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Abstract 
The paper is devoted to the experimental 

investigation of the statistical characteristics of the 
grid-generated turbulence produced in a wind tunnel. 
Ultrasonic time-of-flight method using dual 
transducers is utilized to develop a methodology for 
determination of the correlation functions of turbulent 
velocity and sound speed fluctuations. The ultrasonic 
flowmeter equation is considered in the form that 
includes effects of turbulent velocity and sound speed 
fluctuations. The influence of temperature 
inhomogeneities on ultrasonic wave propagation is 
investigated using a set of experiments with a heated 
grid. Utilization of high-speed digital data acquisition 
cards and LabView software for the experiments 
allows collecting a significant amount of statistical 
data. 
 
Introduction 
       The ultrasonic technique for measuring flows is 
offering great prospects for turbulent flow 
diagnostic[1]. There has been an intensive research 
work focusing on ultrasonic flow meters and their 
capabilities for measuring non-ideal flows[2],[3]. 
However, despite its advantages over traditional 
methods current ultrasonic applications fail to achieve 
theoretical accuracies. We believe the explanation lies 
in understanding the effect of turbulence on the 
ultrasonic wave propagation.   
       The fact that an acoustic wave carries some 
structure information of the turbulent medium after 
interacting with a medium makes it possible to use 
some statistical characteristics of the acoustic wave as 
a diagnostic tool to obtain some statistical information 
about the medium [5]-[10] Early theory and results on 
sound wave propagation in inhomogeneous moving 
medium are summarised in the books by Rytov [12] 
Tatarskii [11]. The modern theory of sound 
propagation in a moving random medium has been 
developing intensively since mid-1980s. The results 
are systematically described by Ostashev. [13] 
       We consider a locally isotropic, passive 
temperature field coupled with a locally isotropic 
velocity field, which is realized by introducing a 
heated grid in a uniform flow[14],[16]. The original 
goal of the present investigation was firstly, to 
develop a methodology for determination of 
correlation functions of turbulent velocity and sound 
speed fluctuations. Secondly, to demonstrate 

quantitatively that effect of thermal fluctuations is as 
much important as effect of velocity fluctuations on 
acoustic wave propagation. In order to do that the 
ultrasonic flowmeter equation is reconsidered, where 
the effects of turbulent velocity and sound speed 
fluctuations are included. The result is the integral 
equation in terms of correlation functions for travel 
time, turbulent velocity and sound speed fluctuations. 
Experimentally measured travel time statistic data 
with and without grid heating are approximated by 
Gaussian function and used to solve integral equation 
analytically. Turbulence spectral models for sound 
propagation in turbulent media were addressed by 
different authors and a summary of recent works 
presented in [15].      
      
 Methodology 
       In the experimental part of the study we utilize 
ultrasonic pulses traveling in straight paths as shown 
in Figure1. The sound propagates across a grid-
generated turbulence from a transmitter to a receiver 
separated by a distance s. The flowmeter equation 
may be used to derive an expression for a travel time 

 of a wave traveling from the speaker to microphone. t
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where  is a travel time in the undisturbed media, U  
is a mean velocity, c  is a sound speed,  are 
fluctuations of the mean flow velocity. In Equation (1) 
we neglected the terms of order U .
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Figure 1.  Sketch of wind-tunnel test section with 
ultrasonic flowmeter. 
 
 In the experiment the only parameter that is measured 
is a travel time of ultrasound pulses t s . The data 
from experiments performed for a finite number of 
different lengths  and  are collected. For each of 
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those lengths a value  is calculated. 
Averaging the latter through the entire ensemble 
results in a space correlation function of travel time  

. Our objective here, then, is to construct 
spatial correlation functions for turbulent velocity  
and sound speed fluctuations . Perturbation analysis 
applied to (1) leads to the following expression: 
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Here we assumed that U  and terms cu /'  and 

 are the same order infinitesimal compare to 
unity. In order to construct the correlation function we 
introduce new variable ( ) ( )stst −=t 0 , where 
angular brackets mean an operation of averaging. 
Then, 
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For the velocity measurement used here, the data were 
collected in the isotropic region of flow, so that  
and  are not correlated. Consequently, the space 
correlation function of time can be defined as 
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It is important to emphasize that the space correlation 
function  alone can be defined based on 
data from room temperature experiments. Then, data 
from heated air experiments can be used to identify 

, knowing  that is taken unchanged 
[[17]] from the room temperature experiment and 
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Experimental arrangement 
       The experiments were carried out in the 

 test section of low turbulence, 
low speed open circuit type wind tunnel. The velocity 
and temperature fluctuations were generated 
simultaneously using a heated grid. The square-mesh 
biplane heated grid was composed of 16 round 
chromalox heating rods, model TSSM 14XX[16].  To 
insure the good quality of the grid, the heating rods 
were inserted in hollow aluminum rods with diameter 
of  positioned 1  between centers. The mesh, M, 
was therefore 1  and the grid solidity was 0.64. Nine 
cases of different distances L for two different 
temperatures and , are studied.  
The defined temperatures correspond to the 
temperature of aluminum rods of the grid. The angle 

 is changed from 0 to 40 degrees with 5-degree 
step. The measurements were collected at , 
where radiation effects are negligible. The mean flow 
velocity  was 3.5 m/s. The Reynolds number  
based on  and U  was about 10000 and the 
corresponding Péclet number ~4350; 

 for the working fluid air. . A more detailed 
description of the experimental particulars may be 
found in [10]. 
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Experimental results and      discussion        
       Following the strategy described in the Section II 
we have to convey to the flowmeter integral equation 
for the case of temperature of 59 , o
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 In many practical problems, the form of the 
correlation function is not known. However, its 
general shape is often approximated by a Gaussian 
function. It is very convenient for analytical studies 
and, besides, it allows taking into consideration the 
effect of the largest inhomogeneities in a medium on 
the statistical moments of a sound field[13]. We 
represent the correlation function in Equation (5) by 
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 ( 6) 

Here  is a variance of travel time fluctuations. 
Selection of l  is problematic. In some applications  
is chosen to be equivalent to a Taylor microscale. A 
better procedure is to choose l  on the basis of the 
integral length scale of the turbulence[13]. Since we 
are considering travel time fluctuations in rigorously 
speaking diffractive media in the approximation of ray 
acoustic, we should realize, that there is some 
uncertainty up to numerical coefficient[12].    Figure 2 
demonstrate correlation function of travel time 
obtained using experimental data as a function of 
separation distance x compared with Gaussian curve 
providing the best fit. Experimental data allows us to 
determine unknown coefficients, σ =  and 

. Integration of Equation (5) with known 
leads to the following form of correlation function of 
turbulent velocity 
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It is apparent that correlation function of turbulent 
velocity is no longer Gaussian, although Gaussian part 
is present in the first term in Equation (7) and the 
second term is vanishing rapidly with distance. 
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Figure 2 Correlation function of travel time along with 
Gaussian function providing the best fit. 

Figure 4. Correlation function of travel time obtained 
from experimental data collected at temperature of 

. Fo159
 
Figure 3 shows the correlation function of turbulent 
velocity for our particular experimental data. Variance 

of velocity fluctuations is 
2
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σ , meaning that 
for our experimental conditions we have very small 
values of , which is in a very good 
correspondence with data[17]. The ratio of a turbulent 
velocity to the mean velocity is α , 
which is typical for experiments performed in grid 
turbulence. Figure 4 shows the cross correlation 
function of travel time at temperature 159F, again 
along with Gaussian function providing the best fit 

22 109.6~/' ⋅cu

%6~

 

( ) ( ) ( )∫ ∫=−
s s

c
F
t

F
t dxdxxxK

c
ssKssK

'
'4

59159 '',1',',
oo   (9), 

where 

( )








−∆=









 −
−×

×−=−

2

2
2

2

2

59
2

159
259159

exp'exp

)||()',()',(

ll
ss

ssKssK

t

FtFt
F

t
F

t

τ
σ

σσ
 ( 10) 

Substitution of Eq.(10) into Eq. (9) yelds 
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Unknown coefficient is determined to be 
2

159
2.05E-13t F

σ =   Figure 5 shows the correlation function of sound 
speed fluctuations.  
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Figure 3   Experimentally obtained correlation 
function of turbulent velocity. Figure 5   Correlation function of sound speed 

fluctuations.  
In accordance with the methodology, the next step is 
to find the correlation function of sound speed 
fluctuations. Correlation function of sound speed 
fluctuations can be found from the following equation 

 
The variance of the sound speed fluctuations is 

. Neglecting humidity 
fluctuations, a speed of sound fluctuation is given to 

2 4 2 2 2
' 2 / 1 /c tc l mσ σ= ∆ ≈ 2s
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the first order by ( )0.5 0.52 2
0 0/ 2c c T T′ = ′  [15], where 

 is a representative value of the temperature. 
Turbulence-level  measurements made with heating 
the grid are consistent with results by Yeh and Van 
Atta [14]], namely 

0T

β

pC

55.0295.02 10~Pr/';10~/' −− RTRCu p β  ( 12), 

 
where  is a coefficient of thermal expansion for air, 

 is a specific heat and  is a universal gas 
constant.   

β

R

 
Conclusions 
            The importance of the presented paper is that 
we attempted to show the influence of turbulence on 
ultrasound wave propagation by solving the integral 
flowmeter equation that included the sound speed 
fluctuation term.  
       Developed a methodology for determination of 
statistic characteristics of isotropic, homogeneous 
turbulence. The methodology involves experimental 
and theoretical parts. Experimental part utilizes 
ultrasonic time-of-flight method using dual 
transducers in a wind tunnel. Utilization of high-speed 
digital data acquisition cards and LabView software 
for the experiments allows collecting a significant 
amount of statistical data.  
     The theoretical part of the methodology deals with 
ultrasonic flowmeter equation, which is reconsidered 
in order to include the term corresponding to sound 
speed fluctuations, which previously were neglected. 
The result is an integral equation for the 
corresponding correlation functions. The influence of 
temperature inhomogeneous on ultrasonic wave 
propagation is investigated using a set of experiments 
with a heated grid. Experimentally measured travel 
time statistic data with and without grid heating were 
approximated by Gaussian function and used to solve 
integral equation analytically in terms of correlation 
functions of turbulent velocity and sound speed 
fluctuations. During the experiment we observed that 
thermal fluctuations have significant influence on the 
sound speed propagation and thus it may not be 
neglected as has often been supposed previously both 
in experiment and theory. 
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