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INTRODUCTION

Wind flowing around bluff bodies and structures results in a distributiomn
of pressures about the bodies. These pressures act over the surface to
produce mean and local forces which may damage or uncomfortably vibrate the
body or to produce local wind enviromments which may transport noxious gases
or buffet pedestrians. This review will consider the state of understanding
of flow around simple rectangularly-shaped bluff bodies resulting from
wind-tunnel studies of mean surface-pressure patterns. Evidence for
similarity is examined, and recommendations provided for future research.
BACKGROUND:

Engineers began to incorporate the influence of the wind in their designs
during the nineteenth century. The Firth of Forth Bridge, Scotland, the
Eifel tower, Paris, and the Empire State Building, New York, are well known
structures engineered for wind effects. Wind tunnels were used to evaluate
wind loads by even the earliest investigators. In 1891 Irminger studied wind
pressures on a small model house (flat, saddle, and rounded roofs) as well as
two-dimensional plates, prisms, and cylinders suspended in the exhaust of a
smoke stack.

Bailey in 1933 and Irminger and Nokkentved in 1936 compared pressures
measured over building models placed in uniform flow fields in wind tunnels
with full scale measurements over small buildings. Data scatter was so large
that the original paper was inconclusive. Davenport's (1982) reanalysis of

i

 Bailey's Experiment shows that the field and uniform wind tunnel results are

not in good agreement. Later Bailey and Vincenta in 1943 measured flow over a



similar model in a deep boundary layer. Their measurements  agree
considerably better with the field data.

Pessimism over the disagreement . betﬁeen ﬁniform.-flow wind tunmnel
measurements and field experience led many engineers away from wind tunnel
experiments, but in the early 1950's several invesfigators returned to the
boundary-layer wind tunnel. Jensen (1954, 1958, 1963) systematically
examined the effect of differént boundary layer shear profiles on flow over
shelter belts, chimney plumes, walls, and houses. Their comparison of wind
tunnel and field measurements showed that the parameter L/Zo (L being
characteristic model length, Z0 is the boundary-layer roughness length) had a
profound effect on the flow and pressure distribution. Strom at New York
University and Cermak at Colorado State University were also early proponents
of the need for deep turbulent boundary layers to simulate the atmospheric
boundary layer.

UNIFORM FLOW MEASUREMENTS:

Despite the evidence of Bailey and Vincenta, Jensen and others that the
boundary layer affected surface pressures profoundly, researchers continued
to predict surface forces based on models immersed in wuniform flow fields
until the mid 1970's. Typically, pressure coefficients produced during
uniform flow experiments were combined with estimates of full scale winds
which varied with height. This approach assumes Eifel's model law is wvalid,
which expressed mathematically is fl(Cp, 8, geometry) = 0. The designers
argued this method was effecti&e because:

a. Uniform flow field pressure coefficients seemed to exceed values found
in shear flows; hence, they were conservative,

b. Too few reliable atmospheric boundary layer measurements existed to
justify an attempt to model atmospheric characteristics, and

c. Modeling the surface layer was often inconvenient, required special
facilities, and added unnecessary expense.

Exhaustive studies of the effects of uniform flow over bluff bodies are



summarized in the work of Chienm et al (1951). This report provides an
extensive collection of surface pressure patterns over simply-gabled
block-type structures, thin walls, hanger~type Astructﬁres, and building
clusters. They considered rectangular blocks with length to width (L/B)
ratios varying from 0.25 to 4.00 and length to height (L/H) ratios varying
from 0.13 to 1.5. For bodies whose front wall is placed normal to the wall
they found minimum roof pressﬁre coefficients, CpH = p/(PUHZ/Z), of -1.00,
but when thebuildings were placed obliquely to the wind (45°) the values were
as low as -7,00.

0f course, considerable care had to be taken in the wind tunnel to arrive
at consistent results. Since the earliest part of this century researchers
have known that flow over sharp-edged bodies seemed to be insensitive to
Reynolds number. Nonetheless, as measurement techniques improved up to 60%
differences between investigators results were |tiresomely apparent.
Leutheusser and Baines (1967) reviewed the techniques used‘to suspend models
in the potential flow core of wind tunnels. A model and its '"mirror" image
iwereoften mounted on opposite sides of a common "ground" plate which extended
in the downstream direction. The offset of the model from the ground plate
front edge and length of the trailing distance of the ground plates were
found to be most critical. Short ground plates did not seal the wake cavity
of the models and permitted air to bleed into the cavity, consequently
raising the base pressures.

Leutheusser and Baines also report that Reynolds numbers in excess of 2 x
105 were required to produce constant pressure coefficients. Scruton and
Rogers (1971) report that rounding the corners of a square prism by a radius
of B/6 or greater could lead to a Reynolds-number dependency of drag
coefficient similar to that found for a circular cylinder.

Three other parameters which can effect the pressure patterns on
rectangular buildings in uniform flow are the turbulence intensity, u'/U, the

longitudinal integral length, Lux’ and wind-tunnel blockage, Am/Awt' Hunt



(1982) summarizes recent work on the effect of grid—genérated turbulence

structure on the flow around two dimensional bluff bodies. Various studies

examined values of intensity from u'/U = 0.07 to 0.16, integral scales from

Lux/L = 0.7 to 5 and blockages, Am/Aw

a.

¢ to 0.25. He concluded:

Turbulence acting along the separating streamline in the approach flow
increases the separation shear flow thickness and entraimment, resulting
in greater streamline cufvature around the body. If the streamline does
not reattach to the body, then base pressures are less and total base
drag higher. If the body 1is 1long enough to permit streamline
reattachment, then the vortex formation region moves downstream, thus
raising the base pressure. Suction pressures inside the zome contained
by the separating stream line will become stronger, since the strong
streamline curvature requires lower pressures toward the center of
curvature. Hence, local pressure coefficients may be up to 60% larger
in turbulent uniform flow.

The effects of integral scale are less conclusive. Some authors claim
to see up to a 40Z change in base pressure with integral length, whereas
other results indicated that for a sharp edged bluff body the effect of
scale was small. If the integral scale becomes larger at the expense
of energy contained in the scales of the size of the separating shear
layer, then reattachment is less 1likely, base pressure drag remains
large, and local pressure coefficients on the roof or sides small. If
the integral length is of the same order of size as the small scale
turbulence being entrained into the shear layers, then an increase in
integral length will have only small effects.

Blockage effects on a two dimensional body can be considerable. If
Lm/Lwt is 0.05 then Petty (1979) observed a 10% change in base pressure.
O0f course, three dimensional prisms of the same body width will block

much less of the flow. Nonetheless, recent measurements made in various

German wind tunnels and tabulated at the U. of Munich suggest that



pressure coefficients vary significantly with blockage even for small

values.

BOUNDARY-LAYER FLOW MEASUREMENTS :

According to the scaling law of Jensen (1958), the flow field and its
effects on bluff bodies are modelled exactly if the bodies are geometrically
similar in model and prototype, and if the dynamics of the flow field are
such that H/Zo are the same, Qhere Zo is the roughness height of the surface,
and H is the height of the body. The model law implied by this statement is

~f2(CpH’ 9, geometry, H/Zo) = 0.0.

Jensen and Franck suggested in principle that the velocity pressure at
each measurement height should be used to calculate the pressure coefficient.
In practice they felt that some arbitrary reference height or the velocity at
roof height must be preferred. For the top of the body or roofs little
difference is found between the two methods, but near the ground differences
would be large. They also expressed a 'physicist" distate for coefficient
values greater thamn 1. They also used ffiction velocity, u,, as a reference
velocity when considering concentrations; although, they do not propose it in
their report for pressure coefficients.

Jensen and Franck (1958) examined pressure coefficients on small model
hbuses for blockage and effects. They concluded that when the ratio of the
model cross section to wind-tunnel cross section, Am/Awt’ was less than 0.05
(5%) systematic errors would be less than 117 for windward roof pressures and
even less in other locations. Jensen's model implies independence of the
Reynolds number; obviously, a minimum Reynolds number depending upon body
shape is required even for sharp-edged bodies. Plate (1982) suggests a
minimum value of 5 x 104.

For smooth surfaces, Zo is about 0.11 V/u*; hence, H/Zo is equivalent to
a shear Reynolds number, Hu,/ V. Good and Joubert (1968) examined the drag
of sharp edged fences placed along smooth walls. Ranga Raju et al, (1976)

considered the drag of such fences placed along rough walls. They concluded



similarity exists for the drag coefficient, Cpw = F/(‘)ui/Z),' when i§ is
correlated against H/Zo. Ranga Raju et al. suggest that. "such a relation
also exists for geometrically similarly shaped bluff bodies with sharp edges,
provided their dimension in the flow direction is not large enough to cause
reattachment of the boundary layer on the body itself." The model law
implied by this statement is f3(CpH*, 6, geometry, H/Zo or Hu,/Vv) =0.0.

Sakamoto et al.(1982) measured pressure over small cubes placed within
turbulent boundary layers growing over smooth surfaces. They found that the
total drag for a cube correlated well as CD* versus Hu*/'V. Bachlin et al.
(1982) considered roof-pressure coefficient behavior over rectangular blocks
placed within turbulent boundary layers developing over rough surfaces. They
concluded that maximum roof pressures for flows mormal to a building face
could be predicted by the empirical expression, Cpmax* = 31.6 (H/Zo)o'zg.

Unfortunately, any drag or pressure coefficient expression using the
friction velocity, u,, as the characteristic velocity and H/Z0 as the abcissa
will be biased to produce strong correlations. Even a random number
constrained to vary between say 0.5 and 1.0 will give the impression of
strong correlationkto a totally independent parameter when plotted in such a
manner; thus, one must conclude that plots of CD* or Cp, versus H/Z0 or
Hu*/V are inadvisable since the velocity scale used can itself explain more
than 90% of the variance found in the resulting data plot.

Nonetheless, as recognized by Ranga Raju et al. (1976), Sakamoto et al.
(1982), and Bachlin et al. (1982) the correlation suggested by Jensen is not
adequate when the height of the object becomes 1large with respect to
boundary-layer thickness. Indeed, Leutheusser and Baines (1967) concluded
from a rexamination of their own as well as Jensen and Franck's data that the
actual model law must be expressed by f4(CpH, 6, geometry, ReH, Zo/ §, and
6/H) = 0.0. (Note, various combinations and products of these parameters
are also possible, eg. ReZo, H/Zo and H/ G .)
|



LOCAL PRESSURE COEFFICIENTS:
It is apparent that the boundary layer characteristics (such as Uy ‘zo’

L, &, and u'/U) as well as depth of blockrimme;sion (H/6 ) affect local
pressure coefficient magnitudes and patterns. As noted by Peterka, Kothari
and Meroney (1984) and Meroney (1982) the flow around a three dimensional
block body is quite complex. The presence of the ground plate '"horse shoe"
vortex, separation at top and side wall corners, reattachment of streamlines
to roof or side walls, and the orientation of the "delta wing" vortex onm the
roof strongly affect surface pressure patterns. Nome of these features are
present for two-dimensional fences; although, reattachment may occur for a
two-dimensional step.

For two dimensional steps the pressure distribution over the front face
of the step could be predicted analytically by Meroney (1985) assuming only
an inviscid rotational flow. This suggests the pressure distribution on a
fence and consequently the fence drag are only dependent on the approach
velocity distribution, and not particularly dependent on boundary layer
turbulence. Examination of the data of Ranga Raju et al. (1976) and Good and
Joubert (1968) suggests almost all variance in drag can be eliminated by
using fence-height dynamic pressure as reference pressure, ie.
Cp, = F/Co U H/2).

The surface pressures on the front surface of a rectangular body placed
normal to the flow may also be expected to vary primarily with approach flow
velocity distribution. The pressure distributions along the front centerline
of a cube normalize remarkably well against the peak pressure located at a
height near z/H = 0.75 (Sakamoto et al., 1982, Fig. 3; Castro and Robins,
1977, Fig. 4 (a); etc.) The data of Aikens (1976) for blocks of various face
aspect ratios were plotted in terms of Cp' = p(z,y)/(p U(z)2/2). He found
very little deviation in pattern shape until very slender bodies were
examined. Corke and Nagib (1979) examined a square cross-sectiom building in
four different boundary layers. They collapsed the front face pressure

coefficients with the expression CCp = p(z,y)/[p {U(z) + nu'(z)} 2/2], where



n =1.0. The method eliminated all but 17% of the deviétions caused' by
idiffergpt boundary layers. The effects of roughness and boundary layer
immersion on a front face pressure coefficienf obsérved by Leutheusser (1965)
and Leutheusser and Baines (1967) are also most likely explained by
variations in approach wind speed at pressure tap height.

The effects of a shear velocity profile on the flow pattern around
three-dimensional bodies was investigated by Baines (1963). On the front
face of a building the effect of the shear profile is to move the stagnation
point up to about y/H = 0.75, and to form a cross stream vortex at the base
of the wall. The shear profile (and associated turbulence) produces a much
greater pressure recovery with a lower negative peak pressure at the front of
the roof (-0.9 to -1.0 as compared to -0.6) recovering to a higher base or
back wall pressure (-0.2 to -0.3 as compared to -0.6).

The work of Castro and Robins (1977), Dianant and Castro (1984), and
Hosker (1984) suggest that reattachment of the separating stream line in a
permanent or intermittent manner can havé a major effect on roof, side and
back surface pressure coefficients. The tendency to reattach increases as
L/B increases. Itkis also very likely that the major influence of turbulence
intensity and scale are on the behavior of the separating and reattaching
streamlines about the body. Since turbulence intensity decreases with height,
and longitudinal scale increases and then decreases with height, the roof and
side pressure patterns must be affected by H/S . Castro and Robins (1977)
saw the flow switch from reattached to separated in the H/8 range from 1.2
to 1.6 on a cube. Robins (1984) quotes unpublished data for a square-roofed
model (L/§ =1/8, H/§ =1/8 to 3/4) where the critical range, in which flow
switched from reattaching to fully separated, was from 1/2 to 3/4. He notes
that for L/Bj< 1 the critical regime occurs at lower values of H/§ . Robins
concludes that for rigorous modelling then fS(Cp, 6, geometry, u*/Ul, ZO/H,
H/ 8§, u'/U, ete) = 0.0 is required.

For a block building normal to the approach wind the effect of separation



or reattachment is to produce completely different flow fiélds. Dianat and
Castro (1984) measured mean and fluctuating pressures and surface shear
stress on the roof of several wide bodies of different streamwise lengths
with their front faces placed normal to the approach wind. They found that
with full separation the entire roof top tends to have nearly constant
pPressures, whereas, when the flow reattaches a pressure minimum occurs near
the leading edge. Pressure and shear stress fluctuations are 1likely to be
maximum during intermittent reattachment situations. It is very likely that
the major influence of turbulence intensity and scale are on the behavior of
the separating and reattaching streamlines about the body. One might
logically expect that a fruitful correlation of roof surface pressures would
be f6(CPH’ 5, geometry, (u'/U)H) =0.0.

RE-EXAMINATION OF AVAILABLE Cp DATA:

Available wind-tunnel experiments for flow over rectangular bodies for
which the authors report local surface pressure measurements were examined.
Flow field conditions, model conditions, and maximum or minimum pressure
coefficients on the roof, and front, side and back walls were tablulated as
available. In some cases power law coefficient, roughness length, momentum
thickness (Theta) or velocity at roof height were calculated from information
provided by the authors. Figures 1 to 11 consider surface pressure
coefficient behavior for blocks with their front face oriented normal to the
wind.

Roof Pressures:

Figure 1 displays roof pressure coefficients, Cp,, plotted versus H/Zo
ratio. This plot may be a better test of the reliability of the author's
friction velocity and roughness length information than of the wvariation of
roof pressures. The data of Bachlin et al. (1982), Stathopoulos (1975, 1981,
1981), and Jensen and Franck (1958) seem to suggest a power law growth with
H/Zo and a coefficient near 0.3. The other data scatter widely; hence, their

friction velocity values should be viewed with suspicion.



In Figures 2 through 11 the surface pressure coefficienf, CPH’ is defined
in terms of the velocity at roof height. In Figure 2 roof pressures are
generally found to decrease from -0.6 to -0.8 to -0.9 as the Delta/H ratio
increases. A marked change seems to occur between Delta/H values of 0.75 and
1.5. This may be associated with the critical depth for reattachment of the
separation stream line identified by Robins (1984). Some of the data of Arie
et al. (1975) seems suspect, since it is wunlikely that roof pressures
decrease below -1.0 for a normal wind flow orientation.

Front-wall Pressures:

Figures 3, 4 and 5 for the front, side and back pressures display the
very limited data available. The largest set of data was provided by
Leutheusser (1965). It is surprising more information is not available for
these regions. In Figure 3 the maximum front surface pressure coefficient
decreases from 1.0 to 0.8 as Delta/H increases. Again a marked change occurs
between Delta/H values of 0.75 and 1.5. This may represent a region of
intermittent separation.

Side-wall and Back-wall Pressures:

Figure 4 displays side wall minimum pressure coefficients. Notice the
transition to lower pressures at about Delta/H = 0.75. Since the radius of
curvature of a reattached stream line is smaller than that of a separated
streamline, pressures are generally lower inside the bound vortex. Pressure
coefficients on the back wall of the body are shown in Figure 5. Base
pressures increase at critical Delta/H values near 0.75 as the roof and side
wall separation streamlines reattach to their own surfaces respectively.

Influence of Turbulence Intensity:

Figures 6 through 10 consider the influence of longitudinal turbulent
intensity on surface pressure coefficients. Roof pressures are considered in
both Figures 6 and 7. On Figure 6 turbulent intensities for the Bachlin et
al. (1982) data are estimated with the formula, u'/UH = l/ln(H/Zo). This

formulae is often recommended for atmospheric flows, but it is usually found



to overpredict turbulence values near the edge of the wind—tunnel boundary
layer. Consequently, the relation u'/UH =a (1 - H/Delta) is used with the
Bachlin et al. data in Figure 7. Although scatter is large ome can percieve
a decrease in minimum roof pressure as intensities exceed 10%.

Front-wall pressure coefficients displayed on Figure 8 do not appear to
correlate with turbulent intensity. This is not unexpected, since front wall
surfaces do not involve separatibn stream lines.

Side-wall pressure coefficients on Figure 9 display the same trends as
roof pressure coefficients.

On Figure 10 the data of Hunt (1982) suggest a decrease in base pressure
as turbulent intensity increases. Although on first examination this
behavior does not agree with the model suggested for the effects of
separating streamline reattachment; nonetheless, all values are larger than
-0.3 when turbulent intensity exceeds 10%. Recall from Figure 5 that for
small values of Delta/H (ie. implies low values of u'/U) the base pressure
coefficient was -0.6.

Consistency Between Pressure Data:

Finally, for the zero degree wind orientation the various pressure
coefficients are correlated against one another in Figure 11. The minimum
roof pressure coefficient is used as the abscissa. Note that front-wall
pressure coefficients seem uncorrelated with roof or side wall behavior.
This supports the contention that front face pressures are not substantially
influenced by the behavior of separating streamlines. Side-wall pressures
seem to be linearly correlatable with roof pressures, and back-wall pressures
correlate inversely with roof minimums. Again these variations agree with a
model where the separation streamline vortex intensity and reattachment
location govern roof, side-wall and back-wall pressures.

EXPERIMENTAL ENVELOPES:
As shown in summary Figure 12 most experiments to date have been

performed within the envelope space of Length/Width ranging from 1 to 3 and



Height/Length ranging from 0 to 3. Since greater slenderﬁess ratios are
typical for modern apartment buildings . and skyscrapers, additional
measurements for bodies with Height/Length ratios greater than 3 would be
appropriate.

Figure 13 summarizes the range of boundary layer to bluff body scales
examined in the wind tunnel. Field values for roughness length vary from 0.1
cm to 2 m, the atmospheric boundary depth may vary from 200 to 1000 m, and
typical building heights vary from 3 m to 100 m. This suggest a useable
range of data should extend from 0 < log(H/Zo) <5 and
0.3 < log(Delta/H) < 2.5. There is very little data currently on block body
behavior for log (Delta/H) > 1. It would be valuable to examine bluff bodies
in deep boundary flows of medium to large turbulent intensity and large
longitudinal integral scales.

A very large number of individual measurements on mean surface pressure
and fluctuating pressures would initially appear to be available. But closer
examination shows that few data are for well documented boundary layers and
much of the boundary layer data may be systematically in error. In addition
pressure measurements on the side and back walls are very sparse.

Pressure Fluctuations Over the Body Surfaces:

Fluctuations in pressure are caused by turbulence in the flow approaching
the structure and by flow disturbances generated by the structure itself.
The instantaneous pressure acting at a particular point on a structure is
thus a function of wind magnitude and direction, roughness characteristics of
the local and distant upwind area, overall building shape, and 1local
disturbances to the flow on the structure such as mullions or exposed
columns. Because of the random nature of wind direction and amplitude, the
local pressure also fluctuates in a random manner. Early measurements of
pressure fluctuations on forward facing walls by Dagliesh (1971) on a f£full
scale building and by Cermak and Sadeh (1971) on a model structure revealed

that pressure fluctuations had a Gaussian distribution similar to the



approach wind. Later Peterka and Cermak (1975) measured pressure
fluctuations on lee sides of a model buildingrin the nega;ive mean pressure
regions. They found that probability distributions in regions where
Cpmean < ~0.25 were non-Gaussian and consistently had long negative tails.
These negative tails are caused by intermittent large negative pressure
spikes, possibly caused by moyement of reattachment streamlines.

Although extensive proprietary information exists about pressure
fluctuations on specific and unique building shapes for design purpose;
additional measurements of fluctuating pressures on simple block structures
are limited. Kwai, Katsura and Ishizaki (1979) measured pressure fluctations
on the windward wall of two-dimensional square prisms in grid-generated
turbulence. They concluded that the pressure spectrum was not linearly
related to the approach-wind velocity spectrum, but that pressure fluctation
scales were 1.5 to 2 times larger than those of the velocity fluctuations.
The most extensive study of the effects of upstream turbulence on the
pressure field of a square prism in a two dimensional flow may have been
carried out by Lee (1975). He measured spatial correlations and concluded
the vortex-shedding mode contained the highest percentage of the energy, but
the percentage was reduced by the turbulence intensity of the approach flow.

Akins (1976) carried out comprehensive measurements of pressure
fluctuations over a wide range of buildings and boundary layers in order to
isolate relevant geometrical variability on the building faces. All studies
were at a zero angle of attack for the approach wind. Hunt (1981) also
measured rms and peak pressure distributions over a cubical building in two
boundary layers. The velocity profile and local geometry were found to
mainly determine the pressures on the front face of the model, while integral
length scale, turbulence intensity and local turbulent share affected the
pressures on the other faces. Kareem and Cermak (1984) reported
spatio~temporal measurements of fluctuating pressure fields acting on the

side faces of a square prism of finite height in boundary-layer flows for



zero degree angle of attack winds. They concluded "increased levels of
turbulence in the incident flow have a marked influence on the fluctuating
pressure field, through modifications which take place in the structure of
the separated shear layers. The periodic vortex-shedding process is vitiated
in the presence of high levels of turbulence intensity in the incident flow,
resulting in redistribution. of the energy associated with  pressure
fluctations over a wider frequency range." They also found spatial
dependence of the pressure fluctations decreases with an increase in approach
flow turbulence. Recently, Stathopoulos and Baskaran (1985) reported mean
and fluctuating pressures over roofs on a model block building including the
effects of different parapet heights. Such information may help to predict
roof paver behavior such as was described by Bienkiewicz and Meroney
(1986).

Surface Shear Over the Body Surfaces:

Fluctuating surface shear stresses on the top surface of a simple block
type bluff prisms (B/H =9, L/H=1 and 2) mounted in thick turbulent
boundary layers were completed by Castro and Dianat (1983) and Dianat and
Castro (1984). These measurements identified three characteristic separation
flow fields--firstly, a body sufficiently long in the axial direction to
ensure permanent reattachment of the "roof" shear layer separating from the
leading edge; secondly, situations which result in intermittent reattachment;
and thirdly, a bodies sufficiently short that reattachment does not occur.
They concluded:

a. Roof flows on obstacles are always so unsteady that investigations of
the mean flow characteristics and mean pressure distributions cannot be
used reliably to infer the direction of mean surface flows;

b. Although rms values of the fluctuating surface shear stress vary much
less than the mean; they cannot be wused to deduce the 1locations of
critical points; yet maximum rms fluctuating shear values occur mnear

regions of reattachment;



c. Maxima in the rms value of the fluctuating surface pressure also occur
near the reattachment point, whether this attachment is of the approach
shear layer separating from the leading edge, or of the smaller-scale
reverse flow shear layer separating from the trailing edge.

CONCLUSIONS:

Two kinds of measurement programs would be advisable:

a. A program to definitively determine the effect of flow field structure
on mean and fluctuating pressures, and

b. A program to accurately document pressures over the anticipated useful
size range of buildings and atmospheric boundary layers.
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