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This. paper concerns an experimental study of the cffects of the grid-gencrated
turbulence on the propagation of acoustical waves in a wind tunnel. Turbulence effects are
investigated using ultrasound tme-of-flight method, employing counter-propagating
ultrasonic pulses. Turbulence effects arc an important source of error in the active probing
of the atmosphere using sound sources. The emphasis is on the propagation time
fluctuations and their interpretation using theoretical analysis of Kolmogorov.

1. INTRODUCTION

The phenomenon of sound propagation in
inhomogeneous, moving media has been investigated
intensively and there is vast amount of literature on the
subject. The effect of the mrbulence on the sound
propagation results firstly in the scattering of the sound
waves, and secondly, in the fluctuations of the phase
and amplitude of the sound waves. In this work we
concentrate on the study of the latter effect. The
classical analyncal approach in which wave
propagation equarions arc simplified and averaged to
account for the random environment can be found in
Chernov!, Tatarskii®. Along with the classical approach
another analytical approximation, so called stochastic
Helmboltz equation, as a decscnption for sound
propagation thraugh nubulence has been considered by
Neubert®. Recently Iooss et. al.* has studied well-known
effect of linear increase of the first-order travel-time
variance with propagatiop distance (Chernov
approximation) and introduced a second order term to
the travel time variance to account for thc nonlinear
effect that appears at a certain propagation distance.
The expetimental results available in the literature, in
which measurements of amplitude aod phase
fluctuations in sound wave are described, are often not
in good agreement with analytical predictions. Aside
from the limjtation of experimental and computational
equipment with regard to collection and processing of
experimental data, the main reason for the discrepancy
berween theoretical predictions and expevimental darta is
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that the corresponding data were not analyzed in a
consistent manmer. Extensive experimental material
copcerning the travel time, phase variance was
collected from outdoor experiments’. Since atmospheric
twrbulent flow camnnot be controlled, is not well
characterized and cannot be considered to be isotropic,
the measurements are better taken under laboratory
conditions within the turbulent field produced by grid
or jet. The difficulty of obtaining laboratory
measurements of phase or flight time explains the lack
of experimental data in literature. Ho and Kovasznay®
have performed measurements across an air jet over an
extremely short propagaton distance. Blanc-Benon’

used jet-generated turbulence with levels w, =2.4m/5

and 1.bn/s, and utilized approximately plane acoustic
wave with a pistonlike sound source. In our previous
work we investigated experimentally the dependence of
the travel time on the propagation distance, The data
shows very good correspondence with analytical data
for second-order travel time variance obtained by Iooss.
More recently, the problem of pulse propagation in
inhomogeneous and random media become of interest
in applied science (Dacol’, and references therein).
Karweit et. al” in their work described a oumber of
numerical experiments, all of which focus on the ravel
time variance of a sound propagating through air. The
effect of turbulence on the waveform distortion, rise
time and peak pressurc were investigated numerically
by Lipkens'®.

The transit-time ulrasonic method is widely
used technique for flow spetering [Lynnworth®,
Schmidt"]. It allows measuting flow parameters
without  perturbation very rapidly, providing
opportupity to collect sigpificant amoumt of
experimental data. A range of frece stream velocities
was used that resulted in isotropic nmbulence within a
specific downstream zone. The ultrasonic transducers
were located in the zone.
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In the current work. the influcnce of turbulence on
ulrasound waves propagating along and against the
direction of the mean flow is vomsidered. Marcosver. o
vumber of experiments for collecting data for amplinude
fluctuations at the point of the receiving are conducted.
These data served to study the amplitude fluctyations as
a funcuon distance berween transducers and mean flow
velocity. The laws of behavior that govern the
fluctuations in amplitude and phase of sound are suhject
to the Kolmogorov's “2/3" law

2.METHODOLOGY
In the experiment we utilize ulrrasonic  pulses
waveling along straight paths from a single source (0
two receivers, as shown in Fig. |,
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Figure 1  Sketch for the basic relations for the

uloasound measurements.

In order 0 develop a theoretical model we use the

ulrasonic flowmeter equaton for sound  waves
propagating upstream and downsmeam as following
L dx l L
t:.=_|. ~t0t=—2ju1,d.x; w, . =0 ~u, . (1.
Ty F U, s o

where [ is a travel gme in the undisturbed media. (7
is a mean flow velocity, ¢ is a sound speed. it ure
fluctuations of the mean flow velogity. In order to
conswuct analytical expression for the siandard
deviation of the wmavel tme we will use theory.
developed by Krasil’nikov along with Kolmogorov's
2/3 Jaw. We reproduce denvations carried out hy
Krasil'nikov with changes approprate for our
application. Using (1) we construct expression tor the
time difference
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where the overscore indicaies time averaging. The
vilue of the mean quanthiy under this integral can be
wrillen as
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To take into account the correlation of fluctuanons at
different points of the flow we use the “2/3” law.

Following this law, on the basis of the hypotheses of
IsOtropy one may get;

(4)-
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where C s a structure paramcter having a dimension

of Im¥*xs' and L is i distance between two
wransducers, Using (4) it follows from (5)
, 2 3. as 2 %
S (%) Au (x,) = -3 (RY: - R ~ R - R ) (6)-
Bascd on the Figure 1 it is seen, that for small angles
Us 2 2 .
R, =22 7. R = 1 =(g. -a } {1+ 3 (7),
1 c059 i (ar -ay ) ( )
Rr‘! E & 4 ;Rﬁl- =R"27 =(”"~ _al)z (]+\92) (8)9
’ tos 9 " v
k) . 2 3
R;~ . '*(ﬂ:—ﬂl) + 5" (9)1
R?n* = (G-\ —al] (ﬂ: + ﬂl ): 19: (10)'
Consequently,
""" - 1 "L L “ o T it
A € [da, Jdaz{ R.Y-TRY] } (11).
< 0 It - -

The detail evaluation of the intcgral (9) can be found in
Krasil'nikov!!. The final expression for the standard
deviation of the ravel umc i

=N A =consrC—lTL‘”(1)* “1=28L (12).
.
3. EXPERIMENTAL RESULTS AND
DISCUSSION
The experiments were carried out in a wind
wnnel of 45.25" length with a

1175 11.62"  rectangular test section. Turbulence

was produced by a bi-planar grid consisting of a square
mesh of aluminum round rods with diameter of 0.25"
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positioned 17 {between centers, The mesh, M, was
thereforc 1" and the grid solidity was 0.36. In our
experiment we have used ultrasonic transducers acted
both as a transmiitter and as a receiver with a frequency
of 100kHz dpsigned for air applications. The
experimental arfangement as well as an acquisition
system is described in our earlier paper'S, Two signals
shown in Fig. 2 lare transmitted signal &, and reccived

signal ¢;. The travel time z,, shown in Fig. 2 was
|
determined as ax Kj(z) = Ky3(t,) from the cross
Storrelation ﬁmctilon K, (7). Experiment

1(s)
Figure 2 Typical rcpresentation of cxperimental data
obtained from the digital data acquisition system
CompuScope 82. |

was performed fipr 6 different flow velocities. The
Reynolds numnber based on the mesh size M and other
|

x ) U (m/s) | Re
M
0.965 4 5644
0.965 5.5 7761
0.965 7 9877
0.965 8 11288 |
0.965 9 12700
0.965 10 14111

Table 1 Flow paraiknctcrs

relevant flow parard:ewrs are listed in the Table 4.1,

The signal was sent both in a direction along and
opposite to thc mdan flow, The propagation distance
L=0339m, and the angle 9=8". The results shown
in Fig. 4 arc for the structure parameter C that enters
Kolmogorov's law gs a function of mean flow velocity.
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Figure 3 Variaton of the structure parameter C

versus mean figw velocity

Qualitatively similar results were obtained in the
WOIks’, published in Tatarskdi' There are, however,
quantitative differences, that can be attributed to the
lack of accuracy of the data obtained from earlier
oufdoor €xperiments, It is scen from Fig, 3, that the data
Points lie on onc straight line for mean velocity varying
from 2 10 5.5 (m/s) which is a zone of isotropic
mr’l?nlence according  to  Mohamed”  (25-
45"downstream from the Brid as far as our application
IS concerned). Althongh turbulence is pot isotropic
when mean velocity exceeds 5.5 (m/s), the points are
also lie on 2 line, however, with the different slope.
Changing the angle & we change the path length 7.

| _S(deg) | L(m)

| 0 0.33
5 0.333448 |
10 0.339499
15 0.34834

20 0.360278
25 0.375772
35 0.420361

Table 2 Geometrical parameters,

Fig4 shows  dcpendence of the quantity

2
o, = (A—A) » where A is an ultragound wave
amplitude, on the path length. The experimental data

Wwas collected for 7 different distances. The dependence
of o4 o L is satisfactory approximated by the

=constL® , where @ ~0.34, as can be seen
irom the Fig s, According to the ray theory we onght to
ave a=3/2. This discrepancy can be explained by

the f%c‘t, that ray approach is not quite suitable under the
conditions of the expecriment.

formula o4
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Figure 4 Standard deviaton of the amplitude versus
the path length [ .

On the other hand, the diffraction theory gives the
dependence of the amplitude fluctuations on distance
such as o, -~ I'*. Thus, data
agresatsfactory with theoretical predictions. Hamade
nodced, that the amplitude of ultrasomic signals
received after ransmission exhibited fluctuations that
increased with increasing velocity. The  relation
between flow velocity and amplitude fluctuations was
nonlivear.

We abserved dependence of the standard deviation
of thc amplitude on the mean flow velocity for two
experimental sctups. In the first instance. shown in Fig.
3, the ultrasonic waves propagate downstream,

our experimental
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Figure 5 Standard deviation of the amplirude versus
the mean flow velocity.

In the second instance the transducers were placed so
that the meap flow was directed perpendicular to the
ultrasound beam. For both cases the dependence of 7,4

U the
O'A=constLﬂ. where =014 and 0.

on can be approximated hy formula

for

4

serpendicular  and  miangular  setups  respectively,
Greater deviation corresponds 1o the case of triangular
setup.

4. CONCLUSIONS

Methodology based «on the ultrasonic
wehnique and supported by the Kolmogorov 2/3 law
has been used for investigation of the influence of the
yrid-generated turbulence on ihe propagaton of the
uitrasound waves in the wind tunnel. Experimenta) data
collected in the approximatcly isomopic flow region,
chosen based on the criteria cstablished by Mohamed"’
agreed well with theoretical estimations and explained
some cdiscrepancy in data Tom earlier owdoor
experiments.  The increase of the structure parameter
(" with increasing velocity, which is in an agreement
with rcported earlier results’. in the experiment with
different path length the resuits indicated, that standard
deviation of the amplitude iv proportonal 1o the
distance L in the power 0.34 versus 0.5 analytically
predicted i diffracoon theorv. which is a good
agreement. There is a nonlinear dependence of the
amplitude deviation on the mean velocity, described by
the power law with almost dentical power (0.14 and
0.1, Overall, obtained results are consistent with theory
and c¢xperiments performed earlier, which thereby
shows, that an ulrasonic method can be utilized for
diagnostic  of the rurbulent flow and obtaining
consistent results in the laboratory scale,

It has to be noted, that due to the complexiry of the
investigated phenomena. in order 0 achieve sufficient
asccuracy of the results, more experiments with different
scups should be performed und more significant
umount of experimental data should be a2cquired.
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