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Abstract: - A model of ultrasonic intensification of the absorption process is proposed, developed, and
analyzed. For the first time, the model takes into account the effect of wave-like capillary perturbations of the
liquid-gas surface and the acceleration of diffusion in the liquid volume on the absorption rate due to cavitation.
According to the results of the model researches, the need for uniform sounding of the extended surface of the
liquid film is established to accelerate the absorption of carbon dioxide and other harmful and target gaseous
impurities by at least 3 times. The designs and layout of ultrasonic vibration radiators with an extended
radiation surface are proposed. The results of measurements of the vibration amplitudes of the invented
transducers showed that they have a relative deviation of the amplitude of no more than 0.2. The proposed
approaches to the implementation of the process can be recommended for further research, the selection of
optimal designs, and industrial applications to accelerate the absorption of gaseous impurities.
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1 Introduction impurities  (methane, propane, butane, carbon
Today, the reduction of the total “carbon footprint” monoxide, hydrogen sulfide, radon, mercury vapor,
is an actual task of state policy of many countries. etc.) from the gas emissions of technological
For this purpose, ecological programs are adopted, processes is relevant. Moreover, |nd|V|dL_JaI gas
energy-saving production is encouraged and components can serve as_valuable raw materla}ls (for
motivated, and the philosophy of consumption is example, hydrogen sulfide for the production of
changing. According to forecasts, the world sulfuric acid). The release of certain gases is
economy will spend more than $1 trillion on necessary for targeted use as energy carriers (for
reducing carbon emissions in the next 10 years [1]. example, pure hydrogen) for engineering and
Behind the words about the struggle for the biomedical applications. _ _
preservation of the climate and the environment, The existing attempts to create and use industrial
there are obvious economic interests. Goods and devices lead either to a decrease in the quality of the
services in countries with a low “carbon footprint” resulting gas product (in terms of purity) or to a
will gain additional competitive advantages. disproportionate increase in energy consumption,
The natural absorption of carbon dioxide by which makes the process of separating gas mixtures
forests and other natural ecosystems does not cope economically unprofitable. _
with the high “carbon footprint” in the atmosphere, _ The analys_ls of smentl_flc, technical, and patent
which has accumulated rapidly in recent decades as literature carried out to find ways to develop gas
a result of industrialization. separation devices allowed us to establish that the
The artificial methods of carbon dioxide existing methods of gas separation, depending on
absorption developed to help nature, implemented in the underlying physical principle, are divided into
various devices, have limited capabilities and today three types: . _
do not even partially solve the problem. 1) cryogenic methods (based on the boiling point
At the same time, the problem of gas absorption difference of the mixes components), which are
and separation is relevant not only for the removal described in patents  US20100251765,
of carbon dioxide from the atmosphere. Also, JP2008196806. Cryogenic methods are the most
absorption of other explosive, flammable and toxic energy-intensive because of the need to cool the gas
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mixture to the boiling point of the lowest boiling
component. Therefore, these methods are unsuitable
for highly efficient separation of gaseous mixtures
that contain components with a boiling point close
to absolute zero (for example, helium — -268.93 and
hydrogen — -252.8 degrees Celsius). In addition, gas
separation plants based on cryogenic methods are
characterized by the complexity of the design. Plus,
this physical principle of gas separation is
characterized by a long starting period necessary for
cooling the gas mixture to its boiling point;

2) membrane methods (based on the difference
in the penetration rates of the components of the gas
mix through the membrane substance), which are
described in patents US10092880, US8092581,
uS9808772, US10913027, RU2035981,
RU2347604. Membrane methods also have a high
energy consumption due to the need for compressed
air supply. Along with this, the gases obtained in
existing membrane devices, as a rule, have a low
degree of purity (for example, no more than 50%
when obtaining oxygen). Attempts to increase the
degree of purity by increasing the pressure of
compressed air require a disproportionate increase
in energy consumption, which makes membrane
methods economically unprofitable;

3) sorption methods (based on the difference in
the rate of absorption of the components of the mix
by a liquid or solid sorbent), which are described in
patents US9868085, US20070256559,
US20140090556, US20020162454, RU2474462,
RU2464071.

Sorption methods consist in the selective
absorption of a component (sorbent) of a gas
mixture by a sorbent-a solid or a liquid. According
to the nature of the absorption of the sorbent,
sorption methods are divided into two types:

— adsorption — concentration of the sorbent on
the interface of the phases or its absorption by the
surface layer of the sorbent;

— absorption — volumetric absorption, in which
the sorbent is distributed over the entire volume of
the sorbent (or absorbent).

If at the same time the formation of chemical
bonds of the component of the gas mixture with the
substance of the sorbent occurs,then such methods
are also called chemisorption.

Among the sorption methods, absorption is of the
greatest interest, since it allows for the absorption of
the gas component by the entire volume of the
sorbent, unlike adsorption, in which the component
is concentrated only on the surface.

However, due to the multiple increasing in the
need for gas separation, today this productivity is
not enough.
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Therefore, one of the possible ways to increase
the absorption performance is the use of external
energy influences that contribute to an increase in
the liquid-gas interface and the diffusion coefficient.

More than 60 years ago, it was proposed to use
ultrasonic exposure on the liquid film [2, 3]. The
obtained  experimental results indicate the
effectiveness of such exposure and an increase in
the productivity in various variants of the interaction
of the gas flow with the fluctuating liquid (up to
10...15% when the gas and liquid flows move in
parallel and up to 30% and more when it is difficult
to implement bubbling) [2, 3, 4, 5].

The absorption efficiency is increasing due to
ultrasonic cavitation, which accelerates of liquid
saturation by gas and increases “liquid-gas”
interface.

However, the positive effects that occur when
ultrasonic vibrations are applied for cavitation-
acoustic acceleration of absorption processes have
been obtained exclusively in laboratory conditions
to date, without achieving practical use.

This is due to the following reasons:

— insufficient knowledge of the physical
mechanisms of absorption intensification in the
cavitation-acoustic field;

— as a result, there is no scientific basis for
optimizing energy dosing (determining modes) and
conditions for entering ultrasonic vibrations;

— the absence of ultrasonic radiators that allow
effective ultrasonic effects on thin films of liquids
with a large spreading area (more than 0.3 m » 2).

Over the past years, no qualified researches,
which have solved these problems and conducted to
identify the optimal modes conditions for the
formation of liquid vibrations for effective
interaction with the gas flow.

The many publications about related topics exist
in last 2 years [6-9].

Therefore, the first stage of research is the
creation of a model of ultrasonic absorption
intensification to identify the optimal modes (in
terms of frequency and intensity of vibrations) and
conditions (in terms of the area of the voiced
surface) of ultrasonic exposure.

The proposed and developed model and its
analysis are presented below.

2 Problem Formulation

Ultrasonic absorption intensification is implemented
in a two-layer “gas-liquid” system, as shown in
Fig. 1.
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Fig. 1: Two-layer “gas-liquid” system for ultrasonic
absorption intensification

The liquid phase covers the solid surface in the
form of a thin film. Between the liquid and the gas,
there is an intermediate layer. This is a transition
layer, which contains the concentration gradient of
the liquid and gas molecules. The transition layer
can be subjected to wave-like perturbations under
ultrasonic vibration exposure. This will increase the
liquid-gas interface [10-12].

At the same time, it is known that ultrasonic
exposure not only forms wave-like disturbances on
the liquid-gas surface but also accelerates the
processes of mass transfer of diffusion in the
volume of the liquid phase [13].

In this regard, the simulation of absorption
should take into account the ultrasonic acceleration
of both stages of the process-absorption through the
intermediate layer and transport in the volume of the
gas phase.

In general, the mathematical formulation of the
problem of modeling the absorption process is
formulated as follows (the process is considered
stationary):

(ug,VJc, =DyAC; (1)
(U, V)C, =D,AC;; (2)
oC oC
D =D, —% =-K(c-C,) (@3
oy y=h oy y=h y=
where C; is the concentration of the target

component in the liquid phase, kg/m? D is the
average diffusion coefficient in the liquid phase,
m?/s; u; is the flow rate of the liquid phase, m/s; Cq
is the concentration of the target component in the
gas phase, kg/m3; Dy is the mass transfer coefficient
in the gas phase, m%s; ug is the flow rate of the
liquid phase, m/s; Ks is the concentration interaction
coefficient, m/s; h is the thickness of the liquid film,
m.

Standard analytical and numerical methods for
solving equations (1-3) are known [14-18].
However, the submodels are needed to calculate the
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kinetics and efficiency of the absorption process
intensified by ultrasonic  vibrations.  These
submodels determining the equivalent averaged
coefficients in equations (1-3).

When creating submodels,
assumptions are made:

1) The instantaneous diffusion processes of the
target component inside the bubble compared to the
diffusion in the liquid phase (a sharp jump in the
concentration of the target component), since the
diffusion proceeds faster in gases.

Based on the reference data, the volume
diffusion coefficient (Dg) of carbon dioxide in the
air is 0.14-10* m?%s without ultrasound [19]. The
volume diffusion coefficient (Di) of carbon dioxide
in water is 0.000015-10% m?/s [20]. This suggests
that the diffusion of the target component in the
liquid phase is much slower than in the gas phase
(D1 << Dyg). Therefore, it is sufficient to determine
only one (the diffusion coefficient in the liquid)
from the two averaged diffusion coefficients (under
the ultrasonic exposure).

2) The absorbent liquid is linear—viscous
(Newtonian). The non-Newtonian media are usually
high-molecular (highly dispersed) and not used for
gas absorption.

3) The number of cavitation bubbles in the liquid
is determined by the processes of their coalescence
during expansion and crushing during their collapse.

the following

2.1 Submodel  for  Determining  the
Equivalent Diffusion Coefficient in the
Liquid Phase

The equivalent diffusion coefficient in the liquid
phase is primarily determined by cavitation
processes.

The main parameters determining diffusion
coefficient is bubble radius and concentration of
cavitation bubbles.

The dependence of the bubble radius from the
time in the expansion stage is described by the
Nolting-Neppiras equation (4) in the compression
stage equation Kirkwood-Bethe (5) based on the
assumption that the fluid is linear—viscous:

oR

2 2 —
p[é(@j +Rg] g,
2\ ot ot R . (4)
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where R is the instantaneous bubble radius, m; p is
density of cavitation medium, kg/m3; po is the static
pressure in the fluid, Pa; p is the liquid viscosity,
Pa's; ¢ is the surface tension of the liquid phase,
N/m; H is the enthalpy of the liquid, m%s?; C is the
local speed of sound in the liquid phase, m/s.

The determination of the concentration of
cavitation bubbles was carried out in a small region
Q, the size of which is much smaller than the length
of the ultrasonic wave and much larger than the size
of an individual cavitation bubble. The area is
schematically shown in Fig. 2.

US wave direction

F ¥ 3

" Ax .

Fig. 2: Schematic representation of a local region of
a liquid with cavitation bubbles

The concentration of cavitation bubbles is
determining by two processes, which are
coalescence of bubbles during each bubble
expansion and breakup into multiple nuclei during

collapse. The concentration is determined by
equation (6) [21]:
on n(j-1
o _nli-y ©)
ot iT,

where n is the number concentration of cavitation
bubbles as a function of time t, m=; i is average
number of bubbles pulsations up to its collapse; ks
is constant of coalescence speed of bubbles, m%/s; To
is period of ultrasonic oscillations, s; j average
number of nuclei formed by separate bubble
breakup.

The stationary concentration, when coalescence
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and breakup processes are in equilibrium, is
independent on initial concentration of cavitation
nuclei and determlned by following expression:
J —
ikg T,
()

The coalescence constant is proportional to
average velocity (over ultrasonic oscillation period)
of bubbles convergence and bubbles collision cross-
section:

Npup =

(8)

where Se is effective collision cross-section of
bubbles (it is determined by distance between
bubbles, at this the coalescence duration is much
less than ultrasonic oscillations period), m?; <u> is
average speed of bubbles convergence, m/s.

Serr is determined by:

Seit = 25 Ry ; 9)

The average bubbles convergence speed is
determined by equation obtained by authors from

2nd 1. Newton’s law taking into account Bjerknes
forces action:

47R,° azdu_
3 P =
OoR
3,
=-2 3,0|_ dp, +
3|d12|
47R*
a5l
0
+47mR( 8’[)

; (10)
where di; is 3D vector of distance between two
bubbles, m; Rq is initial radius of bubble, m; pg is
density of gaseous phase is nuclei, kg/m3; p is
density of liquid phase, kg/m® n is viscosity of
liquid, Pa-s.

The numerical solution of equation (10) made it
possible to reveal the dependence of the vector of
the line of the centers of two separate bubbles on
time and calculate the average speed of their
convergence according to the following expression:

<u> _ |d12(T ); dlZ(Ol _

The number of nuclei j after breakup was
calculated by indirect method using experimental
data about concentration bubbles dependency on
ultrasonic intensity [22].

Volume 16, 2021



WSEAS TRANSACTIONS on FLUID MECHANICS
DOI: 10.37394/232013.2021.16.16

At known bubbles concentration and radius the
bubble volume content was determined:

& (t)= gﬂR3(t)nbub - A'(J;;—Z_'jg(t)

Further, the expression for bubble volume content
is using for determination equivalent diffusion
coefficient and increasing of interface “gas-liquid”.

The cavitating liquid is heterogeneous medium.
Thus, for determining diffusion coefficient the
microscopic diffusion equation (that takes into
account the difference between the coefficient in the
solid-liquid phase and in the cavitation cavity) is
used:

C8 V) = (D (V) (11)

where Dmicro is the microscopic diffusion coefficient,
m?/s.

In the equation, the diffusion coefficient depends
on the spatial coordinate and is determined by the
type of phase at the observed point (gas phase,
liquid phase, or transition layer between phases). It
is a continuously differentiable function concerning
the coordinate due to the presence of a transition
layer. Therefore, it is necessary to average this
equation over a volume (whose dimensions are
much smaller than the thickness of the liquid film,
but much larger than the cavitation bubble) to
calculate the absorption capacity.

According to generalization of researches and
estimations, the acoustic streaming weak influence
on diffusion coefficient [23-25].

The determination of the equivalent diffusion
coefficient for the gas-liquid mix by averaging
equation (11) by volume was carried out using result
of researches presented in [20, 26]. According to
these researches, the diffusion coefficient for a
liquid containing gas bubbles is:

Do_17Ya - (12)
Y | Yo
DIO DgO

where D is the averaged diffusion coefficient, m?/s;
Do, Dgo is the diffusion coefficient in the liquid and
gas phases, m?/s; ya, Ys, Yc is volume concentrations
of absorbed gas in different phases.

Taking into account the accepted assumption 1)

(D—<<— the volume diffusion coefficient (Dg)
g0 10

of carbon dioxide in the air is 0.14-10~*m?/s without

ultrasound [19]; the volume diffusion coefficient

(D1) of carbon dioxide in water is 0.000015-10°*

m?/s [20]) that the expression is converted to the

following simplified form:
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DIO .
where ¢, is the volume content of the bubbles

(cavitation index).
This diffusion coefficient is averaged over the
vibration period (14) since the volume content &, of

the bubbles depends on time (due to the expansion
and collapse of the bubbles).

B ] D,Odt _
11-46,(t)
where T is perlod of ultrasonic oscillations, s.

D= (13)

(14)

2.2 Submodel for Determining the
Equivalent Coefficient of Concentration
Interaction in the Liquid Phase

Since the concentration interaction coefficient is
proportional to the interfacial surface area

Ks =Kso us
NoUS
is necessary to study the formation of capillary
waves affecting the area.
The model developed by the authors for
determining the relative increase in the area of the

; (15)

SUS

interfacial surface is based on the equations

NoUS
of each stage of the formation of capillary waves:
the spherically symmetric expansion of the
cavitation bubble; its asymmetric collapse; the
formation of narrowly directed shock waves and the
formation of wave-like perturbations of the gas-
liquid interface profile.

When considering the expansion stage of a
cavitation bubble, its maximum radius Rmax is
determined based on the Nolting-Neppiras equation
(4). Then the shape of the bubble is determined
when it collapses from the maximum radius Rmax to
the minimum size based on the integral equation
(16) with boundary conditions for the potential of
the liquid velocity on the bubble wall (17).

OE
M: [ (Erovn—a—r:ogojés; (16)

2 SpAUSE
Op + ’Vn‘z
ot

17)

Yy o
_ 2K Py 3V
P Yo 47Ryax’

where ro, r are the coordinate vectors of the points
of the wall of the cavitation bubble or the surface
“gas-liquid”, m; ¢ is the potential of the velocity of
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the liquid on the wall of the cavitation bubble Sa or
the solid surface Sg, m?/s; V, and V. are the normal
and tangential components of the velocity of the
liquid, m/s; E, (r) is the fundamental solution of

the Laplace equation; V is the volume of the
cavitation bubble, m3; py is the pressure of saturated
vapors of the liquid; p and ¢ are the density (kg/m?®)
and surface tension (N/m) of the liquid,
respectively; K is the average the curvature of the
bubble walls, m=.

Since the bubble is a hemispherical radiator of
the shock wave, the pressure profile which is on the
border of the “liquid-gas” received approximated by
equation (18):

V4 27z
2w

z fagReJ' J' p.(t,

N=—o0

27fn [c(t—t1)+§—nnﬂf
£

+2& COSY
c pcz

X e X ; (18)

xSin a//JO(Zﬂnirgsin z//jatlat//
C

a
vri+z% .
where (r, z) — coordinates of a point of the boundary
“liquid-gas”, m; f is frequency of ultrasonic
exposure, s%; t and t; is the time points, s; # is the
viscosity of the liquid, Pa's; p and ¢ are the density
(kg/m3) and the speed of sound (m/s) in the liquid,
respectively; pc the pressure in the core of a
cavitation bubble, Pa; a is the radius of the
cavitation bubble when it reaches the high pressure
at its core, m.

The found shock wave pressure profile is used in
the future to determine the relative increase in the
surface area of the phase interface based on the
obtained expression (19), which takes into account
the change in the concentration of bubbles due to

their coalescence and crushing:
S

E =

—5 =1+
SNoUS (19)
L 4h j-1\" Lt
7rf<RMAXZU>I \/ ( M 2o 2]
ttz (
tljatlatzzo
o ozor : (20)

Where A is the wavelength of capillary waves (m)
determined by the condition (15); Rwmax is the
maximum bubble radius, m; U is the average speed
of convergence of the bubbles, m/s; j is the number
of nuclei formed during the fragmentation of the
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individual vial; < > is the sign of averaging over the
thickness of the liquid film; h is the film thickness,
m.

Thus, the proposed model of the process, the
developed submodels, and their analysis allow us to
identify all the necessary averaged coefficients
(diffusion in the volume of the liquid phase and
concentration interaction on the liquid-gas surface)
to determine the efficiency of the absorption
process.

The submodel for determining diffusion
coeffient was presented in subsection 2.1 (see final
expression (14)), and the model for determining
concentration interaction coefficient (increasing the
square of interface “liquid-gas™) was presented in
subsection 2.2 (see final expression (19)).

The data on ultrasonic exposure of vibration
parameters (frequency and intensity) on the
efficiency of the absorption process is presented
below.

3 Dependences of the Averaged
Diffusion Coefficients and
Concentration Interaction

Determining the Absorption Efficiency
The calculated dependencies of the equivalent
diffusion coefficient based on the invented model
are presented in Fig. 3a—f.
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Fig. 3: Dependences of the relative increases of the
diffusion coefficient on the intensity of the
vibrations at different viscosity (in mPa‘s) and
frequency (in kHz)

As follows from the presented figures, the
volume diffusion coefficient increases due to an
increase in the cavitation index at increasing
intensity.

The breakage of the graphs corresponds to the
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degenerate cavitation mode when the bubbles stop
collapsing and degenerate into long-lived ones [27].
But, the breakage corresponds to the maximum
achieved diffusion coefficient at a given vibration
frequency and fluid properties due to the
monotonous increase in the cavitation index with
intensity increasing.

The analysis of the dependence of the maximum
achieved diffusion coefficient on the frequency
allowed us to establish that there is an optimal
frequency of ultrasonic exposure at which the
volume diffusion coefficient is maximum. The
optimal frequency is 33 kHz. It does not depend on
the viscosity of the absorbent liquid and the
intensity of the vibrations.

A smaller number of larger cavitation bubbles
are formed at frequencies below the optimal one.

Smaller bubbles are formed at frequencies above
the optimal one and, accordingly, the critical radius
of the bubble at which it degenerates into a long-
lived one also decreases. This determines the
presence of the optimal frequency.

The diffusion is accelerated by up to 30 % at the
optimal frequency of exposure, the maximum
permissible vibration intensity (at which the bubbles
begin to degenerate into long-lived ones), and
uniform sounding throughout the entire volume of
the liquid. This is indicating the possibility of a
significant increase in efficiency in comparison with
the previously achieved experimental results.

It is necessary to investigate another factor that
affects the efficiency of absorption (an increase in
the surface area of the liquid-gas interface i.e. the
equivalent coefficient of concentration interaction)
for further investigation of the technology of gas
absorption using ultrasonic exposure.

The calculated dependences of the equivalent
coefficient of concentration interaction as a function
of the amplitude of surface vibrations are shown in

Fig. 4 and 5.
m 52 kHz
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| §§ { _[ 36 kHz
el
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"liquid-solid" oscillation, um
Fig. 4: Dependences of the relative increase in the
concentration interaction coefficient on the
amplitude of the vibrations at different frequencies
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The breakage of the graphs indicates that the
capillary wave loses stability and begins to break up
into droplets.

Fig. 5 shows the dependences of the specific
surface area of the phase interface on the properties
of the liquid (viscosity (a) and surface tension (b)),
which have a significant effect on the profile of the
phase contact surface along with the modes of
ultrasonic exposure.
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Fig. 5: Dependence of the specific area of the phase
interface on the vibration amplitude for different
properties of the liquid (frequency 60 kHz)

The dependencies shown in Fig. 5 allow us to
conclude that an increase in viscosity leads to a
decrease in the interface area due to the forces of
viscous friction. At the same time, a decrease in the
surface tension leads to an increase in the area, since
the surface energy is directly related to it.

In the end, ultrasonic exposure allows you to
increase the surface area of the liquid-gas interface
by 2.5...4 times in a wide range of liquid properties.

Thus, ultrasonic exposure can theoretically
accelerate the absorption process by 3...5.3 times
taking into account the increase in the diffusion rate
in the liquid volume.

Our researches were shown that the increase in
the efficiency of ultrasonic exposure on the gas
absorption process is determined by the size of the
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interfacial interaction surface.

This requires the creation of special ultrasonic
radiators with an extended vibrating surface. Our
proposals for the creation and use of one radiator
suitable for solving this problem are presented in the
following section.

4 Sonotrode with an Extended

Radiation Surface

The creation of ultrasonic vibrations must be carried
out using an ultrasonic vibration system. The
standard design contains a piezoelectric transducer,
a booster (to increase the amplitude of the
piezoelectric element), and an ultrasonic horn.

Now, the most common design of a vibratory
system is a design with a cylindrical booster having
a radial profile of longitudinal section [28-30].

It is necessary to attach several such transducers
to the vibrating solid surface (an area much larger
than 1 m?) as shown in Fig. 6 because the area of the
output end of the transducer is small (no more than
8 cm?).

The wave of bending solid surface vibrations

. 1 . . .
attenuate according to law—— (vibrations field

Jkr
from single radiator placed on infinite solid surface
~ a o' (kR) :
W(r)_ J (kR)— ‘]OI(kR)Y (kR)[JO(kr) Y0|(kR) YO(kr)j
0 Y,'(kR) °

where w is amplitude of oscillations of surface, m; a
is amplitude of oscillations of radiator, m; r is
distance from center of radiator, m; R is radius of
radiator, m; k is wave number of surface vibrations,
m1).

Fig. 6: Arrangement of cylindrical transducers for
sounding a solid surface covered with a liquid film

Another condition for the uniform sounding of a
solid surface is the absence of a phase difference in
the vibrations of the output ends of different
transducers. Unfortunately, it is impossible to
provide the same vibration phases due to the
inaccuracy of manufacturing, heterogeneity of the
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transducer's materials, and the piezoelectric

elements. It was decided to develop transducers that
have an expanded surface of the output end (flat
sonotrodes). This, at least, helps to eliminate the
influence of non-uniformity of piezoelectric element
vibration.

The arrangement of transducers with an extended
radiation surface is shown in Fig. 7.

Fig. 7: Arrangement of transducers with an extended
radiation surface for sounding a solid surface
covered with a liquid film

The arrangement provides more uniform
vibrations field. The fact is explained by following
relations from theory of plates vibration:

d'w a0 1)
dx?

w(0)=w(L)=a; (22)
dw dw

Wi0)- ), (23

where X is coordinate in axis, which is parallel to
surface and perpendicular to radiator, m; L is
distance between neighbor radiators, m; A is
amplitude of oscillations of radiator, m.

The solution of system (21-23) is following:
w = Asin(kx)+ B cos(kx)+Ce"* + De™;
Asin(kL)+ Bcos(kL)+Ce* + De ™ =a;
B+C+D=a;

A+C-D=0;
Acos(kL)—Bsin(kL)+Ce*- —De™ =0.
sin(kL) coskL) e“ e™ ) A 1
cos(kL) -sin(kL) e e™ | B|_ J00
1 0 1 -1)|C 0
0 1 1 1 \D 1

The acoustic field from the radiators has non-
uniformity basically along x axis. Coefficients A and
B are non-zero. Thus, the field almost doesn’t
attenuate, but has form of standing wave.
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Further, researches aimed at optimizing the size
of such transducers are carried out. The optimizing
is necessary to provide uniform vibrations of
working end of separate transducer.

The researches were carried out by experimental
methods (experimental samples of a transducer with
an expanded radiation surface were made). The
researches included measuring the distribution of
the vibration amplitudes over the entire width of the
transducer surface and identifying the width at
which the relative deviation of the amplitudes is
minimal.

The measurements were carried out at 9 points
located at the same distance from each other, as
shown in Fig. 8.

e
N

|

51617l89

Fig.8: Selection of measurement points for the
vibration amplitudes of transducers with an
extended radiation surface

The vibration amplitudes x were measured by the
stroboscopic method. The measurement results are
presented in Table 1.

Table 1. Measurement results obtained by the
stroboscopic method

Horn Peak-to-peak amplitude (double

width, amplitudes) at different points, pm
mm | 1|2 |3|4|5/6|7]|8]|9
150 | 23 | 23 |32.5/33.5(37|33.5|32.5| 23 | 23
220 | 21 |22.5/31.5|32,5/35|32.5|31.5|22.5| 21
270 |24.5]24.5| 35 |36.5/39/36.5| 35 |24.5|24.5

The relative deviations of the vibration ranges
are calculated based on the obtained measurement
results.
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Table 2. Relative deviations of the measurement
results of the peak-to-peak amplitude (the line at the
top means averaging over the area of the radiating

surface) @

Horn width, Relative deviation
mm
150 0,1899
220 0,1979
270 0,1933

The relative deviation of the amplitude in the
entire range of horn widths does not exceed 0.2 as
follows from the presented Table 2. While the
calculations of the relative deviation for the disk
radiator [23] showed that it is at least 0.7 (if the
amplitude is approximated by a function
A1+0023(Kr)).

The relative deviations of the amplitudes of flat
transducers vary slightly in the width range from
150 to 270 mm. According to the measurements, the
maximum absolute values of the amplitude at a
width of 270 mm no less than at a width of 150 mm.

This indicates the feasibility of manufacturing
transducers with an expanded radiation surface
(width is 270 mm) to intensify the absorption
process.

5 Conclusion

A model of ultrasonic intensification of the
absorption process is proposed, developed, and
analyzed. For the first time, the model takes into
account the effect of wave-like capillary
perturbations of the liquid-gas surface and the
acceleration of diffusion in the liquid volume on the
absorption rate due to cavitation.

According to the results of the model researches,
the need for uniform sounding of the extended
surface of the liquid film is established to accelerate
the absorption of carbon dioxide and other harmful
and target gaseous impurities by at least 3 times.

The designs and layout of ultrasonic vibration
radiators with an extended radiation surface are
proposed. The results of measurements of the
vibration amplitudes of the invented transducers
showed that they have a relative deviation of the
amplitude of no more than 0.2.

The proposed approaches to the implementation
of the process can be recommended for further
research, the selection of optimal designs, and
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industrial applications to accelerate the absorption
of gaseous impurities.

The further developing of approaches and
proposed model can be in following directions:

1. Creation of resonant conditions for crushing
cavitation bubbles near the surface of the flowing
liquid film and mechanical “capture” of the
absorbed gas into the cavity of the deformed and
destroyed bubble.

2. Crushing of bubbling inclusions due to
cavitation in the liquid volume.

3. Construction of lattice Boltzmann equations
[25, 26] using the apparatus of the theory of
generalized functions that allow taking into account
the impulse loading in the form of infinitely
differentiable functions of volume forces that
depend on the parameters of the random process of
collapse of cavitation bubbles. The constructed
lattice Boltzmann equations should allow us to
calculate the crushing of cavitation bubbles near the
surface of the flowing liquid film and the crushing
of bubbling bubbles in the liquid volume due to
cavitation.

4. Creation of an experimental installation for the
study of the gas absorption process based on the
proposed physical principles in conditions close to
industrial ones.

The researches in the directions allow to solve
the global problem of removal carbon footprint from

atmosphere and high efficiency industrial gas

separation.
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