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ABSTRACT. A system of Honeycomb Flat Plate (HFP) grid and cylindrical rods has been developed to
accelerate the growth of a thick (32 e¢m) turbulent boundary layer, artificially, over rough floor of a low speed
short test-section (0.61 m - 0.61 m) wind tunnel. Simulated profiles of wind velocity, longitudinal turbulence
imensity and Revnolds stress are shown to have similarity to those of a ncutral atmospheric boundary layer over
atypierl rural terrain. Longitudinal spectrum of turbulence measured at 10, 30 and 100 mm above tunnel floor is
shown to compare well with atmospheric spectrum and agree closely with the Kolmogoroff's -——2/3 law in the
nertial sub-runge of the spectrum. Based on the length scale of longitudinal turbulence estimated from the
spectrum, @ scale of 1:900 has been proposed for laboratory modelling of environmental problems wherein the

transport of mass in a neutral atmospheric surface laver is solely due to eddies of mechanical origin.
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1. Introduction

Laboratory simulation ol adiabatic atmospheric boun-
dary layer in wind tunncls is a _pre-rzquisitz to model the
environmental problzms likz dispersion of air pollutants,
flow characteristics in wind enzigy and wind loading
studies. It employs the technique of developing a thick
boundary layer naturally over i long fetch ol roughness
in a long wind tuanzt (Cermak 1970), or artificially in
short test-seciion wind tuanzls by means of grids, rods,
plates, vortex genzrators (Lloyd 1967, Counihan 1969,
Cook 1978, Okamote 1986, 1987). Majority of’ contem-
porary simulation methods .‘mp[o_\' thz technigue com-
promising bztwe:n the two in which a natural boundary
layer is allowed to develop over an intermediate length
of rough wall afier giving an initial start by means of
barriers and mixing devices.

In the present study. a thick boundary layer is develop-
ed in ashort test section wind tunnal using two cylindrical
rods and a Honeycomb Flat Plate (HFP) grid as a barrier
cum mixing device. Characteristics of profiles of mean
velocity, longitudinal turbulence intensity, Reynolds
stress and spectrum ol longitudinal turbulence generated

over a rough foor downstream of HFP are evaluated
with respect to their similarity o those over an adiabatic
atmospheric boundary layer

2. Basic approach to HFP grid and experimental details

The geometry of the barrier and mixing device and its
position in the strzam of air flow decide the distribution
of velocity and turbulence downstream of it. Lloyd (1967)
used an array of flat plates (o produce sheared turbulent
flow: but the resultant scale of turbulence produced
was small. The scale and decay of turbulence downstream
of grids or honeycombs are related to the mesh size
(Taylor 1960}, Therefore, adoption of a graded honey-
comb to produce shzarzd turbulent flow is a practical
proposition (Lawson 1968). Thz choice of combining
graded honeycomb with an array of flat plates in this
experiment is based on the reasoning that, as in the
natural atmospheric boundary layer, the turbulence
intensity close to the floor shall be larger and also
decreasing smoothly with height in the wind tupnel
simulated boundary layer. Honeycomb is, therefore,
graded with cells of two different dimensions : Cells
of 6.35 mm size (Lo produce small eddies) are fixed at a
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Fig. 1. A view of Honesycomb Flat Plate®Grid (HFP) with cylindrica’ rods infront, inside the tesl-section
of wind tunnel
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Fig. 2(a). Mean velocity profiles simulatzd and fitted to the power law wind profile of the atmospheric
bourdary layer
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Fig. 2(b). Mean velocity and longitudinal turbulence intensity
profiles at different locations downstream along midspan

height of 115 mm inside a 457 mm X 457 mm perspex
frame, cells of 12.7 mm size (to produce big eddies) are
fixed at a height 120 mm above the array of smaller cells.
The cells are 76.2 mm long (depth of honeycomb!and
are made of 0.3 mm aluminium sheets, Four aluminium
flat plates, 1.65 mm thick, are fixed to the frame at
arbitraiily located positions of 20, 45, 70 and 95 mm
above the honeycombarray. Suchan array of Honeycomb
cum Flat Plate’is capable of producing sheared turbulent
flow with a good distribution of eddy sizes. In an carlier
study (Sivaramakrishnan 1980) HFP was installed at the
test section entrance and the mean velocity profiles
measured at 2.6 m downstream of HFP, over a smooth
tunnel floor were found to have similarity to power law
wind profile of the adiabatic atmospheric boundary
layer. The artificially developed boundary layer was
33-34 c¢m thick at free stream velocities of 10-12 m/s.
However, the streamwise turbulence infensity was
found to decrease faster above the floor and that except
at the region close to the floor, it was not of the required
order when compared with the atmospheric profile.
To increase and sustain the turbulence intensity near the
floor, the floor was roughened using coarse grade emery
paper (C201AH, Carborandum Univeral) in this ex-
periment. Two cylindrical rods of 2. 54cm diameter were
installed infront of HFP so that the flow approaching

HFP has turbulent wakes generated by the rods. The
rods were mounted horizontally at the entrance of test
section such that one rests on the floor and the other
above at an axis to axis separation of 10 cm. Such an
arrangzment of the cylindrical barriers is to impart an
initial momentum deficit. The HFP grid was mounted
downstreamat 27.5cm from the entrance of test section.
The turbulent wakes in the flow on passing through
HFP gt directed by the cells of different mesh size which
results in a good distribution of velocity and turbulence
intensity in the shear flow downstream, and the rough
floor sustains turbulence near the floor. Vertical separa-
tion of cylindrical rods in front of HFP was determined
by repeating the experiments for different axis-to-axis
separation and measuring the turbulence intensity dis-
tribution downstream of HFP, where thz mean velocity
profilss were well developed.

The wind tunnel used for the study was a low speed
open circuit tunnel of test section0.61 m 0.61 mx
3m. located at the Central Water and Power Research
Station (CWPRS), Khadakwasla, Pune. Emery coarse
paper of thickness 1.2 mm. pasted ontoa long 6.35mm
thick plywood plate, was fitted on the test section floor
along its entire length. Rear view of cylindrical rods and
HFP along with rough tunnel floor is shown in Fig. 1.
The tunnel was run at a free stream speed of 10-11 m/s
and the velocity profiles measured at several locations
downstream of HFP. Thermo Systems Incorporated,
U.S.A. (TSI), Model 1054A constant temperature
anemometer. Model 1076 true r.m.s. voltmeter and
Model 1015C correlator were used with single or x-
type hotwire boundary layer probes to measure the mean
velocity, turbulence intensity and Reynolds stress pro-
files. TSI hot wire sensor is a platinum plated tungsten
wire of 4 micron diameter, 1.3 mm length and has
frequency response from DC-200 KHz in air at 100 m/s.
A thres-dimensional precision traverse was used to
traverse the probes. To measure the streamwise power
spectral density function of turbulence. a Bruel and
Kjaer Type 2010 heterodyne analyzer of frequency range
2 Hzto 200 KHz was used. Spectral density was measured
at heights of 10, 30 and 100 mm above the tunnel
floor. Choosing x-axis along the stream of flow the
location of points along x is measured w.r.7. the rear face
of HFP. The y-axis refers to the cross stream (lateral),
i.e.. span distance measured from the interior wall of
test section on the observer’s side of the tunnel. The
-.axis refers to the vertical, i.e., the height w.r.t. the
rough floor of the tunnel.

3. Resulfs

Mean velocity and turbulence profiles at several
downstream locations were measured from2mm above
the tunnel floor using a boundary layer type single hot
wire probe.

3.1, Profiles of mean velocity and longitudinal turbu-
lence intensity

Mean velocity profiles measvred downstream of
HFP are shown in Fig. 2(a). The profiles start developing
at 1.52 m and attain equilibrium at 1.82-2.12 m.
Spanwise distribution of profiles at 1.82and 2.12mis
nearly uniform. Fig. 2(b) depicts the profiles (height z
normalized with 8 — the boundary layer height) of
mean velocity (U) and longitudinal turbulence intensity
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Fig. 3. Simulated profiles of longitudinal turbulence intensiy
- along midspan at three different points downstream of
HFP. The mean velocity and turbulence intensity pro-
& files at 1.82 m downstream show relatively better shape
X Y u than those at 1.52 and 2.12 m. The boundary layer
09 MAX levelopad i ite thick (5—12 locations
. i PRt developed 1s quite thick (6=32 cm) at these locations.
A power law le
o 182 35 109 power law profile
c e o @
ost* a 152 320 112 (UlUs) = (Z[3) (h
&~ x 212 35 107 with power exponent « = 0,23 typical over rough
terrain (Counihan 1975) has been fitted to these
o O HARRIS (1968) velocity profiles. The points in the lower 1/5th of the
measured profiles fit 0.23 profile very closely
@ U4 is the wind velocity at the height ol boundary layer
08 usually defined as the height where the velocity is 987,
- of free stream velocity. The shape of all these profiles
reveals that the boundary layer is turbulent.
oS & Profiles of longitudinal turbulence intensity show that
close to thz floor (Z=2mm) it is as high as 237 and
& falls down to 7.3% at Z/8=0.25. The intensity
04 decreases relatively smoothly at x—=1.82 m. Streamwise
2% and spanwise longitudinal turbulence intensity profiles
are shown in Fig. 3. It is observed that the profiles are
03k &0 x HARRIS(1968) nearly uniform for x—1.82-2.12 m. In Fig. 4. tur-
bulence intensity profile based on fullscale measurements
10 (Harris 1968) for flow of atmospheric boundary layer
02k over rural terrain is drawn alongwith simulated profiles.
The agreement is reasonable within 5%,
Fig. 5 shows the logarithmic variation of the velocity
ol profiles in the lower region of the boundary layer
(Z/3=0.25)at x=1.52,1.82and 2,12 m. Intercept of
thz profilz with height axis yields anapproximate value of
0-0 1 a i L the roughnsss lengih Z, obeving the log-law velocity
*] 5 0 15 20 25 30 distribution :

VU U (%)

Fiz. 4. Profiles of longitudinal turbulence intensiry
compared with Harris” atmospheric profile

U = (u,/ky In(Z|Z,) (2)
where u, is the friction velocity and kA the Von
Karman constant. The intercept vields Z,=107%3 ai
v=1,52, 1.82 and2.12 m inFig. 4.
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Fig. 5. Mean velocity profiles fitted to logarithmic law of the surface layer
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3.2. Profile of Reynolds stress

The profile of Reynolds stress was measured using a
TSI boundary layer type x-wire probe by orienting the
hot wire sensors parallel to the xz plane. Fig. 6 shows

Fig. 6. Simulated profile of Reynolds’ stress
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the plot of Reynolds stress (', ) normalized with the

square of free stream velocity against height Z normaliz-
ed with 8, at x=1.82 m.
and at two different points along span are shown
reasonably close to the floor the mean Reynolds

The profile at midspan
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Fig. 7(a). Spectrum of longitudinal turbulence at 10 mm above
tunnel floor ‘

stress at 4 mm is measured as 2 x 1073, The stress in the
logarithmic layer is nearly constant with a mean value
of about 0.002 within a deviation of --10%,. Abovsz the
logarithmic layer the stress decrea:es with height as in
the atmospheric boundary layer.

3.3, Streamwise rurbulence spectrum

Fig. 7(a) depicts logarithm of normalised streamwise

(longitudinal) spectral density against logarithm of

dimensionless frequency (n=fZ/u where u is local mean
streamwise velocity and f is the cyclic frequency in Hz.),
at 10 mm above tuanel floor at mid-span for downstream
locations 1.82 and 2.12 m from HFP. Figs. 7 (b & ¢)
depict the corresponding spectral density at 30 and
100 mm above the tunnel floor. Longitudinal spectra
obtained under neutral atmospheric conditions over
uniform, flat and relatively featureless terrain in Kansas
(Kaimal er. al. 1972) is plotted for comparison with
simulated spectra. In engineering applications, most
commonly used form of the spectrum is the Kansas
spectrum, given by :
jSu(l) . ]05 n
1,2 (1 +33n)"3 (3)

Comparison with simulated spectrum by reducing Eqn.

105 n

(I 4 33n)5/8 (4)

log fa(1)/(us)
0

log n

-+ x -182m —+— Kansas ¥ x -22m

Fig. 7(b). Spectrum of longitudinal turbulence at 30 mm above
tunnel floor

where ¢ which is a proportionality factor, yields good
agreement for ¢=1/6 in Fig. 7(a) and ¢=1/4 in Figs.
7(b) & (c). The simulated spectra [Figs. 7(a—c)]
depict the —2/3 law of Kolmogoroff in the inertial
subrange of the spectrum. In Figs. 7 (a) & (b) due to
Eqn. (4) the simulated spectra appear to show higher
energy than the corresponding Kaimal spectra, at the
low frequency end. The low frequency limit of the
spectral analyser (2 Hz) restricts the measurement of
spectral density values at frequencies much less than the
peak (which lies in the 2-5 Hz frequency band). At
the high frequency end. the spectral energy falls sharply
due to filter characieristics ¢f the spectrum analyser
compared to the smoothed Kaimal spectra.

4. Assessment of simvlation

The prime objective of modelling the characteristics
of velocity profiles and turbulence in the wind tunnel is to
use them efficiently te study the problems like wind flow
over obstacles (like hills and mountains) and turbulent
transport and diffusion of pollutant particles in the
atmospheric boundary layer. In simulating wind
profiles of the adiabatic atmospheric boundary layer,
it is wvsually assumed that mechanical turbulence pre-
dominates thermal turbulence. Regarding similarity
requirements (Cermak 1970) to be satisfied between the
tunnel model and the prototype atmosphere, the Rossby
number similarity is relaxed for the model flow. The
Reynolds number similarity is satisfied by establishing
that the wind tunnel boundary layer flow is fully rough.
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Fig. 7(c). Spectrum of longitudinal turbulence at 100 mm above
tunnel floor

This is done using Nikuradse's (Sutton 1953) criterion :
Uy Z

¥

° >2.5 (5)

where, v is the kinematic viscosity of air. Based on
Reynolds stress measured close to the floor w, is
obtained from the relation :

( - ’Fi'—/ {"mm:‘x ) - ( ”t“’lf'l\il.\' )2 (6)

and using this in equation (2), u,Z,/v has been determined
to be about 40 which shows that the tunnel flow is fully
rough.

Matching the boundary layer height simulated in the
tunnel (320 mm) with the atmospheric boundary layer
height will be a crucial exercise. At high wind speeds
(5-7 m/s at 10 m height) the gradient height has been
taken as reference to represent the height of the adia-
batic atmospheric boundary layer, in engineering
literature. On the basis of theory and observations
made in mid-latitude regions during the period 1880-
1972, Counihan (1975) recommends a value of 600 m
as the average height of both rural and urban boundary
layer under adiabatic conditions. In tropics this height
may vary and can be as high as 1-1.5 km, under
neutral conditions. Hence matching boundary layer
heights shall yield different and also large scale factors.
It is also customary in application oriented problems to
describe the wind profiles in terms of power laws. Hence
fitting the simulated wind profiles to well known power
laws (as in Fig. 2) give a general idea of terrain type to
which these distributions of wind speeds have similarity.

The profiles exhibiting logarithmic linear variation with
height upto 80 mm above tunnel floor ensures resembla-
nce of wind profiles to adiabatic atmospheric profiles.
Notwithstanding, it is essential that the structure
of the model flow, viz, the cascading of turbulent
energy and the size of eddies, have to be compared
with atmospheric flow under similar situations so as to
estimate a suitable scale factor. Counihan (1975) lists
a range of values for longitudinal turbulence intensity
at 30m above ground and the Reynolds stress near the
ground over rural terrain

0.10 < (’V”"?-f—f‘br );;"“l = 0.2()
0.002 < (—u" & [U2,.) < 0.0025

It is observed that the measured profiles of intensity of
turbulence fall in this range in the vicinity of tunnel floor
Z/6=0.1, Also the Reynolds stress close to the floor
(Z/3=0.1) is about 0,002.

The roughness length Z, and the longitudinal inte-
gral length of the streamwise component of turbulence
L7, which is a measure of dominant eddy size in tur-
bulence, form the two key parameters that describe
the mean velocity and the turbulence characteristics
over the depth of simulation (Cook 1978). The rough-
ness length Z, has an unique value in any given boun-
dary layer but the integral length L, is a function of
height above ground and can be determined from corre-
lation or spectral measurements. Table | gives the
value of L*, obtained for the simulated spectra using
the Von Karman model (Teunissen 1970)

L, = 0.146/K (7

where, K is the wave number corresponding to the peak
value of non-dimensional spectrum.

Many workers expressed the variation of Lz, with
height by the relation
® a

L,~2Z (8)

For heights above 300 m the length scales are indepen-
dent of terrain type (Teunissen 1970) in the atmosphere
The relation ;

L,= 20*\/ Z (9

is proposed by Teunissen (1970) on the basis of available
results and it holds good in the 0-60 m hieght range.
Table 1 shows the linear scaling for simulation corres-
ponding to Z=60 m in Eqn. (9). The choice of maxi-
mum height range for which Eqn. (9) applies yields the
maximum scale ratio so that a minimum geometric
dimension could be estimated for the elements (for

eﬁxampfe, a stack) to be scaled in a desired type of
ow.

Conseguent upon the variation of L7, with height
the scale ratio varies in Table 1. Overall, a linear
scale of about 1:900 could be a judicious estimate
between the simulated flow and the atmospheric sur-
face layer flow. Based on this scaling we obtain}a
full scale height of 72 m corresponding to 80 mm height
of logarithmic layer simulated and a roughness length
of 0.09 m. These values along with turbulence intensity
and the Reyno!ds stiess measured in the tunnel agreg
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reasonably well with the corresponding values reported
in the lhterature (Counihan 1975) for a typical rural
terrain,

TABLE 1
L" Linear Scale
Z (m) L%

{mm) r—— A model :

xr=].82m 2.12m atmos

10 0.153 (150 1:1040
30 0,180 0.176 1 :RO0
100 0.222 0.216 1:720

Further experiments on lateral and vertical turbulence
spectra and the corresponding length scales will enligh-
len some more aspects on the structure of turbulence
in the simulated flow. Studies of the present type have
application in problems like wind effects on stability
of tall structures, wind energy generation (design of
propeller blades and location of them in turbulent
field of fiow) and modelling of the dispersion of air
pollutants by eddy transport and diffusion in the labo-
ratory—the studies of the kind have been progressing
elsewhere.

5. Summary

The mean wind and
produced in a
that :

turbulence characteristics
short test-section wind tunnel show

(a) A system of barriers viz. cylindrical rods and a
grid of Honeycomb Flat Plate designed for this study
is a good combination of simple devices 10 model
the flow structure of the adiabatic atmospheric
houndary layer.

(b) The simulated wind profiles have similarity to
neutral atmospheric boundary layer profiles. The
height of the logarithmic layer, the surface stress, the
profile of the longitudinal turbulence intensity and the
roughness length agree well with the range of atmos-
pheric values typical over rural terrain.

(¢) The spectra ol longitudinal turbulence closely
follow the atmospheric spectra.
longitudinal turbulence in the tunnel boundary layer
increases with height as in the surface boundary layer
of the atmosphere.

The integral scale of

(d) On a scale of 1:900 the tunnel flow compares
well with the prototype atmosphere and hence could
be used to model the turbulent flow of the neutral
surface boundary laver.
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