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Resume

The authors propose the use of ultrasonic radiation to clean the exhaust
gases of internal combustion engines of the solid particles. An experimental
stand and research results are presented, proving the possibility and
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1 Introduction

One of the causes of air pollution is operation of
a car engine. One of the main reasons for the excessive
pollution by exhaust gases of our cities is the extremely
low quality of automobile fuel. The exhaust gas consists
of more than 170 harmful components, of which about
160 are hydrocarbon derivatives, which are the main
causes of incomplete combustion of a fuel in an engine.
The presence of harmful substances in the exhaust gases
is ultimately determined by the type and condition of
the fuel [1].

An increase in the concentration of exhaust gases
leads to an increase in diseases of the cardiovascular
system and lungs. Reducing the harmful emissions of
exhaust gases from cars is an important task in solving
the problem of environmental pollution [2].

The muffler is a part of the vehicle’s exhaust system
and is designed to reduce the noise level of a working
internal combustion engine, reduce the temperature of
exhaust gases and reduce the harmful emissions into
the atmosphere. Reducing the harmful emissions in
modern mufflers is carried out by installing systems for
neutralizing and cleaning exhaust gases, operating on
the methods of liquid, thermal, catalytic neutralization
and particulate filters. Authors propose an ultrasonic
method for cleaning the exhaust gases [3].

Currently, there are patents for ultrasonic cleaning

of exhaust gases: when ultrasonic waves appear in
a quarter-wave resonator, but without generating waves
[4-6]. The article proves the advantage of cleaning
exhaust gases using the design proposed in the patent
[6].

In this research, the ultrasonic waves were generated
by a generator. In addition, the process of cleaning the
exhaust gases of a car differs in that the experimental
muffler uses emitters of ultrasonic waves directed both
in the transverse and longitudinal directions with
respect to the exhaust gas flow.

2 Hypothesis and purpose of the research

The hypothesis is the assumed possibility of
increasing the hydrodynamic coagulation of exhaust
gases in the vehicle muffler under the action of ultrasonic
waves. Coagulation refers to the adhesion and deposition
of soot particles inside the muffler housing, which makes
it possible to increase the efficiency of cleaning the
exhaust gases from motor vehicles.

The aim of the research is to test the hypothesis
of coagulation of soot particles under the action of
ultrasonic exposure. To test the hypothesis, experimental
modeling of the coagulation process was carried out on
a specially designed stand and the physical essence of
the process is described.
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Figure 2 Velocity distribution da/dt and pressures P in a standing sound wave

3 The process of the gas particles coagulation
under the action of ultrasound

Coagulation is accelerated when exposed to
ultrasound, which has a dispersing effect on emulsions
and liquid sols and has a coagulating effect on aerosols
(smoke, fog, dust). This is due to the fact that only
longitudinal waves causing compression are possible
in gases. Shear waves cause deformation shears. In
alongitudinal wave, the particles of the medium oscillate
about their mean position in the direction parallel to the
wave propagation [7].

The efficiency of the coagulation process increases
when a standing wave occurs. Standing waves are
a special case of interference. In that case, the two
identical waves propagate in opposite directions. Figure 1
shows a diagram of the emergence of standing waves [7].

The resulting oscillation (Figure 1) has the same
wavelength but does not move in space (standing wave)
through each half of the wave (M/2), there are no
oscillations (nodes); the antinode points are located in
the middle.

The pressure P in a standing wave is proportional
to the displacement and contains nodes and antinodes.
In this case, the position of the pressure nodes coincides
with the position of the antinode nodes and vice versa
(Figure 2). The pressure amplitude is twice this value
for a single wave.

For the gas particles of different sizes, a certain
vibration frequency occurs. At first, the particles follow
the movement of the gas between the antinodes and
the nodes, while sticking together and increasing in
size. After that, the particles increase due to chaotic
oscillations. The exhaust gas is composed of particles
of different sizes. Depending on their size and vibration
frequency, particles can follow sound vibrations and

coagulate [8].

This process takes place at low vibration frequencies.
With an increase in the vibration frequency, there is an
optimal frequency segment at which the particles of
different sizes have different amplitudes, collide with
each other and coagulate. This kind of coagulation
is called orthokinetic. As the frequency increases,
coagulation becomes hydrodynamic and is carried out
by friction. This process is described by the Bjerknes
equations [9].

However, the frequency value is limited by the
degree of participation of gas particles in oscillations
and in cases with a standing wave they are related to the
particle radius r and dynamic viscosity 7.

The determining factor for the degree of participation
of a particle in an oscillation is the quantity [9]:
prf

77 )

Z = (1)
where:
Z - the particle magnification factor,
p - particle density [g/m?],
r - particle radius [m],
f - frequency of gas oscillations under the action of
ultrasound [kHz],
1 - dynamic viscosity [Pa-s].
Denoting in Equation (1) the moment of inertia of
the particle as I = pr?, we get:

_r
Z="- (2)

Namely, the participation of a particle in vibrations
is the greater, the greater its moment of inertia and
the frequency of ultrasonic vibrations and less with
increasing viscosity. Equation (2) is further considered
as a necessary condition for coagulation.
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Figure 3 Experimental ultrasonic muffler
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1- inlet pipe; 2 - the housing of the ultrasonic muffler; 3 - electron microscope MIKMED 2.0; 4 - ultrasonic emitter;
5 - temperature sensor; 6 - moisture meter; 7 - electronic pressure gauge;
8 - the area of influence of longitudinal ultrasonic waves; 9 - ultrasonic generator; 10 - pipe coupling;
11 - outlet branch pipe; 12 - the place of the soot collection; 13 - thermometer-hygrometer;
14 - the area of influence of the transverse ultrasonic waves; 15 - reflector

Figure 4 Diagram of a universal ultrasonic muffler

4 Experiment

The purpose of the experiment is to obtain
dependencies that determine the parameters of
coagulation: the mass of soot, the coagulation coefficient
and its rate to achieve the set goals, a full-scale
experiment was carried out on a developed laboratory
full-size stand (Figures 3, 4 and 5). The exhaust
gas contains toxins: CO (carbon monoxide) and CH
(hydrocarbon). During the experiment, at the first
stage, the degree of purification of the exhaust gas
from hydrocarbon (CH) and carbon monoxide (CO) was
determined. At the second stage, the graphs of the
dependence of the mass of deposited soot on the length
of the muffler L were established. During the processing,

the coagulation coefficient was calculated.

The diagram of the experimental ultrasonic muffler
is shown in Figure 4.

The experimental ultrasonic muffler (Figures 4 and
5) consists of a polypropylene pipe with a diameter of
110mm and a length of 3m. The ultrasonic equipment
is installed in the muffler housing, consisting of an
ultrasonic generator - 9, two ultrasonic emitters - 4 and
areflector of ultrasonic waves - 15; digital USB microscope
Mikmed 2.0 - 3 with a magnification ratio of 20 to 200x
with the possibility of photo and video recording at
a resolution of 1920 x 1080 pixels; temperature sensor
- 5 and hygrometer - 6, transmitting information to the
thermometer-hygrometer - 13; electronic pressure gauge
- 7; reflector - 15.
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1- ultrasonic muffler body, 2 - ultrasonic emitter,
3 - digital USB microscope, 4 - reflector

Figure 5 Internal design of an ultrasonic muffler

To determine the qualitative and quantitative
composition of the exhaust gas mixture, a Meta Autotest
01.03 gas analyzer was used. An ultrasonic generator
manufactured by TOCOOL (China) was used. Input
voltage AC 220 V, with emitter power - 50 W, ultrasonic
wave generation frequency - 40 kHz. To investigate the
internal processes of the ultrasonic muffler, a Mikmed
2.0 USB microscope was installed in the housing,
designed for quality control and testing of industrial
objects.

The experimental research was carried out as
follows:

* tests were carried out without and with turning on
the ultrasonic equipment for 5 minutes each;

* the lower part of the device along a semicircle was
lined with five numbered sheets of paper 10 x 10cm
in size, with a total length of 50cm, the mass of
which was determined before and after testing with
high-precision jewelry scales “MH-500";

® the research was carried out at an idle speed of the
engine crankshaft (1000 rpm) and at 1250 rpm.
Applied is Volkswagen Passat B3 1991, with engine
capacity 1800 cc. see, fuel injection - mono-Motronic,
engine power 90 kW, fuel grade - AI-92 gasoline.
The spent exhaust gas was supplied to the ultrasonic

muffler through the inlet pipe I at a pressure that

depends on the crankshaft speed. In the muffler, with
the ultrasonic equipment turned on, the ultrasonic waves

were applied to the exhaust gas in the transverse and
longitudinal directions. In the sections, the ultrasonic
intensification of coagulation processes and cleaning
of exhaust gases took place due to the sedimentation
of enlarged particles of exhaust gas at the place where
the soot -12 was collected. The cleaned exhaust gas was
discharged through the outlet pipe -11.

During the operation of the ultrasonic muffler,
the readings of the Meta Autotest 01.03 gas analyzer
connected to the outlet pipe were taken. In addition
the readings of the manometer, thermo-hygrometer
were recorded and photos and video were recorded
inside the ultrasonic muffler using a Mikmed 2.0
digital microscope, with the possibility of magnification
from 20 to 200 x, at a maximum resolution of 1920 x
1080 pixels (photos are not shown due to the lack of
clear images during the transfer). The gas analyzer
data indicated the concentration of harmful substances
(hydrocarbon (CH) and carbon monoxide (CO) contained
in the exhaust gas. The data are presented in Tables 1,
2 and in the diagrams in Figures 6 and 7. After each
test, the numbered paper with settled soot particles was
carefully removed and weighed again. The net weight
of the settled soot was determined by subtracting the
weight of the paper from the weight of the carbon black
paper. The position of the paper sheets in the ultrasonic
muffler was used to calculate the settling distance of
soot particles (Tables 3 - 6).
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Table 1 Concentration of CH and CO at 1000 rpm

ultrasonic muffler operation CH (ppm) CO (%)
without ultrasound 50 1.2
with ultrasound (1 transverse emitter) 31 1.2
with ultrasound (2 emitters) 29 1.6
with ultrasound (1 longitudinal emitter) 27 1.2
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Figure 6 Diagram of the CH and CO content in the exhaust gas at 1000 rpm of a crankshaft

Table 2 Concentration of CH and CO at 1250 rpm

ultrasonic muffler operation CH (ppm) CO (%)
without ultrasound 27 0.62
with ultrasound (1 transverse emitter) 14 0.76
with ultrasound (2 emitters) 12 0.9

5 Experiment design, results and data
processing

Previously, 5 repeated experiments were carried
out. The coefficient of variation W is determined:

W= (3)

o

X ’

where:

o -the standard deviation,

X -the arithmetic mean of the results of five
measurements (experiments).

The coefficient of variation was 0.07.

The minimum permissible value of repeated
experiments with a confidence level of 90 % and a limiting
relative experimental error of 9% was determined [10].

The number of repeated experiments was determined
from the expression:

- (B

where:
t, - Student’s coefficient, selected taking into account

2.13 x0.07
0.09

) = 2.66~3, 4)

a given confidence level, from a specially compiled

table of the distribution of the Student’s values;
€ - limiting relative error of the experiment [11].

It was found that the number of repeated
experiments is 3.

At the first stage of the experiment, the validity
of the hypothesis about the possibility of cleaning the
exhaust gases by ultrasound in a car muffler was proved.
Tables 1 and 2 and diagrams (Figures 6 and 7) show the
concentration of CH and CO in the muffler.

The longitudinal radiator is more efficient than the
transverse one since the gas pressure from the collector
and the pressure of sound waves are directed against
each other, in this regard, the friction of particles
increases, depending on the difference in velocities A
V and dynamic viscosity 77.

An increase in the number of revolutions increases
the mass of deposited soot, which explains the difference
in the diagrams shown in Figures 6 and 7. The bottom
line is that with an increase in the mass of soot,
the mass of the exhaust gas increases proportionally
and the greater the number of engine revolutions.
The hypothesis about the possibility of reducing the
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Figure 7 Diagram of the CH and CO content in the exhaust gas at 1250 rpm of a crankshaft

Table 3 The mass of the settled soot at 1000 rpm without ultrasound

time thermometer soot mass determination
reading

fotal time minute t (°C) distance (mm) paper paper weight net weight of settled soot (g)
(min) v weight (g) with soot (g) wei g

1 10.5 100 0.75 1.00 0.25

2 11.7 200 0.84 1.00 0.16

3 12.3 300 0.84 0.95 0.11

5 4 18.5 400 0.87 0.92 0.05

5 20.3 500 0.84 0.94 0.10

Table 4 The mass of the settled soot at 1000 rpm with ultrasound (2 emitters)

time theg:giﬁzter soot mass determination
:9:1?1 minut £(°C) distance (mm) PP paper weight | 4 o oight of settled soot (g)
( 111 i :13) inute istance weight (g) with soot () et weight of settled soot (g
1 16.1 100 0.74 1.08 0.34
2 18.8 200 0.77 0.98 0.21
5 3 23.0 300 0.74 0.88 0.14
4 26.3 400 0.75 1.20 0.45
5 29.2 500 0.72 1.10 0.38

Table 5 The mass of the settled soot at 1000 rpm with ultrasound (1 transverse emitter)

time thig:gﬁ;ter soot mass determination
:%tfl minut t(°C) distance (mm) PP paper weight | 4 oight of settled soot (g)
( 111 i :13) inute istance weight (g) with soot () et weight of settled soot (g
1 15.8 100 0.88 1.21 0.33
2 19.3 200 0.88 115 0.27
5 3 25.4 300 0.87 1.07 0.20
4 27.8 400 0.86 1.02 0.16
5 30.7 500 0.88 1.01 0.13
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Table 6 The mass of the settled soot at 1000 rpm with ultrasound (1 longitudinal emitter)

time the:erzgirggter soot mass determination
e i °C) distance (mm) ~_PAPCT  paper weight t weight of settled soot (g)
(trilr?::) minute t( istance (mm weight () with soot (g) net weight of settled soot (g
1 18.6 100 0.78 1.46 0.37
2 20.6 200 0.76 0.95 0.19
3 23.2 300 0.79 0.91 0.12
5 4 25.3 400 0.80 1.15 0.35
5 27.2 500 0.78 1.04 0.26

Table 7 Comparison of the mass of settled soot at 1000 rpm.

distance (mm) without ultrasound with ult.rasound with ultrasourlld wit.h ul.trasoun.d
(2 emitters) (1 transverse emitter) (1 longitudinal emitter)

100 0.25 0.34 0.33 0.37
200 0.16 0.21 0.27 0.19
300 0.11 0.14 0.2 0.12
400 0.05 0.45 0.16 0.35
500 0.1 0.38 0.13 0.26

Y 0.67 1.52 1.09 1.29

Table 8 Mass of settled soot at 1250 rpm without ultrasound

thermometer

time reading soot mass determination
?rf l minut £ (°C) distance (mm) ~_ PAPer  paper weight t weight of settled soot (g)
( 111 i Icla) inute istance (mm weight (g) with soot () net weight of settled soot (g
1 23.9 100 0.8 1.50 0.70
2 26.0 200 0.79 1.18 0.39
3 29.2 300 0.76 0.88 0.12
5 4 31.7 400 0.73 1.35 0.62
5 33.0 500 0.74 1.05 0.31

Table 9 Mass of settled soot at 1250 rpm with ultrasound (2 emitters)

thermometer

time reading soot mass determination
total .time minute t (°C) distance (mm) paper paper weight net weight of settled soot (g)
(min) weight (g) with soot (g)
1 26.4 100 0.85 1.92 1.07
2 28.8 200 0.77 1.86 1.09
5 3 31.5 300 0.76 1.51 0.75
4 33.3 400 0.78 1.62 0.84
5 35.4 500 0.79 1.49 0.70
toxicity of exhaust gases in the ultrasonic muffler was At the second stage of the experiment, the

confirmed. Moreover, the most effective cleaning of the  dependence of the settled soot mass on the sedimentation
exhaust gas of the hydrocarbon is when the emitter is  length L was investigated. Tables 3 to 11 give examples
operating in the longitudinal direction of gas movement of the experimental results’ recordings.

since in this case the heaviest gas particles immediately Tables 3, 4, 5 and 6 show the masses of settled soot
begin to settle. without ultrasound, with two emitters, transverse and
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Table 10 Mass of settled soot at 1250 rpm with ultrasound (1 transverse emitter)

time thermometer soot mass determination
reading

fotal time minute t (°C) distance (mm) paper paper weight net weight of settled soot (g)
(min) v weight (g) with soot (g) weig g

1 24.7 100 0.92 2.28 0.85

2 27.3 200 0.88 1.79 0.91

5 3 29.4 300 0.86 1.78 0.92

4 33.1 400 0.89 1.87 0.98

5 38.0 500 0.96 1.63 0.67

Table 11 Comparison of the mass of settled soot at 1250 rpm.

distance (mm) without ultrasound

with ultrasound

with ultrasound (2 emitters)

(1 transverse emitter)

100 0.70 1.07 0.85
200 0.39 1.09 0.91
300 0.12 0.75 0.92
400 0.62 0.84 0.98
500 0.31 0.70 0.67

Y 2.14 4.45 4.33

longitudinal emitters at 1000 rpm. Determination of the
net mass of the settled soot was made by subtracting the
mass of the paper from the mass of the paper with soot.
The results are summarized in Table 7. From that table
follows that the operation of two emitters is the most
effective and the longitudinal emitter is more conducive
to large gas coagulation. Thus, the gas purification of
the CH is the most effective with a longitudinal emitter,
this is explained by the long path of the particles
through the muffler and hence the long time of exposure
to ultrasound. A change in the carbon monoxide (CO)
reading indicates an increase in concentration due to
exposure to ultrasonic waves. In this case, the length
L, at which the CO molecules were to be deposited, is
insufficient. The volatility of CO is higher than of the
CH.

Tables 8, 9 and 10 show the gas coagulation data at
1250 rpm and Table 11 summarizes. Determination of
the net mass of the settled soot was made by subtracting
the mass of the paper from the mass of the paper with
soot.

The conclusions from Table 11 are the same
as before. However, it was found that the mass of
coagulation increases significantly (2-2.5 times) with
an increase in the engine speed. Figures 8 and 9 show
experimental graphs of the dependence of the settled
soot mass on the muffler’s length L.

As follows from the graphs, there is a local maximum
in the soot deposition at a distance of 400 mm from the
exhaust pipe. This is quantitatively true for the stand,
but the qualitative relationship will also be true for the
polypropylene mufflers. Moreover, the highest deposition
is provided by the two emitters and the longitudinal
emitter is more efficient than the transverse one.

According to the tables, the following were
determined:

* mass of the soot settled during the operation
without ultrasound m,, this mass corresponds to
orthokinetic coagulation;

* the total mass of the soot under the action of
ultrasound m ;

* then the mass without the action of ultrasound
m, was subtracted from the total mass m  and the
mass of the hydrodynamic coagulation soot m was
determined [12]:

My — Mo = M. 5)
Tables 12 and 13 show the size data for orthokinetic

and hydrodynamic coagulation. The data obtained made

it possible to quantitatively determine the weight of
hydrodynamic coagulation.

The coefficient of hydrodynamic coagulation was set
in relation to the mass of orthokinetic coagulation, since
the latter always takes place:

K, = % 6)
The calculated values of the hydrodynamic

coagulation coefficient are shown in Table 14.

According to the results of calculations from Table
14, it follows that hydrodynamic coagulation is the most
effective under the influence of a longitudinal emitter,
the maximum results were shown by the installation
option with 2 emitters, since the intensity of ultrasound
exposure was 2 times higher.

During the experiment, photo and video recordings
were made inside the ultrasonic muffler using a Mikmed
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The mass of the settled soot. g
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Figure 8 Graph of dependence of the settled soot mass on the settling distance at 1000 rpm of the crankshaft
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Figure 9 Graph of dependence of the settled soot mass on the settling distance at 1250 rpm of the crankshaft

Table 12 Mass of soot from hydrodynamic coagulation at 1000/ 1250 rpm under the influence of 2 ultrasonic emitters

determination of the mass of soot

distance the mass of settled soot mass of settled soot without the mass of settled soot from the action
(mm) under the action ultrasound (g) of hydrodynamic coagulation, m_ (g)
ultrasound, m_ (g) (action of orthokinetic coagulation), m,
100 0.34/1.07 0.25/0.70 0.9/0.37
200 0.21/1.09 0.16/0.39 0.05/0.7
300 0.14/0.75 0.11/0.12 0.03/0.63
400 0.45/0.84 0.05/0.62 0.4/0.22
500 0.38/0.70 0.10/0.31 0.28/0.39

Table 13 Mass of soot from hydrodynamic coagulation at 1000/1250 rpm. under the influence of one transverse ultrasonic
emitter

determination of the mass of soot

distance the mass of settled soot mass of settled soot without the mass of settled soot from the action
(mm) under the action ultrasound (g) of hydrodynamic coagulation, m, (g)
ultrasound, m, (g) (action of orthokinetic coagulation), m,

100 0.33/0.85 0.25/0.70 0.08/0.15

200 0.27/0.91 0.16/0.39 0.11/0.52

300 0.20/0.92 0.11/0.12 0.09/0.8

400 0.16/0.98 0.05/0.62 0.11/0.36

500 0.13/0.67 0.10/0.31 0.03/0.36
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Table 14 The coefficient of hydrodynamic coagulation

coagulation coefficient value, s

engine speed )
under the influence of ultrasound

under the influence of

under the influence of ultrasound

(rpm) . . ultrasound
(2 emitters) (1 transverse emitter) (1 longitudinal emitter)
1000/1250 1.27/1.08 0.62/1.26 0.93

2.0 digital microscope with the ability to magnify from
20 to 200x at a maximum resolution of 1920 x 1080
pixels without ultrasound and with ultrasound.

6 Conclusions

In order to reduce the transport emissions and
purify the exhaust gases from vehicles, at minimum
costs and maximum efficiency of this system, it is
necessary to use the ultrasonic cleaning of exhaust
gases, since the ultrasonic effect on aerosols makes it
possible to enhance the phenomenon of the exhaust gas
particles coagulation and contributes to their settling
inside the muffler body in the form of carbon deposits.
The proposed method of cleaning the exhaust gases,
which is a result of the experiment, has shown its
effectiveness and applicability in the field of transport.

The effectiveness of application of ultrasonic action
on the exhaust gas of motor vehicles was proved in
the course of the experiment and has a promising
development in this direction of cleaning the aerosols
of the harmful impurities by the proposed method.
According to the results of the experiment, the
concentration of the hydrocarbon decreased by more
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