
Introduction
We focus on the main ideas of nonlinear wave mechanics and wave technologies. We give
a brief description of typical scientific problems, wave motions, forces of wave nature, and
wave effects; and their role in creating new technologies and machines.

For several decades, the Scientific Center for Nonlinear Wave Mechanics and Tech-
nology of the Russian Academy of Sciences, together with organizations of various in-
dustries in Russia and abroad (oil and gas production, oil refining, chemistry and petro-
chemistry, building sector, engineering industry, ecology, food industry, material science
including production of building materials, etc.), have been carrying out fundamental re-
search (theoretical and experimental), as well as pilot and industrial experiments to find
out the fundamentally new possibilities for the application of wave and oscillating pro-
cesses in new equipment and technological procedures.

This work has led to the elaboration of scientific basis for so-called nonlinear wave
mechanics of multiphase systems (theory of nonlinear oscillations of multiphase systems,
which is focused on typical processes of technologies), which is a new branch of the oscil-
lation theory. Meanwhile, the pilot and full-scale experiments, which are currently being
implemented in practice, are fulfilled jointly with industry design offices and enterprises.

The main results of both fundamental and applied investigations in this area, that is,
the principles of nonlinear wave mechanics of multiphase systems and wave technologies,
and the prospects of their applications, are presented here.

I. Formulation of the Problems in Nonlinear Wave Mechanics
(Nonlinear Oscillations of Multiphase Systems) and Wave
Technologies

The field of nonlinear wave mechanics of multiphase systems considered here (theory of
nonlinear oscillations of multiphase systems) refers to a rather wide and currently highly
developed branch of mechanics of nonlinear oscillations and waves. It is generally recog-
nized that in fact Russia is a native country for the theory of nonlinear oscillations. In any
case, our leading scientists have made a significant contribution to the mechanics of non-
linear oscillations. We owe this, above all, to a number of Russian and Soviet scientists,
namely, A. M. Lyapunov, A. N. Krylov, N. M. Krylov, N. N. Bogolubov, L. I. Mandelsh-
tam, and A. A. Andronov and their schools, as well as many other known scientists.

Several Institutes of the Russian Academy of Sciences and other agencies have made
a significant contribution to this area. The theory of nonlinear oscillations has been de-
veloped to a rather high degree in our country. At present, Russian science is ahead of the
foreign world in a number of directions in this area.

Unfortunately, the scope of works is now significantly reduced in Russia, although the
world of oscillations and waves is still enormous. Physicists and acousticians are engaged
in the field of oscillations; chemists and biologists are beginning to be concerned with
it. This book is not of a review character, but is only devoted to the description of the
scientific basis for nonlinear wave mechanics and wave technology.
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First of all, let us note that the scientific formulation of the problems of nonlinear wave
mechanics of hydromechanical (multiphase) systems has arisen from practical needs, on
the basis of the analysis of the needs of the oil industry, applied chemistry, the engineering
industry, the energy sector, the agricultural sector, building, ecology, material science, the
food industry, etc. General technological processes from various industries (for process-
ing the multiphase media) are listed below.

Different types of multiphase media are presented schematically in Figs. 1–3, re-
spectively, which include a mixture of liquids and dispersed elements of gas, and solid
inclusions of different densities and sizes, as well as inclusions of other liquids; a porous
medium rich in liquid and (or) gas, or in a mixture of liquid with dispersed inclusions;
granulated solids of a dissimilar structure. Liquid, skeleton, solid particles, and bubbles
are denoted in Fig. 2 by numbers 1, 2, 3, and 4, correspondingly. Particles of free-flowing

FIG. 1

FIG. 2
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FIG. 3

medium of different sizes and densities are denoted in Fig. 3 by various colors. These are
only a few examples.

In general, the multiphase media are suspensions, emulsions, gas suspensions, aero-
sols, fluids with bubbles of gas (vapor), etc. They are widely represented in different
natural and technological processes.

In many reactors and apparatus for oil and gas refinement and chemical technology,
and in oil and gas layers, as well as in atomic and heat energy systems, there are mechan-
ical modes of motions or equilibrium states of multiphase media; particularly, the laws
of motions or equilibrium of dispersed phases (drops, bubbles, solid particles) relative to
the dispersing phase (surrounding and carrying phase) that determine the operating pro-
cess. Meanwhile, a majority of physicochemical processes—phase transitions, chemical
reactions, heat-mass exchange, subdivision or coagulation of particles, and others—are
caused by mechanical motions of a multiphase medium. Thus, one of the important el-
ements in creating the technological processes is the definition of the required laws of
motion at minimum expenditure of energy, but conserving the maximum efficiency of
the process. The generation of such motions can in many cases be implemented most
efficiently on the basis of powerful wave or oscillating resonance effects in multiphase
systems. The system of mechanical structure, such as a reactor, apparatus, pipeline, or
others, with a multiphase medium is referred to as a multiphase system in this book. It is
possible to discuss resonance phenomena and effects with respect to such a mechanical
system.

The reasonability of the formulation of the problem on wave technology of multiphase
systems is first of all due to the fact that the technological processes are, as a rule, “wave”
in nature. For example, during the technological process, the motions or the relative equi-
librium states (of a dispersed phase) of multiphase media are always either accompanied
by the oscillating components, which are quite small, or the internal structure of a medium
is able to generate wave phenomena (potentially oscillating) under certain conditions. In
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addition, the physicochemical transformations or the variations in component concentra-
tions during chemical reactions are often also of a wave or periodic (oscillating) character.
In such a generalized sense, wave and oscillating properties are inherent in many natural
and technological processes.

Under the conditions of nonlinear resonance interactions, the wave and oscillating
motions of the system can significantly influence its main motion or equilibrium state.
Therefore, the main aim now is to generate the required controlled motions of the multi-
phase system or the stabilization of its equilibrium states due to the control of small wave
or oscillating processes. The latter can be implemented either actively by means of exter-
nal periodical influences of a different physical nature (low-frequency or high-frequency
vibrating effects, ultrasound, alternating electric or magnetic fields, etc.), or passively by
certain structural changes in the apparatus, at which the desired oscillating motions will
be implemented without external vibrating effects (for example, self-oscillating systems
or a boundary layer passive control). Here, one of the main ideas consists in that it is due
to the control (passive or active) of quite small (practically, hardly visible) motions of
a wave or oscillating character correspondingly at small energy expenditures under the
conditions of nonlinear resonance interaction that the problem on a substantial variation
of dynamic characteristics of the multiphase system is formulated; that is, the problem
of generation of strong additional motions, not necessarily of an oscillating character
(periodical or monotone motions of the medium), relative motions of dispersed phases,
generation of stable equilibrium states of dispersed phases, etc.

In order to answer this question more fully, we will outline, though somewhat antici-
patingly, some specific aspects of nonlinear oscillations in nature and in technology. They
are very versatile—and sometimes paradoxical. For example (as is shown in the sections
below), the periodic effects on liquids or multiphase media, and systems of rigid and elas-
tic bodies, can produce various modes of motions such as translatory motions (displace-
ment of liquids, granular media, solid particles, and gas with respect to the fluid), vortex
motions, phase mixing, localizations of dispersed phases and their stable retention, and
nonlinear waves (shock waves). Therefore, the oscillations produce not only new oscil-
lations, but also different periodic and monotone motions, accelerations and deceleration
of motions, stabilization of equilibrium states, and other resonance effects. Such devel-
opments are caused by a radical transfer of the energy of wave or oscillating motions to
the energy of other modes of mechanical motions and equilibriums under the conditions
of strong nonlinear dynamic interactions. “Weak disturbances,” which could almost be
neglected, turn out to determine the dynamic process in the multiphase systems under the
conditions of nonlinear resonance interactions. Here we consider nonlinear resonances in
a a broader meaning than it is universally accepted in the engineering theory of oscilla-
tions. There can be many resonances in nonlinear multiphase systems, and the capture
regions of them are much wider as compared to common resonances.

It is in this kind of effects that the applications of nonlinear oscillations in tech-
nology are attractive. For example, imagine now the application of wave effects in the
technological processes, where the weight forces are dominant (gravitational prepara-
tion of ore, gravitational segregation while filtering, etc.). The application of powerful
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resonance wave effects (the forces arising while doing it can exceed by several orders the
weight forces and can influence the medium in different directions in space, in contrast
to a unidirectional weight force) can lead to either the creation of new technological pro-
cesses or to a substantial intensification of existing processes. Meanwhile, the oscillations
have a strong selective action on the motion of dispersed media, which is especially im-
portant, for example, in a fine filtering of fuel, liquids, and in a separation of rare metals
of a special value with very similar specific weights. For such processes, there are no
efficient technical solutions nowadays.

Wave effects can be successfully applied not only in technological processes, where
the moving forces are the weight forces (these processes have been considered only as
typical cases, in which the advantage in application the wave and oscillating effects is
clearly seen), but also in many other operations in which the oscillations are likely to be
not needed. The wave technological processes can be based, for example, on the gen-
eration of powerful additional pressures by means of resonance wave effects (multifold
amplification of static pressure in a closed volume of a fluid mixture with bubbles under
the influence of a small periodical disturbance), or on the control of the motions of fluids
and gases in a bounded space or in pipelines by means of the optimal redistribution of
energy of the oscillating motions that always accompany the monotone motions of fluids
and gases. Where there is movement, there are variations. There are examples of the ra-
tional use of oscillating phenomena in nature. It is, for example, a motion of dolphins, or
a flight of some birds whose drag decreases due to the oscillating processes. According
to some assumptions, the same wave mechanism can occur in the human cardiovascular
system (blood flow in blood vessels under the periodic effects caused by the work of the
heart).

Unfortunately, despite opportunities of using the wave processes in the multiphase
systems in technologies, this area is not developed enough at present. There are teams in
Russia and in CIS countries that have made significant progress, both in theory and in ap-
plied investigations in the field of scientific basis and certain concrete areas of vibrotech-
nics and vibration technology. This applies mainly to the usage of vibration machines, as
well as to the vibratory displacement and classification of granular media in the building,
metallurgy, mining, and some other industries.

As concerns a number of important technological processes, in particular, for the fuel
and energy industry, in fact until the early 1970s, there were no basic scientific formula-
tions of the relevant fundamental problems, and there are no relevant major application
results. Exceptions are the particular cases of successful application of vibrations to the
solution of technological concrete and some simplest theoretical problems. For example,
vibration and acoustic methods of the treatment of the bottom-hole zone have already
been applied for decades in the oil industry.

Attention should be paid to the fact that the traditional vibration techniques, which
are mainly based on the investigations of the dynamics of vibration machines as solid
bodies, generally without taking into account the properties of work medium (for exam-
ple, a multiphase medium), are not worked up enough for the solution of such problems.
In addition, ideologically, the hope for success in the application of traditional vibration
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techniques is related mainly to the fact that the periodical effects on media generate the
vibrations (oscillations) in them that can lead (aside from their characteristics) to the
intensification of technological processes. Exceptions are the following areas: vibration
displacement, classification of granular media, vibration pumps, vibration driving, de-
struction and crushing of solid bodies, etc. Such formulation (excitation of oscillations
in the medium without taking into account the modes of motions that are generated by
these oscillations in the work medium), which is considered to be classical in the area
of traditional vibration techniques, is not fully applicable to the technological processes
of treatment or transportation of multiphase media. Therefore, several proposals to apply
traditional approaches, which have established themselves in building, mining, and met-
allurgy, do not always justify themselves in other industries (for example, in the oil and
gas industry, chemical technology, etc.), and sometimes they even lead to inverse results.
Therefore, the optimism, which is common at the present time, regarding the application
of vibration methods in many sectors of technology is, generally speaking, not scien-
tifically grounded enough and is not always justified. The following example is therein
meaningful: in the multiphase media at periodical effects there is either a stable localiza-
tion of dispersed phases (equilibrium state), or a periodical or translational motion of the
phases, or a chaotic motion of a type of homoclinic structures discovered by H. Poincaré;
therefore, completely different states (motion or stable equilibriums) take place, although
the vibrations are the same. In order to understand such different aspects of waves and
oscillations, the development of appropriate a scientific basis is required for multiphase
media. Thus, the foregoing enables us to reach a conclusion on the appropriateness of
the development of the theory of nonlinear oscillations of multiphase systems that is a
scientific basis of wave technology.

The wave technology of multiphase systems in many cases has a quite conditional re-
lation to classical vibrotechnics; it uses other mechanical and mathematical models, for-
mulations of problems, and methods of investigations. As was already mentioned above
that the wave processes in multiphase systems can be generated by both external period-
ical effects and by means of specific properties of the system itself. Vibration machines
and devices existing at present are in some cases unusable for the creation of wave tech-
nology of multiphase systems. The creation of special types of generators of oscillations
and waves, devices, machines, and apparatus on the principles based on the wave and
oscillating effects in multiphase systems is reasonable here.

As concerns the ultrasound radiators, their possibilities in technology in some cases
are limited by comparatively high energy expenditures. Due to a quick damping of high-
frequency oscillations, they cannot always be efficiently applied in large-scale technology
processes.

The applied theory of nonlinear oscillations of multiphase systems has basically arisen
not only due to the technological processes, but also due to the necessity of dynamic anal-
ysis of objects of new techniques, i.e., atomic and common heat-and-power systems [1–
8]. For the latest ones, the dynamic analysis of elastic structures, in particular, of pipeline
systems interacting with the fluid and gas, is also important. In the establishment of dan-
gerous resonance modes, the determination of boiling crises must be implemented taking
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into account the oscillating phenomena in multiphase systems. An allied formulation of
the problems arises in energetics and the oil-and-gas industry, in particular, during the
analysis of dynamics of heat exchange apparatus, and pipeline systems of oil and gas,
and petroleum products. Thus, the wave technology of multiphase systems based on the
theory of nonlinear oscillations of multiphase systems covers a rather wide range of both
the problems of treatment and transportation of multiphase (heterogeneous) media in or-
der to the intensify the technological processes, and the problems related to the growth
of reliability and capability of the engineering objects. The following formulation of the
problem of nonlinear wave mechanics results from the foregoing.

It is necessary to generate the radical modes of motion (that is, the modes of mo-
tion whose velocities exceed the initial motions of media to such extent that efficient
technological applications become possible) in multiphase systems due to the nonlinear
interactions of oscillations and waves under the conditions of resonances at small energy
expenditures. Such formulation of the problem opens another, unconventional view on
the theory of oscillations and on its applications in technologies, and, in turn, enables a
new promising area of technologies, called wave technologies, to be created.

As examples, we give the following concrete typical formulations:

1. Generation of radical monotone or unidirectional motions of solid and gas inclu-
sions relative to the oscillating fluid.

2. Generation of monotone motions of solid and gas inclusions relative to the oscil-
lating fluid, leading to either their localization in the spatially confined zones of the
flow that depend only on the inclusion densities and sizes, or their elimination from
these zones.

3. Generation of intensive periodical and nonperiodical (of a kind of chaotic advection
or homoclinic structures) motions of inclusions relative to the oscillating fluid that
favor the mixing of the multiphase medium, as well as the implementation of certain
physicochemical transformations.

4. Generation of stable stagnation regions in the flows near stable equilibrium states,
or their elimination by the variation of stability characteristics of the equilibrium
states.

5. Generation of radical filtration motions of fluids and gases in the porous wakes satu-
rated by them relative to the oscillating skeleton; generation of powerful additional
gradients of pressure, intensifying the filtration processes.

6. Efficient stabilization and suppression of elastic vibrations and shock waves of fluid
in pipelines by creating a system of passive suppressors, leading to new principles
of reliability.

7. Laminarization and stabilization of the fluid flows in the pipes, channels, and bound-
ary layers by a passive control of boundary layers by various structural elements
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and variations in hydrodynamics of the flows, leading to new principles of noise-
lessness, as well as to new opportunities of implementing the processes of separa-
tion of multiphase systems.

8. Generation of cavitational regions in the wave fields, in which the processes of
dispersion, mixing, and intensive generation of waves can be implemented for the
application in technologies.

Here, many different variants of the formulations of problems are possible. Only several
typical formulations are cited in the simplest way.

Therefore, nonlinear wave mechanics is a scientific basis for wave technologies. In
turn, the implementation of a number of new applied scientific investigations becomes
necessary in some cases during the development of new technologies with respect to con-
crete technical industries. Nonlinear wave mechanics and wave technologies complement
each other. This results in the appearance of new scientific formulations in the field of
nonlinear wave mechanics. Therefore, in several cases, the statement of the results of in-
vestigations in the field of nonlinear wave mechanics is combined with the description of
the application of wave technologies. This enables the perspectives of nonlinear wave me-
chanics, as well as the validity and perspectives of wave technologies, to be represented
more clearly.

II. Wave Mechanisms of Motions; Forces of Wave Nature; Modes of
Motions; Nonlinear Resonances

Here we briefly mention some typical models and formulations of the problems of non-
linear wave mechanics of multiphase systems, establishment of the forces of wave nature,
and possible modes of motions in the considered systems.

A. Solid Particles Suspended in the Inhomogeneous Field of Fluid Flow

The simplest model of the phenomena considered in the theory of nonlinear wave me-
chanics is the following model. A solid particle is suspended in a fluid performing a
certain movement (Fig. 4) [1,9–12]. For example, the fluid can perform oscillations of

FIG. 4
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various modes, the waves of different shapes and different nature can propagate in it, etc.
Approximate model equations of motion of a solid particle in the inhomogeneous field of
fluid flow can be represented in the following way:

ρ2
d2r

dt2
= −∇P (t, r) +

1
2
h1ρ1

[
W (t, r) − d2r

dt2

]
+ h2

[
V (t, r) − dr

dt

]

+ h3

t∫
−∞

[
W (τ, r) − d2r

dτ2

]
dτ√
t − τ

+ F (t, r) (1)

where r = r(t) is a radius vector of particle’s center of mass; ρ1, ρ2 are densities of
particles and fluid; h1, h2, h3 are coefficients depending on the fluid viscosity and on the
particle’s size and shape; F is an external volume force acting on the particle; P (t,r),
V (t,r), W (t,r), are the functions of coordinates and of time, pressure, velocity, and ac-
celeration of the fluid without disturbances introduced by the particle.

Equation (1) in the form shown above accounts for the following types of force ex-
ertion on the particle from the surrounding fluid: a pressure gradient, a force due to the
virtual mass effect, Stokes drag force, and Basset force. Such an idealized representation
can turn out to be valid for several values of parameters.

Even in the simplest case, when the equation of motion of a particle can be represented
in the form of Eq. (1), and the fluid oscillates, that is, the pressure P (t,r), the velocity
V (t,r), and the acceleration W (t,r) are periodical functions depending explicitly on time,
it can be shown that the particles submerged in the oscillating fluid are not only involved in
the oscillating motion with the fluid, but in some cases can also displace unidirectionally
relative to the fluid. Physically, this may be due to the heterogeneity in spatial coordinates
of the amplitudes and phases of the wave field in the fluid. The fact is that the momentum
transferred to the particle during a period of oscillations may not be zero at the average,
since the amplitudes and phases of oscillations of the fluid velocity from various sides of
the particle are different.

Thus, the forces that are dependent on time, but that depend on the amplitudes and
phases of the wave field, can act on the particles in the wave fields together with the forces
of the vibrational character. These forces of wave nature will be hereinafter referred to as
wave forces. The presence of such forces can lead to unidirectional displacements of the
particle relative to the fluid. Meanwhile, the velocities of this displacement can turn out
to be so significant that such modes of motion can be applied in technology.

As shown below, the condition for the appearance of such motion of the particles in
the vibrating fluid are the nonlinearities in r in the underlined terms of Eq. (1), or the
presence of the products of periodical functions on time by r in the expressions for the
underlined terms.

In order to investigate the equations of a kind of Eq. (1), the asymptotical methods
are systematically used in the present work. Schematically, the applied approach can be
represented in the following way (Fig. 5).

Equation (1) is represented in the form shown in Fig. 5 by introducing a small param-
eter. The analysis of the equation by means of the asymptotical methods of the theory of
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nonlinear oscillations enables the presence of the solutions of Eq. (1) to be determined
in a form of quasi-uniform motions or in a form of quasi-equilibrium states. A stability
study of the exposed partial solutions enables us to classify the quasi-stationary motions
and to determine a qualitative mode of the motion of particles.

The analysis of the motion of solid particles in the wave fields of fluid by the method
mentioned above demonstrates that the choice of the wave field makes it possible to per-
form motions that solve the first three problems among the problems listed in the previous
section as follows. (i) Generation of radical monotone or unidirectional motions of solid
inclusions relative to the oscillating fluid (one of the examples of the {x, y} projections of
particle phase paths, where y = ẋ, is shown for this case in Fig. 6). (ii) Localization of the
particles in the spatially confined zones of the flow, or their elimination from these zones
(corresponding examples of the phase path projections are shown in Figs. 7a and 7b). (iii)
Generation of intensive periodical and nonperiodical (of a kind of chaotic advection or
homoclinic structures) motions of inclusions relative to the oscillating fluid and the mul-
tiphase medium mixing (the illustrative examples of the phase path projections for the
cases of periodic and nonperiodic motions are shown in Figs. 8a, 8b, and 9, respectively).

The motions solving the second and the third problems are related to the appearance
of quasi-equilibrium states for the particles in the fluid. The type of singularities to which
the quasi-equilibrium states correspond defines what mode is effectuated— 2 or 3. Mode 2
is effectuated for the elliptic singularities [Fig. 7—localization of the particles takes place
for stable singularities (Fig. 7a); elimination of the particles is for unstable singularities

FIG. 6
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(a) (b)

FIG. 7

(a) (b)

FIG. 8

FIG. 9

(Fig. 7b)]. Modes 3 (Figs. 8 and 9) are effectuated for the hyperbolic singularities [period-
ical modes, if the phase path traversing the singularity is separatrix (Figs. 8a and 8b), and
chaotic modes, if the phase path traversing the singularity is not reduced to a separatrix
(Fig. 9)].
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B. Bubbles Suspended in a Liquid Inside the Wave Fields

The next model considered here is a bubble suspended in a liquid performing certain
motion (Fig. 10) [2,13–16]. For example, fluid can perform vibrations of various modes,
the waves of different shape and nature can propagate throughout it, etc. Approximate
model equations of the motion of a bubble in the inhomogeneous field of fluid flow can
be represented in the following way:

ρ2
d2r

dt2
= −∇P (t, r) +

1
2
ρ1

[
W (t, r) − d2r

dt2

]
+

3
2R

ρ1
dR

dt

[
V (t, r) − dr

dt

]

+
h1

R2

[
V (t, r) − dr

dt

]
+

h2

R

t∫
−∞

[
W (τ, r) − d2r

dτ2

]
dτ√
t − τ

+ F (t, r) (2)

d2R

dt2
+

3
2R

(
dR

dt

)2

. . . . . .
+

h3

R

dR

dt. . . .
= − 1

4R

∣∣∣∣V (t, r) − dr

dt

∣∣∣∣
2

. . . . . . . . .
+

P1−P (t, r). . . . . . .
ρ1R

− 2σ

ρ1R2
. . .

P1 = P0

(
R0

R

)3γ
(3)

where P0, R0 are the internal pressure and radius of a bubble at rest inside a fluid at
rest with a uniform pressure distribution; R = R(t) is a bubble radius; σ is a surface
stress coefficient; F is an external mass force over a bubble; P (t,r), V (t,r), W (t,r) are
nonlinear functions of coordinates and a time, i.e., pressure, velocity, and acceleration of
the fluid without disturbances introduced by a bubble; γ is a polytrope index of the gas
inside a bubble.

In Eq. (2), along with the terms underlined by solid lines, which describe the dynamics
of solid particles and are taken into account in Eq. (1), there is also another nonlinear
term of a different nature within the approximation considered. This term is specific for
the dynamics of bubbles, and is underlined by the solid double line. Physically, it is a
nonlinear inertial term related to the deformation of a bubble. It determines the influence

FIG. 10
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of pulsating motion of a bubble on the displacement of its center of mass. In addition, the
dependency of the bubble radius on time causes the nonlinearities related to the products
of radius degrees and differences of velocities and accelerations between a bubble and a
surrounding fluid (in the Stokes and Basset terms). The corresponding terms of Eq. (2)
are underlined by a small dotted line.

Equation (3) describes the pulsating motion of a bubble. The nonlinear terms under-
lined by dotted lines depend only on the bubble radius. Physically, they are defined by
the inertia of the fluid at the radial motion of a bubble, by the dependency of the pressure
inside the bubble on its radius, by the viscous drag of a surrounding fluid to the radial
pulsations, and by the surface tension forces. They influence the shape of pulsations. The
nonlinear terms of Eq. (3) underlined by dash-and-dot lines determine the influence of an
external wave field on the pulsating motion of the bubble.

Equations (2) and (3) are in the form presented in Fig. 11. They are reduced to this
form by means of the introduction of a small parameter. The analysis of the obtained equa-
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tions through asymptotical methods of the theory of nonlinear oscillations enables us to
define the presence of solutions in a form of quasi-uniform motions or quasi-equilibrium
states of bubble centers of mass. Meanwhile, the motions of the centers of mass of bub-
bles in the wave fields can be the same as the motion of the centers of mass of particles in
the same wave fields. However, when the sustained pulsations are excited by means of the
energy of the wave field surrounding the bubble, the modes of quasi-equilibrium states or
quasi-uniform motions can differ substantially from the modes of quasi-equilibrium states
or quasi-uniform motions of solid particles. The presence or absence of the fulfillment of
the nonlinear resonance relationships between the wave field frequencies ω and a bubble
free frequency Ω are of the following form: mω ± nΩ = 0, where n and m are small
integer numbers, and are of a significant importance. The investigation of the stability of
the exposed partial solutions enables us to classify the quasi-stationary motions and to
determine the qualitative mode of the motion of bubbles. The analysis of the motions of
bubbles in the wave fields of fluid by the method mentioned above demonstrates that pos-
sible modes of the motion of bubbles in the wave field is significantly more varied than
the modes of the motion of solid particles.

By fitting the wave field shapes and frequencies, and by trying for the fulfillment or
nonfulfilment of nonlinear resonance relationships, it turns out to be possible to perform
not only the motions similar to the motions of solid particles, but also, at a certain special
selection of frequencies related to the characteristics of bubbles, the qualitatively different
modes of motions. For example, the direction, the velocity of displacement, the mode of
motion (chaotic or not chaotic paths) of bubbles at a certain selection of the excitation
frequencies can differ significantly from the corresponding characteristics of the modes
of the motion of solid particles. Various modes of motion and blisters of bubbles in the
cylindrical vessel oscillating vertically are shown schematically in Fig. 12 as an example.

C. Nonlinear Resonance Relationships

As was mentioned in the previous section, at the establishment of the modes of motion of
dispersed gas inclusions in the wave fields, the nonlinear resonance relationships are of a

 Blisters of gas bubbles 

Unstable curved equilibrium 
surfaces 

a) monotone motions of bubbles

 

 b) periodic motions of inclusions c) space-periodic layer structures

FIG. 12
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high importance. Note that the role of the nonlinear resonances for the establishment of
the motion modes of the constructions, consisting of solid and elastic bodies, was studied
in detail in Refs. [2,17–20].

In the general case, the wave field can be polyharmonic; that is, the vibrations of the
carrying liquid, caused by the action of exciting forces at the boundary, can be represented
by a superposition of harmonics with the frequencies ωi (i = 1, 2, . . . , k). Inside the flow,
there can be bubbles of different sizes with different eigenfrequencies Ωj (j = 1, 2, . . . ,
l). The flow geometry can be so that the system has a set of eigenfrequencies λn (n = 1,
2, . . . , m). Meanwhile, if the relationship of the following type is satisfied:

λ1s1+λ2s2+· · ·+λnsn+ω1p1+ω2p2+ · · · +ωkpk+Ω1r1+Ω2r2+· · ·+Ωlrl ≈ 0 (4)

where sn, pi, rj are integer numbers small in magnitude, then for each concrete set of the
numbers sn, pi, rj the system is in a state of a concrete nonlinear resonance. Therefore,
the concrete summands peculiar only to this resonance are present at the formulas for the
wave forces. These summands are absent for other resonances, defined by other sets of sn,
pi, rj . That is why for each resonance relationship for the concrete sets of the numbers sn,
pi, rj , different modes of motion of the system under consideration will be effectuated,
which differ from other resonant and nonresonant modes. Due to this variety of modes,
the resonant mode of motion of the system [under the conditions of the satisfaction of
nonlinear resonance relationships (4)] must be taken into account in the wave fields at the
estimation of the possibilities of one particular technological process.

D. Gas Inclusions in Capillaries and Pipes Filled by a Liquid

The next model considered here is gas inclusion suspended in the liquid filling a long pipe
(Fig. 13). Such a model enables the modes of the motion of gas inclusion relative to the
walls of the pipe at the oscillations of the pipe to be determined [21,22]. The equations of
motion are as follows:

Ẍ = − Ẏ Ẋ

Y
− s(1 − s)2

2
Ẏ 2

Y
+ s2 Ẋ0Ẏ

Y
− s(1 − s)g + sẌ0 − sGẊ +

s
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Fkc

Ÿ =
1
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1
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{
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Ẋ
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1 − s

(
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1
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)

+
PhT γ

h

ρ(Y )γ(1 − s)
− P∗

ρ(1 − s)
+

1
2ρA(1 − s)2

Fkc

}
(5)

This model describes many processes of nature and technology, in particular, the mo-
tion of a fluid with gas inclusion in the pore of a porous medium that is typical for the
filtration processes in hydrocarbonized beds, as well as the motion of fuel in the fuel-
handling systems of liquid jet engines. As shown below, Eqs. (5) can be represented as
the equations of the motion of a bubble in the wave fields [Eqs. (2) and (3)]. The corre-
sponding representation is shown in Fig. 7. The possible modes of motion established for
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FIG. 13

this system are also shown here. Everything stated in the preceding section with respect
to nonlinear resonance relations also remains valid.

E. Viscous Fluid in Channels with Deforming Walls

The following model is a capillary filled with a liquid, the walls of which are able to
deform. The ways how the motion of a traveling wave on the capillary walls transforms
into a quasi-2D motion of the fluid inside the capillary are set on the basis of this model
investigation [23,24]. The ways established are a scientific basis for the intensification
of filtration processes in pores of porous media, saturated with liquid, simulating the
processes in oil beds, as well as for the intensification of impregnation of porous media.
The results of the investigation of the nonlinear boundary problem for the Navier-Stokes
equations of a viscous compressible fluid flowing inside a deforming capillary [25] are
reduced in a general case to the following.

It turned out that the traveling waves of lateral deformation with the amplitudes of
one hundredth or thousandth of a capillary undisturbed radius, propagating along a cap-
illary wall, excite a quasi-2D flow of fluid along a capillary axis (Fig. 14). Moreover,
the incipient flow velocity depends significantly on the cross section of the capillary. For
capillaries equivalent to the pores or cracks of oil beds, the velocity of an incipient uni-
directional flow is the same as the velocity of the flow caused by a substantial stationary
pressure gradient on its ends (of the order of several dozens of atmospheres per meter).
The mechanisms of transformation of the wave motion into the unidirectional motion are
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FIG. 14

caused, as in the cases stated above, by nonlinear terms of the equation of motion and by
the liquid no-slip boundary conditions of the deforming capillary.

For example, the acoustical mechanism is specified by the terms of the equations of
motion, which contain the products of the disturbances of the fluid density ρ and the dis-
turbances of the fluid velocity �v,

ρ
∂�v
∂ t

; ρ�v; ρ∇�v (6)

The convection mechanism is specified by the convective terms of equations, which are
nonlinear with respect to the velocity disturbances,

(�v · ∇)�v (7)

The kinematic mechanism is specified by the interaction of the oscillations of the cap-
illary deforming wall having the velocity �u with the oscillations of the fluid velocity
disturbances and their derivatives in the vicinity of the wall,

[(�u · ∇)�v]Σ0
(8)

where the subscript Σ0 shows that the derivatives of the fluid velocity disturbances are
calculated in the points of the capillary undisturbed surface Σ0. The mechanisms es-
tablished, along with other mechanisms, can be the basis for the wave technologies of
oil-and-gas production, impregnation of porous media at the creation of special powerful
wave pumps, etc.

F. Porous Medium Saturated with a Fluid

Along with the motion of dispersed elements in the fluid, as well as the motion of the
fluid in capillaries and individual pores, more complex modes have been also considered.
Particularly, the fluid filtration in a porous medium, saturated by it, under the influence of
the wave fields has been also considered.

The forced vibrations of a medium limited area of the length L, which is located
between two wells (or cracks, boundaries of geological heterogeneities, etc.), have been
considered. These vibrations simulate the situation of the application of oscillations in
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oil-and-gas production (Fig. 15). The source of oscillations has been installed in the well
in front of the payout bed. The vibration frequencies are chosen so that the resonant wave
modes, at which the amplitudes of oscillations are maximum, are effectuated.

The motion equations of a medium can be presented in the following form [26]:
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The following designations are introduced here: ρ1, ρ2 are densities of the fluid and
skeleton, correspondingly, I1, I2 are flows, α1, α2 are porosities, ρ1 is a fluid pressure,
λ, μ, ν are the Lame moduli, χμ is a factor of apparent mass, M is an interphase friction
coefficient, c is a “skeleton” friction coefficient, βp1, βp2 are compressibilities, εxx is a
deformation, σxx is a stress, and{

p10, ρ
0
10, α10, p20, ρ20

0, α20

}
are parameters of the medium state initial point.

Equation (9) must be satisfied within the interval (0, L). The following boundary
conditions must be satisfied at the boundaries of this interval:

p1(0) =
�

P cos (ωt) ; σxx(0) = 0; p1|x=L = 0; I2(L) = 0 (10)

The solution of the nonlinear boundary problem [Eqs. (9) and (10)] has shown [27]
that at a certain choice of the excitation frequency, a powerful filtration flow of fluid can
arise inside the bed. This flow is equivalent to the flow that can be caused by great (prac-
tically impossible) differences in static pressure with gradients on the order of several
dozen atmospheres per meter. Practical implementation of this filtration flow can also, as
described above, be taken as the basis for new technologies in oil-and-gas production,
impregnation of porous media, intensification of filtration through various filters, etc.

III. Wave Stabilization, Laminarization, and Turbulization of the
Flows of Viscous Fluid; Wave Approaches to the Noiselessness
of Structures with a Fluid and to the Drag Reduction

Wave fields can encourage not only the appearance of forces acting on the particles or
fluid and favoring certain modes of motion of dispersed elements or a carrying liquid, but
also the processes of stability variation of existing modes. In addition, in these cases it
is often not necessary to use an external wave actuator for the wave field formation, and
it is sufficient to involve the elements that provide additional degrees of freedom of the
system and open the possibilities for energy transfer from a main mode to wave modes
of motion. For example, the replacement of a rigid wall that restricts the flow of viscous
fluid by a flexible wall or a permeable wall enables to control the main flow stability.

A. Flexible and Permeable Coatings of the Walls of Plane Flows; Wave
Stabilization and Destabilization of Plane Flows in Channels and Boundary
Layers

As is known from the consideration of classical problems of hydrodynamic stability [28],
the problem of the stability of viscous incompressible fluid flow with respect to infinitely
small disturbances in a form of traveling waves is reduced to the boundary problem so-
lution for the Orr-Sommerfeld equations with no-slip boundary conditions on the rigid
wall, restricting the flow. The problem of how the waves, caused by the replacement of a
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rigid wall by a flexible or permeable wall, can influence the flow stability is formulated in
the frame of wave mechanics (Fig. 16).

Kinematic no-slip conditions are met on a plate deforming surface. According to these
conditions, the fluid velocity in each point of the plate surface coincides with the velocity
of this point of the surface. In addition, dynamic boundary conditions are also met on the
plate surface. The physical meaning of these conditions is that the displacements of the
wall are specified by the stresses on the surface equal to the stresses in the fluid at the
same points.

The no-slip conditions are set on the permeable surface for the velocity components,
tangential to the wall. The conditions of the equality of the velocity components, nor-
mal to the wall, to the velocities of the flow, normal to the wall, specified by pressure
difference, are set for the velocity components, normal to the wall. The corresponding
mathematical formulation is provided in the body text of this book.

The solution of the formulated boundary problem [29] for the stability of the flow
of viscous fluid in a channel with flexible elastic walls has shown that the flexibility of
the channel walls exerts a stabilizing effect on infinitely small disturbances. The increase
in the flexibility of channel walls leads to the increase in the critical Reynolds number
(Fig. 17a). And, in contrast to the case of flow in the channel with absolutely rigid walls,
the infinitely small disturbances in a form of oblique waves (transversal wave number
of disturbances distinct from zero) are the most dangerous from the point of view of the
stability loss.

In the case of the flow of viscous incompressible fluid on a flat permeable plate, the
solution of the appropriate boundary problem for the infinitely small flow disturbances in
the boundary layer has shown that the influence of the permeable boundary on the flow
can have both a stabilizing effect (at high values of the wall permeability coefficient), and
a destabilizing effect (at small values of the wall permeability coefficient) (Fig. 17b). The
latter fact has been verified experimentally. At subcritical Reynolds numbers, the turbulent
flow has been obtained for the Poiseuille flow in a channel with permeable walls.

The results obtained, which will be described in details hereinafter, enable us to state
that it is possible to ensure the attenuation of infinitely small disturbances both in flat
channels and in flat boundary layers by selecting the properties of the walls in the flow.
These original effects can be taken as a basis for the technologies of separation of mix-
tures in the flows of multiphase media and technologies of the noiseless of structures with

a) flexible wall                         b) permeable wall                   c) combined wall
FIG. 16
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FIG. 17

a leaking fluid. The effect of turbulization of the flows, restricted by the permeable bound-
aries, can be applied to the intensification of mixing at subcritical Reynolds numbers.

B. Flexible Coatings of Cylindrical Pipes; Instability against Small
Disturbances; Nonlinear Stabilization

It is known for the flow of nonviscous incompressible fluid in a pipe with a circular cross
section [30] that this flow is stable to the infinitely small disturbances for any arbitrary
large Reynolds numbers of the main flow. The appearance of the turbulence in pipes with
a circular cross section is usually attributed to the instability to finite disturbances.

Within nonlinear wave mechanics, it is proposed to use the flexibility of pipe walls
for the stability control of the flows in the pipes with a circular cross section. In particular,
flexible elastic and viscoelastic pipes have been considered.

The study of the stability of flow under consideration to the infinitely small and finite
small disturbances has been carried out in Refs. [31] and [32]. The flow of an incom-
pressible viscous fluid in a viscoelastic, straight in the undeformed state, infinitely long
pipe with a circular cross section is considered. The fluid velocity field and pressure are
considered to meet the Navier-Stokes equations and the incompressibility equation. The
conditions of boundedness and single-valuedness of physical components of the velocity
vector and their derivatives are taken to be satisfied on the pipeline axis. On a movable
pipe surface, wetted by a liquid, the no-slip conditions, as well as the relations between
the stresses, arising in the pipe wall at its deformation, and the stresses in the liquid are
met. The pipe motion is described by the general theory of fine flat shells [33] in the
frame of the Kirchhoff-Love hypotheses on the assumption that the pipe may be consid-
ered as a slack, single-layer shell of a constant thickness, and the material of which the
pipe is manufactured is uniform, isotropic, and linearly viscoelastic, complying with the
relations of the Voigt model.

The efforts, applied to the pipe wall by the fluid, are calculated through the stress
tensor components in the fluid on the movable surface of the contact with the pipe and
pipe deformation characteristics. It is assumed that the motion of the considered system
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takes place under the influence of a constant mass force, the direction of action of which
coincides with the axis of the undistorted pipe, and constant attachment efforts exerted
from the pipe external side.

The given assumptions define the boundary problem for the Navier-Stokes equations
in the region with movable boundaries coinciding with the surface of the pipe, being in
contact with the liquid. In the present work, the authors have limited themselves to the
case when the external mass forces and attachment efforts of the pipe are such that the
boundary problem allows a stationary solution corresponding to Poiseuille flow in a fixed
circular pipe of a constant cross section.

The solution of the linearized boundary problem has shown that the flexibility of the
pipe wall makes the system unstable to the infinitely small disturbances in a form of
traveling waves.

The instability is revealed for the axisymmetrical (m = 0) and nonaxisymmetrical
(m = 2) disturbances. It is found out that the linear instability arises only for sufficiently
flexible walls.

The solution of the nonlinear boundary problem for small, but finite, disturbances has
shown the following. The waves becoming actuated at the stability loss of stationary flows
of fluid in pipes influence the main flow. Depending on the parameters of permeability of
the walls, they can exert a stabilizing effect on the flow, and can, on the contrary, cause its
destabilization. Thus, it is possible to control the stability of flows in pipelines by selecting
the permeability characteristics. Both effects have technological applications. The first
one (stabilization of disturbances) can be referred to the implementation of different types
of separations of mixtures in the flows, as well as to the reduction of inherent noises of the
flows in pipelines. The second one (destabilization of disturbances) can be referred to the
destabilization of the flow in order to mix a cargo fluid, as well as to the intensification of
the heat-mass exchange processes in power plants.

Let us also note that the effect of the stabilization of disturbances may have to do
with the solution of the laminarization problem of the flows and to the drag reduction of
the pipelines. A number of experimental data, indirectly indicative of this fact, have been
obtained by the authors in the work described in Ref. [6]. These results will be discussed
in detail in the main body of this book.

C. Stabilization and Suppression of Elastic Waves in Pipelines

One of the ways to actuate the waves in pipelines, which is quite often encountered in
practice, is a vibration of the pumps that pump the liquid along the pipelines, as well as a
vibration of the elements of the pipeline structure. In this case, a simple engineering ap-
proach, based on the approximate concept of forced oscillations, is usually applied for the
investigations [7,8]. Every vibrating element is a source of the rarefaction-compression
waves. Particularly, the movable parts of pumps, valves, or other aggregates, ensuring the
control of the modes of motion of the liquid pumped along the pipelines, can serve as
such sources. Another way for the excitation of waves is related to the pipeline section
blocking and deceleration of fluid. Such cases cause hydroblows.
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Stabilization and suppression of the waves in pipelines are of a significant practical
importance. Reduction of wave amplitudes caused by forced oscillations is related to the
solution of the noiselessness problems and the problems of enhancement of pipeline vi-
bratory reliability. These issues are particularly important for steam pipelines in power
plants and ships’ pipelines, as well as lead lines in gas-and-oil production systems. Pro-
tection of pipelines from hydroblows is of paramount importance to a trunk transportation
of gas-and-oil products and to water supply equipment.

The most radical way to solve these applied problems is a direct effect on the wave
sources. In particular, the reduction of the amplitudes of wave disturbances of the vortex
and aeroelastic nature or their total suppression by the methods that were discussed in
previous sections should lead to a substantial reduction of the acoustic waves generated
by these disturbances. However, in some cases, the variation of parameters of the sources
for some reason or another can be very difficult or even impossible. For example, pressure
pulsations in the integral parts of the aggregates, including penstocks, and in the pumps, or
the deceleration and acceleration of the medium, transmitted through a pipeline, resulting
from the pipeline switching from one mode to another, can be the sources of acoustic
waves. In these cases, it is necessary to act in any way directly on the acoustic wave for
stabilization.

To solve these problems, a very convenient method for the practice approach has long
been known, which has its origins in the work of Zhukovsky [34]. The main idea of this
approach is to describe the motion of a viscous compressible medium not through the
Navier-Stokes equations, but through the equations of ideal compressible fluid, averaged
over the pipeline section, and to take into account the influence of the viscosity on the
basis of the assumption that the drag force acting on the medium flowing through the
pipeline is a function of the pipeline section mean velocity. The form of this function is
selected based on one or another hypothesis about the nature of the flow. Theoretical basis
of engineering methods of calculation of the acoustic waves in pipeline systems were laid
on the basis of this approximate approach. Later, this theoretical basis was developed in
the works of Leybenzon [35], Charniy [36], and many other authors. This theoretical basis
is now widely implemented in engineering practice.

A procedure for the creation of stabilizing devices, whose operation is based on the
phenomenon of resonant absorption of wave energy, is worked out in the works described
in Refs. [7] and [37]. These devices are hereinafter referred to as stabilizers of wave
processes (SWPs). The stabilizer appearance and the type of pressure oscillograms at the
SWP inlet and outlet are shown in Fig. 18. The spectrum of inlet pressure pulsation (upper
curve) and outlet pressure pulsation (lower curve) is presented in Fig. 19. The difference,
as we can see, is more than 70 dB.

Stabilizers of wave processes are of a rather wider interest than one separate type of
dampers of acoustic disturbances. The fact is that the SWP structural designs practically
coincide with the designs of devices ensuring the stabilization of vortex disturbances by
means of permeable surfaces (Fig. 16c), whose operating principle is described above.
Therefore, it is tempting to pick up the characteristics of the device so that it ensures the
stabilization of both the Tollmien-Schlichting disturbances, related to the viscosity and
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FIG. 18

FIG. 19

the appearance of the turbulence, and at the same time the acoustic disturbances (related
to the elastic waves).

Acoustic disturbances, as was mentioned above, can arise even in cases when the
pipeline system switches from one mode to another; in particular, when the fluid deceler-
ates. Meanwhile, in the phenomenon of a so-called hydroblow, consisting of a substantial
increase in pressure near the device that blocks the pipeline, the generation of an acoustic
wave of a high amplitude and its further propagation along the pipeline can be observed
in the system. The hydroblow is one of the main factors influencing the reliability of the
pipelines.

The theory of the hydroblow has been developed by Zhukovsky [34]. He has also
proposed one of the methods of hydroblow control—a pressure dome—and the procedure
for the calculation of domes. Dissipative losses and inertia of the fluid in the throat of the
dome, which links the dome to the pipeline, have not been taken into account. However,
in some cases these factors turn out to be rather significant.

For example, at the calculation of the domes for the protection of trunk lines from
hydroblows, neglect of the factors mentioned above results in a substantial overstatement
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of the required volume of the dome. This fact has led to the opinion that domes and
other similar devices are inexpedient to be applied for the protection of trunk pipelines
from hydroblows, if the pipe diameter is large enough. Instead, it is recommended for
the operators to apply various kinds of expensive and complicated devices such as safety
valves with a dump tank of considerable volume and other similar devices (for example,
“Arcron-1000” by Grove company).

The dynamic theory of SWPs, worked out by the authors in collaboration with their
colleagues, which will be described in the body text of the book, has shown that the in-
stallation of SWPs on pipelines destined for different purposes for their protection from
hydroblows is reasonable. It turns out to be possible to ensure the protection of a trunk
pipeline by means of selection of the SWP structural parameters without using huge draw-
down tanks, which can substantially simplify and reduce the price of the trunk pipeline
structures.

IV. Scientific Basis for the Wave Machines and Apparatus; Nonlinear
Generation of Oscillations and Waves, Wave Generators-Crucial
Components (“Drivers”), Specifying the Operating Processes in
Wave Machines

In order to implement wave technologies based on the original wave effects described
above, special machines and apparatus, ensuring the generation of wave fields in multi-
phase media, have to be worked out. The generators of oscillations are the crucial nodes
(“drivers”) that specify the operating process of wave machines. This section is devoted
to the consideration to these generators of oscillations.

A. Viscous Fluid in Channels with High-Drag Elements; Modes of Mixing and
Cavitational Dispersion

The flow of viscous uncompressible fluid through channels with high-drag elements is
one of the examples illustrating the operating principle of one class of generators of
waves and oscillations. The solution of Navier-Stokes equations with the boundary no-
slip conditions on the channel walls, as well as on the surface of the elements in the flow,
has shown the following. Both the stagnation regions and the regions where an intensive
mixing, similar to mixing for solid particles in wave fields that takes place, arise in the
flow. The progresses with time of the trajectories of the fluid particles in the laminar flow
of viscous uncompressible fluid in the channel, which at the initial moment of time are
situated between two cylinders, introduced in the flow, are shown in Fig. 20. Each frag-
ment illustrates the deformation of the jet, introduced in a certain region of the flow at
regular time intervals (1 s). As is seen, even in this simplest case, when the cavitation
and turbulization of the flow are not taken into account, the flow promotes an intensive
mixing of the fluid. In addition, in the flow back side of high-drag elements, where the
drop of pressure occurs, the conditions for the appearance of cavitation arise. An experi-
mental photo of fluid flow over three cylinders, in the back sides of which we observe the
cavitational zones, is shown in Fig. 21.
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FIG. 20

FIG. 21

The cavitational zone is one of the most important peculiarities of wave modes, which
has its own technological applications similar to the modes mentioned above. In partic-
ular, the cavitational zones can play a significant role in the technological processes of
dispersion, mixing, homogenization, activation, etc.
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B. Swirling Cavitating Flows; Scientific Basis of Powerful Vortex Generators of
Waves

Swirling flows of fluid can in some cases lead to the appearance of cavitational zones,
vortex zones of various geometries, and to the appearance of inverse flows, as has been
established theoretically and experimentally by the authors and their colleagues [38]. The
cavitational zones arise in the regions where the pressure drops below a certain limit pν.
Physically, the process of cavitation depends on the thermodynamics and kinetics of the
phase transitions implemented in the system.

In the present work, the investigation of swirling flows is carried out on the basis
of the following mathematical model. The Navier-Stokes equations for the viscous com-
pressible gas with the no-slip boundary conditions in the impermeable part, restricting the
surfaces, and the inflow conditions in the permeable part are supplemented with the trans-
port equation for the determination of volume fractions of the liquid and vapor, arising in
flow due to the processes of boiling and condensation,

∂(rα1)
∂t

+
∂(ruα1)

∂x
+

∂(rvα1)
∂r

= r(ṁ− + ṁ+) (11)

where
ṁ− = Clν

ρναl min (0, p − pν)
ρl

(
ρlV

2
R

/
2
)
tR

, ṁ+ = Clν
ρνα2

l (1 − αl)
ρltR

Clv and Cvl are empirical constants, VR is a characteristic velocity, tR is a characteristic
time [39], ρ is a mixture density, p is a pressure, (u, v, w) are velocity vector components,
αl is a volume fraction of liquid, and ṁ− and ṁ+ are terms describing the boiling and
condensation. The volume fractions of liquid αl and vapor αv are related by the equation
αl + αv = 1. In order to simulate the turbulence, the two-parameter k − ε model of
turbulence has been applied. A typical flow pattern is shown in Fig. 22.

The calculations have shown that at a number of modes typical for the flows under
consideration, the mixing of liquid takes place similarly to the case considered above. The
sustained oscillations arise in the flow at other modes. All the modes are accompanied by
the appearance of the cavitational zones. Different variants of configurations of genera-
tors, actuating the modes described, which have technological applications, are shown in
Fig. 23.

The appearance of such a kind of oscillations has been verified experimentally. This
has made it possible to take this phenomenon as a basis for generators of oscillations of

cavity formation of reverse flows

FIG. 22
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FIG. 23

a new type. They are applied in various sectors of technology while creating different
wave machines and apparatus for wave processing, blending, mixing, homogenization,
activation, dispersion, separation of mixtures, etc. They can also be applied directly in a
number of technological processes.

C. Wave Machines with a Moving Operating Part and External Drive; Resonant
Modes

The wave apparatus described above act on the basis of the effectuation of certain hy-
drodynamic modes of the fluid flow through the profiled channels. The appearance of the
oscillations in them is caused by the transformation of a stationary input of energy of the
pumps in fluid flow into self-oscillating modes of a different kind.

Another class of machines is based on the action of moving elements contacting with
the fluid. Such machines, applied in wave technologies, are also based on the original
wave effects, determined by the authors, including the resonance effects. A general view
of such a wave module is shown in Fig. 24. Many types of wave modules, applied for var-
ious technological processes (mixing, separation, homogenization, activation, etc.) will
be described in more details in the text body of this book.

D. Wave Machines for the Treatment of High-Viscous Media; Wave Effects while
Creating Shear Deformations

The effects and processes occurring in multiphase media of different viscosity are stated
in various sections of this book. Particularly, many of them, for example, wave treatment
of building mortar, take place in high-viscous media. A detailed description of this mate-
rial will be provided in Sections 6 and 8. In addition, the wave treatment of high-viscous
media, such as polymer melts, also results in the effects of homogenization. These results
will not be considered in the sections of the book. We will briefly present only a few data
related to this issue.
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FIG. 24

The study of high-viscous and pseudo–plastic fluids in wave fields enables us to elab-
orate the following principles that the operating parts of machines have to satisfy for their
intensive mixing:

• Wave effect on the flow of a high-viscous fluid promotes the intensification of the
processes of mixing and the improvement of quality.

• Increase in deformations, in particular, shear deformations of the fluid elements
in the whole flow fileld, leads to the enhancement of the processes of mixing of
high-viscous media.

• For the flows of a pseudo–plastic fluid, the generation of a heterogeneity of one
velocity component or corresponding boundary conditions promotes the transition
of “1D” flows into “2D” or “3D” flows, and the transition of “2D” flows into “3D”
flows.

On the basis of all the facts stated above, a multivariant system of the mixer flow part
has been proposed. This system enables the transformation from one variant to another
one due to the replacement of internal details of stator and rotor, as well as by means
of linkage of the mixer input shaft with various configurations of vibration actuators.
The following schemes of mixer interior are presented in Fig. 25: Fig. 25a is a scheme
with spatially nonuniform (wave) annular gap, and Fig. 25b is a scheme with pairs of
perforated discs fixed on the rotor and stator, respectively; Fig. 25c is a scheme with lugs
(heads) of different shapes fixed on both stator and rotor. The design may be quite varied
here. Presented here are only a few examples, which enable us to illustrate the subject
matter.
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FIG. 25

V. Basis of Wave Mechanochemistry; Wave Mechanochemical
Effects; Material Science; Wave Nanotechnology of Materials

Along with the purely mechanical effects, consisting of the fact that a variety of modes
of motions described above are implemented in the wave fields, in some cases there are
effects that go beyond mechanics. These effects can also be applied for the creation of the
scientific basis of a number of wave technologies. Below, we will mention very briefly
only some of them. They can be taken as the basis for the creation of different wave tech-
nological processes, including the processes in the field of material science, in particular,
while obtaining the building materials.

Let us outline some of these results.

A. Anomalous Decrease in the Viscosity of Cement Raw Materials under Wave
Influence

First of all, it should be noted that the phenomenon of anomalous decrease in the viscosity
of some materials under the wave influence is established. It is established experimentally
that the viscosity of clay, which is a raw material for cement production, significantly
varies under wave influence. Thirty minutes after the start of the wave treatment, the dy-
namic viscosity of work material with a constant physical composition decreases almost
by factor of 13 as compared to the initial value. This fact basically opens new opportuni-
ties for the production of cement and for other technological processes of this kind. The
experiments will be described in details in Section 6.
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B. Increase in Mobility of Cement Mortars under Wave Influences and Increase
in Cement Stone Strength

The authors and their collaborators have established a substantial influence of wave ef-
fects on the mobility of cement mortars. It has been established in experiments that the
samples of a cement-water-sand composition of the same quantitative and qualitative for-
mula acquire mobility, which depends on the kind of treatment.

The samples, which have been mixed by hand or by means of common mixers, have
acquired a substantially lesser mobility than the samples, which have been exposed to a
wave action. It has also been established that the strength of the cement stone, obtained
after the hardening of a mortar, increases by 30–40 % due to the wave treatment. These
effects are described in detail in Sections 6 and 8.

C. Production of Stable Acrylic Dispersions under Wave Influences

Another example of the influence of wave processes on chemical transformations is a
process of production of acrylic, styrene-acrylic, butadiene, and butadiene-styrene dis-
persions from the emulsions of the corresponding composition. Due to the wave treat-
ment, it has become possible to obtain a highly stable, nonpeeling (over a long period of
time) emulsion of monomers at substantially lower energy inputs as compared to com-
mon high-speed mixers. It has been found that by means of wave influences it is possible
to achieve a uniform distribution of monomers. The experimental results are shown in
Section 8. In particular, there are the images of the particles of a dispersion of monomers,
obtained from the emulsion by means of a low-pressure flow-type wave device. The im-
ages are made by means of an electron microscope. The sizes of the particles are 280 nm
on average.

D. Other Spheres of Possible Application of Wave Technologies in the Field of
Physical and Chemical Transformations

In addition to the wave influences mentioned above, wave motions also affect the oxidation-
reduction processes, which can be used in a number of the wave processes applied in
chemical technology. The basis of this sphere of applications is the influence of the waves
on the pH index of water. The technologies of nanomaterials, in particular, the technolo-
gies of obtaining nanosilica are one more promising area for testing the possibilities of
the wave technology. Wave approaches are also applied to the solution of the problems of
the heat-mass exchange process intensification. One of the examples of this application
is the elimination of the crisis of heat exchange by means of waves. The basis for this
application is the possibility to perform the displacement of the bubbles from one flow
region to another one by means of the waves. For example, it is possible to prevent the
generation of gas clusters in the vicinity of heating elements. In addition, such a kind
of motion can be applied for the intensification of the processes of heat exchange while
quenching the metal fabrics [40] in order to improve their mechanical properties. The list
of possible applications can be significantly extended.
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VI. Wave Technologies of Oil-and-Gas Production and of the
Increase in Oil-and-Gas Condensate Recovery of Reservoirs

It is required in the oil industry to organize the fluid flows in porous media, to displace
capillary detained drops of oil, to generate the depression in the wells in the vicinity of
perforation, to eliminate the influence of various heterogeneities in the reservoirs, etc. All
this can be brought to life more efficiently on the basis of the effects of nonlinear wave
mechanics, described above, as compared to traditional approaches.

The industrial application of wave technology in the oil industry began in the mid-
1980s. Even then, at the very beginning of the development of this promising technology,
the team from the Scientific Center immediately obtained positive results to improve oil
production and oil recovery of reservoirs. For example, during 1986–1987, an additional
300,000 tons of oil were produced in the union, “Nizhnevartovskneftegaz,” at the very
beginning of the tests of wave technology.

On this basis, wave technology was formally adopted by the Soviet Union Minnefte-
prom (Soviet Union Ministry of Oil Industry) for widespread adoption all over the Soviet
Union. Here, the education of the specialists from different oil unions was organized in the
Soviet Union Academy of Sciences (in the Scientific Center of Nonlinear Wave Mechan-
ics and Technology); and further, the works were placed in different oil unions, namely,
Nizhnevartovskneftegaz, Kogalymneft, Langepasneft, Bashneft, Tatneft, and others. A
number of practitioners in the oil industry were involved in the work on the adoption of
the new technology. They learned this long-standing level of wave technology, which is
rather obsolete at present, and distributed this technology throughout many Russian com-
panies. Therefore, it is possible to talk about this stage of the application of wave tech-
nology in the oil industry as being on wave technology of the first generation. It played a
positive role, i.e., the first technological devices were implemented in practice, and posi-
tive results in the processing of the well bottom zones were obtained in separate cases.

It should be noted that the oscillators for the processing of the wells were imple-
mented in the practice of the oil industry in different regions under different names, for
example, BHGO (borehole hydrodynamic generators of oscillations were the first oscil-
lators, proposed at that time by the Scientific Center for Nonlinear Wave Mechanics and
Technology of the Russian Academy of Sciences for the application in oil industry) and
various modifications (ultrasonic oscillator, cavitational oscillator, vortex oscillator, rotor-
pulsating oscillator, acoustic oscillator, etc.).

In 1990, the wave technology proposed by the Scientific Center for Nonlinear Wave
Mechanics and Technology of the Russian Academy of Sciences after the acceptance
of the tests at the union Nizhnevartovskneftegaz was adopted by the Soviet Union Min-
nefteprom (Soviet Union Ministry of Oil Industry). After that, the technology substan-
tially became serial. The processing of bottom-hole zones of production and injection
wells were carried out (after the adoption of technology) in many oilfields in Russia and
CIS countries in large numbers. Some results of the application of the technology in a
number of unions were witnessed by acts. There are acts of the application of this tech-
nology by the unions in Western Siberia, Bashkortostan, and other regions of Russia.
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Hydromechanical wave technologies of a new generation1 combine the new and prom-
mmising fields of technique and technology, elaborated for the first time in the world
in the Scientific Center of Nonlinear Wave Mechanics and Technology of the Russian
Academy of Sciences. In recent years, the Scientific Center of Nonlinear Wave Mechan-
ics and Technology of the Russian Academy of Sciences has accomplished a wide range
of purposeful experimental industrial tests at the conditions of producing and injection
wells in different regions of CIS countries and abroad with the performance of up-to-date
measurements.

Now, we can state with certainty that the knowledge-based foundations of hydrome-
chanical wave technologies are designed for wide practical applications. They have been
patented in Russia and abroad. The full-scale experiments that simulate the processes in
real wells (with a pressure up to 300 atm) have been fulfilled on unique test benches of
Western companies in accordance with the theory developed in the Scientific Center of
Nonlinear Wave Mechanics and Technology of the Russian Academy of Sciences. The
theoretical results are clearly verified by these experiments. The technology is widely ap-
plied in industry nowadays. More than 3000 wells in different regions of CIS countries
and abroad in the fields of the oil companies Shell and British Petroleum, in China, and
elsewhere have been processed.

Thus, more than 15 years ago the question was raised of processing only the bottom
zones of wells, and according to the authors, without deep enough scientific basis. How-
ever, at the present time we are talking about handling the bottom zones of wells on a
new scientific basis with the knowledge of the characteristics of the reservoirs in order to
increase their filtration capacities, and about resonance treatment of entire beds in order
to reduce water content and to increase oil recovery of the beds by various generators.
The scientific and practical foundations of hydromechanical wave technology of a new
generation, which is based on a new branch of mechanics, namely, on nonlinear wave
mechanics, have been created. The corresponding materials are stated in Refs. [41] and
[42], and are briefly presented in Section 7.

The technology elaborated also enables us to intensify the processes of obtaining the
stable muds (activation of obtaining the dry mixes for muds), of oil and gas treating, and
of oil, gas, and water separation; to improve the anticorrosive capacity of the pipeline
transport of field treatment of oil and gas; and to increase the safety of the pipelines
destined for different applications (control of hydroblows and vibration). Various wave
generators, wave machines, and apparatus for the oil-and-gas industry have been created
and developed.

A. Application of Wave Technology in Drilling

In drilling, one of the main determining causes of insufficiently efficient drilling equip-
ment is a modest level of science in the field of the hydromechanics of drilling. Therefore,
1The term “wave technology” was proposed by the authors of this technology more than 15 years ago,
when the scientific principles were far from their completion. Therefore, it is natural that many practitioners
began to use this term without an understanding of the essence of the scientific base while implementing any
empirical devices in which the vibration and the shocks are applied.
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the principles of nonlinear hydromechanics of drilling processes have been worked out
in the Scientific Center of Nonlinear Wave Mechanics and Technology of the Russian
Academy of Sciences. This has provided the possibility to determine the criteria for the
elaboration of efficient drilling equipment, for the increase in the rate of penetration, for
the improvement of the bottom-hole refinement from drilling chips, for reduction of the
penetration of the filtrate in the bed, and for quality improvement of mud. Thus, the fun-
damentally new opportunities for the implementation of drilling processes have arisen.

The prototypes of the modified drill bits have a number of significant advantages as
compared to traditional ones. They ensure the mudding of the walls of drilled holes, which
prevents the penetration of mud in the payout bed. They create a depression in the bottom
hole and then intensify the elimination of the particles of a drilled rock. The laboratory
and field tests carried out on the unique test benches of the Shell company have verified
the availability of the application of wave technology to drilling.

B. Wave Fields in Bottom-Hole Zones of the Bed; Oil Well Generators of Waves;
Refinement of Bottom-Hole Zones and Horizontal Wells

Wave technology has been successfully applied for many years to refine bottom-hole
zones of payout beds. Especially designed generators of waves are installed on the oil
well tubing in front of the payout bed. The wave generator produces such a wave field
in the bed, which ensures the motion of solid particles (it is possible due to the forces
of wave nature, see Section II.A), dirtying the bottom-hole zone of the bed, outside the
payout bed.

Currently, the facilities for the correct choice of wells and oil reservoirs in general
for the effective treatment and increase of oil production of wells by 70–80% (in some
cases by two to five times) are developed. A similar wave treatment is also successfully
carried out at injection wells. The injection capacity of injection wells increases at times
in several cases after wave treatments. There are also quite encouraging results concerning
the refinement of the barriers of horizontal wells. All this information will be described
in the text body of the book (Section 7).

C. Resonant Pumping of Wave Energy in a Bed; a Real Wave Treatment; Shock
Wave Generator

Extensive implementation of computer simulation has allowed the creation for scientific
bases the nonlinear resonant pumping of energy in entire oil-saturated reservoirs (with a
thickness of 1–10 m and over and a radius of several kilometers). In this area, separate
industrial experiments, which have demonstrated the stimulation of the extraction of oil
from local clusters such as pillars and lenses, from where it is difficult to remove oil
by conventional methods, a significant reduction of water content of wells (by 20–30%),
show an increase of well production and improvement of oil recovery of the beds by
5–10%. The original shock generators of low-frequency oscillations on the basis of a
pumping unit, worked out in the in the Scientific Center of Nonlinear Wave Mechanics
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and Technology of the Russian Academy of Sciences, are usually applied for the resonant
wave pumping of thick beds.

D. Elimination of the Bridges of Retrograde Condensate in a Gas-Condensate
Reservoir

One of the imperious problems of gas production is the transformation of the gas near the
bottom holes while penetrating in the reservoir into a so-called retrograde gas condensate.
This transformation is accompanied by a significant reduction of the permeability of the
bottom holes. One of the ways to affect this is the application of wave technologies.

Computer simulation of a low-frequency wave influence on the filtration of a gas-
condensate mixture in the reservoir has shown that it is possible to significantly re-
duce a “liquid bridge” resulting from the retrograde condensation. This will improve the
bottom-hole zone permeability. By means of such influence, it is possible to increase a
mean-integral outlet gas phase flow, and to therefore improve gas production from gas-
condensate fields. Experimental works concerning this problem have been carried out
jointly with the Institute of High Temperatures of the Russian Academy of Sciences.

E. Perspective Wave Technologies for the Increase of a Hydrocarbonic Recovery
of Beds; Wave Mechanochemical Methods

New vistas are opening while combining hydromechanical and wave technologies with
chemical and thermal methods of an increase of oil recovery of beds. Therefore, the Sci-
entific Center of Nonlinear Wave Mechanics and Technology of the Russian Academy
of Sciences is in association with the Scientific Center of Chemical Mechanics of Oil of
the Academy of Sciences of the Republic of Bashkortostan, having organized the Joint
Institute of Mechanics of Machines and Technologies in Oil Production Sector. This Joint
Institute is represented by engineering theorists, mechanical engineers, chemists, and ex-
perienced oil developers of oil fields for the development of new mechanochemical meth-
ods for the improvement of oil recovery of beds. One of the main directions here is the
combination of the methods of hydromechanics and wave mechanics with chemical meth-
ods, and the production of chemical agents using wave technologies.

VII. Wave Technologies for the Processes of Mixing, Separation, and
Classification; Solution of the Problems of Engineering, Material
Science, Ecology, Energy Sector, and other Industries; Wave
Machines and Apparatus

A. Wave Homogenization, Mixing, and Separation of Liquid Mixtures,
Emulsions, and Suspensions by Densities and Disperse Elements

Mechanical mixing of media occurs due to the stretching and bending of the material
elements of the medium during its motion. Every small element of the medium situated
at the inlet of the mixer will be deformed during the motion, and therefore the distances
between the points of which it is composed will be varied. It is certain that if after some
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time all the points of this element will be uniformly distributed throughout the medium
as a result of motion of the medium, then we can talk about a good mixing of the initial
element. The degree of “running away” of points of local volume can be characterized by
elongation of the initial distance between them in motion. The degree of “recession” of
the points of local volume can be characterized by elongation of the initial distance be-
tween them in the process of motion. In a similar way, we can consider the variations of
the elements of area in the process of motion, which are characterized not only by the vari-
ation of their areas, but also by the variation of their orientation in space. Such effects can
be characterized by the value of a unit area expansion. The increase in absolute values of
the elongation and expansion of the areas characterizes the quality improvement of mix-
ing. By averaging these characteristics over various linear elements and areal elements,
as well as over time, it is possible to come to the so-called intensities of mixing, which
integrally characterize the process of mixing. It is clear that the paths of each particle of
the medium and of each areal element are necessary to be known for the calculations of
these values. Such investigations of dynamic regimes of nonlinear wave mechanics show
that these regimes can effectuate a high-quality mixing.

On the basis of the results described above, it is possible to conclude that in order to
effectuate the mixing of high quality, it is necessary to implement the modes of motion
that are characterized by the presence of homoclinic structures (at least, hyperbolic sin-
gularities have to be present in the medium flow field). In addition, if it is required to mix
heterogeneous media with different densities, the modes of motion implemented for this
purpose have to generate wave forces that favor the extenuation of external gravitation.
Finally, the hydrodynamic modes, suitable for agitation and mixing, should ensure the
instability of laminar regimes.

And vice versa, to implement the separation of mixtures it is required to implement
the following modes of motion of the media. First, they should be characterized by the
localization of the components of equal density (coagulation if there are liquid compo-
nents), which can be achieved by the presence of stable elliptical singularities in the flow.
Second, they should be characterized by the excitation of wave forces, which promote
an increase in the activity of external gravitation. Finally, the modes of motions should
ensure the dynamic laminarization of hydrodynamic regimes.

The criteria mentioned above enable us to formulate the requirements for wave ma-
chines and to their capability to effectuate one or another mode, to compare different types
of machines from the point of view of their availability for agitation or separation. They
enable us to choose the optimal geometric characteristics of work chambers of mixing
and the forms of the external influences, leading to quality improvement of agitation and
separation. In recent years, samples of machines built on these principles have been cre-
ated in the Scientific Center of Nonlinear Wave Mechanics and Technology of the Russian
Academy of Sciences. Some of them will be presented in Section 8.

Such considerations are also suitable for the implementation of the processes of ho-
mogenization and separation of mixtures containing disperse elements of different sizes.
The wave fields created for the implementation of these purposes should generate wave
forces that act in different ways on disperse elements of different sizes.
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Such wave fields are revealed, and the wave machines are built on their basis. These
machines perform with minimum energy inputs the classification of disperse elements,
for example, in granulated solids. A number of the classifiers of granulated solids will be
shown in Section 8.

B. Wave Technologies for the Performance of Processes in Porous Media,
Saturated with a Liquid; Membrane Technologies; Impregnation; Refinement
of Filters

The flows of mixtures of liquids along thin slits should take place in many technological
processes. The flows of mixtures of liquids in slits and channels, whose walls (so-called
membranes) are permeable only for one of the components of the mixture, take place in
widely propagated ways in recent time processes of membrane technology. This technol-
ogy is dedicated to the separation of the mixtures of various compositions by means of
their filtration through membranes (plates or tubes). These membrane technologies are
applied in the food industry and in the processes of regeneration of oils, as well as in the
processes of sea water desalting.

However, with all its simplicity and relatively low energy cost, membrane technology
has several disadvantages, reducing the profitability indices. The main disadvantage is
specified by the nature of the membrane process itself. It is an increase in concentration
of the separated substance on the membrane surface, a so-called “concentration polariza-
tion” due to which the membrane permeability and therefore the efficiency of the process
sharply drops and then intensively reduces. Wave technology is capable of eliminating
this disadvantage if the characteristics of the wave field in the membrane slit are chosen
in such a way that the decrease in the concentration of the separated substance on the walls
is ensured (for example, by the generation of a controlled turbulent motion). In addition,
by actuating powerful filtration flows in the porous medium, saturated with a liquid, by
means of the wave fields, it is possible to implement a significant intensification of the
processes of impregnation and filtration.

C. Wave Technologies of the Processes of Dispersion of a Gas into Liquids;
Applications in Ecology and Chemical Technologies

The processes of dispersion of a gas into liquids are widespread in chemical technology, in
the processes of water treatment, in chlorination and ozonization of tap water, and in many
other technological processes. In many technological processes that take place between
liquid and gas components, it is required to obtain the gas bubbles in the liquid of as small
a size as possible in order to maximize the specific surface area of the contact “liquid-gas,”
calculated per unit volume of the gas, injected in the liquid. In addition, the velocity of
the surfacing of small bubbles is significantly smaller than the velocity of the surfacing
of large bubbles, and the time for contact of liquid and gas phases is therefore maximal.
Therefore, the application of bubbles of a smaller size in bubble processes allows the
economy of gas and, eventually, the reduction of power inputs.
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The bubbling, which is usually applied in modern industrial technologies for the dis-
persion of a gas into liquids, does not enable us to obtain bubbles of the required small
sizes. The decrease in bubble sizes with reducing the dimensions of holes through which
the gas is injected into fluid leads to a significant augmentation of the energy inputs re-
quired for the injection of the gas. There are also other disadvantages that concern, for
example, the solubility of the gas in the fluid.

The application of wave technology for gas dispersion into liquids can significantly
increase the dispersibility of the gas without reducing the diameters of the holes for the gas
injection, and to therefore ensure a significant reduction of energy inputs and an improve-
ment of a number of characteristics of technological processes. The dispersed systems
obtained by means of dispersion, proposed by the Scientific Center of Nonlinear Wave
Mechanics and Technology of the Russian Academy of Sciences on the basis of wave
technology, can be a start for the development of fundamentally new energy-saving tech-
nologies of the biological treatment of sewage water, and of chlorination and ozonization
of tap water. The range of applications of wave technologies is extremely broad. Many of
them will be stated in details in Section 8.

In the conclusion of this Introduction, we list only the following sample of them:

• Wave mixing, homogenization of solutions, emulsions and suspensions.

• Wave technologies for the processes of segregation, separation of liquids and gases,
classification of granular media by sizes.

• Segregation of mixtures (gas-liquid media, liquids and solid particles) by densities.

These applications will be touched on in the text body of this book.
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