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INTRODUCTION

In the process of manufacturing parts and as-
semblies, the operation of machines and equip-
ment, technological and operational pollution 
is formed on their surface. During maintenance 
and repair, it is necessary to clean and wash the 

parts before assembling them into assemblies. 
To achieve high-quality cleaning from pollu-
tion, a complex physicochemical and mechani-
cal effect is used: the use of chemical substanc-
es that dissolve pollution, and the mechanical 
energy of the environment and other means 
(scrapers, brushes, liquid jets, abrasive jets) or 
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ABSTRACT
The work presents an innovative design of a vibrating machine for cleaning pollution with a pulsating immersed 
jet with solid particles and analytically obtained the dependence of the mass productivity of the machine on the 
design parameters of the machine and the modes of operation of the vibration drive. The research results show 
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oscillations of 2 mm and a ratio of the diameter of the nozzle to the diameter of the pulsation chamber of 1:10. The 
conducted studies of the effectiveness of cleaning showed that mass wear of metal balls and changes in the rough-
ness of the base of the sample is practically not observed due to the occurrence of minor stresses on the surface of 
the sample elastic character. As a result of the study of the efficiency of cleaning model pollution, it was found that 
increasing the angle of attack of a pulsating immersed jet with metal balls from 90° to 125° leads to an increase in 
the efficiency of cleaning. The analysis of the appearance of the surface structure of the model pollution during the 
cleaning process confirmed the main theoretical assumptions about the mechanical nature of the interaction of the 
immersed pulsating flow of the washing liquid with solid particles and pollution. 
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solid particles). Widespread special equipment 
is made for washing and cleaning parts, but in 
the conditions of small-scale production the pur-
chase of expensive equipment for the repair of 
equipment becomes impractical. Depending on 
the type of surface contamination of parts and 
their purpose, the following cleaning and wash-
ing methods are used: ultrasonic [1-3], jet [4-7],  
abrasive-jet [8-11], shot-jet [4, 12-14], vibrating 
with an abrasive filler [15-16], submerged jets 
with an abrasive or balls [4, 17-18].

Many researchers have dealt with issues of 
the theory and practice of cleaning and wash-
ing parts [15, 19-22], but with the improvement 
of the technological processes of manufacturing 
parts, with the increase of technical requirements 
for the quality of repair of equipment objects, the 
task of finding new technologies and methods of 
cleaning and washing objects arises, especially in 
small series and single types of production.

  Leading scientists were engaged in the de-
velopment of theoretical foundations and model-
ing of the processes of interaction of solid par-
ticles with the surface [8, 23-25]. The behavior of 
particles in flows after collision with a flat surface 
has been studied [26-27], numerical modeling of 
the cleaning of steel parts from rust using blast-jet 
processing [28] has been carried out, models of 
surface evolution during abrasive-jet processing 
[28] have been created using the method of dis-
crete elements, particle impact velocities in flu-
idized granular flows were determined [18, 23], 
characteristics of abrasive slurry jet processing in 
comparison with abrasive air-jet processing were 
determined [25].

The authors [28-30] investigated and carried 
out numerical modulation of the processes of 
cleaning the surfaces of parts using shot-jet and 
determined the influence of the main factors on the 
process of cleaning surfaces from contamination.

Increasing the efficiency of jet cleaning ma-
chines is achieved by increasing the impact of 
the pulsating submerged jet on the contaminated 
surface due to the introduction of solid particles 
into the liquid stream [18, 31, 32]. High-quality 
cleaning from pollution is achieved by increas-
ing the normal and tangential frictional forces of 
the flow.

The purpose of the work is the analytical 
determination of the influence of the geometric 
parameters of the vibrating machine and the char-
acteristics of the vibratory drive on the cleaning 
performance.

METHODS AND CALCULATIONS

After analyzing the results of the author’s 
research [4], it was established that the 
performance of the cleaning process depends on 
many factors that are entered in formula (1), but the 
dominant one is the flow rate of liquid with solid 
particles. The amount of material GΣ removal with 
processing time, depending on various factors, is 
determined according to the dependence:
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(1)

where: k – is the coefficient that characterizes the 
type of wear; 				     
kV = 0.121 – dimensionless coefficient; 	  
α – coefficient that takes into account the 
space between particles; 			   
Q – concentration of particles in a unit 
volume of suspension; 			    
ρ1, ρ2 – material density of particles and 
details; 					     
D – characteristic particle size; 	  
Vp – particle impact speed on the surface;  
L – jet length; 	  
Hdin.h – dynamic hardness of the material 
according to Mayer; 			    
β – the angle of inclination of the outer 
boundaries of the jet to its axis;		    
t – processing time; 	  
kg – is the coefficient of gas content of the jet.

The author [13] based on the analysis of de-
pendence (1), gives the calculated dependence of 
the mass productivity of the process of cutting 
material with solid particles, taking into account 
the increase in efficiency due to the increase in the 
kinetic energy of the particle and the decrease in 
the conditional cutting stress, and depending on 
the distance from the cut of the jet nozzle to the 
surface being processed.
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(2)

where: k0 – is the number of abrasive grains that 
take part in the processing process;	   
mp – particle mass;	   
Vp – speed of particle impact on the surface;  
σ – conditional stress of material cutting 
(energy intensity of processing) [12]; 	  
H – the distance from the nozzle cut to the 
surface to be cleaned.
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It was established that the speed of the 
submerged pulsating jet from the nozzle can 
vary depending on the design parameters of the 
pulsation chamber and the vibration modes of the 
drive, namely, the frequency and amplitude of the 
oscillations. Also, the speed of the jet decreases 
with increasing distance from the nozzle cut 
to the surface to be cleaned. Therefore, it is 
important to consider these factors to analytically 
determine the performance of a vibrating 
machine. After conducting an analysis of the 
nature of contamination that occurs on the parts, 
as well as based on the analysis of the results of 
experimental studies, the operating parameters 
of the machine drive and its design features are 
determined.

Taking into account the physicochemical 
factors of the cleaning medium, it is believed 
that the process of mechanical impact of liquid 
with solid particles on pollution is the main factor 
that determines the performance of cleaning.  In 
general, the process of cleaning pollution with 
a submerged flow of liquid with solid particles 
can be divided into the following processes: the 
creation of a pulsating submerged jet of liquid 
with solid particles, the cyclic impact of the liquid 
flow on the surface, detachment of elements of 
pollution with solid particles and washing from 
the surface being cleaned, suspension of pollution 
particles in the liquid in the tub for washing, 
washing away dirt to the filter device.

When cleaning pollution with the mechanical 
effect of a submerged flow of liquid with solid 
particles on the pollution, the inertial forces of 
solid particles also begin to act, which creates 
micro-cutting processes and increases normal 
and tangential stresses in the pollution layer, 
displacing the pollution. As is known [17, 31], 
the highest productivity of the cleaning process is 
characterized by the maximum pressure value of 
the pulsating jet (or speed) on the surface being 
washed, the degree of its turbulence, and the 
productivity of the cleaning process depends on 
both the maximum pressure of the pulsating jet, as 
well as from the number and mass characteristics 
of solid particles ejected by the nozzle. Figure 1  
shows the scheme of the interaction of a 
submerged jet of liquid with solid particles with 
a contaminated surface, proposed by the authors. 

The design of vibration machines proposed by 
the authors in the publication [18] contains bath 
1 for cleaning contamination with a dipped pulp 
jet of solid particles, vibration drive 4, pulsation 

chamber 2, ejection knot containing nozzles 5, 
mesh 6 and nozzle 8. Creating a pulsating stream 
is obtained by a pulsation chamber with a nozzle 
when operating the drive of machine 4 according 
to the scheme (Fig. 2), proposed by the authors. 

Fig. 1. Scheme of the interaction of a submerged 
two-phase flow of liquid with solid particles with a 
contaminated surface:

 
Vf – rate of liquid with solid 

particles at the exit of the nozzle; τ – frictional force of 
liquid flow with particles; ξ – is the angle of inclination 
of the surface of the part with contamination; VS – is 
the speed of liquid spreading over the surface

Fig. 2. Scheme of operation of a vibrating machine 
for cleaning machine parts in a pulsating submerged 
two-phase flow of liquid with solid particles: 1 – bath;  
2 – oscillating capacitance;  3 – membrane with discs; 
4 – drive; 5 – nozzle; 6 – grid; 7 –  box for solid 
particles; 8 – nozzle; 9 – grid; 10 – washing liquid; 
11 – solid particles; 12 – surface to be cleaned; H – is 
the distance from the nozzle cut to the surface to be 
cleaned; dn – nozzle diameter; Dc  – is the diameter of 
the oscillating capacitance; f – frequency of oscillations 
of the drive; A – is the amplitude of drive oscillations 
(author’s development [18])
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Figure 3 shows a research-experimental vibration 
machine for cleaning contamination (liquid is not 
flooded), made by the authors.

The search for optimal modes of operation 
of the drive of the vibrating machine was carried 
out experimentally by measuring the change in 
the maximum pressure of the jet from the nozzle 
during the oscillation cycle of the drive.

To determine the nature of the change in 
the maximum speed of the immersed liquid jet, 
when the operating parameters of the vibration 
drive are changed, it was proposed to measure 
the maximum pulsating pressure of the jet on the 
nozzle section during the drive oscillation cycle, 
which gives an equivalent picture from the point 
of view of the physical process.

For this purpose, in the initial section of the 
flooded pulsating jet at a distance of 10 mm from 
the section of the nozzle in the experimental 
setup of Figure 3, a membrane pressure sensor 
based on strain gauges is installed. In the study, 
the maximum pressure of the jet during the 
period of oscillation of the immersed pulsating 
jet was determined and recorded in the form of 
oscillograms. After their processing, a graph of 
the dependence of the maximum value of the 
pressure from the nozzle on the change in the 
frequency of oscillations was plotted in Figure 4.

From the graph of Figure 4, it is established 
that the maximum values of liquid pressure 

on the section from the nozzle as a function of 
frequency, starting with frequencies of 13–14 
Hz, the maximum pressure of the pulsating jet 
decreases due to the appearance in the pulsation 
chamber of a significant number of cavitation 
bubbles filled with gas, which play the role of an 
elastic element [18]. 

Accordingly, in the range of frequencies from 
13 to 14 Hz, the pulsating submerged jet from the 
nozzle has the maximum speed, as well as the 
maximum cleaning performance. For a vibrating 
pollution cleaning machine, taking into account 
that the speed of the particle is equal to the speed 
of the jet, you can write down a new expression 
for calculating the mass productivity, taking into 
account the frequency and amplitude of vibration 
of the vibration drive in the following form:
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(3)

where: An – is the amplitude of liquid oscillations 
in the nozzle;				      
f – is the vibration frequency of the 
vibration machine drive.

Taking into account the continuity of the flow 
of liquid between the pulsation chamber and the 
nozzle Ac ∙ Sc = An ∙ Sn, for the maximum speed 
of the liquid at the outlet of the nozzle Vp.max, we 
write the following dependence:
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(4)

where: Ac – is the amplitude of liquid oscillations in 
the pulsation chamber;			     
ε – coefficient of narrowing of the flow in 
the nozzle; 				     

Fig. 3. An experimental vibrating machine: 1 – base; 
2 – vibration drive; 3 – direct current electric motor; 
4 – nozzle; 5 – pressure sensor; 6 – container; 7 – 
bath; 8 – mechanism for moving the sensor (author’s 
development)

Fig. 4. Graph of the dependence of the maximum 
pressure of the immersed pulsating jet with a change 
in the frequency of oscillations
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Dc – the diameter of the pulsation chamber;  
dn – nozzle diameter; 	  
f – is the vibration frequency of the vibra-
tion machine drive.

Let’s take into account the change in the speed 
of the liquid with the increase in the distance from 
the nozzle-ejector cut to the surface to be cleaned. 
On the Hs segment, the velocity of the jet from 
the ejector nozzle changes as a function [19]:
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(5)

where: Vp.0 – is the initial speed of the flow of 
liquid and particles from the nozzle;  
Dn – nozzle diameter; 	  
H – is the distance of the jet from the noz-
zle section to the surface to be cleaned;	   
α – the angle of one-sided expansion of 
the jet from the nozzle, α = 12° 40/.

From the analysis of dependencies (3) and 
(5), it can be concluded that the performance of 
the cleaning process is affected by the number of 
particles in the jet and their mass at the smallest 
distance from the nozzle cut to the surface to be 
cleaned in the presence of the smallest pollution 
shear stresses.

It was established that the main parameter 
that affects productivity is the flow rate, which 
has the third power in formula (3) and a slight 
increase in speed leads to a significant increase in 
productivity. The main factor that affects the per-
formance of the process is the speed of the par-
ticle, which has the third power in formula (3) and 
its slight increase leads to a significant increase in 
productivity.

From the analysis of the physical picture of 
the process, we enter the shear modulus μ into 
formula (6) as a more likely alternative to the 
conditional cutting stress of the material σ, which 
the author [13] does not explain why it is equal to.

Taking into account the change in the initial 
value of the velocity and particles at the exit of 
the pulsating jet of liquid from the nozzle from 
the distance to the surface (5) being cleaned and 
taking into account the design parameters of the 
pulsation chamber and operating modes of the vi-
bration drive (4), it is possible to write down the 
following dependence proposed by the authors 
for determining the mass productivity of the vi-
bration machine:
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(6)

where: k0 – is the number of particles that take part in 
the processing process; 			    
mp – particle mass; 	  
μ – shear modulus.

Based on the results of calculations in the 
MathCad software, the authors constructed graphs 
of the dependence of the mass productivity of 
pollution cleaning per minute, which are shown 
in Figure 5.

In theoretical calculations, it is not possible 
to predict the influence of all factors on the 
performance of a vibrating machine, therefore, an 
experimental study of the cleaning performance 
of a model pollution by an immersed pulsating jet 
with metal balls was carried out over time with 
a change in the angle of attack of the jet at the 
determined optimal parameters of vibrations of 
the vibration drive of the machine. The intensity 
of cleaning productivity was determined by the 
average relative decrease in the weight of the 
sample. The weight loss of the samples was 
determined by the difference in weight before and 
after treatment during the controlled time (2 min.) 
according to the formula:
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where: m1 – the weight of the sample before cleaning;  
m2 – the weight of the sample after cleaning.

Fig. 5. The schedule for calculating the mass 
productivity of pollution cleaning with a flow of liquid 
with balls in a vibrating machine per minute: 1 – the 
amplitude of oscillations is 3 mm; 2 – amplitude of 
oscillations of 2 mm; 3 – oscillation amplitude of 1 mm;  
μ = 2 MPa
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Cleaning productivity was determined by the 
dependence:

..

223
21

2
)1(

hdin

gp

V

H
tktgLVD

Qkk

G












 

H
Vmk

G pp




 4

3
0

 

t
H
fAmkG nч




 4
)( 3

0

 

2

2

max.
n

cc
p d

fАDV 



 

α
D
H
V

V

n

p
p

tg21

645.0 0.






 

t
H

α
D
Н
d

fАDk

mk

G n

n

ccc

p




























 



6

3

2

2

0

104

tg
2

1

645.0

 

21 mmm   

 

 

),,( tFmG  (8)

where: Δm – the change in sample weight; 	  
(F, t) – the function of changing the 
weight of the sample over time.

RESULTS 

The results of the research are presented in 
the form of a graph in Figure 6, which shows the 
dependence of the cleaning productivity from 
the surface of the sample of model pollution on 
the processing time and with the change in the 
angle of attack of the pulsating immersed liquid 
jet with solid particles (metal balls 0.8 mm) of 
the surface to be cleaned. Mass wear of metal 
balls and change in the roughness of the base of 
the sample were practically not observed due to 
the occurrence of minor elastic stresses on the 
surface of the part.

As a result of the study of cleaning 
productivity of model pollution, it was established 
that increasing the angle of attack of a pulsating 
submerged jet with metal balls from 90° to 125° 
leads to an increase in cleaning productivity 
(the tangential stresses between the ball and 
the pollution begin to have a significant effect, 
leading to its more active disruption). A further 
increase in the angle leads to a slight increase 
in processing performance (the effect of normal 
stresses between the ball and the contamination 
begins to decrease).

Rational processing modes were chosen for 
the drive of the vibrating machine: vibration 
frequency of the vibration drive 14 Hz, amplitude 
of oscillations 2 mm, nozzle diameter 10 mm 
with a chamber diameter of 100 mm, and distance 
to the nozzle cut 30 mm.

Figures 7 and 8 show photographs of samples 
obtained by the authors with model contamination 
after treatment with a pulsating submerged jet 

Fig. 6. Graphs of cleaning performance from the surface 
of a sample of model pollution over time at different 
angles of a submerged jet with metal balls from the 
vertical axis of the jet to the surface: 1 – angle 90°;  
2 – angle 125°; 3 – angle 135°

Fig. 7. Photograph of the surface of the sample with 
model pollution after treatment with a pulsating jet of 
liquid with metal balls, angle 90° (scale 1:8)

Fig. 8. Photograph of the surface of the sample with 
model contamination after treatment with a pulsating 
jet of liquid with metal balls, angle 125° (scale 1:3)
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of liquid with 0,8 mm metal balls at optimal 
treatment modes at different angles of inclination 
of the jet axis to the surface being cleaned. On 
the surface of the sample (Fig. 7), the result of 
the process of pressing the ball into the viscous 
contamination at an angle of 90° of the surface 
being cleaned and the subsequent displacement 
of the particle of contamination (Fig. 8) during 
the tangential movement of the ball in the flow of 
liquid along the surface of the contamination at an 
angle of 125° is observed surface to be cleaned.

CONCLUSIONS

The obtained analytical dependence of 
the performance of the vibrating machine for 
cleaning pollution with a pulsating submerged 
jet of liquid with solid particles makes it possible 
to determine the influence of the operating 
modes of the drive and the design parameters of 
the pulsation chamber on the efficiency of the 
pollution cleaning process.

It was experimentally established that the 
optimal frequency of oscillation of the drive for 
cleaning lies in the range from 13 to 14 Hz with 
an oscillation amplitude of 2 mm and a ratio of 
the diameter of the nozzle to the diameter of the 
chamber of 1:10. The recommended range of 
angles of attack of a submerged pulsating liquid 
jet with solid particles to the surface is within 
125–135°. The analysis of the appearance of 
the surface of model pollution confirmed the 
main theoretical assumptions of the mechanical 
nature of the interaction of a submerged pulsating 
jet of liquid with solid particles with pollution 
and showed the effectiveness of the method of 
cleaning pollution with a pulsating submerged jet 
of liquid with solid particles.
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