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In order to provide a systematic series of test results over a practically useful range of building
proportions, the Iowa Institute of Hydraulic Research undertook in 1946 a carefully planned program of
wind-pressure investigations. Following an exploratory study conducted in a two-dimensional tunnel as
a master’s thesis [7], a very extensive thesis project [8] involved tests in a three-dimensional tunnel on
a wide assortment of simply-gabled block-type structures. As an Institute project sponsored by the
Office of Naval Research, these tests were then extended to thin walls, hangar-type structures, and
simple building groups. At the time of writing, another graduate thesis [9] is being prepared on the sub-
ject of the effects of parapets. Except for the latter study, all results which have been obtained to date

are presented in the following pages.

THEORETICAL CONSIDERATIONS

The distribution of pressure around any body immersed in a moving fluid depends very closely upon
the local variation in fluid velocity which the body produces, in accordance with the elementary pressure-

velocity relationship [10],

oY _ pv*
2

p_p0= 2

Evidently, as the velocity v increases above its initial value v,, the pressure p decreases, and vice
versa, in proportion to the density p and the square of the velocity. While the decrease in pressure




2

is not restricted by this equation, its increase is limited to the value (p - P,)nax = PV,2/2 at a point of
stagnation or zero velocity. Introduction of the notation Ap = p - p, and division of each term by this
reference value pv,?/2 reduces the foregoing equation to the more general dimensionless form

Ap 1 - v\
pv/2 Vo

This equation is independent of the dimensional system used, the numerical value of each ratio being
the significant factor regardless of the actual magnitude of each individual quantity. For example, at a
stagnation point Ap/(pv,?/2) invariably has a magnitude of unity.

Just as the pressure distribution depends upon the velocity variation which the body produces, the
velocity variation in turn is related to the pattern of the surrounding flow. Thus, according to the con-
tinuity principle, the velocity will decrease where the stream lines are caused to diverge and increase
where the stream lines are caused to converge. This flow pattern, finally, is controlled by three in-
dependent groups of factors: the geometric dimensions of the body, the kinematic characteristics of
the undistrubed flow, and the dynamic properties of the fluid. Thus, the body and its orientation can be
fully described by a series of linear dimensions and one or more angles, the oncoming flow by its dis-
tribution of velocity, and the fluid by its mass density p and viscosity . Like the pressure-velocity
relationship, these factors may be grouped dimensionlessly for purposes of generalization. In other
words, the relative proportions of the body may be represented by a series of geometric ratios (such
as length to height L/H, width to height B/H, etc.). The velocity v at any elevation y may be divided
by some average value V, characteristic of the approaching flow to yield v/ V, and the elevation may be
divided by the body height to yield y/H. Finally, the ratio of the accelerative characteristics to the
viscous characteristics of the flow takes the form of the Reynolds number R = pV,Hu = V,H/v.

In general, therefore, the relative pressure distribution around any body - such as a building in a
wind - will depend upon the body form, the velocity characteristics of the oncoming flow, and the Rey-
nolds number. I each of these independent dimensionless factors is held constant, the relative distri-
bution of pressure will also remain constant, regardless of changes in the actual magnitudes of the
individual variables involved. As a result, a full-scale building may be tested at model scale in either
air or water, provided only that the model is geometrically similar to its prototype in form and orienta-
tion, the velocity distribution in the approaching flow is kinematically similar, and the mean velocity in
the model is such as to yield dynamic similarity - that is, equality of the Reynolds numbers - for the
given prototype velocity, model scale, and fluid properties.

Construction of a building model to any given scale involves little difficulty, particularly if it is the
effect of the overall proportions which is to be studied rather than that of the small details. Under such
circumstances, the details are ordinarily not reproduced. It should be noted, however, that in certain
instances such apparently minor factors as surface roughness can play a vital role if the flow is in a
critical state between two different regimes.

Simulation of any desired velocity distribution in the approaching flow is also a fairly simple matter,
through use of successive upstream screens of the proper height and mesh [11]. A logarithmic func-

tion of the form v = A log y + B (see Fig. 1) satisfactorily reproduces average wind characteristics [3].

The fact nevertheless remains that too
v=~Alogy+B little is generally known about prototype
conditions to select appropriate values of
the two constants, since meteorological
reports are usually given in terms of the
velocity at some arbitrary elevation.
Moreover, natural winds are by no means
H steady, the mean flow being accompanied
y by gusts of a magnitude which is predict-
/Ground able only statistically. Wind-tunnel tests,

therefore, are usually conducted in an air
T HSETECOETEEIHLTEL LA RLAEL LSO ETZY giream of constant velocity corresponding

Fig. 1. Definition sketch for vertical distribution of wind to the nominal meteorological value. This
velocity. yields higher base pressures than those
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in a stream in which the velocity decreases with decreasing elevation; however, it does not include the
effects of intermittent gusts, which can only be approximated by applying to the nominal velocity an
arbitrary multiplying factor in accordance with local meteorological records.

Complete dynamic similarity between model and prototype is considerably more difficult to attain,
because - if the same fluid is used - constancy of the Reynolds number requires a change in velocity
which is inversely proportional to the change in linear scale. Since the average mcdel building would
have to be reduced at least thirty-fold to be accommodated without constriction effects in the average
wind-tunnel, and since winds below 50 miles per hour are seldom of practical interest, this would re-
quire a model air speed of at least 1500 miles per hour. Not only is such a value well above the velocity
of sound in air, but a rough computation will show that a mean air speed even as low as 250 miles per
hour can result in appreciable effects of compressibility. The possibility of conducting tests in a water
channel would have the advantage of a ten-fold decrease in viscosity - and hence in velocity - as com-
pared with tests in air, but such water speeds (with comparable cross-sectional dimensions) are practi-
cally out of the question.

To compensate for this apparent dilemma is the fortunate circumstance that duplication of the pro-
totype Reynolds number is not directly necessary unless the body under study is well streamlined [12],
since only then (for the velocity range in question) do viscous influences generally govern the flow pat-
tern. The extent to which the Reynolds criterion of similarity can be disregarded thus depends largely
upon the extent to which the body to be tested departs from the streamlined ideal. Most buildings are
so angular that the flow patterns around them (Fig. 2a) are quite independent of viscous influence (as-
suming the velocity distribution of the approaching flow to be the same), and dynamic similarity between
model and prototype will be attained at velocities even well below that which is being simulated.

%s- Paint of Separation

(b) 10%<R <2105 (¢c) R>5x]0°
Fig. 2. Patterns of flow past square and circular sections.

Structural forms which are rounded rather than angular, on the other hand, produce a fairly constant
average pattern (Fig. 2b) over a considerable range of moderately high Reynolds numbers, and another
fairly constant pattern (Fig. 2¢) at very high Reynolds numbers, but the borderline between the two is
primarily a viscous function. Typical of such forms are cylindrical chimneys and tanks. It is known,
however, that roughening the body surface produces a transition from the one type of pattern to the other
at a lower Reynolds number [13], and this experimental technique is frequently used to obtain essential
similarity without the excessively high test velocities otherwise required.
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Once a sufficiently good degree of probable agreement between model and prototype conditions is
ensured, the investigation involves simply the measurement either of pressure intensities at all desired
locations or, in some instances, of the overall force upon the model. If the local pressure intensities
are measured in sufficient detail, of course, their proper summation over the model surface will yield
indirectly either the resultant force or its rectilinear components. Reduction of the pressure measure-
ments to the dimensionless form Ap/(pV,3/2) - or of the force measurements to the comparable form
F/(ApV°2/2) - will then result in a generalized series of numerical values from which the correspond-
ing prototype conditions may be determined for any desired wind speed.

EXPERIMENTAL PROCEDURE

The wind-tunnel used in the investigations herein described was of the low-velocity non-recirculat-
ing type [14], air being drawn into a large stilling chamber through windows at one end of the Institute
laboratory and eventually exhausted through windows at either side. An entrance bell with honeycomb
led from the baffled stilling chamber into the channel proper, the test section of which (see Fig. 3) was
4 feet high, 6 feet wide, and 20 feet
long. A 60-inch centrifugal fan driven
by a T7;-horsepower motor immedi-
ately followed the test section. The
velocity over the available range from
1 to 25 feet per second was controlled
by adjustable louvers at the downstream
end of the test section in conjunction
with a two-fold change in motor speed.
Except for the boundary-layer zone next
to the tunnel walls, the velocity of the
air stream was within 1 percent of con-
stancy over the test section. In order
that the measurements would be essen-
tially free from this boundary-layer in-
fluence, instead of being placed on the
tunnel floor the models were mounted
at the center of a plate of 0.082-inch
aluminum 2 feet wide and 3 feet long
supported on slender posts 6 inches
above the floor. This plate could be
turned to simulate any desired wind
orientation.

The models themselves were care-
Fig. 3. View of wind-tunnel test section during investigation of fully‘constructe-d of 1/3,‘i“°h she-et plastic
gas diffusion in an urban district. (Lucite or Plexiglass) in the series of
unit combinations summarized in Fig. 4.

"or the block forms with gable roofs, the units consisted of 4-by-4-inch and 4-by-8-inch blocks each 2
nches high (the largest composite model being 16 inches long, 4 inches wide, and 6 inches high), and

corresponding gables with roof pitches of 15°, 30°, and 45°. The hangar forms consisted of semi-cylin-

“ers having a constant diameter of 6 inches and lengths varying from 3 to 24 inches. The single walls
ere varied systematically from 16 inches long by 2 inches high to 4 inches long by 6 inches high, each

'veing 3/8 inch thick. All units were fastened together in the desired combinations by means of small

machine screws and keys, joints being sealed with cellulose tape wherever necessary. Typical model
1its are shown in Figs. 5, 6, and 7.

Piezometer holes were placed in only a few of the units, and these were then shifted from place to
place in the structure until complete pressure-distribution data for the structure as a whole were ob-
ined. In each position the piezometer unit overlapped its neighboring positions, thus ensuring con-
i 1wity of pressure data and permitting detection of accidental leakage. A typical unit contained as many
as 62 piezometer holes, each of which was 1/32 inch in diameter, closely spaced where the gradients
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Fig. 4. Summary chart of model proportions.

were expected to be high and farther apart in other zones; no piezometers were closer than 1/18 inch
to the edges of the surfaces. The locations of the piezometer holes and details of piezometer construc-
tion are shown in Figs. 8, 9, and 10. All pressure leads consisted of 3/16-inch rubber tubing passed
through a central hole in the bottom of the aluminum plate and thence downstream to the door of the ob-

servation chamber.

Velocity measurements in the undisturbed flow 3 feet upstream from the model location were made
by means of a Prandtl-Pitot tube connected to a sensitive differential gage of the Wahlen type reading

Fig. 5. Model of building with gabled roof. Fig. 6. Model of vertical rectangular wall.
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to 0.001 inch of alcohol [15]. The same
gage was used for the measurement of
pressure distribution, one leg of the
gage then being connected to a reference
piezometer in the floor of the test sec-
tion 3 feet ahead of the model. As the
test velocities were invariably greater
than 20 feet per second, the sensitivity
of the gage reading was about 1 percent
of the stagnation pressure. The overall
probable error for each point, on the
other hand, was on the order of * 2
percent. However, the method of pre-
senting the results in a generalized
fashion tended to minimize local errors,
just as passing a smooth curve through
any series of point measurements serves
to offset their experimental scatter.

The size of most of the models was
sufficiently small in comparison with
that of the tunnel cross section for the

Fig. 7. Model of hangar-type structure. effect of the constriction upon the ve-
locity to be practically negligible. The
two largest buildings (the 3 x 24-inch hangar and the 8 x 16-inch block), to be sure, had projected areas
which reduced the 4 x 6-foot flow passage by about 2 and 4 percent, respectively. However, the result-
ing errors in the velocity distribution in the immediate vicinity of such models are about one-fourth the
computed change in mean velocity, and hence no corrections were considered necessary.
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Fig. 8. Arrangement of piezometers on a hangar unit.
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Fig. 9. Arrangement of piezometers on wall unit.

In addition to the pressure readings, observations of the flow patterns were made by means of smoke

plumes resulting from the application of titanium tetrachloride. As seen in Fig. 11, this technique
clearly reveals the outlines of the eddies produced in zones of separation. These are of three rather
distinct types: First, the eddy with transverse axis which forms at the upstream base of a normal
structure as the result of boundary resistance (i.e., the reduced boundary velocity of the approaching
flow). Second, the eddy with transverse axis which forms beyond the abrupt discontinuity produced by
the edge of a wall or roof. Third, the longitudinal vortices which form in combination with the other
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types and become particularly intense for certain building orientations - such as the flat-roofed
structure in a quartering wind. The first type (Fig. 11a) results in the reduction of the stagnation and
other positive pressures (and probably an alleviation of subsequent underpressures) to a degree which
depends upon the departure of the approaching wind from constancy with elevation. The second (Fig. 11b)
yields a low pressure throughout the eddy zone approximately equal to that at the point of separation.
The third type (Fig. 11c) is generally accompanied by large negative pressures at its core and hence in
its immediate vicinity.

Evaluation of test results involved first of all the conversion of pressure measurements to the di-
mensionless form Ap/(pVoz/Z), secondly the construction of pressure contours from these point values
on the developed building surfaces, and thirdly the integration of the contour areas to yield either com-
ponent or resultant forces. Determination therefrom of either the local pressures or the overall forces
for particular wind speeds and temperatures involves simply the reverse computational procedure, as
is illustrated by the following two numerical examples.

Assume for illustration that model measurements indicate a maximum local value of Ap/(pV2/2) =
-4.5 and an average of (F/A)/(pV,2/2) = -2.7 for the windward roof of a building, and that the corre-
sponding local pressure intensity and total load are desired on a 20 x 30-foot prototype surface in a
60-mile-per-hour wind at 40° Fahrenheit. It is necessary first of all to know the mass density of the

fluid for the given temperature; under average barometric conditions this value may be taken from the
following table:

T (deg Fahr) -20 0 +20 40 60 80 100
p (slug/ft3) 0.0028 0.0027 0.0026 0.0025 0.0024 0.0023 0.0022

The prototype pressure corresponding to the dimensionless model indication will then be:

5280

2
0.0025 (50 )
60 x60/ - _30.2 psf

2
ap = -45 2Yo - 45
2
The total load, in turn, will have the magnitude:

5280 )2
60 x 60

oV, 2 0.0025 (50
F=-2TAZ2"°% =-27x20x30

> ) = -10,900 1b

In the first instance the negative sign indicates a pressure below atmospheric. In the second instance
the negative sign indicates a suction or outward force. In both instances, moreover, the values refer
only to the external surface in question. If the pressure within the building is atmospheric, these will
then also represent the net effect of the wind. If, on the other hand, the internal pressure is not atmos-
pheric but is equal to that on the outside surface at the point of an opening (i.e., an open door or window),
then the net effect must be determined by algebraic combination of the two.

ANALYSIS OF RESULTS

Hangar-type Structures

Since structures of the Quonset or hangar class consist in part of curved surfaces, any model study
of the flow pattern which they produce must first of all evaluate the degree to which viscous effects
govern this pattern. From extensive data on flow past elementary cylinders and model chimneys it
might be expected that a rather pronounced change in the pattern - and hence in the pressure distribu-
tion - will take place as the flow along the boundary surface changes from the laminar to the turbulent
state. This occurs on smooth cylindrical surfaces in a non-turbulent stream at about R = 4 x 10%, de-
creasing to perhaps R = 10° as the surface becomes progressively rougher or the turbulence of the
approaching flow increases. While much the same sort of change does occur at approximately the same

N



Fig. 11,

Eddy patterns produced by block-type structures.
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Reynolds number (based upon the diameter), when a semi-cylinder is mounted on a plane boundary with
axis normal to the wind, the presence of the boundary also has a modifying effect. Inthe case of the full
cylinder, that is, the wake is free to pendulate laterally as vortices are shed alternately from either
side of the plane of symmetry. In the case of the semi-cylinder, on the contrary, the presence of the
boundary at the original plane of symmetry completely eliminates this pendulatory motion and thereby
alleviates to some degree the pressure change accompanying the change in flow pattern.

In order to ascertain experimentally the relative magnitude of the viscous effect, the longest hangar
model (L = 24 inches, D = 6 inches) was tested in two of the Institute tunnels at the highest practicable
Reynolds numbers, 8.5 x 10* and 2.0 x 10%. Although these were below the critical point, the transition
from laminar to turbulent boundary-layer flow was advanced artificially through use in turn of fine trip
wires, sand grains cemented to the surface, and turbulence screens. The results are shown in Fig. 12,
which also contains for reference purposes the characteristic pressure distributions for the full cylin-
der. Although a stable flow pattern with turbulent boundary layer was readily obtained, the pressure
distribution for the hangar is clearly not as extreme as that for the full cylinder. Owing to tunnel limita-
tions, reproduction of the prototype Reynolds number was wholly out of the question. However, while it
is possible that with increasing values of R some further pressure reduction might have resulted, it
could not be expected to reach the extreme of the full cylinder.

For lack of further information, it was necessarily assumed that the pressure measurements obtained
with artificial stimulation of boundary-layer turbulence represented prototype conditions with sufficient
approximation. Such stimulation was hence used in all cases except those in which the orientation of the
structure resulted in initial separation from the end face rather than from the curved surface. In this
connection it is to be noted that the minimum relative pressures occurred at a wind angle of approxi-
mately 30° from the normal.

Hangar L/D =8

(a) R=8.5xlO"' @ Ll
(b) R=8,5x10% Fine Trip Wire o Ap
" Turbulent Screen o 2
" Sandpaper . pVo/2

(¢) R=2.0x%10° Fine Trip Wire

\\\ Full Cylinder L/D =00
\ ( Flachsbart)
W’R = 6|7X I 05

. _R=19x10°

i

ol
i
I

Location of

Trip Wire

Ground ! :
R <, X I -
SIS S S S S

Fig. 12. Pressure distribution at midsection of hangar under various conditions.
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Ap
Maximum Local Negative Pressures m on Hangars

Table I

L/D = 1/2 L/D =1
Leading Inner Leading Inner
@ edge roof L) edge roof e
0° -1.20 -1.81 -1.28 -1.57
30° -1.83 -0.98 -0.80 -1.93 -1.48 -0.80
(Lee)
60° -0.97 -0.70 -0.62 -1.29 -0.91 -0.67
(Lee) (Lee)
90° -0.86 -0.69 -1.26 -0.33
(Lee) (Lee)
L/D = 2 L/D = 4
Leading Inner Leading Inner
@ edge roof e LI edge roof Gable
o° -1.66 -1.25 -1.70 -1.56
30° -2.25 -2.23 -0.717 -2.16 -2.51 -0.60
(Lee) (Lee)
60° -1.44 -1.21 -0.77 -1.58 -1.16 -0.64
(Lee) (Lee)
90° -1.31 -0.37 -1.14 -0.49
(Lee) (Lee)
Table II
F,./LD
1. Lift Coefficient ﬁﬁz‘ for Hangars
L/D a=0° 300 60° 90°
1/2 0.29 0.30 0.29 0.18
1 0.29 0.40 0.34 0.19
0.41 0.57 0.40 0.13
4 0.40 0.54 0.35 0.09
2Fy/LD
2. Normal Drag Coefficient T for Hangars
L/D a=0Q° 30° 60° 90°
1/2 0.60 0.80 0.34 0
1 0.50 0.84 0.54 0
0.59 0.82 0.48 0
4 0.51 0.74 0.40 0
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Table II (Continued)
. : 8F, /D2
3. Axial Drag Coefficient W for Hangars

(a) Total Pressure on (b) Total Pressure on (a) + (b) = Axial

Windward Gable Leeward Gable Drag on Hangar
L/D a =0° 30° 60° 90° 0° 30° 60° 90° Q° 30° 60° 90°
1/2 -0.59 +0.05 +0.51 +0.63 -0.59 -0.68 -0.55 -0.55 0 0.73 1.06 1,18
1 -0.68 -0.03 +0.52 +0.71 -0.68 -0.71 -0.56 -0.31 0 0,74 1,08 1.02
-0.76 -0.06 +0.50 +0.67 -0.76 -0.64 -0.63 -0.35 0 0.70 1.13 1.02
4 -0.97 -0.10 +0.50 +0.66 -0.97 -0.55 -0.60 -0.46 0 0.65 1.10 1.12

Tests on the hangar type of building were conducted at wind angles of 0°, 30°, 60°, and 90°, with the
necessarily constant height-width (i.e., radius-diameter) ratio of 1 and the length-width ratios of %, 1,
2, and 4, thus including 16 separate conditions. Generalized plots of the resulting pressure contours,
together with pressure profiles for representative cross sections, are presented in Figs. 27 to 43 of the
Appendix. Figure 13 contains a plot of maximum negative pressures taken from these curves and sum-
marized in Table I. In no case, it should be noted, did the pressure reach its full stagnation magnitude,
owing to the slight resistance (and resulting base vortex) produced by the table upon which the models
were mounted. Since the action of a larger boundary surface (i.e., the considerable variation of actual
wind velocity with elevation) would be still greater, so far as this effect is concerned both positive and
negative pressures in the model can be considered more extreme than those to be expected at full scale.

Because of the light weight of such structures, their susceptibility to either tipping or sliding must
also be considered. Figures 14 and 15 have therefore been prepared to give in dimensionless form the
vertical lifting force F; and the normal and axial components of horizontal drag Fy and F,. Table I
summarizes the data upon which these plots were based. As previously indicated, multiplication of
these numerical factors by the appropriate values of the denominators of the parametric terms (in units
of feet, seconds, and slugs) will yield the desired force components (in pounds).

Vertical Walls

Compared with the foregoing tests on the hangar-type structures, the tests on the vertical walls were
not only perfectly straightforward but productive as well of results which should not differ materially
from those for geometrically similar prototypes. Wind angles of 0°, 30°, and 60° were investigated, with
supplementary measurements at 10° intervals to determine maximum values; the height-width ratios in-
volved in the tests were §, {, 3, %, §, 1, and 2, resulting in a total of 21 conditions. The generalized
pressure contours for these conditions are shown in Figs. 44 to 64 of the Appendix. The maximum local
negative pressure intensities are summarized in Fig. 16 as a function of the wall proportions. The so-
called end effects are seen to play a considerable role in alleviating the pressure reduction; for example,

the square wall displays only one-fourth the maximum negative pressure produced by the wall in which
the ends are farthest apart.

The relative magnitude of the resultant normal force F|;, upon a wall of any height-width ratio is in-
dicated by the dimensionless drag values plotted in Fig. 17 and summarized in Table II. The component
parts of the net drag are separatedin the table so thatthe positive force exerted on the windward face and
the negative force on the leeward face may be evaluated separately to determine the resulting couple.
This couple arises from the fact that the centers of pressure on the two faces are not cpposite each other
except when the wind angle is 0°; consequently a twisting moment is exerted upon the wall at all other
angles. To permit ready computation of this momernt, the locations of the centers of pressure are shown
graphically in Fig. 18 and summarized in Table IV. The wall proportions are seen to have a decided

effect, the eccentricity of loading about both the vertical and horizontal axes increasing with decreasing
height-width ratio.
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F/BH

WS 2

Normal Drag Coefficient ~i3 for Thin Rectangular Walls

(a) Total Positive
Pressure on Windward

Surface

a =0° 300 60°
+0.75 +0.56 +0.21
+0.73 +0.59 +0.23
+0.75 +0.61 +0.24
+0.76 +0.61 +0.26
+0.76 +0.62 +0.25
+0.72 +0.61 +0.23
+0.79 +0.64 +0.27

oVe/2

(b) Total Negative
Pressure on Leeward

(@) + (b) = Total
Normal Force on

Surface Wall

0° 30° 60° 0° 30° 60°
-0.62 -0.85 -0.82 1.37 1.41 1.03
-0.55 -0.74 -1.03 1.28 1.33 1.26
-0.54 -0.70 -1.08 1.29 1.31 1.32
-0.51 -0.65 -1.04 1.27 1.26 1.30
-0.47 -0.59 -0.69 1.23 1.21 0.94
-0.46 -0.56 -0.58 1.18 1.17 0.81
-0.53 -0.62 -0.64 1.32 1.26 0.91
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Table IV

Location of Pressure Centers on Thin Rectangular Walls
(Refer to Fig. 18 for nomenclature)

a =0° a = 30°
Windward Leeward Windward Leeward
Surface Surface Surface Surface
H/B x/B y/H x/B y/H x/B y/H x/B y/H
1/8 0 -0.012 0 +0.008 +0.071 -0.018 +0.012  +0.003
1/4 0 -0.017 0 +0.008 +0.086 -0.032 +0.020  +0.008
3/8 0 -0.037 0 +0.004 +0.095 -0.044 +0.009  +0.003
1/2 0 -0.011 0 +0.004 +0.092 -0.045 +0.014  -0.003
3/4 0 -0.050 0 -0.006 +0.105  -0.048 -0.002  -0.002
1 0 -0.042 0 +0.003 +0.093 -0.048 -0.008  +0.018
3/2 0 +0.031 0 +0.003 +0.101 -0.032 -0.011  -0.006
a = 60°
Windward Leeward
Surface Surface

H/B x/B y/H x/B y/H

1/8 +0.153 -0.119 +0.151 +0.076

1/4 +0.211 -0.147 +0.134 +0.101

3/8 +0.239 -0.149 +0.123 +0.090

1/2 +0.241 -0.130 +0.060 +0.049

3/4 +0.269 -0.132 -0.039 +0.004

1 +0.296 -0.120 -0.029 +0.008

3/2 +0.312 -0.056 -0.017 -0.013

Block-type Structures

Buildings of the simple block type with gabled roofs were tested under the following conditions: wind
angles of 0°, 45% and 90% length-width ratios of 1, 2, and 4; height-width ratios of }, 1, and §; and
roof slopes of 0°, 15° 30° and 45° A total of 108 separate conditions were thus involved. The result-
ing generalized pressure contours are reproduced in Figs. 65 to 172 of the Appendix. As was done for
the previously described structural forms, these contour plots could be integrated to yield values of
the total wind loading. However, in the design of structures of this type it is rather the maximum local
pressures and the average pressures over vertical sections which are of primary interest. The sum-
mary diagrams for this series of runs are therefore of the latter type.

In Fig. 19 will be found a plot of maximum negative roof pressures as a function of roof angle for
the various length-width and height-width ratios. To be noted is the fact that the greatest underpressures
generally occur at the smallest roof angles and on the buildings presenting the maximum normal cross
section and the least depth in the direction of flow. The peak value of -7.4 would correspond, for the
- extreme case of stagnation conditions (+1) within the building, to a local intensity of uplift of 78 pounds
per square foot in a wind of 60 miles per hour. This is well in excess of usual design figures.

Maximum values of the average positive and negative pressures over vertical sections of the front
or windward wall are summarized in Fig. 20 for all wind orientations, the positive values corresponding
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in general to the midsections and the negative values to those in the edge zones. Comparable plots of

the maximum average negative pressures on transverse sections of the windward and leeward roofs will

be seen in Figs. 21 and 22. It is apparent herefrora that the roof pressures are greatly affected by the

roof inclination. The worst vacuums evidently develop on the windward side at an angle of about 15° and
on the leeward side as the angle approaches zero. These values become the more extreme as the width

" and the height of the building increase with respect to its dimension in the downwind direction. Figure 23
likewise shows maximum values of average negative pressures on the leeward side of the building.

Figure 24 summarizes the average roof pressures over transverse midsections and edge sections as
a function of roof angle for the various building proportions. Again apparent is the great effect of roof
angle upon the pressure distribution. The A.S.C.E. Code values of 1936 [16] are also plotted in this
figure. Whereas the code recommendations are reasonably close to the results of this investigation for
. the leeward roof at midsection, they appear dangerously low at the midsection of the windward roof and
at the edge sections of both.

|

Effect of Building Proximity

Since even the limited variables considered in the foregoing studies of single buildings were seen to
require a considerable number of separate tests, it will be apparent that a comparable study of the effect
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of building proximity could become extremely involved if all possible combinations were investigated.
For this reason the study described herein was merely an exploratory one to indicate the order of mag-
nitude of the effect. Two flat-roofed buildings of identical width and height were placed side by side, the
sole variables being the equal length of the two in the parallel (i.e., the downwind) direction, the wind
angle, and the spacing S. Measurement of the pressure distribution was restricted to one of the parallel
faces. Since winds normal to the coplanar (i.e., front) faces resulted in the maximum pressure reduc-
tions in all but two cases, the results presented in Fig. 173 of the Appendix are restricted to four values
of S/B and four values of L/B with a normal wind, and one value of S/B and four values of L./B with a
wind at 30° from the normal.

As was to be expected, the pressure between the buildings at first decreased toward a minimum as
the buildings were brought closer together, and then increased toward a maximum as the building spacing
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became so small as to restrict the flow through the narrowing passage. In all instances the greatest
pressure reduction occurred at the front edge of the passage - sometimes near the top, sometimes near
the mid-point, and sometimes near the bottom, depending upon the various characteristic ratios and the
wind direction. A plot of the maximum local negative pressures is shown in Fig. 25 and the data are
summarized in Table V. In general it may be said that a maximum negative pressure about twice as
great as that occurring at the same point on an isolated building is produced when the spacing is about
one-tenth that of the building width or height. This general rule is obviously subject to modification if
the width and height are not identical.

Integration of the pressure distribution to yield the coefficient of total force upon one of the parallel
walls necessarily results in considerably different maximal conditions, since the average pressure is
affected greatly by the length of passage. The relative values of this force are plotted in Fig. 26 and
summarized in Table VI. From these it will be seen that in general the average suction per unit area
reaches a maximum value which is some three times that for a single building when the spacing is about
half the building width or height.

Table V

Maximum Local Negative Pressure p—‘?o%_?- on Facing Walls of
Two Parallel Flat-Roofed Rectangular Buildings
L/B =1/2 L/B =1

S/B Center Top Bottom Center Top Bottom
0.0156 -0.88 ' -1.02
0.0313 -1.60 -1.80
0.0625 -1.92 -1.84 -2.00 -2.04 -1.87 -2.54

(@ = 309 (@ = 309

0.125 -1.71 -1.85 -1.88 -2.15
0.250 -1.80 -2.30
0.500 -1.53 -1.46 -2.11 -1.68
1.0 -0.94 -1.15 -1.21 -1.32
2.0 -0.89 -1.15

o -0.70 -0.91

L/B =2 L/B =4

S/B Center Top Bottom Center Top Bottom
0.0156 -1.26 -1.45
0.0313 -2.05 -1.94
0.0625 -2.34 -2.26 -2.65 -2.20 -2.20 -2.34

(e = 309 (@ = 30°

0.125 -2.22 -2.53 -2.06 -2.40
0.250 -2.36 -2.27
0.500 -2.00 -1.90 -1.98 -1.81
1.0 -1.42 -1.59 -1.32 -1.53
2.0 -1.32 -1.28

] -1.08 -0.98

All maxima at leading edge, and (except for S/B = 0.0625) at @ = 0°.
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Table VI
Total Pressure ;F‘%‘é- on Facing Walls of Two Parallel
Flat-Roofed Rectangular Buildings at Angle of Attack a = Q°
S/B L/B = 1/2 L/B =1 L/B =2 L/B =4
0.0156 -0.37 -0.47 -0.32 -0.26
0.0313 -0.63 -0.62 -0.51 -0.38
0.0625 -0.83 -0.74 -0.64 -0.47
0.125 -0.98 -0.88 -0.71 -0.53
0.250 -1.09 -0.99 -0.78 -0.58
0.500 -1.13 -1.08 -0.80 -0.58
1.00 -0.99 -1.04 -0.84 -0.57
2.00 -0.82 -1.00 -0.79 -0.51
o -0.68 -0.83 -0.70 -0.43

SUMMARY AND CONCLUSIONS

Described in the foregoing pages are systematic series of pressure measurements on elementary
model structures of three different categories - hangars, walls, and buildings with gable roofs - of
various proportions and at various wind orientations. The results are presented in the Appendix in the
form of 145 different dimensionless plots of the pressure distribution on the developed surfaces for any
wind speed and prototype scale. Supplementary plots show the effect of building proximity for 28 dif-
ferent conditions. The geometric characteristics were varied in such a manner that the resulting pres-
sure diagrams permit ready interpolation to intermediate conditions not specifically investigated. In
addition to these plots of pressure distribution, both diagrams and tables are presented showing maximum
local positive and negative pressures, average positive and negative pressures over vertical sections,
and total wind loading both on typical surfaces and over the structures as a whole. The limited number
of building-code recommendations applicable to such conditions are plotted for purposes of comparison.

Since positive wind pressures cannot exceed stagnation values, whereas negative pressures may
attain at least several times this magnitude, it is almost always the zones of separation with their ac-
companying underpressures which should govern structural design. Code recommendations do not
safely reflect the negative loadings which may occur. Under these circumstances, it would appear ad-
visable either to modify existing codes accordingly or to design structures with careful attention to
actual pressure data for the structural geometry under consideration. It is believed that the data pre-
sented herein will serve as dependable first approximations to the pressure distributions over more
complex structures of a comparable overall geometry. Even for conditions which are not roughly similar
to those herein described, the broad and systematic nature of the various plots should nevertheless give
a qualitative insight into the types of boundary geometry leading to extreme pressure reduction.

Although the usefulness of model investigations is now too generally accepted to require further
testimony at this time, it would appear in order to emphasize the desirability of conducting specific
tests on composite structures which are either too complex to analyze thoroughly in terms of elemen-
tary forms or too costly to ignore the safety and economy in design which detailed model tests would
permit. This is particularly true in the case of building groups. Of a related nature, but beyond the
scope of this investigation, is the matter of locating ventilation intakes and exhausts, as well as vents
for smoke or toxic fumes; this phase of the design problem is likewise controlled by the flow pattern
and hence is equally subject to model investigation.

e —— .
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