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ABSTRACT

The paper presents theoretical studies of absorption gas mixture separation under ultrasonic vibrations
influence, which provides cavitation and acoustic process intensification. The theoretical studies based on
consecutive consideration of this process beginning with single cavitation bubble dynamic which generates
shockwave for increasing interface “gas-liquid” and ending with determining absorption productivity
providing required concentration of target gas mixture component. In result of the studies, it is evaluated, that
cavitation and acoustic intensification increase interface “gas-liquid” up to 3 times with amplitude of
oscillations of solid surface 1...2 um. From the data about surface increasing the analysis of the gas
absorption process in the liquid film was performed. For this analysis, the model of gas absorption taking into
account surface increasing under acoustic cavitation influence was developed. The model of absorption
allows to obtain that the absorption productivity under ultrasonic vibrations influence is increased up to 2
times and more. The obtained results can be used for development of high-efficiency absorption apparatus
that is supplemented by ultrasonic influence sources.
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NOMENCLATURE

A amplitude of ultrasonic action d;

Aj  i,j-th component of the matrix of linear
system

a radius of the cavitation bubble at maximum
pressure in the nucleus

vector of center line of i-th and j-th bubbles
couple, which equals dj=rj-ri
E_(r)fundamental solution of Laplace’s

equation

frequency of ultrasonic action

b instantaneous distance between the center of X S
o . h thickness of liquid film
the cavitation bubble and the solid surface . .
. . . I, I, J integrals over on each boundary item
bo  distance (at maximum bubble expansion) . T
. i average number of cavitation bubble
between bubble center and solid surface ulsation before its collapse
bi  i-th component of vector of right part of linear . p PS¢
equations system j mean amount of the nuclei generated at the
q . breakage of the separate bubble
C  concentration of absorbed gaseous component
in liquid film K mean curvature of the walls of
. the cavitation bubble
C,; concentration of absorbed gaseous component . . . .
in gas mixture Kp relative absorption productivity increasing
.2 . nder ultrasonic influence
Cy0 initial concentration of absorbed gaseous under it 4 . .
component in gas mixture Ks relative interphase area square increasing
. under ultrasonic influence
Cou ;?Eifgflrtanon of absorbed gascous component ks constant of coalescence rate of the bubbles
. T L length of th 1 f ti
c local velocity of sound in liquid phase i?)%ess © ¢ model area of absorption
D coefficient of gaseous component mass p

transfer into liquid film

norm of difference vectors ri and r2
norm of vector ro
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| P P vectors which are depended on a

I norm of vector ri

N count of boundary items

n number concentration of cavitation
bubbles depending on time ¢

n vector of normal

no initial unknown concentration
of cavitation bubbles

oo stationary concentration of cavitation
bubbles

)4 instantaneous  value  of  pressure
of liquid phase  without cavitation
bubbles

Do static pressure in liquid

pe(tr) pressure in the nucleus of the cavitation
bubble

pv pressure of saturated vapor of liquid

Dwi gas pressure near the walls of i-th
bubble

R instantaneous radius of the cavitation
bubble

Ro radius of cavitation nucleus

Roi radius of i-th bubble nucleus

Ri instantaneous radius of i-th bubble

Ryax maximum radius of the bubble

r, ro, r1, 2 vectors of coordinates of the points
of the wall of the cavitation bubble

ri coordinate vector of the center ofi-
bubble

S specific area of the interface

S wall of the cavitation bubble

Sp solid surface on which Vnis equal 0

Sefr square of effective bubbles collision’s
cross-section which is proportional to
Ruux®

1. INTRODUCTION

The problem of artificial separation of gas mixtures
caused by the rapid development of techniques and
technologies is for over 100 years (Mulder 1996).
Until today, in connection with the development of
production,  technology, transportation and
medicine, demand for the separation of gas
mixtures for separation of finished products, and to
remove undesirable impurities, is constantly
growing.

One good example is the increasing demand for
chemically pure hydrogen. Today, due to
avalanche increase in the number of exhaust
gases emitted into the atmosphere, in fact it is
necessary to organize a network of hydrogen
filling stations to carry out a wide spread of
environmentally friendly kinds of autos.
Obviously, this will require a manifold increase
in the hydrogen production volumes to values
which are comparable with today's volumes of
produced fossil fuels based on crude oil and
natural gas. In this case, it is necessary to provide
a low cost of the product. It naturally follows the
need to create high-performance and low-cost gas
separation plants, because as the primary method
of hydrogen production is steam reforming of
natural  gas/methane  (Rostrup-Nielsen and

To period of ultrasonic vibrations

t, t moments of time

u velocity of liquid film motion

<u> approach velocity of the cavitation
bubbles

ug velocity of gaseous mixture motion

Va normal component of fluid velocity

V volume of the cavitation bubble

y normal velocity on i-th bubble wall

boundary item with coordinates (7i; zi)
and (ri+1; zi+1)

Va tangential component of fluid velocity

vL instantaneous vibrational speed of
liquid phase without cavitation
bubbles

A length of the capillary wave defined
from the condition

a azimuth angle

Y adiabatic index of saturated liquid
vapor

u dynamic viscosity of liquid

&(r, 1) value of displacement of the interface
“liquid-gas” along the axis

p density of liquid

pL density of liquid phase

PG equilibrium density of gas inside
the bubble

o liquid surface tension

® fluid velocity potential on the wall
of the cavitation bubble or solid
surface

@ circular vibration frequency of solid
surface

Sehested 2003). The steam reforming results a
gaseous mixture of H2, CO2, CH4, H20 and CO,
from which it is necessary to separate the H2
only.

Another example is the growing need for oxygen
regeneration from CO2 to organize underwater
expeditions and long manned space flight to study
extraterrestrial objects. The life support systems for
such flights and expeditions need high performance,
cost-effective and compact device for the O2. In
one way or another, the process will be reduced to
the separation of oxygen from a mixture of carbon
compounds (Konikoff, 1961). High demand on the
performance and efficiency of these systems is due
to the need for the greatest possible number of crew
and severe restrictions on the amount of energy
produced on board the spacecraft or submarine
vessels.

You can lead a lot of other examples that show
the need to increase productivity and reduce
energy gas separation mixture. However, despite
the breadth of application of the separation of gas
mixtures in a variety of spheres of human
activity, and at the same time high energy
efficient gas separation processes to date does not
exist.

Existing devices for gas separation based on
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cryogenic, membrane, and sorption methods
(Mulder 1996; McNeil et al. 2000; Ho et al. 2008;
Scholes 2013; Amin et al. 2014) have limited
capacity and are now working virtually at maximum
capacity.

The potential effectiveness of the cryogenic and
membrane separation technology gases today can
be considered as exhausted. For cryogenic
technologies it is true because of a long start-up
period and the need to cool the gas mixture to the
boiling point of the lowest boiling point component,
for the membrane technologies it is true due to the
high compressed gas flow resistance of the
membrane.

Thus, today, it is the most promising division
sorption methods (Ho et al. 2008; Laugier et al.
2008; Scholes et al. 2013). Among sorption
methods the gaseous absorption by special
absorbing liquid has the greatest practical interest.
The absorption performance can be up to 200 000
m’/h due to the fact that the absorption of the gas
component occurs by the all volume of the
absorbing liquid. However, due to increasing
demands in the gas mixture separation, today this
performance is insufficient. Attempts to improve
the performance of absorption by increasing the
absorbent flow rate is a liquid leads to a
disproportionate increasing the cost of the process
due to the high cost of the regeneration of the
absorbent. Increasing of the flow of the gas mixture
obviously leads to decrease the purity of the gases
due to limited diffusion rate.

Therefore, one of the possible ways to increase the
absorption capacity is the use of external influence
leading to increase the interface “liquid-gas” that
leads to increase gas absorption rate. Known
absorbers is base on creating of the larger interface
area using spray absorbing liquid (atomizing
absorbers), eg, patent RU 2,380,143 by
Znyatdinova et al. (2010). However, in this case,
gases that are little soluble in the absorbent is
practically not absorbed due to occurrence of
turbulent micropulsations. Thus, the effectiveness
of atomizing absorbers for these gases is reduced to
nothing.

Therefore, to solve this problem, it is encouraged by
applying of acoustic (ultrasonic) cavitation, the
impact of which increases the interfacial surface of
the “liquid-gas™ (Laugier et al. 2008). The acoustic
and cavitation influence is effective for the
intensification of the processes of absorption that is
experimentally proven by domestic and foreign
researchers. Acoustic cavitation influence has the
following advantages:

1. The possibility of intensification of absorption,
regardless of chemical composition of the
separated gas and liquid absorbents due to the
possibility of choose of the optimal ultrasonic
influence mode and exposure conditions
(frequency, intensity, location, and direction of the
input of ultrasonic vibrations, radiating area)
determined by the physical properties of gaseous
mixture and absorbing liquid.
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2. Installation of ultrasound sources does not
require changes in the design and functionality of
the absorbers.

3. Low power consumption. According to the
results of laboratory tests, the intensification of gas
absorption occurs even at low intensity exposure, if
you select a certain resonance frequency of the
oscillation.

4. The possibility of simultaneous intensification of
chemisorption because cavitation contribute to
breakage of chemical bonds and the formation of
new ones.

5. Compact sources of ultrasonic vibrations and
electronic generators for their power.

However, despite a number of advantages, in
practice, today the acoustic cavitation effects is not
been implemented due to lack of knowledge of the
physical mechanisms of the process and the lack of
scientific data of the best modes of ultrasonic action
providing maximum efficiency of the process as
consequence.

Due to time consuming and expensive experimental
studies it is necessary to develop a mathematical
model of the effect of ultrasonic influence on the
interfacial surface area of the “liquid-gas” and the
kinetics of absorption, allowing evaluating optimal
modes of acoustic cavitation intensification of this
process.

2. PROBLEM STATEMENT

According to the method of acoustic cavitation
intensification of absorption (Fig. 1), into the thin
liquid film (absorbent) powerful acoustic or
ultrasonic  (US) oscillations  (frequency  of
20..250kHz) is introduced by solid-state
transmitter (Khmelev et al. 2012; Laugier et al.
2008).

(apilary wave Gaseous mixiure flow

Solid surface

T L oW
7

Uftrasonic oscillations
of solid surface

Fig. 1. Scheme of the acoustic cavitation
intensification of absorption.

Ultrasonic vibrations in fluid create acoustic
cavitation field (Rozenberg 1968; Khmelev 2011).
It is the cavitation bubbles, which periodically
expand and collapse into non-spherical nuclei (non-
spherical shape is caused by solid surface) forming
microscopic shockwaves with pressure pulses up to
1000 atmospheres (Fig. 2) (Rozenberg 1968;
Kedrinsky 2000; Brennen 1995; Ruckenstein and
Nowakowski 1990; Malagetti et al. 2015a). Shock
waves lead to the formation of stable capillary
waves on the interface “liquid-gas” (Khmelev et al.
2012), which allows to increase the area of the
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interface and hence speed of separation of gas
mixtures.

y
Deformed cavitation

bubble at its collapse

Capillary wave

Interface "liquid-gas"
- - in undistorted state

Undistorted cavitation

bubble )

Solid surface . 'j{ r
e
Fig. 2. Scheme of the capillary wave formation

under influence of cavitation bubble.

Thus, the model to identify optimal modes of
acoustic absorption intensification should include
the following stages of the process review
(Khmelev et al. 2014b):

1. expansion of cavitation bubble up to maximum
radius, which is spherically symmetric due to
the low speed of its walls (no more than

15 m/s);

asymmetric collapse (Malagetti et al. 2015b,
2016) of the cavitation bubble from maximum
radius to minimum size;

generation and propagation of narrow
directional shock wave in the thin liquid film at
the collapse of the cavitation bubble;

formation of capillary waves on interface
“liquid-gas”. In this stage capillary waves
profile is determined and square of the interface
“liquid-gas” is calculated;

absorption of gaseous mixture flow component
by liquid film. In this stage the absorption
productivity providing the necessary purity of
target component is determined.

Further proposed model is described.

OF ACOUSTIC
INTENSIFICATION

3. THE MODEL
CAVITATION
OF ABSORPTION

3.1 Expansion of Cavitation Bubble

At the stage of cavitation bubble expansion its
maximum radius Ruax and center z location relative
to the solid surface are determined. At this stage it
is assumed that:

1. expansion of the bubble is spherically
symmetric, which is caused by low speed of
walls motion, however the bubble center
vertically moves relative to the solid surface in

the course of time;

in initial time the center of the cavitation
bubble is located near the solid surface, as such
bubbles mostly influence on the formation of
capillary wave.

Maximum radius of the bubble Ruax is defined on
the base of Nolting-Neppiras  equation
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(Rozenberg 1968):
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2
— | +R
p[ (arj
R
—4ﬂif+py+(

0*R
or*

3
2

c
Pot+——
0

-
w3 -

where R is the instantaneous radius of the cavitation
bubble, m; Ry is the radius of cavitation nucleus, m;
o is the liquid surface tension, N/m; p is the density
of liquid, kg/m3; po is the static pressure in liquid,
Pa; f'is the frequency of ultrasonic action, Hz; 4 is
the thickness of liquid film, m; 4 is the amplitude of
ultrasonic action, m; pv is the pressure of saturated
vapor of liquid, Pa; 7 is the time, s; u is the dynamic
viscosity of liquid, Pa-s.
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The distance between the center of the cavitation
bubble (at the moment of maximum expansion) and
the solid surface is defined from the equation given
in Rozhdestvenskiy’s book (1977):
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where b is the distance between the center of the
cavitation bubble and the solid surface, m.
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Obtained values of maximum bubble radius and the
distance between its center and the solid surface are
used for theoretical studies of further stages of the
capillary wave formation.

3.2 Collapse of Cavitation Bubble

During the study of the stage of cavitation bubble
collapse its form in the moment of the minimum
size is determined.

The form of the cavitation bubble is defined from
the integral equation (3) with boundary
conditions (4, 5) on the wall of the cavitation
bubble for liquid velocity potential and entry
conditions (6, 7) on cavitation bubble wall:

olr,) _ | [E . ¢J5S 3)
2 A n
2 2
V.| +V.
99  Va o _
y
_ 20K p,| 3V J
P P 47[RMAX3
or
Vo= Q)
? ot
9, =0 (6)
\rHt:O =R, )

where ro, r are the vectors of the coordinates of the
points of the wall of the cavitation bubble or solid
surface, m; ¢ is the fluid velocity potential on the
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wall of the cavitation bubble or solid surface, m%/s;
Vn and V7 are the normal and tangential components

of fluid velocity, m/s; Eru (r) is the fundamental

solution of Laplace’s equation; V is the volume of
the cavitation bubble, m3; py is the pressure of
saturated vapor of fluid, Pa; p and o are the density
(kg/m*) and surface tension (N/m) of fluid,
respectively; K is the mean curvature of the walls of
the cavitation bubble, m!; S is the wall of the
cavitation bubble; Sz is the solid surface on which
Vnis equal O (See Fig. 2).

With the help of system of equations (3-7) we
calculate deformation of the walls of the cavitation
bubble in the course of time. Entry conditions (5-7)
being a part of the system (3-7) is determined by the
bubble radius and the position of its center at the
moment of maximum expansion, which were found
at the previous stage of the model study. Integral
equation (3) aimed at the determination of
distribution of fluid velocity potential on the walls
of the cavitation bubble is solved by the boundary
element method. For this purpose the discretization
of the cavitation bubble wall into ring elements is
carried out, as it is shown in Fig. 3.

=]

] Arzzz)
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 Ar1zi41)
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Ol
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v

Fig. 3. Discretization of the cavitation bubble
wall into ring boundary elements.

It is assumed, that in the frameworks of each ring
element the velocity potential is constant. It allows
solving boundary integral equation (3) as a system
of linear equations (8). This system is obtained by
using method of “images” (replacing solid surface
by symmetrically placed cavitation bubble).

V(l)
V(2)

@®)

{Ai/ }i,j:I...ZN = {bx }::]A..ZN

V(N—l)
V(N)

V(i) is

n

where {4;} is the matrix of linear system;
normal velocity on i-th bubble wall boundary item
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with coordinates (7i; z;) and (ri+1; zi+1); {bi} is right
part of system; N is count of boundary items;

The coefficients of the system of linear equations
(4; and by) are defined by the following obtained
expressions:
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where Iy, J, I are integrals over on each boundary
item; bo is distance between bubble center and solid
surface at maximum bubble expansion, m.
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In expressions (9-10) it is mentioned that following
equalities are true:
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Integrals Io, J, I are defined as follows (11-13):
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where 11, 12, 1o are vectors of coordinates
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Obtained system of linear equations (8) is solved by
iterative Seidel method.

Z|+22

2 2
L =+n"+2z;

Obtained forms of cavitation bubble walls (by
equations (3-7) at the collapse in different moments
of time are shown in Fig. 4. The initial moment of
time (0 ps) is the moment of the maximum bubble
expansion.

ONONO

S SIS TS
a) 0 ps b) 0.38 ps c)0.75 us
e — —

OO,

LI SIS
d)1.13 ps

&

S
f)1.35 ps

e) 1.24 us

— interface “liquid-gas”
— the wall of the cavitation bubble

. — the mass center of the cavitation bubble

7777777 — the solid surface
Fig. 4. Shapes of cavitation bubble at different
times.

As it is shown in Fig. 4, cavitation bubble likes a
hemispherical radiator of shock wave.

The shape and size of cavitation bubble obtained at
the collapse are input data for study of generation
and propagation of shock wave.

3.3 Generation and Propagation of Shock
Wave

At the study of the stages of generation and
propagation of shock wave it allows approximating
its pressure profile at different distances from the
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bubble by the following obtained expression (14).
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where (r; z) are the coordinates of the points, m;
®is the circular vibration frequency of solid
surface, s°'; t and #; are the moments of time, s; x is
the viscosity of liquid, Pa's; p and ¢ is the velocity
of sound in liquid, m/s; pc(l‘l) is the pressure in the

&= s

nucleus of the cavitation bubble, Pa; a is the radius
of the cavitation bubble at maximum pressure in the
nucleus, m.

The function of shock wave pressure in the nucleus
of the cavitation bubble p. (t]) being a part of the
expression (14) is defined as:

p.(e)= py[

ARy |
3V

where py is pressure of saturated liquid vapor; Ruux
is bubble radius at maximum expansion; ¥ is bubble
volume at time #1; y is a adiabatic index of saturated
liquid vapor.

Given profile of shock wave pressure is used further
for the definition of capillary wave form and finally
interphase boundary area.

3.4 Formation of Capillary Waves on
Surface “Liquid-Gas”

The form of the single capillary wave is defined
from the expression (15):

1t%ap (15)
S
fie)=- [

where &£(r,7) is the value of displacement of the
interface “liquid-gas” along the axis z.

However at the realization of the technological
process it is impossible to obtain separate bubble
that is why it is necessary to consider the interaction
between the aggregate of cavitation bubbles and the
interface generating set of capillary waves.

The specific area of the interface “liquid-gas” per
unit volume of liquid phase at the generation of the

set of capillary waves is defined by the
expression (16):
0.52 o¢ 2 1
S§=2 1+| =| or+—
72'<n>£ r +[arj e (16)

where S is the specific area of the interface, m%/m?;
A is the length of the capillary wave (m) defined
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E(i ;
or\2’
concentration of cavitation bubbles, m; <> is sign
of averaging by liquid film thickness; /4 is thickness
of liquid film, m.

from the condition j:o; n is the

0,52

The term 27r<n>J r, 1+ °
0

;

2
j Or characterizes a
.

shock wave energy being generated at bubble
collapse.

For the concentration of cavitation bubbles kinetic
equation (17) obtained from Smolukhovskiy’s
equation (Sheng and Shen 2006) for the processes
of coalescence and breakage of disperse particles

(liquid drops, gas and solid particles) is
true (Margulis 2007):

an_nli=1) o (17)
ot iT,

where n is the calculating concentration of

cavitation bubbles depending on time ¢z, m; i is the
average number of cavitation bubble pulsation
before its collapse; ks is the constant of coalescence
rate of the bubbles, m?s; To is the period of
ultrasonic vibrations, s; j is the mean amount of the
nuclei generated at the breakage of the separate
bubble.

By solving the equation (17) following analytic
expression is obtained:

n,n,

n, +(nw —hy )einmkgl ’

where no is the initial unknown concentration of

cavitation bubbles, m3; n. is the stationary

concentration of cavitation bubbles, m=.

(18)

n=

According to the expression (18) the concentration
of the bubbles 7 in time, which equals tens periods
of ultrasonic vibrations, achieves stable value and

equals to #nw, which is defined by the
expression (19):
i —1
n, =2 (19)
ik ,T,
Variable j being in expression for stable

concentration (19) is calculated from experimental
data given in Rozenberg’s book (Rozenberg 1968).

The constant of coalescence is defined as follows:

Sep{u)

; 20
7 (20)

kg
where Seis square of effective bubbles collision’s
cross-section which is proportional to Ruax®, m?;

<u> is approach velocity of the cavitation
bubbles, m/s.

To define approach velocity of the cavitation
bubbles <u> the model of bubble interaction
caused by the forces of the second order is
used. The interaction model is based on the 2"
Newton’s Law for the separate cavitation bubble
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taking into consideration Bjerknes force acting from
the neighbor bubbles and caused by radial
vibrations of the last ones. According to this model
the position of the center of each cavitation bubble
making the ensemble can be described by the
following equation (Margulis 2007):
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where i is the ordinal number of the bubble in zone
of liquid phase; R;is the instantaneous radius of i-th
bubble, m; ¢ is the local velocity of sound in liquid
phase, m/s; pwi is the gas pressure near the walls of
i-th bubble, Pa; p is the instantancous value of
pressure of liquid phase without cavitation bubbles,
Pa; pr is the density of liquid phase, kg/m?; vr is the
instantaneous vibrational speed of liquid phase
without cavitation bubbles, m/s; Ro; is the radius
of i-th bubble nucleus, m; pg is the equilibrium
density of gas inside the bubble, kg/m?; ¢ is the
time, s; u is the viscosity of liquid phase, Pa-s; riis
the coordinate vector of the center of i-th bubble,
m; d; = rj-r; is the vector of center line of i-th and
j-th bubbles couple, m.

On the base of the results of equation solution (18)
approach velocity of cavitation bubbles is defined
by the following expression:

<u> _ ‘dlz (To)_ d12 (01

T 0
Further the approach velocity is substituted in the
expression (19), that allows finally to determine the
area of the interface “liquid-gas”.

Thus, in this stage of model consideration
(capillary wave formation) the dependence of
surface area of interphase boundary on the modes
of ultrasonic action (frequency and vibration
amplitude of solid surface covered with liquid
film, which borders on gas phase) and liquid
properties can be defined. It is follows, this stage
allows to define relative square increasing (Ks)
under ultrasonic influence:

2

) or+

(22)

0,52

27r<n> _" r

1

h

S

1+[a—
or
2

j or

Further the relative square increasing is used for

calculation of absorption productivity in next stage
of model consideration.

0

SUS _

Ky =

S sithout U 1 -

h . (23)
0,52

:1+27rh<n> I r 1+

0

s

0
or
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3.5 Absorption of Gaseous Mixture Flow
Component by Liquid Film

In the stage of model consideration the process is
considered according to scheme presented in Fig. 1.

The absorption productivity is defined as maximum
productivity  providing absorbing component
concentration at gaseous mixture output which does
not exceed defined value.

For defining of the productivity, the equations of
gaseous component diffusion into liquid (24) and
mass conservation (25) are used:

% = plc, -c): (24)
X
ac, o
- L=u—; 25
Yoo Vo 29

uis velocity of liquid film motion, m/s; ug is
velocity of gaseous mixture motion, m/s; C is
concentration of absorbed gaseous component in
liquid film; Cgis concentration of absorbed gaseous
component in gas mixture; D is coefficient of
gaseous component mass transfer, s

If ultrasound acts on liquid film then coefficient D
is multiplied by Ks and the equation (24) is reduced
to (26)

ua—C:DKS
x

(c,-c). (26)
The analytical solution of equation systems (24-25)
gives the expression (26) for the absorbing gaseous
component concentration at output:

11
i
u

—-DK
u $ [
e

ug ug

u+ug

_Cgo

C JL ; (27)

gout

+
u+ug

where / is length of the model area of absorption
process, m.

It allows to calculate relative increasing Kp of the
absorption productivity providing Cgou=eCgo under
ultrasonic vibrations influence (28)

(28)

where Ggi1, Gg2 are the required absorbed gaseous
mass flows providing concentration Cgou=eCg0
through output without and with US respectively,
kg/s; ug1, ug are the required absorbed gaseous
velocities providing concentration Ceou=eCg0 at
output without and with US respectively, m/s. The
velocities ug1, ug2 in expression (28) are determined
by the following relation

" ; Dy " y
&= gl e = 82 4 X
utu, utu, utu, utug,
DK ¢ (u+ug2)L
X e_ e

Thus the stage of model consideration allows to
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determine  relative  absorption  productivity
increasing under ultrasonic vibrations influence.

In the next section the results obtained by the model
analysis is presented.

4. OBTAINED RESULTS

The obtained results contain relative interphase area
square and productivity depending on square
increasing dependences on ultrasonic influence
models and liquid phase properties. Firstly, the
relative square increasing under ultrasonic influence
dependences were obtained. The dependences are
presented in next subsection.

4.1 Relative Increasing of Square

The relative increasing of square is determined by
formation of capillary waves on surface “liquid-
gas” stage of model consideration.

Obtained dependences of relative increase of the
interface area Ks (see expression (23)) on the modes
of ultrasonic action are shown in Fig. 5. Fig. 5 shows
the breakage of the graph corresponds to the fact,
that capillary wave loses its stability and breaks into
drops (Khmelev et al. 2012). The dependence of
frequency (Fig. 5b) is built up at threshold
amplitudes, when capillary wave remains stable.

Ll

[

Relative increasing
of square
[5%]
— M h W o

0 03 06 09 12 15 1.8 2.1
Oscillation amplitude, pm

o
SN

o

b o W

—

Maximum relative
increasing of square
]

1 = : = : -
28 32 36 40 44 48 52 56 60 64 68
Frequency, kHz

Fig. 5. Dependences of specific area of the
interface on the modes of ultrasonic action:
(a) on amplitude at different frequencies;
(b) frequency at maximum amplitude.

From presented dependences it is evident, that with
the increase of amplitude interface area grows. If
frequency rises, surface area grows (up to more than
3 times) due to the increase of cavitation bubble
concentration (Rozenberg 1968). However starting

with the frequency of 60 kHz the growth of the area
essentially becomes slower, and energy loss of the
ultrasonic radiator increases quadratically. That is
why; the application of frequencies of more than
60 kHz is unpractical. Fig. 6 shows the dependence
of threshold vibration amplitude, at which capillary
wave remains stable, on the frequency of action.

2.1
18 |
1.5 +

g 12 T

0.6
03 +
0 4+— S S — -
28 32 36 40 44 48 52 56 60 64 68
Frequency, kHz
Fig. 6. Dependence of threshold amplitude,

at which capillary wave remains stable, on
the frequency of action.

Threshold amplitude,
T
=]
=]

According to presented dependence the asymptotic
amplitude reduces with the rise of frequency. In
particular at the frequency of 28 kHz the threshold
amplitude exceeds 2 um, and at the frequency of
60kHz it is 1...1.2 pm. Fig. 7 shows the
dependences of specific interface area on amplitude
at the change of physical properties of liquid —
viscosity (a) and surface tension (b), which
influence on the profile of contact surface together
with the modes of ultrasonic action.

Relative increasing
of square

002040608 1 12141618

Oscillation amplitude, pm

a)

= 3.5

-]

g E A

o g 5

.E & 2.5

= 1.5

o

~ 2

0 02 04 06 08 1 12 14
Oscillation amplitude, pm
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Fig. 7. Dependence of specific area of interphase
boundary on amplitude at different properties of
liquid (frequency of 60 kHz): viscosity (a)
and surface tension (b).
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Presented dependences (Fig. 7) can be used for the
determination of the area change caused by change
of the liquid type and change of its properties. In
particular it is stated, that growth of viscosity leads
to the decrease specific area of the interface. It is
caused by the absorption of energy of shock waves
in liquid phase due to forces of viscous friction. At
that decrease of surface tension leads to the growth
of the area, as surface energy of a liquid directly
depends on its surface tension.

Further the dependences are used for calculation of
absorption productivity.

4.2 Relative
Productivity

Increasing of Absorption

The dependences of absorption productivity
increasing Kp (See expression (28)) on ultrasonic
influence modes (Fig. 8) and liquid properties
(Fig. 9) are obtained by absorption of gaseous
mixture flow component by liquid film stage of
model consideration. The dependences like the
dependences of surface area increasing.

The breakage of graphs means a loss of capillary
waves stability as well as for relative square
increasing dependences.

=11
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==
@ 2
]
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Oscillation amplitude, pm

S
SN

]

——

Maximum relative
increasing
of productivity

— o By

28 32 36 40 44 48 52 56 60 64 63
Frequency, kHz

Fig. 8. Dependences of specific area of the
interface on the modes of ultrasonic action:
(a) on amplitude at different frequencies;
(b) on frequency at maximum amplitude.

From presented dependences it is evident, that with
the increase of amplitude absorption productivity
grows up to more than 2 times.

As well as for the relative square increasing
dependences, starting with the frequency of 60 kHz
the growth of the maximum productivity essentially

becomes slower, and energy loss of the ultrasonic
radiator increases quadratically. That is why; the
application of frequencies of more than 60 kHz is
unpractical.

Presented dependences on amplitude at different
liquid properties (Fig. 9) can be used for the
determination of the absorption productivity under
ultrasonic influence caused by change of the liquid
type and change of its properties. In particular it is
stated, that growth of viscosity leads to the
decreasing productivity or the increasing amplitudes
which are necessary to defined productivity
achievement, as well as for interface area. At that
decrease of surface tension leads to the decreasing
amplitudes, which are necessary to defined
productivity achievement, and the decreasing
maximum amplitude providing capillary waves
stability (no breakup into drops).
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Relative increasing
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Fig. 9. Dependence of specific area of interphase
boundary on amplitude at different properties of
liquid (frequency of 60 kHz): viscosity (a) and
surface tension (b).

4.3 The Power of US Oscillations Required
for Absorption Intensification

Further estimation of power of US oscillations
spent for capillary waves formation and absorption
intensification was performed. For thin layer of
absorbing liquid (k# << 1, k is wave number, m™'; 4
is liquid layer thickness, m) author obtained the
expression for specific power of US oscillations
(power per unit of layer area lav, W/m?) spent for
capillary waves formation (29):
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2 4
1, = ()P
2c . (29)
pA0 (s s\ I, (s 3
W —h")-=2(h*—h
X[ 10c =) 3( )

For the expression (29) obtaining author assumed
that main part of power is transformed to cavitation
bubble collapse and oscillations attenuation
coefficient (K, m™) caused by cavitation (Khmelev
et al. 2014a) can be approximated by (30):

K~C(f\I-1,)

In expression (29) and (30) /o is threshold intensity
which is necessary for cavitation appearing, W/m?;
p is density of liquid, kg/m3; A is amplitude of
oscillations, m; w is angle frequency, s7'; f is
oscillations frequency, Hz; ¢ is sound speed in
liquid, m/s; 4 is layer thickness of liquid, m.

(30)

The variable 41 in (29) is calculated by

2 20[0
b= T 2
pa” A

The proportionality coefficient in (30) can be
estimated as inversely to f3:

(€1

The proportionality can be explained in the
following way. The maximum radius of cavitation
bubble at the similar sound pressure is inversely to
/. because then higher f, then lower time of bubble
expansion. However the work of gas in the bubble
during expansion is proportional to volume of

bubble, which is determined as §ER3. Thus, the

energy spent to cavitation is inversely to /3.

The obtained approximate dependences of US
oscillations power spent for -capillary waves
formation are shown in Fig. 10.

‘é?
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v = 2
i
g8 E
é_é:éﬂ.s
w

- 0

0 03 06 09 12 15 18 21

Oscillations amplitude, pm

Fig. 10. Dependences of US specific power spent
for capillary waves formation on oscillations
amplitude at different frequencies.

As follows from presented dependences the
increasing of oscillations amplitude and increasing
of frequency causes to avalanche increasing of
required US power and, consequently US power
consumed by US radiator. For example, required
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power at 60 kHz 6 times more than power at
28 kHz. However the increasing of productivity at
60 kHz 1.11 times more than increasing at 28 kHz
(see Fig. 8).

This shows appropriateness of using lower
frequencies for absorption intensification, when
small deviations of productivity are not critical.

5. CONCLUSION

Thus, the model of acoustic cavitation absorption
intensification was developed. Analysis of the
model has shown, that acoustic cavitation influence
leads to the generation of capillary wave and
consequently to the growth of surface of phase
contact up to 3 times. It accelerates of gaseous
mixture component mass transfer into liquid phase
and consequently increases absorption productivity.
For maximum absorption productivity increasing,
the optimum modes of ultrasonic action are
evaluated. It is shown, that the most appropriate
frequency of ultrasonic vibrations is 60 kHz at
amplitudes no more than 1.2 um, at which more
than 3 times increase of contact surface and more
than 2 times increase of absorption productivity.
Herewith, the liquid phase viscosity growing leads
to increasing amplitudes which is necessary for
achievement of defined productivity. And
decreasing of surface tension leads to the decreasing
amplitudes, which are necessary to defined
productivity achievement, and the decreasing
maximum amplitude providing capillary waves
stability (no breakup into drops).

Obtained new scientific results have fundamental

interest for the understanding of physical
mechanism of the absorption acoustic cavitation
intensification and they can be wused for
development of  high-efficiency  absorption

apparatus that is
influence sources.

supplemented by ultrasonic
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