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I. INTRODUCTION

1.1 Scope of the Study

The design for wind effects on buildings has traditionally been
performed in a highly empirical manner. However, within the last decade
modeling techniques have been developed which permit the rational design
of structures for wind resistance--Cermak (3,4) and Davenport et al.
Recent design approaches rely on the availability of wind pressure
information derived from measurements on small-scale models placed in
an "appropriate' wind tunnel.

The realization that wind tunnels can be used as an effective tool
in designing buildings against wind damage has caused considerable
thought and effort to be directed toward determination of what constitutes
an "appropriate'" wind tunnel. A decade of research on turbulent boundary
layers formed over rough surfaces in a long (30-40 m) test-section wind
tunnel has demonstrated that a wind tunnel of this type is indeed
satisfactory and "appropriate''--Cermak (4). Unfortumately, long test-
section wind tunnels are costly to build and require large buildings
for housing with the result that very few are now in existence--the
major facilities are located at Colorado State University and the
University of Western Ontario. On the other hand, many aeronautical
wind tunnels (short test-section type) exist throughout the world at
universities, government operated laboratories and iadustrial
laboratories. Although considerable effort has been expended in adapting
these short test-section wind tunnels to the modelinz of atmospheric
flows (Section 1.2), there is not a clear indication at this time that
satisfactory simulation can be achieved. Jensen (15) has demonstrated

that uniform flow or boundary-layer flows with the wrong turbulence
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scale can lead to incorrect pressure distributions; therefore, the
pressure data from short test-section wind tumnnels must be viewed with
caution. Development of a thick turbulent boundary layer in a short
test-section wind tunnel requires initial stimulation of the boundary
layer by some system of momentum sinks. Although devices such as
graded screens, grids, vortex generators, spires, roughness plates, etc.
have yielded reasonable vertical gradients of mean velocity, no
definitive study has been made to determine how realistic are the
resulting turbulence structures.

The purpose of this study was to develop an optimum system for
generating thick turbulent boundary layers with a proper integral scale
to simulate the atmospheric boundary layer in a short test-section wind
tunnel. In particular, a system was to be developed which could be
adapted to the 4 x 4 ft by 12 ft long test section of the University of
the Philippines wind tunnel to study wind pressures on buildings

resulting from typhoons.

1.2 Review of Previous Modeling Techniques

The need for wind tunnels to study atmospheric flow phenomena has
prompted a number of investigators to convert existing short test-section
wind tunnels or to build wind tunnels with test sections significantly
shorter than required by a natural boundary layer development. Most cf
these have been reported rather recently, since 1968.

Methods of generating turbulent shear flow have been known for many
years. Lawson (16) provided a review of those techniques and their
possible use for atmospheric flow simulation. Cowdrey (12) showed a
technique for designing horizontal rods to provide desired mean velocity

profiles. Cockrell and Lee (5) used horizontal rods designed with
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Cowdrey's technique and also used solid '"mixing wedges' on the tunnel
floor to simulate a neutrally stable atmospheric flow. Their technique
required a fairly long test section (approximately 40 duct heights)
before the boundary -layer settled down to zn equilibrium condition.

An early use of vortex generators at the test section entrance to
simulate atmospheric flows was reported by Armitt and Counihan (1).
Their triangular wedge shape resulted in excessive organized longitudinal
vorticity at their test station. Further cevelopment of the vortex
generators with appropriate roughnesses has been performed by Counihan
(7-11). His development has resulted in what he claims to be an
acceptable simulation of a neutrally stable boundary-layer flow four
and one-half boundary-layer heights downstream of the generators.
Because he presented no data upstream or downstream from his measure-
ment station, it is not possible to determine whether or not the
boundary-layer was in a reasonable state of equilibrium. Triangular
vortex generators were used by Sundaram et al. (22) in combination with
a trip fence to demonstrate the technique of shortening the development
length. Their limited data showed some promise of successful simulation.

The Canadian National Research Council has had a program to develop
flow modeling in a short test section for several years. An early
attempt, Templin (23), used a grid of horizontal bars with little
success. Later attempts have used spires at the test section entrance.
Standen et al. (20), Standen (21), and Wardlaw (26) described the
technique and compared pressures measured on a structure with measure-
ments in a conventional naturally developed boundary-layer and with
field measurements. While the extent of comparison was not suf-

ficiently extensive to demonstrate complete acceptability, the
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technique did show promise. Approximately six boundary-layer heights
were required to establish equilibrium. Some of their data indicated a
possibility of undesirable organized vorticity in the outer portions of
the boundary-layer. A spire-generated boundary-layer was also used by
Dreher and Cermak (14) at Colorado State University. However, the

mean velocity profile showed distortions characteristic of too small a
surface-roughness height.

Two investigators have used a coarse gric covering the entire
cross section combined with a two-dimensional barrier fence across the
floor either upstream or downstream of the grid. Barrett (2) used an
upstream barrier with grid to develop the boundary layer and to even out
nonuniformities from a high-angle diffuser a short distance upstream.
Significant nonuniformities in the approach flow did not permit a good
evaluation of the boundary-layer -generation technique. Cook (6), using
a barrier downstream of his grid developed a boundary layer simulating
the lower one-third of the atmospheric boundary layer with a realistic
integral scale. However, his roughness elements were spaced sufficiently
closely that a large effective wall displacement occurred.

Fluid barriers or trips have been used by several investigators.
Teunissen (24,25) used an array of jets pointing in the direction of the
main flow to provide turbulence structure and mean velocity defect to
simulate atmospheric flow in an 8 x 8 inch duct. He found it necessary to
include a two-dimensional solid fence to trip the flow and carefully
selected floor roughness to properly simulate an atmospheric flow. The
simulation was very encouraging; however, scale-up to a facility large
enough to accomodate a model at 1:200 to 1:400 has not yet been

demonstrated. Schon and Mery (19) used a jet blowing perpendicular to
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the main flow at the leading edge to thicken their boundary layer. They
were limited in the thickness of the boundary layer they could develop
by this technique. Morkovin et al. (17) used a row of counter-jets at
floor level directed upstream at various angles to the flow. They did
not measure sufficient turbulence properties to indicate acceptability
of their simulation. Nee (18) has recently completed a wind tunnel

which will use lateral jets to control the flow properties.
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IT. WIND SIMULATION FACILITIES

2.1 Wind Tunnel

The study was performed in the Industrial Aerodynamics Wind Tunnel
at Colorado State University (Fig. 1). The test section is 6 x 6 ft
in cross section with a length of 36.5 ft and contraction ratio of 4:1.
An axial-flow blower driven by a 75 hp constant speed motor provides
wind velocities up to 65 ft/sec. Continuous variation of wind speed is

accomplished by varying the fan blade pitch.

2.2 Spire and Roughness Arrays

The intent of the study was to determine a combination of
disturbance devices and roughnesses to simulate a neutral atmospheric
flow for two classes of roughness defined by mean velocity power-law
exponents in the ranges 0.14-0.20 and 0.28-0.35. A location 18 ft
downstream in the test section was selected as the cross section at which
the boundary -layer simulation would be targeted. This location was
scaled to the end of the 12 ft test section of the University of the
Philippines wind tunnel. In order to provide a flow in which models
as large as 1:50 could be used, as deep a boundary layer as possible
was desired, even to the point of modeling only the lower portion of the
atmospheric boundary layer.

With the present status of expertise in generating artificially
stimulated boundary layers outlined in Section 1.2, spires with a
roughened floor were selected as the most likely means of obtaining an
acceptable simulation. Spires used in a previous study (14) provided a
starting point for spire geometry. A number of spire geometries and

roughness heights were tried. Two combinations of spires and roughness
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were found which met the power law velocity-exponent criteria. The

spire and roughness array geometries are shown in Fig. 2. Configuration 1
yielded a profile in the 0.28-0.35 range while Configuration 2 provided

a profile close to the 0.14-0.20 range. Photographs of Configurations 1

and 2 are shown in Fig. 3.

2.3 Instrumentation and Data Acquisition

During the initial stages where spire and roughnesses were selected,
most mean velocity profiles were obtained with a pitot tube with
pressure differences measured with an MKS Baratron pressure transducer.
For final data (including all data presented in this report), velocity
data was taken by hot-wire anemometer. Data associated with Configuration
1 was taken with a Thermosystems Model 1054B constant temperature
anemometer on loan from National Bureau of Standards for checkout
purposes. The remainder of the data was taken with a DISA model 55D01
constant temperature anemometer.

Autocorrelations, space correlations and spectra were obtained for
selected locations. Autocorrelations for Configuration 1 were obtained
using a Saicor Model SAI-43A Correlation and Probability Analyzer which
was on loan from National Bureau of Standards for checkout. The
remaining correlations were obtained on a Princeton Correlator. Spectra
were obtained by Fourier transform of the correlations. Each correlation
was digitized at two millisecond intervals (300-350 points per correla-
tion) and transformed by a Fast-Fourier-Transform algorithm on the CSU
CDC 6400 computer.

Six measurement stations were defined in the wind tunnel, two
each at three downstream positions. The three longitudinal positions

were at X=14, 18 and 28 ft from the spires at the test-section entrance
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(see Fig. 2 for coordinate system). At each of these distances,
measurement stations were located on the centerline of the wind tunnel
and 1/2 spire spacing off the centerline. At each of these six stations,
data was taken along a vertical line. Mean velocity and turbulence

data were taken at all stations on a vertical traverse spanning the
entire boundary-layer thickness. Correlations and spectra were taken

at selected locations chosen to show certain features of the turbulent

structure.



ITI. RESULTS

3.1 Mean Velocity

The mean velocity profiles for the two desired power law exponent
flows are shown in Fig. 4. The data is nondimensionalized with respect
to the velocity Uref measured at a height Yref' "hese reference
values are not intended to represent the edge of the simulated boundary
layer flow but a convenient position for nondimensionalization. The
best value to use for the simulated boundary-layer thickness will
depend on the scale of models to be placed in the flow. This scale
should not be selected until the turbulent properties of the flow have
been examined. A value of Yref of 52 inches was selected to non-
dimensionalize all data since all mean velocity profiles measured
obeyed a power law to that height. Some profiles had a power law pro-
file to a height of as much as 58 inches before effects of the ceiling
boundary layer were felt. The solid lines in Fig. 4 represent a least
squares fit of the data to a power-law velocity profile. The exponents
were found to be 0.312 and 0.138.

An important criterion in the simulation of atmospheric flows is
the effective roughness length. Significant difficulties were
encountered in this study in that excessively large values tended to
occur. This difficulty was also evident in several of the reviewed
publications. The final solutions for the present simulation represent
reasonably acceptable values. Logarithmic plots of the data from
Fig. 4 are shown in Fig. 5. As expected, a large portion of the boundary
layer followed a logarithmic relationship. Roughness lengths YO

determined from the graph are 0.884 inches for Configuration 1 (n=0.312)

and YO=O.01 inches for Configuration 2 (n=0.138). The corresponding
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prototype roughness lengths range from 22 to 88 inches for model scales
of 1:25 to 1:100 for Configuration 1 and from 0.25 to 1.0 inches for
Configuration 2. These values fall within the range of field values
expected for the power law profiles given.

One of the greatest difficulties in developing a boundary layer
with artificial stimulation has been that of generating a flow which
is in equilibrium. Only the spire configuration used by the National
Research Council (20, 21) and the multiple jet facility reported by
Teunissen (25) have demonstrated some measure of equilibrium. The
Canadian study required six spire heights to establish equilibrium--a
condition which, for this study with a short test-section length
available, would limit spires (and consequently boundary layer height)
to less than half the wind tunnel height. Teunissen had such a small
range of frequencies between the peak of his spectrum and viscous
dissipation that his boundary layer reached equilibrium more quickly--
about 4% tunnel heights downstream. The desire for equilibrium in
three tunnel heights (4.1 Yref) in the present study represents a severe
requirement. A necessary (but not sufficient) condition for equilibrium
is a mean velocity profile invarient with longitudinal position. Figure
6 shows the mean velocity profiles for the three longitudinal measurement
positions for both Configurations 1 and 2, plotted on log-log scales to
show the power law relationship of the profiles. The solid lines are
least square fits for the exponent n. The variation in exponent for
Configuration 1 was from 0.336 to 0.245 from X=14 ft to X=28 ft. While
the variation was not exceedingly large, equilibrium has certainly not
been indicated in the strictest sense. The profiles for Configuration 2
show a variation with downstream extent sufficiently small to indicate

the possibility of a fully developed flow.
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An equilibrium boundary layer maintains itself by balancing the
production of turbulence which is influenced by the roughness with the
dissipation of that turbulent energy in viscous effzcts. The decay in
exponent for Configuration 1 indicates that, for the given roughness, the
boundary layer was seeking an exponent lower than those shown in Fig. 5
as it approached closer to equilibrium. It also indicates that larger
roughness elements would be required in the region Z“rom X=14 to 28 ft to
maintain an exponent in the range of 0.28-0.35 desired for a solution
in Configuration 1. However, it was found that, for a particular spire,
the roughness required to force a power-law variation in mean velocity
was fixed--that is, one is not free to arbitrarily select a roughness to
vary the exponent. A particular spire demands a particular roughness to
obtain a power-law variation in mean velocity and together they define an
exponent which may vary with downwind position. This need for a particu-
lar roughness has been noted before and was most clearly shown by Standen
(21). His profiles showed two distinct power-law regions with incorrect
roughness leading to the concept that the spires controlled the profile
shape in the outer region of the boundary layer and the roughness con-
trolled the profile shape in the inner portions. This concept, however,
oversimplifies the mechanism. The roughness actually affects the profile
over the entire height as is demonstrated in Fig. 7. Four mean velocity
profiles are shown representing the solution profile for Configuration
1 and three alternate roughness heights. The data shows that the
effects of spires and roughness interact so strongly that they must
be considered together in their effect on the flow. This makes the
design of a spire and roughness array to obtain a particular result

(say a desired power-law exponent) a difficult task since one cannot, for
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example, determine the effect of varying spire width without also
trying a series of roughnesses with each spire width. It is thus not
evident from the data shown in Figs. 4 and 5 what variations in spires
and roughness would result in a mean velocity profile more stable in
longitudinal variation than the data for Configuration 1.

It was found during the early testing that the spires followed by
a roughness of uniform height did not produce a power law profile at the
X=18 ft measurement station as readily as a roughness which was higher
near the spires than farther down the test section. The effect of the
roughness height gradation used for Configuration 1 appears to have the
same effects as the barriers used previously by a number of investigators
(2, 6, 7-11, 22, 25).

One concern resulting from the use of spires was the spanwise
variation of flow properties. Figure 8 shows the comparison of the
centerline mean velocity profile with the profile located 1/2 the spire
span laterally from the centerline. Data is shown for Configurations 1
and 2 for all three longitudinal measuring stations. The agreement is
generally within the measurement tolerance and no indication of a wake
effect is evident in the mean velocity profiles. A more stringent test
of lateral uniformity is the comparison of turbulence intensity profiles

discussed in the next section.

3.2 Turbulence Intensity and Shear Stress

Turbulence intensity profiles showing longitudinal variation on
the tunnel centerline for Configuration 1 are shown in Fig. 9. The
vertical distance has been scaled by the distance Yref as was done for
the mean velocity profiles. The magnitude of turbulence intensity is

realistic for simulation of an atmospheric boundary layer. The decay



13

of intensity with longitudinal position is consistent with the decay of
exponent noted above and provides further evidence that the flow was not

in equilibrium but was seeking a profile of lower power-law exponent and
lower turbulence intensity than was reached by 28 fi downstream. Figure 10
shows the lateral variation at the three measurement stations. Since
turbulence decays at a slower rate than velocity defect in a wake flow,
these profiles should be more sensitive to any remaining wake effects of
the individual spires than the mean velocity profiles. An acceptable
lateral uniformity is thus indicated for all three stations.

Longitudinal variation of turbulence intensity for Configuration 2
is shown in Fig. 11. The indication from the mean velocity profiles
(Fig. 6) was that little or no change in profile shape was occurring
with downstream position. The turbulence profiles, however, show a
steady decay of turbulence intensity indicating that the boundary layer
was not in equilibrium. Within therange of X=14 to 18 ft, the turbulence
variation was small and could represent a flow sufficiently close to
equilibrium for many measurement purposes. The overzll level of
turbulence intensity was somewhat below that expected for an atmospheric
flow with the same power-law exponent. Figure 12 shcws the lateral
variation at all three measurement stations. The uniformity is
acceptable.

Figure 13 demonstrates the absolute magnitude of the turbulence by
referencing the rms velocity to the constant velocity Uref at height
Yref' Configuration 1 has a turbulent intensity approximately constant
up to about 1/3 of the Yref height. Configuration 2 shows a roughly

constant, but smaller, value to approximately 1/4 Yref'
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Shear stress profiles for Configuration 1 are shown in Fig. 14.
Both variation with longitudinal position and lateral displacement are
shown. Good lateral uniformity is demonstrated but is to be expected
from the turbulent intensity results. The lateral uniformity results
are a good measure of the precision of the measurements. A steady decay
of shear stress magnitude is shown with increasing longitudinal distance.
This variation reflects the decay shown in power law exponent and
turbulent intensity discussed above. It is difficult to define a region
of solidly constant shear stress, but the region from the top of the
roughness elements to about 1/3 of the Yref height could be considered
to be a region of reasonably constant stress.

Shear stress results for Configuration 2 are shown in Fig. 15.
The lateral uniformity again is good. Decay of shear stress with
longitudinal position is consistent with the turbulent intensity
results and confirms that the boundary layer was not in equilibrium in

the longitudinal range considered.

3.3 Correlations, Integral Scales and Spectra

Longitudinal velocity correlations were taken at several heights
above the wind-tunnel floor at all three measurement stations for both
spire and roughness configurations. In addition, several correlations
were taken at locations laterally spaced from the centerline to check
for possible nonuniformities. Two correlations obtained at X=18',
Y=13" on the centerline for Configuration 1 are shown in Fig. 16. The
curves are in the form of a normalized longitudinal space correlation
and are typical of all correlations measured. The solid line was
obtained by an autocorrelation of a single hot wire and using Taylor's

hypothesis g%-= v gao to convert to a space frame. The correlation
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has an unusual feature: a long negative tail extending past 100 inches
(or about 1/2 second in time). When integral scales were computed from

this and other correlation curves by the formula

Ly = f R(AX) dAX (1)
o

it was found that the positive area was nearly balanced by the negative
area causing the calculated integral scale to be unrealistically small,
and in some cases negative. Since the use of formula 1 to obtain
integral scales from an autocorrelation requires that Taylor's hypothesis
is valid, a check of the validity of that hypothesis was made by
obtaining the correlation of physically spaced hot wires. The results
of that investigation are shown in Fig. 16 as circles. The larger the
distance that the circles fall below the solid curve, the less is the
accuracy of the hypothesis. The reasonable agreement shown is an
indication that, while not precisely correct for this flow, the
hypothesis is acceptable for the computation of integral scales. It is
possible that the long negative tail of the correlation is, in fact,
due to the already demonstrated lack of equilibrium in the flow. All
correlations measured showed this same characteristic tail although
those from Configuration 2 were not as long.

Integral scales were finally obtained by use of the formula
X

(o]
Ly = f R(AX) dAX (2)

(0]

where X0 is the first zero crossing of the correlation function. This
provides an estimate of the integral scale which should be fairly close
to the correct value. The error in an estimate of this type should be

such that the scale is slightly overestimated. This calculation
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procedure is rather common, especially for atmospheric measurements, so
that the values obtained should be useful for comparison of the boundary
layer with atmospheric flow. The variation of integral scale with
height and longitudinal position in the boundary layer for both
configurations is shown in Fig. 17. The scale increases with height--
as in the atmosphere--over the lower portion of the boundary layer but
decreases again at larger heights. This decrease with height above the
lower levels is a characteristic of most wind-tunnel simulations with

a short test-section. The absolute magnitude of the integral scale
compared to the atmosphere must be considered with the scale of the
model to be employed. This will be discussed in Chapter IV.

The variation of integral scale with longitudinal position is shown
in Fig. 17 at a constant elevation. Since the height chosen was near
the peak scale for both configurations and because the tunnel boundary-
layer thickness varied little with downstream distance, the trend of
the integral scale is an indication of real development within the
boundary layer. Again the indication is that, within the test region
investigated, the boundary layer was seeking but had not quite attained,
an equilibrium condition.

A longitudinal velocity spectrum is shown in dimensional form in
Fig. 18a. The location is at 18 ft downstream and at.25 percent of
the reference height for Configuration 1 at a point where the integral
scale is still increasing with height. The important feature is the
slope of the curve in the inertial subrange. A slope of -1.46 was
obtained which is significantly different from -1.67 slope expected from
a turbulence in equilibrium. A comparison of the spectra for several

locations in the flow for both configurations is shown in Fig. 18b to
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illustrate the vertical and longitudinal variations. It can be observed
that the slopes, in general, tend to approach closer to the -1.67 value
with increased longitudinal position and decreased turbulence intensity.
This data further confirms statements made above relative to the
equilibrium of the flow.

Figure 19 shows the velocity spectrum of Fig. 18a in
nondimensionalized form. The location of the peak in amplitude and
position in the frequencly domain was similar for the other spectra.

The slope in the decay region was also similar although, as noted
above, the slopes tended to be steeper for some situations. The
frequency scale is commonly nondimensionalized in tke form nL/U

where L 1is some characteristic length such as the integral scale

and U 1is the velocity at the elevation of interest. Since these
values are related to the scale of the model involved, a discussion of
the location of the peak referenced to these variables will be delayed

until Chapter IV.
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IV. CONCLUSIONS

Wind- tunnel simulations of atmospheric boundary -layer flow were
obtained for two power law exponents at a station located three tunnel
heights downstream of the test-section entrance with a 6 x 6 ft cross
section wind tunnel. Spires extending the full height of the test
section and appropriate roughness were used to generate a 52 inch deep
boundary layer. Mean velocity profiles followed power-law relationships
over virtually the entire height. Turbulence intensities were reasonable
for the case with «=0.3 but slightly low for the case with «=0.14.
Shear stress profiles were within an acceptable range although the
depth of the roughly constant stress layer was not as large as might
be desired.

The equilibrium of the boundary layers was examined using mean
velocity, turbulence and shear stress profiles, integral scales and
velocity spectra. The indications were that the boundary layers were
not in equilibrium as far downstream as 4.7 wind-tunnel heighfs.
Sufficient evidence is not presently available to demonstrate whether
or not the flows were sufficiently close to equilibrium that errors in
measurements on or about a model placed in the flows would be
acceptably small. It is likely that such errors would be reasonably
small.

The size of model which could be tested in the boundary layers
generated in this study can be determined by examining the integral
scales, the peak of the nondimensional spectra and the effective
roughness length. Integral scales in the atmosphere generally run from
about 400 to 700 ft. However, in typhoons the scales can be in the

neighborhood of 200 ft. Using 200 ft as a reascnable target for wind
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simulation tests which would be of interest for the Philippines area,
the 0.4 and 0.6 ft scales measured in the two boundary layers give
model scales of 1:300 to 1:500, say 1:400 as an average. Using an
atmospheric boundary-layer thickness of 1000 and 1600 ft for the cases
§ = 0.14 and 0.30. The wind tunnel boundary-layer thickness for this
scale would be YL = 2.5 ft and 4.0 ft--within the depth established for
the two boundary layers.

Nondimensionalization of the velocity spectrum frequency scale
by the term né/U tends to collapse atmospheric data to a single
curve (23). The factor & represents the atmospheric boundary-layer

thickness. The peak of the spectra occur at né/U = 0.35 with the

ordinate in the form nF(n)/U 2.
Tms

Applying this criteria to the wind
tunnel flows where the peak in the spectrum occurred at n = 2 (Fig. 19),
values of § were calculated to be 3.8 ft and 5.0 ft for Configuration
1 and 2 respectively. Assuming full scale values of &§ of 1200 ft
and 900 ft for the two power law profiles leads to wind tunnel scales
of 1:300 for Configuration 1 and 1:180 for Configuration 2.

At scales of 1:300 and 1:180, the effective roughness lengths of
.884 inches and 0.01 inches for o = 0.3 and 0.14 respectively are 22 ft
and .15 ft in the prototype. The value for Configuration 1 is large by
a factor of three or more. While a zero-plane displacement could be
used to reduce the roughness length, it involves a rather arbitrary
assignment of a displacement which would not improve either the
logarithmic or power-law description of the mean velocity profile. At

scales of 1:300 and 1:180 the integral scales for the prototype become

180 ft and 72 ft for Configurations 1 and 2. These are somewhat small.
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