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THE EFFECT OF A SHOCK WAVE IN AN OSCILLATING WORKING
MEDIUM DURING VIBRATION FINISHING-GRINDING PROCESSING

Abstract. The propagation of a force pulse in a working medium is considered as in a pseudo-gas, that
is, the speed of sound. The movement of parts in the working medium is determined. The mechanism of
the appearance of a weak shock wave, that is, a jump of the compaction in a pseudo-gas from abrasive
granules is considered. The nature of the interaction of the surfaces of vibrating processed parts with
granules of the working medium has been established. The characteristic of the Hugoniot adiabatic
curve for pseudo-gas from granules of the working medium is given. The influence of the occurrence of
a shock wave on the vibration treatment process is determined. The adequacy of theoretical and
experimental studies has been established.

Key words: vibration treatment; working medium; processed parts; force impulse; shock wave; kinetic
energy; thermodynamic parameters.

The application of the kinetic theory of gases and the equations of gas
dynamics to describe the process of vibration finishing-grinding processing of parts
made it possible to explain the movement of the working medium granules
circulating in the reservoir of the vibrating machine. The speed of sound as the
speed of propagation of disturbances in gas is one of the main characteristics of a
gas [1].

With multi-energy technology of vibration treatment, the working medium
made of abrasive granules is influenced not only by the walls of the vibrating
machine reservoir, but also by the surface of the processed parts [2, 3]. Such a
combined effect not only increases the mobility of abrasive granules, but can also
lead to interference propagating from the walls of the vibrating machine reservoir,
pseudo-waves and pseudo-gas disturbances from the moving surfaces of parts.

When a body moves in gas at a speed to close or exceeding the speed of
sound, a phenomenon occurs that is associated with the impossibility of
transmitting a force impulse caused by the movement of the body at a speed greater
than the speed of sound. This phenomenon is called a weak shock wave or shock
wave [4].

To describe the processes accompanying the supersonic motion of processed
parts in reservoir, we introduce the Mach number for pseudo-gas from abrasive
granules — M, :

My =4 w;/C= Ay wy/Cyp0.745 Aw . 1)

Here Ay, @y, @ are the amplitude and frequencies of vibrations of parts and
walls of the vibrating machine reservoir.
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Continuity equations — %’0+div(p\7):0 when a jump occurs in the one-

dimensional case can be written as follows:
PV =Po Vs )
Here py, po, vy, Vo are the densities and velocities before and after the shock

wave. This means that on the shock wave surface the values of density and gas
velocity undergo a discontinuity. However, their production is continuous. At the
same time, in the regions before and after the jump, the values of pressure and
speed of movement are also continuous.

Neglecting viscosity and mass forces (gravity), we can write the Navier —
Stokes equation in the one-dimensional case before and after the shock wave in the
following form:

R+aV =Py +ppV5. ©)
The total energy of a small volume of pseudo-gas for abrasive granules of the
working medium is equal to p (V2/2+g) dU . Here ¢ is the internal energy of the

gas.

The change in the total energy of the gas is equal to the heat flux passing
through the surface of the selected volume due to thermal conductivity, as well as
to the work of surface forces acting on the volume, and due to the work of mass
forces. Based on this, we can write the equation for the change in the total gas
energy in the form:

a4 p(V2/2+$)dU =—[Quds+ [ pFVdU+[RVds. (4)
dt

U S u S
Here Q, is the heat flux perpendicular to the surface of the small volume. For an

ideal gas, the internal energy isequalto e = pCp T .

Neglecting heat fluxes and mass forces, it is possible, using equation (3), to
write expressions for the total pseudo-gas energies of the medium granules before
and after the shock wave in the following form:

2 2

iC:p-l—l'i‘viZE(:PT 2+V—2. (5)
7 2 u 2
Here u isthe molar mass of the gas. Equation (5) can be converted to:
2 2
r AM_rv B Vo (6)
r=1pm 2 y-1p 2
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Here py, pp,V1,V5, R, P, T, To — pressures and temperatures before and after
the shock wave, g, Cp7v - molar mass of gas, isobaric heat capacity, Poisson

adiabatic exponent. For pseudo-gas from abrasive granules (monoatomic gas)
y=5/3.

Combining expressions (3) — (6), we obtain a dependence connecting the
pressure and density of the pseudo-gas in the volume of the oscillating working
medium being in undisturbed and disturbed by the movement of parts. In the
theory of shock waves in gas, this dependence is called the Hugoniot adiabatic
curve [5]:

P _(+Yp-(r-Ya

= . 7
A (7 )a (7 D)p 0

The densities of the pseudo-gas after the shock wave and before it are related
to the Mach number by the following relationship:

&:M_ @)
el (7+1)M2+2

The relationships between the temperature and pressure before and after the
shock wave with the Mach number are:

i_ZyMz—()/—l)_

AT o) ©
2yM2—(y=1)|-| (y-1)M?+2
5 [t
(7+1) M

Unlike gas molecules, the impact of an abrasive granule on the surface of
parts is not absolutely elastic. Part of the energy of the abrasive movement is spent
on surface deformation and metal removal. The amount of kinetic energy loss can
be estimated by the recovery factor. With this in mind, expression (5) can be
written as follows:

2 2
1 2 o Vs

SCpT k% T, 42 11
P larty =7 Crlg2ts) (11)

Taking into account the correction for energy loss due to friction, the basic
equations (7) — (10) take the following form:
Hugoniot adiabatic curve or shock adiabat:
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P2 (7+Ypg2—(r-1) Py 12)
Po1 (;/(20{2—1)+1)pgl—(7/—1)p92

Pressure ratio before shock and after shock wave:

Py )/{az—Mz[}/(az—l)+1:|}+

2% _1-
Py1 [}/(20{2 —1)+1}
2 2 \,2 2 2 (19
+
2 2
[7(205 —1)+1] [7/(20!2 _1)+1}
The ratio of the densities of the pseudo-gas before and after shock wave:
2 a2 2
Pg1 {a M [y(a 1)+1}}
=1+ -
Py2 M 2 Mzaz —1)+1}
2 2 2 2 a4
{a -M [y(a —1)+1}} 27(0[2 _1)
- 2 T2 2
M4[7/(2a2—1)+1} M [7(20: —1)+1}
Temperature ratio:
Ez—sz Pyl (15)

TgZ I:)gl Pg2 ,

where Ty, Tqo — the temperatures before and after the shock wave in pseudo-gas

1-f

from abrasive granules, « — the reciprocal of the recovery factor — f= |—,

1+ f

where f —the dry friction coefficient (all variables with index 1 correspond to the
values before the shock, with index 2 after the shock wave).

Figures 1 and 2 show the graphs of the above ratios (12) — (15) compared to

the ratios for ideal gas (7) — (10).
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Figure 1 — 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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Figure 2 — Dependences of the ratios of pressures, densities and temperatures of pseudo-
gas and ideal gas before and after the shock wave in inelastic collision on the Mach
number: (a) - ¢ =1.03; (b)- ¢ =1.066; (c) - ¢ =1.1

In all the graphs in Figure 3, the pressure and density ratios at the beginning
of the coordinates (with the Mach number equal to one) exceed a value equal to
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one, as should be in the case for an ideal gas. This is due to the fact that inelastic
collisions of granules with the surface of the part lead to a loss of the kinetic
energy of the granules after the collision. Pseudo-gas “cools" near the surface of
the parts. This leads to a decrease in the speed of sound in this volume and,
therefore, a shock wave occurs on the surface of the parts at a speed lower than the

speed of sound in the pseudo-gas of abrasive granules (C ~0.745 Aa)). It can be
seen from the figure that the ratio Ty /Tg - is less than unity at the speeds of parts
less than the speed of sound.
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Figure 3 — Ratios PgZ/Pg sz/Pgl , ng/Tgl at Mach numbers in pseudo-gas from

abrasive granules at a considerable distance from the surface of the part, « =1.06

17

When the processed parts exceed the speed of sound in the pseudo-gas, it is
necessary to enter into the formula for calculating metal removal during vibration

processing a correction directly proportional to the ratio pa, / palﬂfiaz /Teq . The
obtained dependences of the wvalues of the correction factor
K :paz/palﬂfiaz/Tal on the Mach number, which is equal to the ratio of the

speed of movement of the processed parts to the speed of sound in the abrasive
granules pseudo-gas, for various coefficients o are presented graphically in Fig. 4.
The obtained dependences of the values of the correction factor

K= paz/pal,fiaZ/Tal on the Mach number, equal to the ratio of the speed of
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movement of the processed part to the speed of sound in the abrasive granules
pseudo-gas, for various factors « are presented graphically (Fig. 4).

[

M
Figure 4 — Dependences of the correction factor K on the Mach number:
Kl —a=1;K2-0=1,03; K3 —a=1,06; K4 —a=1,1

Then, the curves of metal removal during vibration processing of parts,
calculated using the above formulas, were obtained, depending on the amplitude
of the reservoir oscillations (Fig.5). The curve marked with letter Q is
constructed without taking into account the occurrence of a shock wave in the
pseudo-gas of abrasive granules. Curves Q;,Q,,Q;,Q, are constructed taking into
account the appearance of a compressed layer on the surface of parts for
different coefficients « : oq =L, =1.03,3 =1.06;4 =1.1.
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Figure 5 — Dependences of metal removal on the amplitude of reservoir oscillations at an
oscillation frequency of 30 Hz without and taking into account the occurrence of a shock
wave in the pseudo-gas of abrasive granules (Ql,QZ,Q3,Q4)

The above formulas were used to calculate metal removal curves during
vibration treatment of parts depending on the oscillation frequency of the
reservoir (Fig. 6). The curve denoted by letter Q is constructed without taking
into account the occurrence of a shock wave in the pseudo-gas of abrasive
granules. Curves Q,Q,,Q3,Q, are constructed taking into account the

appearance of a compressed layer on the surface of parts for different
coefficients o : g =Ly, =1.03;03 =1.06;4 =1.1.
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Figure 6 — Dependences of metal removal on the oscillation frequency of the reservoir at
an oscillation amplitude of 2.5 mm without and taking into account the occurrence of a
shock wave in the pseudo-gas of abrasive granules (Ql,QZ,Q3,Q4)

In the course of experiments according to multi-energy technologies for the
vibrational processing of body brass parts of hydraulic-pneumatic systems the parts
were processed "with fixation" in an appliance performing autonomous movement
independent of the reservoir [6,7]. In this case, the following pattern was
discovered. In the case of exceeding the amplitude of oscillations of the processed
parts, which are oscillating, like a reservoir with an amplitude of 2.5 mm and a
frequency of 34 Hz, a noticeable increase in metal removal is fixed. That is, the
curve of the dependence of metal removal undergoes a break (Fig. 7). The graph
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shows that the curve has a break, which cannot be explained by the experimental
error. The experimental error is shown with crosses.

An experimental dependence of metal removal on the vibration frequency of
brass parts in the appliance, which performs an autonomous movement
independent of the reservoir, has been also obtained. In this case, the oscillation
frequency of the reservoir is 43 Hz, the amplitude of the reservoir oscillations is
2.5 mm (Fig. 8).
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Figure 7 — Dependence of metal removal during vibration treatment of brass parts on
the amplitude of their autonomous movement: "+" — the value of the experimental error
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Figure 8 — Dependence of metal removal during vibration treatment of brass parts on the
frequency of their autonomous movement: "+" — the value of the experimental error

Obviously, at a vibration frequency of parts exceeding 43 Hz, the curve of
metal removal dependence on frequency, as in the previous case, undergoes a
break. This behavior of both curves corresponds to a significant change in the
metal removal mechanism with varying parameters of the autonomous movement
of parts independent of the reservoir. It is possible to explain this phenomenon by
the fact that the abrasive granules are concentrated near the treated surfaces of
oscillating parts. This is due to the impossibility of transmitting the force pulse to
the working medium layers remote from the parts, since the speed of the parts
exceeds the speed of propagation of the power pulse in the abrasive granules
pseudo-gas. Under these conditions, the speed of the chaotic movement of the
working medium and their concentration near the surfaces of the processed parts
increases sharply. As a result, it leads to the intensification of their processing.

Comparison of the calculated dependences (Fig. 5, 6) with the experimental
(Fig. 7, 8) indicates the validity of the hypothesis about the possibility of shock
waves of an oscillating working medium in the pseudo-gas from abrasive granules,
despite the fact that the behavior of the curves (Fig. 5, 6) and (Fig. 7, 8) is rather
qualitative than guantitative.

Conclusions

1. During vibration treatment using multi-energy technology, parts move
autonomously under the influence of additional energy action. However, an effect
similar to a shock wave can occur in an oscillating working medium. For such a
physical situation, an analogy is carried out between the ratios of the
thermodynamic parameters of the pseudo-gas before and after the shock wave,
which are described by the Hugoniot adiabat.

2. One of the main differences in the behavior of pseudo-gas from abrasive
granules is that the collisions between the abrasive granules and the surface of the
parts are inelastic. When the abrasive granules collide, the power impulse is lost.
These losses are forced and have a negative effect on the vibration treatment
process, since the collisions of granules with the surface of the processed parts
cause metal removal, and they are a practical result of vibration treatment.

3. Modeling of the compressed layer of the oscillating working medium near
the surfaces of the processed parts installed in the device and moving
autonomously from the reservoir was carried out taking into account the losses of
the power impulse of the granules when they collide with the parts. The
introduction of the recovery factor into the equation of conservation of the total
energy of the gas in combination with the Navier-Stokes equations and the
continuity equation refines the expression for the Hugoniot adiabat as applied to an
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abrasive granules pseudo-gas. This makes it possible to obtain expressions relating
the pressure in the pseudo-gas, its density and temperature before and after the
shock wave. The obtained ratios make it possible to explain the experimentally
established regularity of an increase in metal removal when the frequency and (or)
the amplitude of autonomous vibrations of parts during vibration processing are
exceeded.

4. Analysis and experimental studies of the appearance of an effect similar to
a shock wave in an abrasive granules pseudo-gas allow:

— To intensify the process of vibration treatment of parts by using multi-
energy technologies.

— To optimize the amplitude-frequency characteristics of oscillations of the
vibrating machine reservoir and autonomously moving parts in relation to the
achievement of the required technological result.

— To optimize the amplitude-frequency characteristics of the autonomous
movements of the processed parts and the vibrating machine reservoir, depending
on the spatial arrangement of the parts in the volume of the reservoir.

— To optimize the amplitude-frequency characteristics of the autonomous
movements of the processed parts and the reservoir of the vibrating machine,
depending on the shape and number of simultaneously processed parts.
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Amnnpiit Minuk, Boroxumunp ®enoposud, Anarodmiit I'pabuenxo, Xapkis, Ykpaina

E®EKT YHAPI;IOi XBWII B KOJIMBHOMY POBOYOMY CEPEJOBUIII ITPH
BIBPALHINHIN O3JOBJIIOBAJIBHO-3AYUIIYBAJIBHIN OBPOBIII

AHOTaNisA. P0321AHYMO NOWUPEHHA CUN0B020 IMNYIbCY 8 pPOOOUOMY Cepedosuwyi AK Y
nceedoeasi, moo6mo nNOOJIOHO NOWUPEHHIO  aKYCmuuHo2o 30ypeHus. Bcmanosneno
BIONOBGIOHICMb MINC KIHEMUYHOK €Hepeiery SpPaHyl, iX IMAYIbCOM | MEpMOOUHAMIYHUMU
napamempamu memnepamypu i mucky. Ilpoananizoeano egpexmu pyxy o06po6niosanux
Odemaneu 3i WEUOKOCMAMU OIUZLKUMU 00 WIBUOKOCHEl NepeMiyeHHs: SPanyi adpasusy.
Poszenauymo pyx oemaneii 8 poboyomy cepedosuwi. Busnaueno egpexm cnadxoi yoaphoi
Xeuni — cmpuboOK YwjinbHeHHs 6 Nncesdo2asi 3 abpasusHux epanyi. Busmaueno ennug
BUHUKHEHHS CMpUOKa YWIiNbHeHHA Ha npoyec 6iopoobpobku. Poseianymo mexawizm
BUHUKHEHHs CI1aOKoi yoapHoi Xeuni 8 cepedosuiyi, wo Koausacmuvcs. 3anucamo pieHAHH:A
Hag'e-Cmoxca 8 o0HosumipHoMy 6unaoky 0o i nicis cmpubka ywineHenHs. Busnaueno pyx
Odemaneil 8 pobouomy cepedosuwyi. Posensnymo mexawnizm GuHUKHEHHS C1abOKoOI yOapHOi
Xeuni, mobmo cmpubok ywinoHenHs y ncegdoeasi 3 abpasusnux cpanyi. Bemanoeneno
Xapaxkmep 83acmo0ii NO8epXOHb pe3epgyapy 3 0OpoONIOGAHUMU 0emalAMU Md SPaHyiIamu
Ppobouoeo cepedosuwa. Bemarnosieno smenuents Kinemuunoi enepeii ncedozasy 3 Spanyi
abpaszusy 6 pe3yibmami 3iMKHEHHs 3 NOBEPXHeI0 00pobmosanux demanel, wjo eede 00
BMIHU MUCKY [ WitbHOCMI 8i0n06i0H0 00 pisHsnHs Mendencesa-Knanetipona. IIpusedeno
BIOHOWEHHS. meMnepamyp nicjisk CmpuodKa YWiibHeHHs [ 00 Hb02O Yepe3 GIOHOULeHHS MUCKIE
i winenocmi. [ama xapaxmepucmuka aodiabamu [1020Hb0 01 ncesdoeaza 3 2epamyn
pobouoco cepedosuwa. Ompumano 3HIMAHHA Memany npu 6ibpoobpodyi Odemaneil 6
3anedcHocmi  8i0  AMRUAIMYOU mMa H4ACMoOmu KOoaugamvb pesepgyapy. Buseieno 3miny
MeXaHizMy 3HIMAHHA Memaity npu 6apilo8anHi napamempie demMoHOMHO20 PYXY pe3epsyapy
ma obpobmosanux demaieil. Pospaxosano, wo weuoKicms Xaomuuno2o pyxy cepeiosuiya
noobausy 00OpPoONIEAHUX NOBEPXOHb DISKO 3pocmac i npu3gooumsv 00 IHmeHcugixayii
00pobKu Odemarneu. BcmanosneHo adekeamuicmsv meoOpemuyHuUxX i eKCnepuMeHMATbHUX
00Cni0NHCEHD.

KuawouoBi cinoBa: 6i6poodpodxa; poboue cepedosuwge; 0OpodnO8ani Oemani; Cuno8uil
iMRYIbC;, YOApHA X6Uls; CMPUOOK YWIIbHEHHS, KIHeMUYHA eHepeisl, MepMOOUHAMIUHT
napamempu.
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