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The effect of the shock wave of the oscillating working medium
in a vibrating machine’s reservoir during a multi-energy
finishing-grinding vibration processing
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Abstract
Vibration treatment in finishing processes is becoming a more complex technology, sometimes leading to weak shock waves
occurring in the abrasive working medium. Here, the preconditions are discussed for the appearance of the effect of a shock wave
of the vibrating working medium in a vibrating machine reservoir during multi-energy vibration processing. The peculiarities of
the propagation of the force pulse of abrasive granules in the working medium, as in a pseudogas, are considered based on the
kinetic theory of gases and the equations of gas dynamics. The paper also describes the motions of the parts in the working
medium and the mechanism of the appearance of a weak shock wave, such as the compressive shock wave of abrasive granules.
The interaction of the surface of the oscillating processed part with the granules of the working medium is studied. The
characteristic of the Hugoniot adiabat for working medium granules is given. The influence of compression shock wave on
the process of vibration processing is revealed. A comparison is made with experimental data.

Keywords Multi-energy technologies .Newvarieties of vibration processing . Shockwave .Kinetic theory of gases .Granules of
abrasivemedium . Hugoniot adiabatic curve . Force impulse

1 Introduction

Mass finishing is an evolving abrasive fine-finishing process
technology used for the deburring, burnishing, descaling, edge

rounding, brightening, and surface texture refinement of
mass-produced parts [1]. There are three principal processing
methods, namely vibratory (trough and rotary) finishing, ro-
tary barrel finishing (tumbling), and centrifugal disk finishing
[2]. More recently, we have seen the introduction of higher
energy processes including drag finishing and stream
finishing [3]. The vibratory finishing method is most widely
used because of its productivity, consistent surface finish, pro-
cess flexibility, low tooling intensity, and low staffing require-
ments. The majority of finishing applications employ preform
media of aluminum oxide or silicon carbide abrasive in either
a ceramic bond (45 to 55% abrasive by weight) or resin bond
(40 to 70% abrasive by weight). There are only few mathe-
matical models available to describe the process interactions
and to help in the prediction of process performance. One of
the earliest models for prediction of material removal and
surface roughness was that developed by Hashimoto [4].
This model focused on mathematical modeling to aid in the
prediction of material removal and surface roughness and
identified two distinct phases of the process, the transient pe-
riod and steady-state period. Further significant early re-
searches published by Campiani and Spelt [5] contributed
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increased scientific understanding of the process and the na-
ture of surface impacts with the aid of numerical modeling and
extensive experimental validations. Uhlmann [6] proposed a
geometry-based model for surface roughness prediction that
focused on roughness change during the transient period and
used this approach to predict process time for a target rough-
ness criterion. Barletta [7] described an approach to modeling
of the process based on localization of plastic deformation and
energy absorption. It was concluded that application of the
model was constrained to small-sized media demonstrating
low correlation with larger size elements. Discrete element
modeling methods have been employed to help further under-
stand the flow phenomena and particle behavior using a spher-
ical particle geometry [8] or, as described in [9], an advanced
spherical-based geometry. Such researches have proven ben-
eficial in explaining particle trajectory and impact forces. This
research reports on a new approach to aid understanding of the
process.

The application of the kinetic theory of gases and the equa-
tions of gas dynamics for describing the process of vibratory
finishing-grinding processing of parts has made it possible to
explain the motion of the working medium granules circulat-
ing in the reservoir of the vibration machine. The granules are
dynamically exposed to the action of the oscillating flat and
cylindrical working surfaces of the reservoir, i.e., its walls and
bottoms. In this case, the momentum transfer mechanism in
layers of the working mediumwas established and, as a result,
the quantitative characteristics of metal removal are obtained
[10, 11].

The interaction of granules of the working medium has
been considered in the studies of traditional multi-energy tech-
nologies of vibration processing. The granules are exposed to
the force influence of the oscillating working surfaces of the
vibratingmachine’s reservoir and the workingmedium deflec-
tor with the processed parts. The parts were placed in the
reservoir, both in “lapped” and in the fixed state. The formulas
for the dependence of metal removal on the frequency and
amplitude of the vibrational motion that correspond to the
experimental data are given in [12].

The multi-energy technologies used to intensify the vibra-
tion processing are presented in the form of new varieties of
the vibration processing method (Fig. 1) [13]. The equipment
for realization is designed in the form of an aggregate-modular
processing technological system (Fig. 2) [13]. A typical ex-
ample of the vibration machine of this type can be a construc-
tive scheme based on vertical vibrational energy action both
from the side of the reservoir and the apparatus with the parts
being processed (Fig. 3).

Thus, the technological result of vibration processing is
achieved due to the simultaneous dynamic action on the work-
ing medium of various types of energy, including the energy
of vibratory forces in the vertical and horizontal planes, the
centrifugal forces, the forces of jet motion of fluid flows, and

also their possible combination, both from the side of the
working surfaces of the reservoir and from the side of the
processed parts. In this case, the parts are placed in the reser-
voir of the vibration machine with the help of independent
appliances that perform autonomous motions.

Regarding the novelty of the problem, it should be noted
that the continuous improvement of the process, as well as the
search for ways to intensify it and expand technological capa-
bilities, requires the study of new varieties of multi-energy
vibration processing. The main prerequisite for their creation
is the principle of combining various processing schemes or
two or more types of energy [3].

The problem is very relevant, since the varieties of multi-
energy processing processes are being put to practical use in
the manufacture of machine parts and instruments. Creating
new types of vibration treatment is essentially similar to the
development of new types of processing [14].

The classification of processing methods and their varia-
tions follows from the definition, which considers the method
as a complex of phenomena that characterize the interaction of
the working environment and the parts being processed in
order to solve certain technological problems [15–18]. This
is followed by a change in shape and size, surface quality, and
state of the properties of the source material. The listed fea-
tures allow you to select each processing method from their
wide variety.

Among the techniques in the development of new varieties
of multi-energy vibration treatment are:

1. Combining the types of energy in various combinations to
affect the working environment and the workpiece. This
also includes the combination of various processing
schemes.

2. The use of different energy levels, causing qualitatively
new changes in the state of the material being processed,
ultrahigh speeds and pressures, the use of vibrations of the
infrasonic and ultrasonic range.

The features of vibration treatment include a limited
amount of working space in which the working environment
of the required characteristics and composition is located
[19–21]. The characteristics of the environment in terms of
their physical, mechanical, and physicochemical properties
can be of a wide range [22]. Processing can be carried out in
the conditions of imposing on the working space of vibration,
centrifugal forces, and forces of the jet movement of fluid
flows [23–25]. Additional types of energy can be communi-
cated to the parts to be processed by installing them on spindle
devices and manipulators [26].

By combining various combinations of the noted parame-
ters, it is possible to significantly expand the area of efficient
use of multi-energy processes, based on the creation of new
types of vibroprocessing. According to this principle,
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vibrocentrifugal, vibrospindle, and vibrohydrodynamic pro-
cessing have been developed.

Thus, with the multi-energy technology of vibration treat-
ment, the working environment of the abrasive granules is
affected not only by the walls of the vibrating tank, but also
by the surface of the workpiece. Such a combined effect not
only increases the mobility of the granules of the working
medium, but can also lead to interference spreading from the
walls of the tank of the vibrobank pseudowaves and distur-
bances of the pseudogas from the moving surfaces of the part.
This, in turn, will affect the process of vibroprocessing.

Next, we theoretically consider some effects arising from
the mutual, independent oscillatory movement of the medium
granules and the workpiece and compare them with experi-
mental data.

Theoretical and experimental studies had been carried out
to understand the processes of motion of granules and parts in
such a joint movement of the reservoir and the parts under the

influence of various schemes of energy actions. Let us consid-
er some of the effects that arise during a mutual, independent
vibrational motion of the granules of the medium and the
oscillating processed part.

2 Propagation of the impulse of force
of abrasive granules in the working medium
as in a pseudogas

In the present work, the motion of granules of the medium
during vibration processing is considered as the motion of
atoms in a gas [27]. We introduce a correspondence between
the kinetic energy of the granules, and also between their
momentum and the thermodynamic concepts of temperature
and pressure. According to this approach, the movement of
the part with the same frequency and amplitude as the vibra-
tion machine’s reservoir will occur at a speed close to or
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exceeding the speed of sound in the pseudogas from the abra-
sive granules. In this regard, it is necessary to analyze the
effects associated with the motion of the processed part at
speeds close to the speeds of the abrasive granule motion.

It is known from the kinetic theory of gases that the root
mean square (rms) velocity of molecules is related both to the
temperature of the gas and to the velocity of propagation of the
perturbations, i.e., the speed of sound. When a body moves in
a gas at a speed close to or exceeding the speed of sound, a
phenomenon arises that is associated with the inability to
transmit the force impulse caused by the displacement of the
body at a speed greater than the speed of sound. This phenom-
enon is called a weak shock wave or shock (wave) [28]. The
motion of the gas and its thermodynamic parameters before
and after the shock wave differ substantially. The ratios of
these thermodynamic parameters are described by adiabatic
curve Hugoniot [29].

Let us determine the value of the speed of sound for a
pseudogas from abrasive granules of the working medium.
As is known, the speed of sound in an ideal gas is related to
its temperature by the following relation [28]:

C ¼
ffiffiffiffiffiffiffiffiffiffi
γ k T
m

r
ð1Þ

Here C is sound speed, γ is adiabatic index, k is
Boltzmann’s constant, T is temperature in Kelvin degrees,
and m is mass of a molecule.

The root mean square velocity of the movement of gas
molecules ν depends on their temperature. They are related
by the formula [28]:

vh i ¼
ffiffiffiffiffiffiffiffiffiffi
3k T
m

r
ð2Þ

Comparing relations (1) and (2), we derive the following
relationship:

С ¼ vh i
ffiffiffiffi
γ
3

r
ð3Þ

For a monatomic gas γ = 5/3 and, therefore, for a
pseudogas from the granules of the medium (monatomic
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gas), the speed of sound and the rms velocity will be related by
the relation [28]:

C≈0:745 vh i ð4Þ

The root mean square velocity of the granules is deter-
mined by the frequency ω and the amplitude A of vibrations
of the working surfaces of the reservoir by the relation [12]:

vh i ¼ CV Aω ð5Þ

Here, CV is a constant of the order 1. The constant appears
because the abrasive granules of the medium, in contrast to
atoms in gases, lose part of their momentum in each collision,
and the kinetic energy of the temperature of the pseudogas
from the granules will decrease as they move away from the
walls of the reservoir.

Proceeding from the relations (4) and (5), it follows that the
propagation velocity of the perturbations in the pseudogas
from the abrasive granules (sound velocity) can be expressed
as:

C ¼ CV 0:745Aω ð6Þ

3 Movement of the part in the working
medium: weak shock wave in pseudogas
from abrasive granules

Let us consider the mechanism of the appearance of a weak
shock wave in the oscillating working medium. In the case of
vibrational motion of the part in the pseudogas of the working
medium at a speed greater than the propagation velocity of its
force pulse, the abrasive granules will be concentrated near the
surfaces of the oscillating parts to be processed. In addition,
the speed of chaotic movement of the granules of the working
medium will increase due to the fact that the force impulse
transferred to the working medium by the oscillating parts will
not spread to the granules located far from the surfaces of the
parts.

Thus, the kinetic energy of the movement of the parts will
be spent on increasing the kinetic energy of the granules, that
is, the temperatures of the pseudogas of the abrasive medium.
The thickness of the front of the shock wave or region of the
pseudogas, unperturbed by the motion of the part from the
zone disturbed by the processed part, is determined by the
average distance at which one granule transfers the momen-
tum to the other, that is, by the mean free path [29].

To describe the processes accompanying the supersonic
motion of the processed parts, we introduce the Mach number
for a pseudogas from abrasive granules MA:

MA ¼ Ad ωd=C ¼ Ad ωd=CV 0:745Aω ð7Þ

Here Ad is the amplitude and ωd is the frequency of the
oscillations of the part.

The relations connecting the thermodynamic parameters
before the shock wave, after it, and the Mach number are
derived from the basic equations of gas dynamics for the
one-dimensional case, namely from the law of conservation
of mass, the continuity equation, the momentum conservation
law, the Navier-Stokes equations, and the conservation of total
energy, that is, energy of motion and internal energy of gas.

If a small amount of pseudogas dU is chosen, then the mass
of gas in it will be equal to ρ dU. The law of conservation of
mass or the invariability of the mass of the pseudogas in the
volume dU over time can be written in the form:

d
dt

∫
U
ρdU ¼ 0 ð8Þ

Introducing the operator of differentiation under the inte-
gral, and revealing it through partial derivatives, we obtain the
expression:

Fig. 3 Constructive scheme of multi-energy technology of vibration
processing: (1) processed part; (2) the adjusting finger; (3) apparatus;
(4, 9) elastic suspension; (5, 10) elastic base; (6, 8) inertial vibration
exciter; (7) reservoir; (11) working medium
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∫
U

∂ρ
∂t

þ ∂ ρvxð Þ
∂x

þ ∂ ρvy
� �
∂y

þ ∂ ρvzð Þ
∂z

� �
dU ¼ 0 ð9Þ

Here vx, vy, vz, and ρ are the projections of the speed of
motion of the pseudogas, that is, of the abrasive granules of
the working medium and its density, respectively. Expression
(9) is valid for both continuous and discontinuous functions of
velocity components. The expression (9) for continuous func-
tions can be presented as:

∂ρ
∂t

þ ∂ ρvxð Þ
∂x

þ ∂ ρvy
� �
∂y

þ ∂ ρvzð Þ
∂z

¼ 0 ð10Þ

This relation is called the continuity equation.
Directly in the shock wave, the gas density and velocity

vary abruptly. However, in the regions before and after the
jump, these quantities are continuous. In the one-
dimensional case, this allows us to write the equation of con-
tinuity as follows:

ρ1 v1 ¼ ρ2 v2: ð11Þ

Here ρ1 , ρ2 , v1, and v2 are the densities and velocities
before and after the shock wave.

The momentum of a small volume of pseudogas is equal to
ρ dU V. Here V is the velocity vector of the gas or liquid.
According to Newton’s second law, the change in momentum
of this volume is caused by the action of forces. Thus, one can
write the following relationship:

d
dt

∫
U
ρ V dU ¼ ∫

U
ρ F dU þ ∫

S
Pn dS: ð12Þ

In expression (12), the addend after the sign of equality
corresponds to the forces F acting on the mass of the gas,
for example, gravitation. The second term determines the ef-
fect of surface forces, the projection of the force vector Pn

perpendicular to the surface of a small volume S.
On the surface of the shock wave, the density of the gas

changes discontinuously, but in regions up to and after the
shock wave, the density changes can be neglected [10, 11].
Then for each of the regions indicated above, differentiating
with respect to time the integral on the left in the momentum
equation and passing from the surface integral to the right one
to the volume integral, we can write:

ρ
dV
dt

¼ −gradP þ ρ F þ η ΔV : ð13Þ

This is the Navier-Stokes equation for an incompressible
fluid with allowance for viscosity (the last term in eq. (13); η is
the viscosity coefficient). Neglecting viscosity and mass
forces (gravity), we can write eq. (13) in the one-
dimensional case before and after the shock wave in the fol-
lowing form:

P1 þ ρ1 v12 ¼ P2 þ ρ2 v22: ð14Þ

The total energy of the small volume of pseudogas for
abrasive granules of the working medium is equal to ρ (V2/
2 + ε) dU. Here ε is the internal energy of the gas. The change
in the total energy of the gas is equal to the heat flux through
the surface of the chosen volume due to thermal conductivity,
and also the work of surface forces acting on the volume and
operation of the mass forces. On this basis, we can write the
equation for the change in the total energy of the gas in the
form:

d
dt

∫
U
ρ V2=2þ ε
� �

dU ¼ − ∫
S
QndS þ ∫

U
ρ F V dU

þ ∫
S
Pn V dS: ð15Þ

Here Qn is the heat flux perpendicular to the surface of a
small volume.

For an ideal gas, the internal energy is equal to ε = ρ СP T
[28]. Neglecting heat fluxes and mass forces, using eq. (14),
we can write the expressions for the total energies of the
pseudogas of the medium granules before and after the shock
wave in the following form:

1

μ
CP T 1þ

v12

2
¼ 1

μ
CP T2þ

v22

2
ð16Þ

where μ is the molar mass of the gas. Equation (16) can be
converted to the form:

γ
γ−1

⋅
P1

ρ1
þ v12

2
¼ γ

γ−1
⋅
P2

ρ2
þ v22

2
ð17Þ

where P1, P2, T1, and T2 are the pressures and temperatures
before and after the shock wave, and μ,CP, and γ are the molar
mass of the gas, the isobaric heat capacity, and the Poisson
adiabatic index, respectively. For pseudogas from abrasive
granules (monatomic gas), γ = 5/3.

Combining expressions (14,15,16,17), we obtain a rela-
tionship connecting the pressure and density of the pseudogas
in the volume of the oscillating working medium that is un-
disturbed and perturbed by the motion of the part. In the the-
ory of shock waves, this dependence in a gas is called the
Hugoniot adiabatic curve:

P2

P1
¼ γ þ 1ð Þ ρ2− γ−1ð Þ ρ1

γ þ 1ð Þ ρ1− γ−1ð Þ ρ2
: ð18Þ

The densities of the pseudogas after the shock wave and
before it are related to the Mach number by the following
relation [29]:
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ρ2
ρ1

¼ γ þ 1ð Þ M 2

γ−1ð Þ M 2 þ 2
: ð19Þ

The periodic displacement of the straight and rounded
walls of the reservoir during vibration processing leads to a
complex loop-like periodic motion of the granules of the
working medium. However, the amplitude of this motion de-
creases with distance from the oscillating working surface of
the reservoir. Thus, at a distance of 100 mm, the amplitude of
the oscillations is one fourth of the oscillation amplitude of the
walls of the reservoir. With a reservoir bottom radius of
250 mm and an oscillation amplitude of 2 mm, the oscillation
amplitude of the working medium granules is about 0.5 mm.

The spatial limit of the oscillatory motion of the granules
does not exceed 10 mm, which is significantly smaller than
the dimensions of the processed parts. Proceeding from this,
we can neglect the velocity of the granules of the working
medium (v1 = 0).

It also follows that during the movement of the granules, a
chaotic component prevails, similar to the motion of gas mol-
ecules, and the velocity of the unperturbed pseudogas of the
granules of the working medium is equal zero relative to the
fixed parts of the vibration machine.

However, relatively to the surfaces of the processed parts,
the velocity of the pseudogas (that is, the velocity of the work-
ing medium) coincides with the speed of the part, v2 = Ad ωd,
and the Mach number is determined by relation (7).

According to relations (18) and (19), and also from the
Medeleyev-Clapeyron equation [28] for an ideal gas,

P ¼ ρ T=μ: ð20Þ

The relationships connecting the temperature and pressure
before and after the shock wave with the Mach number have
the form:

P2

P1
¼ 2 γ M 2− γ−1ð Þ

γ þ 1ð Þ ð21Þ

T2

T1
¼ 2 γ M 2− γ−1ð Þ� �

γ−1ð Þ M 2 þ 2
� �

γ þ 1ð Þ2 M2
: ð22Þ

Relations (19), (21), and (22) determine the dependences of
the pressure, density, and temperature of the gas after and
before the shock wave on the Mach number and are represent-
ed graphically by curves (Fig. 4).

Figure 4 illustrates the process of transforming the kinetic
energy of the motion of parts in a gas with supersonic speed
into an increase in the density and internal energy of the gas,
directly nearly the surface of these parts. The above relations
and graphs are valid for an ideal gas in which collisions of
molecules with each other and with a solid surface are abso-
lutely elastic.

In the pseudogas of abrasive granules, during the collisions
between the granules and the surface of the processed part, it is
necessary to take into account the losses of kinetic energy of
the granules upon impact.

4 Interaction of surfaces of oscillating
processed parts with granules of the working
medium

Let us consider the interaction of the separate abrasive granule
with the movable surface of the processed parts. Unlike gas
molecules, the impact of the abrasive granule on the surface of
the parts is not absolutely elastic. A portion of the energy of
the movement of the abrasive is spent on the surface deforma-
tion and the removal of metal. The magnitude of the kinetic
energy losses can be estimated by the coefficient of recovery
upon impact, which is equal to the ratio of the velocity moduli
of the incident parts after the impact and before the impact
[30–34]. The expression for the recovery coefficient β [35]
can be written in the form:

β ¼ U reb:

Udr:

dr: ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1− f
1þ f

s
: ð23Þ

From relation (23), we determine the loss of kinetic energy
ΔE/E:

ΔE
E

¼ 1−β2 ¼ 2 f
1þ f

ð24Þ

where f is the coefficient of dry friction.
The temperature of an ideal gas is related to the average

velocity and to kinetic energy of its molecules by relation (2).
Thus, the decrease in the kinetic energy of the pseudogas from
the abrasive granules as a result of the collision with the sur-
faces of the processed parts can be considered as cooling the
gas. This leads to a change in pressure and density according
to the Mendeleev-Clapeyron Eq. (20) [28]. It thus follows that
the relations (19), (21), and (22) must be changed to take into
account the energy losses of the abrasive granule when collid-
ing with the parts being processed.

5 Characterization of the Hugoniot adiabat
for a pseudogas from the granules
of the working medium

As indicated above, inelastic collisions of abrasive granules
with the surfaces of the processed parts lead to extinction of
the force pulse when these granules recoil. To estimate the
change in the thermodynamic parameters of the pseudogas,
it is necessary to take into account the decrease in its internal
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energy. So, we introduce in Eq. (16) a correction factor that
takes into account “cooling.” And then, taking into account
expressions (23) and (24), we can write:

1

μ
CP Tg1þ

v12

2
¼ α2

μ
CP Tg2þ

v22

2
ð25Þ

where Tg1 and Tg2 are the temperatures before and after the
shock wave in the pseudogas from the abrasive granules, and
α is the magnitude inverse to the recovery factor β.

For an absolutely elastic impact of a gas molecule with a
solid surface, the recovery coefficient α will be unity and Eq.
(25) will coincide with expression (16). The transformation of
equality (25) gives the following relation:

γ
γ−1

⋅
Pg1
ρg1

þ v12

2
¼ γ α2

γ−1
⋅
Pg2
ρg2

þ v22

2
: ð26Þ

The equations of continuity (10) and conservation of mo-
mentum (14) will not change. On the basis of these relations,
as well as expression (26), we can write the shock adiabatic
equation with the correction for the decrease in the internal
energy of the pseudogas from the abrasive granules in the
following form:

Pg2
Pg1

¼ γ þ 1ð Þ ρg2− γ−1ð Þ ρg1
γ 2α2−1ð Þ þ 1ð Þ ρg1− γ−1ð Þ ρg2

: ð27Þ

As in the case with the expression (25) for an elastic impact
of a gas molecule with a solid surface, the recovery coefficient
α will be unity and Eq. (27) becomes the Hugoniot formula.

The relations (21) and (22), which connect the pressure and
temperature after the shock wave and before it, also change.
Using the equations of continuity and conservation ofmomen-
tum, which do not undergo changes in our case, we can write
the following relation [29]:

Pg2
Pg1

−1 ¼ γ M 2 1−
ρg1
ρg2

� �
: ð28Þ

Expressing the ratio of densities through the pressure ratio
from Eq. (27), we obtain an expression similar to relationship
(21) for an ideal gas, but taking into account the losses of
kinetic energy of the abrasive granule upon the impact with
the surface of the part:

Pg2
Pg1

¼ 1−
γ α2−M 2 γ α2−1ð Þ þ 1½ �	 


γ 2 α2−1ð Þ þ 1½ � þ

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ2M 2 α2−1ð Þ
γ 2 α2−1ð Þ þ 1½ � þ

γ2 α2−M 2 γ α2−1ð Þ þ 1½ �	 
2

γ 2α2−1ð Þ þ 1½ �2

vuut ⋅ ð29Þ

Analogous to expression (29), we obtain an expression for
the ratio of the densities before and after the shock wave,
taking into account the losses to inelastic collisions:

ρg1
ρg2

¼ 1þ α2−M2 γ α2−1ð Þ þ 1½ �	 

M 2 γ 2 α2−1ð Þ þ 1½ � −

−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
α2−M 2 γ α2−1ð Þ þ 1½ �	 
2

M 4 γ 2 α2−1ð Þ þ 1½ �2 þ 2γ α2−1ð Þ
M2 γ 2 α2−1ð Þ þ 1½ �

vuut ⋅

ð30Þ

Using the Mendeleev-Clapeyron Eq. (20), we can, for our
case, express the ratio of the temperatures after the shock wave
and before it through the ratio of pressures and densities:

Tg2
Tg1

¼ Pg2 ρg1
Pg1 ρg2

: ð31Þ

Fig. 4 Dependences of ratios of
the pressure, density, and
temperature of the gas after and
before the shock wave as a
function of the Mach number
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An explicit expression for the ratio of temperatures as a
function of the Mach number is not given here due to its
cumbersomeness.

Under the condition α = 1, that is, for absolutely elastic
collision of gas molecules with the surface of the part,
expressions (29)–(31) are transformed into relations (19),
(21), and (22).

It was previously indicated that the coefficient α = 1/β.
This depends on the coefficient of dry friction. Inelastic
collision of the granule with the part results in loss of
kinetic energy. This can be interpreted as “cooling” of
the pseudogas in the region of compression between the
surface of the processed part and the shock wave.
However, due to the fact that “cooling” does not occur
in the entire volume, but only on the surface of the part,
and also because the pseudogas is flowing from the com-
pression zone, the decrease in the kinetic energy of the
granules in the compression region is much less than the
value determined by the relationship (23). Determining
the size of the compression area, taking into account the
variety of shapes of the processed parts, is a separate
complex task and is not intended to be the purpose of this

work. The value of the coefficient α can be determined by
comparing the results of calculations carried out accord-
ing to the proposed model and the experimental data.

The results of calculating Pg2
Pg1

, ρg2
ρg1

, Tg2
Tg1

, the ratio of the

pressures, densities, and temperatures of the pseudogas
after (index 2) and up to (index 1) of the shock wave in
the inelastic collision of abrasive granules with the proc-
essed parts are shown graphically in Fig. 5. Similar rela-

tionships P2
P1
, ρ2
ρ1
, T2
T1

for an ideal gas are also shown here. It

can be seen from the graphs that the loss of energy in the
case of the inelastic collision in the pseudogas from the
abrasive granules does not change the qualitative picture
of the dependences.

The curves on the graphs correspond to the coefficient α =
1.03 (Fig. 5a), to the coefficient α = 1.066 (Fig. 5b), and to the
coefficient α = 1.1 (Fig. 5c).

From the quantitative differences, it should be noted
that the ratios of pressures and densities in the pseudogas
at a distance from the parts (i.e., at infinity) are greater
than unity at the parts motion velocity, equal to the speed
of sound. Moreover, as the inelastic losses increase, the

Fig. 5 Dependences on the Mach number of the ratios of the pressures, densities, and temperatures of the pseudogas and ideal gas before and after the
shock wave in an inelastic collision. a α = 1.03. b α = 1.066. с α = 1.1
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values of these relations increase. Such a behavior can be
explained by the following factors. In a volume, which is
“cooled” by inelastic collisions of the abrasive granules
with the surfaces of parts, the speed of sound is less than
in a pseudogas at a great distance from the surfaces of the
parts (3). Consequently, the value of the Mach number,
equal to one, is achieved in this region at lower speeds of
the parts. The Mach number with respect to the pseudogas
remote from the parts, which is the argument in the rela-
tionships (29)–(31), will be less than unity. In other
words, the shock wave is formed in a “cooled” pseudogas
and appears at velocities of the parts smaller than the
speed of sound at a considerable distance from the parts.
In this case, the relations of pressures, densities, and tem-
peratures become equal to unity at smaller values of the
Mach numbers (Fig. 6).

It should be noted that this kind of behavior of the
pseudogas using a certain averaged over the volume com-
pressed layer between the shock wave and the surface of
the processed part is approximate for the coefficients α.
Therefore, the ratios of the pressures and densities in the
pseudogas near the surface of the part to the pressure

away from it Pg2
Pg1

, ρg2
ρg1

begin to exceed unity at Mach num-

ber M ≥ 0.5 (Fig. 6).
In the case when the ratio of temperatures Tg2/Tg1 < 1

is observed throughout the range of Mach numbers, the
pseudogas “cooled” occurs (Fig. 6). This behavior corre-
sponds to an inelastic collision of the abrasive granules
with the surface of the parts. These ratios of the pressures,
densities, and temperatures do not contradict the
Mendeleev-Clapeyron equation. The dependences corre-
sponding to the relations (19), (21), and (22) with the
Mach number M < 1 are not shown graphically.

6 The effect of the shock wave
on the vibration processing

The formula for calculating the effect of the shock wave on the
processing of the vibration is obtained in [12]. The formula
relates the amount of metal removal during vibration process-
ing with the frequency and amplitude of oscillations of the
reservoir:

Q ¼ 4kskgkνkliqkρgρprod: Pmh i0:875 1−kωω2 þ kAA2
� �

π1:875H0:875
B

�

� A2ω2F k̂̂
� �

r 8Rr1ð Þ0:125d0:125st
1þ CA2ω2
� � :

ð32Þ

The formula is based on the fact that the removal of
metal is directly proportional to the product of the con-
centration of the abrasive granules and the average speed
of their chaotic motion. It is known from the kinetic the-
ory of an ideal gas [28] that the concentration of gas
molecules is directly proportional to the gas density, and
the average velocity of chaotic motion of molecules is
directly proportional to the square root of the gas temper-
ature. From this, it follows that the removal of metal dur-
ing vibration processing will increase along with the
growth of the thermodynamic parameters of the
pseudogas. If the speed of sound is exceeded by the proc-
essed parts in the pseudogas (1) and (2), it is necessary to
introduce into formula (32) a correction directly propor-

tional to the ratio ρa2
ρa1

ffiffiffiffiffiffi
Ta2
Ta1

q
. In this way, the expression for

metal removal during vibration processing according to
multi-energy technology, when the working medium is
affected not only by the oscillating reservoir, but also by
the oscillating parts being processed, will have the

Fig. 6 The ratios Pg2
Pg1

, ρg2ρg1
, and Tg2

Tg1
for Mach numbers in the
pseudogas from the abrasive
granules at a considerable
distance from the processed part
surface, α = 1.06
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following form:

Q ¼ const F A; ωð Þ ρa2
ρa1

ffiffiffiffiffiffiffiffi
Ta2
Ta1

r
ð33Þ

where const includes all constants in the ratio (33), and
F(A, ω) is the dependence on the amplitude and circular
frequency of the reservoir.

The obtained dependences of the correction factor K ¼ ρa2
ρa1ffiffiffiffiffiffi

Ta2
Ta1

q
on the Mach number, equal to the ratio of the speed of

movement of the processed part to the speed of sound in the
pseudogas of the abrasive granules, are graphically represent-
ed for various coefficients α (Fig. 7).

The curves of metal removal calculated with the above
formulas are obtained for vibration processing of the part as

a function of the oscillation amplitude of the reservoir (Fig. 8).
The curve denoted by the letter Q is constructed without tak-
ing into account the appearance of the shock wave in the
pseudogas of the abrasive granules. The curves Q1, Q2, Q3,
andQ4 are constructed taking into account the appearance of a
compressed layer on the processed part surface for different
coefficients α: α1 = 1.0; α2 = 1.03; α3 = 1.06; α4 = 1.1.

According to the formulas given above, the metal removal
curves for the vibration processing of the part are calculated as
a function of the oscillation frequency of the reservoir (Fig. 9).
The curve denoted by the letter Q is constructed without tak-
ing into account the appearance of a shock wave in the
pseudogas of the abrasive granules. Curves Q1, Q2, Q3, and
Q4 are constructed taking into account the appearance of the
compressed layer on the surface of parts for different coeffi-
cients α: α1 = 1.0; α2 = 1.03; α3 = 1.06; α4 = 1.1.

Fig. 7 Dependence of the
correction coefficient K on the
Mach number: K1—α = 1.0;
K2—α = 1.03; K3—α = 1.06;
K4—α = 1.1

Fig. 8 Dependences of metal
removal on the oscillation
amplitude of the reservoir at a
vibration frequency of 30 Hz with
(Q1, Q2, Q3, Q4) and without (Q)
taking into account the
appearance of a shock wave in the
pseudogas of the abrasive
granules
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7 Establishing the adequacy of theoretical
and experimental studies

The experiments of vibration processing according to multi-
energy technologies were carried out on the base brass parts of
hydro-pneumatic systems. The parts were processed fixed in
the attachment, making an autonomous movement indepen-
dent of the reservoir. In this case, the following regularity was
found. In the case of exceeding the oscillation amplitude of the
processed parts, oscillating like the reservoir with an ampli-
tude of 2.5 mm and a frequency of 34 Hz, a noticeable in-
crease in the removal of metal is recorded. As a result, the
curve of the dependence of the metal removal bends
(Fig. 10). The bend in the curve cannot be explained by the

error of the experiment. The experimental error is shown by
crosses.

The experimental dependence of metal removal on the os-
cillation frequency of brass parts is also obtained. The parts
perform an autonomous movement independent of the reser-
voir. The oscillation frequency of the reservoir is 43 Hz, and
the amplitude of the oscillations of the reservoir is 2.5 mm
(Fig. 11).

It is obvious that at a frequency of the oscillations of parts
exceeding 43 Hz, the curve of the dependence of metal re-
moval on frequency bends, as in the previous case. This be-
havior of both curves corresponds to a significant change in
the mechanism of metal removal when the parameters of the
autonomous part movement vary independently of the

Fig. 10 Dependence of metal
removal during vibration
processing of brass parts on the
amplitude of their autonomous
movement: “+”—the magnitude
of the experimental error

Fig. 9 Dependences of metal
removal on the oscillation
frequency of the reservoir at a
vibration amplitude of 2.5 mm
with (Q1, Q2,Q3,Q4) and without
(Q) taking into account the
appearance of a shock wave in the
pseudogas of the abrasive
granules
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reservoir. The explanation of this phenomenon, perhaps, lies
in that the abrasive granules concentrate near the processed
surfaces of the oscillating parts. This occurs due to the impos-
sibility of transferring the force pulse to the working medium
layers remote from the parts, since the speed of the parts ex-
ceeds the velocity of propagation of the force pulse in the
pseudogas from the abrasive granules. Under these conditions,
the speed of chaotic motion of the working medium granules
and their concentration near the treated surfaces increases
sharply. It leads to an intensification of the processing of the
parts.

The comparison of the experimental dependences (Figs. 8
and 9) with the calculated ones (Figs. 10 and 11) indicates the
validity of the hypothesis that shock waves may appear in the
pseudogas from abrasive granules of the vibrating working
medium, in spite of the fact that the identity of the behavior
of the curves (Figs. 8, 9, 10, and 11) has a qualitative rather
than a quantitative nature. Therefore, when using multi-
energy exposure in the process of vibroprocessing, it is nec-
essary to take into account the effects of a sharp increase in the
concentration of abrasive granules in the areas adjacent to the
surface of the workpiece, while increasing the speed of their
movement.

8 Conclusion

In this paper, the finishing of metal parts with abrasive gran-
ules is investigated and the effect of the shock wave of the
oscillating working medium is analyzed. When vibration
treatment takes place with the use of multi-energy technology,

the parts move autonomously under the influence of addition-
al energy action. At the same time, an effect similar to a shock
wave can occur in the oscillating working medium. The effect
is that the granules of the medium concentrate near the surface
of the oscillating processed parts. The latter is due to the im-
possibility of transferring the force pulse to the layers of the
working medium being removed; the speeds of the parts ex-
ceed the propagation velocity of the force pulse, deep into the
working medium. When studying vibration processing, an
analogy of relations of the thermodynamic parameters of the
pseudogas before and after the shock wave is conducted.
These relations are described by the Hugoniot adiabat.

One of the main differences between the behaviors of
pseudogas and abrasive granules is that the collisions between
the abrasive granules and the surface of the parts are inelastic
in nature. When the abrasive granules collide, a loss of force
pulse occurs. These losses are forced and negatively affect the
process of vibration treatment. Furthermore, the collisions of
granules with the surface of the processed parts cause the
removal of metal, forming a practical result of vibration
processing.

In this paper, it was assumed that parts to be processed were
installed in a special attachment and moved autonomously
from motion in the reservoir. Modeling of the compressed
layer of the oscillating working medium near the surfaces of
the parts was performed taking into account the losses of the
force pulse of the granules during their collisions with the
parts. The introduction of the recovery coefficient into the
equation of conservation of the total energy of the gas in
combination with the Navier-Stokes equations and with the
continuity equation made it possible to refine the expression

Fig. 11 Dependence of metal
removal during vibration
processing of brass parts on the
frequency of their autonomous
movement: “+”—the magnitude
of the experimental error
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for the Hugoniot adiabat with reference to the pseudogas from
the abrasive granules. Additionally, the formulas relating the
pressure in the pseudogas, its density, and its temperature be-
fore and after the shock wave are refined.

The obtained relationships made it possible to explain the
experimentally established regularity of increased metal re-
moval when the frequency and/or the amplitude of the auton-
omous oscillations of the parts were exceeded during vibration
processing.

Further analysis and experimental studies of the appear-
ance of an effect similar to a shock wave in the pseudogas
from the abrasive granules will allow researchers and industry
to intensify the process of vibration treatment of parts by using
multi-energy technologies and to optimize:

& the amplitude-frequency characteristics of the oscillations
of the vibration machine’s reservoir and the oscillations of
autonomously moving parts in relation to the achievement
of the required technological result;

& the amplitude-frequency characteristics of the autono-
mous motions of the processed parts and the movements
of the vibration machine’s reservoir, depending on the
spatial arrangement of the parts in the reservoir volume;

& the amplitude-frequency characteristics of the autono-
mous motions of the processed parts and the movements
of the vibration machine’s reservoir, depending on the
shape and number of simultaneously processed parts.
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