CHARACTERISTICS OF THE MEAN FLOW OVER A SIMULATED URBAN AREA
CARACTERISTIQUES D'ECOULEMENT MOYEN SUR UNE SURFACE URBAINE SIMULEE
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Summary

A study of the mean flow field over high roughness elements was carried out
in a wind tunnel using roughness elements consisting of pegs 9 cm high and 0.48
cm in diameter, arranged in four geometrical patterns. A power law which 1is
commonly applied to estimate the mean velocity over urban areas was adapted to
analyze the mean velocity data obtained in this experimental work. The depen-
dence of the exponent in the power law on the roughness density was. examined.
A similarity velocity profile was obtained for the flow within the internal
boundary layer using the internal boundary-layer thickness and the velocity at
that height as scaling parameters.

Introduction

The flow in the atmospheric boundary layer is strongly affected by under-
lying roughness conditions. Particularly, when a change in the surface-roughness
conditions exist, the interrelation between the velocity field and ground rough-
ness becomes more complicated. A better knowledge of the interrelationship
between the mean velocity distribution and roughness condit ons may be valuable
for estimating the wind loads on buildings and/or structures. Theoretical
analysis, however, is extremely difficult due to the complexity involved in the
problem. Hence, detailed experimental study is necessary. Field measurements
are inherently difficult because of the continuous weather change and the high
cost in setting up measurement stations. On the other hand, an appropriate wind
tunnel can now provide satisfactory conditions for simulating the atmospheric
boundary layer. ’

The prime objective of this experiment is to investigate the evolution of the
mean velocity above high roughness elements. The mean velocity and the growth of
the internal boundary layer are examined by employing the power-law relationships.

Experimental design

The aim of this study was to study the mean velocity variation over a highly
rough surface which might simulate an urban area or a wooded area. The usefulness
of wind tunnels for simulating the atmospheric boundary layer has been well veri-
fied. An extensive discussion about simulation of the atmospheric flow field by
wind-tunnel flow can be found in Refs. [1] and [2].

The experiment reported herein was carried out in the low speed Meteorologi-
cal Wind Tunnel in the Fluid Dynamics and Diffusion Laboratory at Colorado State
University [3]. Previous simulation results of urban and forest-canopy meteo-
rology conducted in this wind tunnel have been reported in Refs. [4], [51, [e],
[7] and [8].
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Roughness

, The roughness surface consisted of pegs 9 cm high and 0.48 cm in diameter.
This surface was 1100 cm long and 183 cm wide. The pegs were arranged in the
following four patterns:

(1) Case S(I): The pegs were spaced 2.54 cm in both longitudinal and lateral

directions.

(2) Case S(II): The pegs were spaced 5.08 cm in both longitudinal and lateral
directions. '

(3) Case D(I): One peg was inserted at the center of a square formed by four
pegs in Case S(I). Both longitudinal and lateral rows of pegs were 1.27 cm
apart. That is, pegs were spaced 1.80 cm on the diagonal.

(4) Case D(II): One peg was inserted at the center of a square formed by four
pegs in Case S(II). Both longitudinal and lateral rows of pegs were 2.54 cm
apart. Pegs were spaced 3.60 cm on the diagonal.

Area roughness density o, is defined as the ratio of the surface area occupied

by the pegs to total rougﬁness-surface area. The values of g, are 0.056 for

Case D(I), 0.028 for S(I), 0.014 for D(II) and 0.007 for S(II).

Wind tunnel

The meteorological Wind Tunnel is a closed circuit wind tunnel with a 26 m
long test section and a cross-section of 2 x 2 m. Air speed up to about 36 m/s
can be obtained.

The rough surface of pegs started 15 m downstream of the test-section
entrance.

To simulate the atmospheric shear layer a thick turbulent boundary layer was
generated by gravel placed in the contraction section. An additional turbulence
generator made from flexible plastic strips was placed over the first 3 m of the
test section [6]. -

A photograph of the peg roughness installed in the wind tunnel is displayed
in Fig. 1.

Mean velocity measurement

The experiment was conducted at a constant free-stream velocity of 12 m/s.
The latter was obtained by adjusting the height of the tunnel ceiling sectionally.

The mean velocity was measured by a pitot-static tube and a hot-wire anemo-
meter. The turbulence level is very high in and immediately above the roughness
e.g., 40 to 50% of the local mean velocity. The accuracy of a hot-wire anemometer
for mean velocity measurements is expected to be insensitive to such high turbu-
lence [9]. Thus, the mean velocity measurements up to 60 cm from the floor were
made by a hot-wire anemometer, and above 60 cm a pitot-tube was utilized. In
Cases S(I) and S(II), the velocity was measured at the center of a square formed

by four pegs. In Cases D(I) and D(II), one peg was removed and the measurement
was made at this position.

Experimental results

The variation of the free-stream velocity along the rough surface was found
‘to be less than 2 percent.

In presenting the results, the longitudinal distance, x, is measured from
the leading edge of the rough surface in the downwind direction. The vertical
distance, z, is measured from the floor.

The mean velocity profile within &he atmospheric boundary layer can be
described by a power law, i.e., Ua z . The value of o for the velocity pro-
file at x = - 1 m 1is approximately 0.175. For flat open country a value of 0.16
has been suggested [10]. The value of o for the upstream velocity is only about
10% larger than the suggested value for open country. Consequently, the velocity
distribution in the atmospheric surface layer over flat surface was simulated
adequately by the upstream flow.



The velocity distribution in the atmospheric shear layer is usually
expressed by either a logarithmic law or a power law. For micrometeorological
problems, the former is used more frequently than the latter. However, when the
surface roughness is high, the application of a logarithmic law to describe the
wind profile becomes extremely difficult. This is primarily because the predic-
tion of two similarity parameters, i.e., the friction velocity and the roughness
length, becomes difficult and hence inaccurate [11, 12]. On the other hand, to
estimate the wind load on buildings and/or structures, a power law is convenient
because of its simplicity. The power law to represent the velocity profile
throughout the atmospheric boundary layer is written by [10]

u__ (.z_ * (1)
Y% 1%
where Ug denotes the geostrophic wind speed and 2zg is the height at which Ug
is attained. For simulating the atmospheric boundary layer in a wind tunnel Ug
and z; can be replaced by the free-stream velocity U, and the boundary-layer
thickness & , respectively [13]. Then, Eq. (1) is written as

U z| @

0 -5') (2)

It is important to note that the roughness element used in this work is ex-
tremely high, i.e., 8 to 12% of the boundary-layer thickness. Within the rough-
ness (z < h), the flow is highly turbulent and a two-dimensional wake is
generated behind each peg [4, 7]. Immediately above the roughness, three-
dimensional wake is produced due to the flow separation from the top of each
roughness element [7]. Beyond the three-dimensional wake domain, a two-dimensional
turbulent boundary-layer flow is observed. Equation (2) is applicable to the flow
in the last domain. Therefore, to express the velocity profile above high rough-
ness elements, Eq. (2) is modified into the form [6]

a
I (-g—% (z > h) (3

where h is the roughness height.

In the analysis of vertical velocity distributions, horizontal homogeneity of
the surface roughness is commonly assumed so that the flow characteristics through-
out the boundary layer are determined by the underlying roughness only. The flow in
such a stage is called a fully developed flow. When the fully developed flow en-
counters the change in the roughness conditions the influence of new roughness on
the flow is confined to a layer next to the ground, i.e., the internal boundary
layer [14]. The internal boundary layer grows in depth with downwind distance.
Thus, near the roughness change, the flow is affected by both upstream and new
roughness conditions. This flow domain is called a transition region.

The velocity profiles in the fully developed flow region for Cases D(I),
S(I), D(II) and S(II) are shown in Figs. 2a, b, c and d, respectively. The
boundary layer thickness was defined as the distance from the wall where
U/Ue = 0.99. For the sake of comparison, the power-law profiles which envelope
the measured velocities are also displayed. The variation of the exponent due
to the roughness-density change is clearly observed. Samples of the change in
the exponent for different roughness conditions are provided by Fig. 3 for
wind-tunnel data [15] and by Fig. 4 for field data [16]. The former is a case
where the spacing of fences 2.54 cm high was varied. The latter was obtained
in a rough and irregular area. Close examination of Figs. 2a to d and 3 shows
that near the roughness top the vertical velocity gradient, duU/dz , for the
measured velocity profiles is larger than for the profile given by Eq. (3). As
the outer edge of the boundary layer is approached, the situation is reversed.

A similar result is observed in Ref. [13]. Note that the velocity profiles ex-
pressed by Eqs. (1), (2), and (3) do not have zero velocity gradient at the outer
edge of the boundary layer. In reality, the velocity within the boundary layer
should approach asymptotically to the geostrophic wind speed or to the free-stream



‘velocity with increasing vertical distance. It is observed that the change in the
measured mean velocity from 0.9 U_ to U_ takes place over a vertical distance
extending from about 0.75 & to 6 . Therefore, if the length scale z. or ¢ 1is
" defined as the height where U = 0.9 U, or 0.9 U_ , a better agreemen% between the
. measured velocity profile and one exprgssed by Eq. (1), (2) or (3) may be obtained.
The velocity profiles at various downwind distance for Case S(I) are shown
according to Eq. (3) in Fig. 5, where 6§ 1is the height for U/U_ = 0.99. At a
certain height, each velocity profile merges into the profile at x = 0 m. This
height is defined as the internal boundary-layer thickness, denoted by 6..  The
growth of the internal boundary layer for four cases is displayed in Fig.”6. The
internal boundary-layer thickness increases almost linearly as X increases.
The latter becomes practically constant when the flow is fully developed. The
extent of the transition region, designated by Xps becomes shorter as the rough-
-ness density increases.

In order to express the velocity profiles in the transition region, Eq. (3)
is modified into the form A

g
U z-h
T (;T?K) (4)
1 1

where Ui denotes the mean velocity at Gi . According to Eq. (4), the velocity
profiles within the internal boundary layer are presented in Figs. 7a, b, ¢ and d
for Cases D(I), S(I), D(II) and S(II), respectively. The numerical values of Gi
Ui and B8 are summarized below:

Case D(I) Case S(I) Case D(II) Case S(II)
(;) x 8 U B 6, U B 5, Uy 8 & U B
0.5 5.5 2.3 0.70 0.840 -=-- .---= --—o- S S
1.0 11.1 2.9 0.74 0.735 2.3 0.72 0.585 2.3 0.76 0.447 2.3 0.77 0.33
1.5 16.6 —--= +--= —-=-- R e T L 2.7 0.78 0.447 2.6 0.78 0.33
2.0 22.2 4.1 0.8 0.585 3.6 0.78 0.447 3.6 0.80 0.447 3.1 0.79 0.33
3.0 33.3 5.3 0.85 0.535 --= ~=ec ---w- 4.3 0.83 0.447 --= === ----
4.0 44.4 6.3 0.90 0.535 5.4 0.86 0.447 5.4 0.86 0.447 4.0 0.81 0.33
5.0 55.5 7.5 0.93 0.535 === === =-ce- e e —mem- ce e e
6.0 66.6 7.4 0.93 0.535 7.1 0.90 0.447 8.4 0.93 0.447 6.0 0.87 0.33
7.0 77.7 7.5 0.93 0.535 === =--= ~--u- Cle e awame cim i ame-
7.5 83.3 cm- mmm=  —meo- 7.1 0.90 0.447 -== —m== =m=e- e cmem e
"8.0 88.8 === =m== =m—e= === =—=== =----— 8.6 0.93 0.447 8.6 0.95 0.33

In the above table, x = x/h Gi =4§./h and U, = U./U  where h =9 cm and

U =12 m/s. In Cases D(II) and S(Ii), all thelmeas&reg velocity profiles within
- the internal boundary layer collapse on a single curve. In cases D(I) and S(I),
for x < 2m (x/h s 22.2), similar velocity profiles are also obtained. These
results reveal the validity of &, and U, as similarity parameters. Within the
very beginning of the transition %egions £6r both D(I) and S(I) cases, the velo-
city profiles exhibit a deviation from the similarity profile obtained at distances
farther downstream. Notice that in Case S(I) the ratio of a peg diameter to

the spacing, i.e., the ratio of the area of pegs projected in the x direction to
total frontal area of roughness, is about 0.19. In Case D(I), since the first

- lateral row of pegs and the second one are close, the aforementioned ratio based
on the spacing distance measured diagonally is approximately 0.27. In these
cases, the frontal area of the roughness can be regarded as a step obstruction or
a permeable fence. Hence, the flow field in the immediate vicinity of the lead-
ing edge of the rough surface is considered similar to a wake generated by a

fence or a corner of & building. The aforementioned deviation of the velocity

profiles from the similarity profile might be attributed to these initial fence-
wake flow characteristics. - :

g o



It is noteworthy that once the internal boundary-layer thickness 1is estimated
the mean velocity }Ui“, which is the velocity scale in Eq. (4), could be evaluated
substituting §&; into z of Eq. (3) for x = 0 m.

In order to assess the efficiency of roughness in reducing the mean velocity,
the volumetric density of roughness, o, , is defined as oy = (op h)/8, , where
4y 1s the boundary-layer thickness at x = 0 m. The value of o, for Cases D(I),

S{I), D(II) and S(II) are 7.0 x 10-3, 3.5 x 1073, 1.75 x 1073, and 0.88 x 103,
respectively. Consider a hypothetical case where houses 10 m high occupy 50% of
the total residential area and the height of the atmospheric shear layer is 1000 m
[17]. . The value of o, for this case is 5.0 x 1073 which locates between Cases
D(I) and S(I). In Fig. 8, the variation of B8 1in Eq. (4) with o and the ex-
tent of the transition region are shown. The value of 8 for a similarity pro-
file increase with increasing density. As shown by the broken line, the value of
8 should approach to a value of 0.16 for sufficiently small roughness density.
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flow domain.
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