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Abstract—A means of nonlinear acoustic Doppler tomography is described and the results from its simulation
are analyzed. The technique can be applied to the gas inclusions normally present in liquids. The distribution
of the flow velocity can be reconstructed by making certain assumptions about the distribution of gas inclu-

sions.
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INTRODUCTION

Acoustic means are widely used in the diagnostics
of different media, medicine, and engineering [1, 2].
The distribution of the flow velocity over a stream’s
cross section often needs to be measured, especially in
oceanography, medical diagnosis, and pipeline engi-
neering. Echolocation, which is based on the scatter-
ing of sound by particles in the liquid, is usually used
for this. The Doppler frequency shift in the detected
signal allows us to measure the distribution of the flow
velocity over the distance corresponding to the delay
times of the echo signal. The spatial resolution, which
is determined by the pulse duration, should be much
less than the characteristic transverse scale of the flow.
High acoustic frequencies must therefore be used in
echolocation.

This technique cannot be applied to multi-phase
media with high sound absorption. The tomography
(transmission) approach, which is based on the non-
linear transformation of acoustic waves in a bubbly lig-
uid, can in this case be used. It is known that gas bub-
bles strongly scatter acoustic waves [2]. This property
is used in different diagnostic means that allow us to
detect bubbles and determine their concentration and
size distribution [2, 3]. Specific gas bubbles, i.e., con-
trast agents [4], are used in medical ultrasonic diagno-
sis to enhance contrast in the acoustic imaging of sin-
gle organs.

Nonlinear acoustic effects are used in the diagnos-
tics of liquid media and biological tissues [3—6]. One
means of nonlinear acoustic diagnostics is the exci-
tation of a difference frequency [3, 7], which allows us
not only to detect bubbles of different sizes but also to
obtain images of bubbly objects [8]. If an observed
object moves, there is a Doppler frequency shift at the
difference frequency [9] that can be used in problems
of nonlinear acoustic diagnostics [10]. Below, we ana-

lyze the possibilities of this method in the profiling of
flows.

THE DOPPLER SPECTRUM
AT A DIFFERENCE FREQUENCY

If a bubble interacts with two acoustic waves having
frequencies ®; and ®,, and amplitudes P, and P,,
respectively, the component at frequency Q = ®, — ®,
appears in the scattering field. The value of scattered
field P at the difference frequency is proportional to
the product of the pump wave amplitudes [7]:

PQ: _pogz VQ/4TC", (1)

where

Vo = 2nRPIpoRiey (@) — Q" + Q). ()
Here, V4, is the deviation of the bubble volume from
equilibrium value V, = 41tR§ / 3 during oscillations at

frequency Q; w, = (3YP,/poR;)"* is the eigenfre-
quency of the bubble; v is the gas constant; R, is the
equilibrium radius of the bubble under static pressure
Py; py is the density of the liquid; and p is the damping
coefficient of the bubble oscillations. Expression (2) is
valid under condition Q, @, << ®,, M,. It follows from (2)
that the scattered field at the difference frequency dis-
plays resonant behavior. If there are many bubbles in
the area where two primary pump beams intersect, the
scattered field is therefore determined only by the res-
onance bubbles, for which Q = ®,,.

If a bubble moves at velocity v, frequency €2, of the
scattered signals will differ from Q [9]:

Q, = Q—(v/c)[m cos — w,cosH, — Qcosb;]

=~ Q—(v/c)[e cos 6, — ,cosH,]. )
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Here, c is the speed of sound; 6, and 0, are angles
between directions of propagation of the pump waves
and the velocity vector; and 0, is the angle between the
direction of wave propagation at the difference fre-
quency from the bubble to the detector and the veloc-
ity vector. It follows from (3) that the Doppler shift at
the difference frequency is virtually independent of the
difference frequency.

If the resonance bubbles move with different fre-
quencies within the area where the pump beams inter-
sect, each of them will have a different Doppler fre-
quency shift, and a broad line will emerge in the spec-
trum of the scattered signal.

The Doppler spectrum thus depends on the distri-
bution of the concentration of resonance bubbles over
velocities within the area where the pump beams inter-
sect. The spatial distribution of the resonance bubbles
within this area can vary in the liquid flow. In a lami-
nar flow inside a tube, the cross-section distribution of
the resonance bubbles is determined by the distribu-
tion at the input to the flow and can either be the same
or differ from it. In developed turbulent flows, there
are forces that act on bubbles and form the cross-sec-
tion distribution that matches the flow. Experimental
examples are presented below, and the possibility of
reconstructing the distribution of the flow velocity
under certain conditions is demonstrated.

EXPERIMENT AND SIMULATION

In the first experiment, a flow of water was pro-
duced in a PVC tube with a diameter of 10 mm. The
tube was put into a water bath, in which also two pump
transmitters with frequencies f; and f, were also placed.
The area where the beams intersected was around 31 cm
from the transmitters and passed through the tube. The
angles between the transmitter axes and the tube were
0, =30°and 0, = 150°. The signals at the difference fre-
quency were detected using a Bruel&Kjaer 8103 hydro-
phone and were transmitted to an Agilent DSO-X
3034A digital oscilloscope after amplification. The
signal processing included spectral analysis of the sig-
nal and the subsequent accumulation of its spectral
power over 1 min. In each series of measurements, the
velocity of the water flow in the tube was varied along
with frequency f| in the range of 2.07—2.1 MHz, while
frequency f, = 2.0 MHz and other parameters
remained the same.

Figure 1 shows the spectral power density (SPD) of
the received signal at difference frequency Q/2n =
70 (a) and 100 kHz (b) for a mean laminar water flow
velocity of 30 cm s~ ! inside the tube. The characteristic
peaks at the zero Doppler shift are governed by the
response of resonant bubbles adhering to the tube wall.
The wide peak on the right is governed by the variation
in the velocities of the resonance bubbles moving in
the flow. The signal amplitude at the resonance fre-
quency is governed by the concentration of the reso-
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Fig. 1. Doppler spectrum at difference frequencies of
(a) 70 and (b) 100 kHz for velocity v = 30 cm s ! of water
flow inside a tube.

nance bubbles. Our results show that the distribution
of the electrolysis bubbles over the radius is not uni-
form. At electrolysis voltage U, = 80 V in particular,
the number of bubbles with a resonance frequency of
100 kHz exceeds that of those with resonance at 70
kHz. The similarity between the spectrum shapes of
moving bubbles is governed by the laminar flow at
which the concentration distribution of bubbles of dif-
ferent sizes remains the same over the tube section.

The other experiment dealt with a developed tur-
bulent flow. Its scheme is shown in Fig. 2. A sub-
merged horizontal water jet in a pool escaped from a
nozzle 1 cm in diameter at a depth of 41 cm. The
velocity of the flow from the nozzle was of around
25m s~'. Two pump transmitters irradiated the sub-
merged water jet at a distance of 60 cm from the noz-
zle, where the diameter of the jet was 11 cm. The size
of the area where the pump beams intersected and the
receiving system (a hydrophone and a semi-spherical
reflector) exceeded the diameter of the jet. The fre-
quencies of pump waves were f; = 1.1 MHz and f, =
1.0 MHz. The acoustic signal at difference frequency
F=f, — f, =100 kHz detected by the hydrophone and
passed through a narrow-band amplifier was subjected
to spectral analysis and accumulation.

We developed a numerical model of the Doppler
spectrum using a cylindrical approximation of the dis-
tribution of the jet’s velocity and the distribution of
bubbles over its radius [11]:

v(p) = voexp(—Bp?),
n(p) = nyexp(—2Pp?) ~ v,
Vol. 82

No.5 2018



518

Transmitter 2
N
/

S

Transmitter 1

F=fi—-5
I
Detector

Fig. 2. Experimental setup with a submerged jet.

Fig. 3. Scheme of our theoretical model of a bubbly jet.

where V|, and n, are the jet’s velocity and the bubble
concentration along the jet’s axis, p is the radial coor-
dinate, and [ is a coefficient.

The calculation scheme is shown in Fig. 3 in two
projections. Letters /, and /, mark the points at which
the pump wave beams enter the cylindrical jet, and let-
ter A marks the point at which the difference frequency
exits the jet. Coordinates (p;, ¢;) mark point C of beam
intersection, where the pump waves are transformed
into the difference frequency wave. The intensity of
this wave is proportional to bubble concentration
n(p;). According to formula (3), Doppler shift AF; of
the wave at the difference frequency emitted from the
elementary volume at point C'is

AF, = 2f, ,(vy/c)sinBexp(—Bp;).
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Fig. 4. Normalized Doppler spectra at the difference fre-
quency: experiment (heavy line), theoretical model for dif-
ferent parameters (other lines).

Elementary intensity A/(p;) associated with Dop-
pler shift AF] is

AI(p;) = AI(AF) ~ exp(-2Bp; )
2n A

C
x l do| exp(~20, l nE)E - G j n(x)dx |,

C

where 6,and G are the cross sections of absorption by
bubbles at the pump and difference frequencies (which
can be determined from, e.g., the linear attenuation of
sound in the jet [11]), and § is the coordinate along
rays B, ,C, which could exist.

The results from calculations of the normalized
Doppler spectra at different parameters are shown in
Fig. 4 by the fine, dashed, and dotted lines. The
heavy line denotes the normalized Doppler spectrum
of the signal at the difference frequency obtained
experimentally. The best coincidence between the
theoretical curve (thin line) is observed for parame-
tersvy=3.2ms 'andf=0.2cm2.

CONCLUSIONS

The results from our work demonstrate the possi-
bility of profiling liquid flows using the nonlinear scat-
tering of sound by gas bubbles at the difference fre-
quency. The Doppler spectrum at the difference fre-
quency carries information about the velocity
distribution over the cross section of the liquid flow
and the distribution of the bubble concentration.
A priori data on the distribution of the bubble concen-
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tration or independent measurements of their concen-
tration allow us to reconstruct the distribution of the
flow velocity.
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