the prediction of 
wind loads in the majority of cases. For buildings of peculiar shape or 
location either a more careful analysis based on the complete test 
results(S) or a model test will be required. 

It is. possible, therefore, to formulate a few simple rules for the 
prediction of wind loads on a building with flat surfaces in a natural 
wind field. It is assumed that the pressure distribution determined from 
a standard wind-tunnel test is known. For the front surfaces: 

(i) above an elevation equal to the width of the building the pressure 
coefficient cp can be accurately predicted by multiplying c for a 
long flat plate at the same point by (V/Vo) 2 where Vo is th~ 
undisturbed velocity at the top elevation of the building, 

210 



REFERENCES 

1. CHI EN , N., FENG, Y., WANG, H.J., and SIAO. T.T., IIWind-Tunnel Studies 
of Pressure rnstribution on Elementary Building Forms", Iowa Institute 
of Hydraulic Research. Iowa City, Iowa, U.S.A •• 1951. 

2. SCHRI EVER , W.R. and DALGLIESH, W.A., "Handbook of Pressure Coefficients 
for Wind Loads", National Research Council of Canada, No. 6485, 1961. 

3. DAVENPORT, A. G., "The Application of Statistical Concepts to the Wind 
Loading of, Structures",Proc. Instn. civil Engrs., Vol. 19. Aug. 1961. 

4. BAINES, W.O .• "Effect of Velocity rnstribucion on Wind Loads on a Tall 
Fbilding fI. Universi ty of Toronto, Department of Mechanical Engineering. 
1P 6203. June 1962. \ 

5. HAMILTON, G.F., "Effect of Velocity Distribution on Wind Loads on Walls 
and Low Buildings". University of Toronto, Department of Mechanical 
Engineering, 1P 6205. Nov. 1962. 

6. ELDER, J.W., "Steady Flow throU~l Non-lniform Gauzes of Arbitrary 
Shape". J.fluid.Mechs., 5, 1959, p.335. 

7. ROUSE, H., "Fundamental Principles of Flown, Chapter I of "Engineering 
Hydraulics", John Wiley and Sons. New York, 1950. 

212 



Separation 
lin~ 

Plan 

Elevation-

Wak~ 

Mean posit ion of 
wak~ streamline 

Wak~ 

Fig.l. Definition Sketch of Flow OTer a Building 

. " . " . 

213 



3 

1+0·5 

0·9 

-0·5 

-
J 

srd~ Front 

or. - 0° 

H/L = 8 
ell .... I 
(} = o· 

4 3 

Vas:l. -0·9 

~ -
I Z 

tWTnd 

Fig.2. Pre .. ure Diatribution, Tall &ilding in a Con.tant Velocity Field 



• 

,. -0'6 

0-9 
)( 

-o's 

-0'6 ..... 
Wind 

--

S;d~ Front 

-0-4 to 
-0'49 

I 

-0-5 
-O'S 

I 

V " 

Back 

OC ::0' 

H/L=8 

BI L=I 

8 2; O· 

t Wind 

Fig.3. Pressure Distribution, Tall Building in a Boundary-Layer Velocity Field 



>-... . -u 
0 -v 
> 

0 
v L- e 

v- c >. -= -0 

o 0 
Q., 

- L- -0 :!..a. c .. 
L- ... 
0 e 
"0 0 

Ij c: U 

:::I .. 
0 • 

cO 0 
Cl .. 

/ / 
0 
Cl ... 

-0 
e 
c 
0 .. ... 

(f.I ... 
0 

..c 
u ... 
0 ..... 

(f.I 

!iO 
Cl ... .., 

-0 ... 
~ 
-0 ... 
~ 
.; 

>- tC ... ... 
t&.. 

U 
0 



y 
H 

P~~surft coeffici~nt 

• M~(lSurlld (rnodlil irnrnrlrslld in boundary layer) 

o 
6P 

pVoi 

Z \I nii. 

Fig.S. Tall Building, Pressures on Front Cen tre Line, ex. = 0° 

217 



{ 
(·0 

y 
H 
\'0 

o 
AP 

pV; /z 

+0 
I. 

F1g.6. Flow Pattern and Presaure Distribution - Very Long Wall in a 
Constant Velocity Field 



y 
H 

s r ~, 
1·0 o 

6P 
pV~/Z 

Fig.7. Flow Pattern and Pressure Distribution - Very Long Wall in a 
Boundary-Layer Velocity Field 

-\·0 



• 

\-0 

y 
H 

1'0 

o 
6P 

pV;!Z 
-1,0 

Dividing 
strClo m line 

Fig.9. Flow Pattern and Centre Line Pressure Distribution _ 
Wall of Height: WIdth = 1:1, in a Boundary-Layer Velocity Field 

221 



'·0 

y 
H 

'·0 

o 
~p 

2/ p Vo Z 

-1·0 

Fig.~. Flow Pattern and r.entre·1ine Pressure Distribution. 
Wall of Height: Width = 1:1. in a Constant Veioci':y Field 

220 



r---__ -.l._-=-.".c 

i WIND 

Fig.IO. Pressure Distribution on a Cube in a Constant Velocity Field 

222 



PrU5ur~ 

-o·zo 
)( 

-0-Z3 
x 

x 
-o-ZO 

5 ym. 
Q bout 
et. 

co(11ici(nts 

-0'10 -0 -20 
1 
x H/L =1 I , B/L =1 

I 8 = 0 
-0 -18 -o·n ex .. 0 

i 
x 

B.L. 

t Wind 

Fig.ll. Pressure Distribution on a Cube in a Varied or Boundary-Layer Velocity Field 



DISCUSSION ON PAPERS NOS. 15 AND 6 

MR. WISE asked for infonnation on how the distance upstrellll of the 
screen, used by Professor Baines to produce a veloci ty profile, was 
related to the dimensions of the model. He similarly enquired from 
Mr. Franck of the distance upstream it was necessary to reproduce the 
local terrain. The downwash in front of a tall building found by 
Professor Baines had a practical manifestation in ~tting Hill Gate 
where the resultant increase in wind speed in front of a recently built 
tall block had caused serious inconvenience to pedestrians. 

DR. PRl S thought that it was important to resolve the differences 
between the two schools of thought among wind-tunnel experimentalists; 
between those who consider that it is necessary for reliable results to 
reproduce the wind gradient, and those ~no believe that such results are 
better obtained without a simulated wind gradient. 

PROFESSOR DAVENPORT said that while \1r . Franck had succeeded in producing 
a turbulent wind stream in the tunnel , he apparently did not measure the 
resulting fluctuating pressures. Were the pressures presented maximum 
or mean values? Professor Davenport felt that to achieve similarity with 
the actual turbulence was a very fonnidable task indeed. The scale of 
turbulence at most structural heights was enormous; for instance, the 
hori zontal scale of mechanical turbulence probahl y approaches 4,000 ft . 
which, when scaled down to a model scale of 100/ 1, represented eddies of 
about 40 feet in the wind tunnel. 

Professor Davenport en~ired of Professor Baines whether the higher 
energy of the flow at the top of the building was more significant than 
that of the velocity meaned over the height of the building; that is, 
should the velocity at the top, or at half-height. be used? 

MR. NEWBERRY agreed with Professor Davenport's remarks on the reproduction 
of turbulence in wind-tunnels, and encpired of Mr. Franck whether any 
measurements had been made of the dimensions of the gusts produced in his 
wind-tunnel. In his full-scale work it had been found that the incidence 
of wind could change through 140 degrees wi thin a few seconds. 

PROFESSOR PAGE cl aimed to have evidence from the field to support the 
conclusion 0 f Professor Baines about the downward flow on the windward 
faces of tall buildings, and he supported this view with illustrations on 
slides of several incidents which occurred in the Sheffield area during the 
gales of February, 1962. 



MR. FRANCK (in reply) said that the wind tunnel in Copenhagen had an 
experimental section 7 metres in length and all of this was fitted with 
the appropriate roughness coating. The boundary layer thickness produced 
by the tunnel surface should be twice as thick as the height of the model. 
No measurements of fluctuating pressures due to the turbulence produced 
in the wind tunnel had yet been attempted. 

PROFESSOR BAINES (in reply) said that the distance upstrecm of the 
curved screen he used for producing velocity gradient in the wind tunnel 
was quite short; otherwise the effects of the smoothness of the tunnel 
floor became evident. In reply to ~. Pris' question on the necessity 
for a velocity gradient he said that it depended on the dimensions of th~ 
structure under test. For example, the effect of a velocity gradient on 
a skyscraper was to reduce the load on the roof by as much as a half. 
Qn/a low building, say four or five storeys, the velocity distribution had 
no effect on the roof suction. Professor Baines agreed with Mr. Franck 
that the relevant wind speed was that at the top of the building. The 
wake pressure is related to the speed at the top of the building. The 
higher the building the higher the suction not only at the top of the 
building but also lower down to ground level. On the problem of inter­
ference effects on groups of buildings he had found that certain spacings 
of buildings could produce greater than normal SIlctions and pressures, 
but the effects of velocity gradient on these proximity effects was 
extremely small. 
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