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Abstract. In the article, the authors establish the Reynolds criterion for the use of ultrasonic cleaning of exhaust gases
of internal combustion engines in order to reduce their toxicity. To conduct the experiment, we have developed an
experimental full-size ultrasound stand. The scheme of the stand is described, the results of calculations of criteria and
experiment are given. The obtained data will determine the dependence of the coagulation rate on the criteria and
will make it possible to compile a regression equation necessary for practical calculations. Through the application
of similarity theory and dimensional analysis, three similarity criteria have been calculated that will simplify the
multivariate experimental study. The resulting experimental plan allows us to determine the effectiveness of the
coagulation process, which is accelerated by ultrasound. The results of the experiment confirm the hypothesis of
reducing the toxicity of exhaust gases of motor transport.
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Introduction

Cars are the main source of urban air pollution.
Pollution occurs due to the emission of exhaust gases
into the atmosphere. Car mufflers are designed to
reduce the harm of this process.

Reduction of toxic emissions in modern mufflers
is carried out by means of cleaning and neutralization
of exhaust gases that operate on motor vehicles,
devices operating on absorption, thermocatalytic
methods, and thermal afterburning have become
widespread [1].

We propose an ultrasonic method for cleaning
exhaust gases, due to the coagulation of its part in the
muffler. Studied patients and research in this area,
for example, the use of a four-wave resonator. The
difference between our proposal is in the placement
of the ultrasonic emitter in the muffler [2, 8].

The hypothesis of our study is to increase the
efficiency of exhaust gas cleaning and the obtained
similarity criteria, which allow us to draw up
an experimental plan, to simplify the process of
processing data from an experimental study.

The aim of the study is to obtain similarity criteria
and conduct an experimental study.

The tasks of the study included the definition of

criteria, the development of experimental stands, the
conduct of experiments, and the processing of the
results.

Materials and methods

To achieve the set goals, a full-scale experiment
was carried out on a developed laboratory full-size
stand (Figures 1-2). During the experiment, at the
first stage, the criteria were determined allowing
to reduce the number of experiments, at the second
stage the experiment was carried out [2].

A diagram of an experimental ultrasonic muffler
is shown in Figure 2.

The experimental metal ultrasonic muffler
consists of a steel tube with a diameter of 108 mm
and a length of 2000 mm. An ultrasonic equipment
is installed in the muffler housing, consisting of an
ultrasonic generator 9, two ultrasonic emitters 4
and a reflector of ultrasonic waves 15, a digital USB
microscope Mikmed 2.0 3 with a magnification factor
of 20 to 200x with the possibility of photo and video
recording at a resolution of 1920 x 1080 pixels, a
sensor temperature 6 and hygrometer 7 transmitting
information to  thermometer-hygrometer 13,
electronic pressure gauge 5.
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Figure 1 — Experimental metal ultrasonic muffler
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1 - inlet pipe; 2 — housing of the ultrasonic muffler; 3 — electron microscope MIKMED 2.0; 4 — ultrasonic emitter; 5 — electronic
pressure gauge; 6 — temperature sensor; 7 — moisture meter; 8 — area of influence of longitudinal ultrasonic waves;
9 — ultrasonic generator; 10 — outlet branch pipe; 11 — side flange; 12 — place of collection of soot; 13 — thermometer-
hygrometer; 14 — area of influence of transverse ultrasonic waves; 15 — reflector; m — mass of gas particles

Figure 2 — Diagram of an experimental ultrasonic muffler

To determine the qualitative and quantitative
composition of the exhaust gas mixture, a Bosch FSA
740 gas analyzer was used. An ultrasonic generator
manufactured by «TOCOOL», China was used.
The input voltage is 220 volts, with the power of
the emitters — 50 watts, the frequency of generating
ultrasonic waves is 40 kHz. To study the internal
processes of the ultrasonic muffler, a Mikmed 2.0 USB

microscope was installed in the housing, intended for

quality control and testing of industrial objects.

The experimental study was carried out as
follows:

- the tests were carried out without turning on
and turning on the ultrasonic equipment for 1 minute
each;

- the study was carried out at 1000, 1200, 1500
rpm crankshaft revolutions per minute. Used car VW
Passat B3, engine capacity 1800 cc. see, the brand of



fuel is gasoline.

- after 60 seconds, when the muffler was operating
without ultrasound and with ultrasonic action, the
gas analyzer readings were taken.

The spent exhaust gas was supplied to the
ultrasonic muffler through the inlet pipe 1 at a
pressure that depends on the crankshaft speed. In the
muffler, with the ultrasonic equipment turned on,
ultrasonic waves were applied to the exhaust gas in
the longitudinal directions. In the muffler, 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
soot 12 was collected. The cleaned exhaust gas was
discharged through the outlet pipe 10.

During the operation of the ultrasonic muffler,
the readings of the gas analyzer, hygrometer were
taken, and photo and video recording of the processes
taking place inside the muffler was made. Photo and
video recording was carried out inside the ultrasonic
muffler using a Mikmed 2.0 digital microscope,
with the possibility of magnification from 20 to
200x at a maximum resolution of 1920 x 1080 pixels
(photographs are not shown because of an unclear
image during transfer).

Results

The method of the theory of similarity is used
along with the method of dimensional analysis, since
both methods are considered as one whole and is a
single research system. For the correct application
of the method of the theory of similarity and
analysis of dimensions in the study, it is necessary
to know the nature and number of fundamental
variables. Fundamental variables are understood as
a quantity that affects the experiment and changes
independently of other variables. Accordingly, the
following variables were considered that have an
effect on the ultrasonic cleaning process: engine
speed (n), the vibration amplitude of the ultrasonic
wave (4), particle mass (m), gravity acceleration (g),
particle settling time (Z), ultrasonic pressure waves
(P), kinematic viscosity (v), particle diameter (d). As a
result, we got eight fundamental variables, depending
on the settling time of particles, the dependence of
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which can be written in the following form, formula
(1):
¢ N(nzA;myng)vyd)' (1)

Then, according to Buckingham's theorem, the
resulting functional relationship can be expressed in
terms of dimensionless combinations. Buckingham's
theorem says: «If any equation is homogeneous with
respect to dimensions, then it can be transformed
to a relation containing a set of dimensionless
combinations of quantities». To do this, we express
the dimension of the variables in relation to three
basic units: length L, mass M, and time 6. For the
main values, the dimension formulas were given in
table 1 [3-11].

Designation Unit of measurement Formula of
dimension.

Let us now assume that the following relationship
exists between these quantities, formula (2):

t = w[na? Aﬂ’ m77 gd) Ps? /Uk’ dp] N (2)

Let's put dimension formulas taken from the
table in place of dimension symbols, formula (3):

0 =[(0"), L, M (LO).(ML"6*),(L'07), ']. (3)

For this equation to be homogeneous with respect
to uniformities, the following relations between the
exponents, formulas (4), (5), (6) must be satisfied:

for L:0=8+d—e+2k+p. 4)
for M:0 =7y +e, (5)
for0:1=—a—2d—2e—k. (6)

We have three equations with seven unknowns.
Let us simplify them by transforming them as
follows: B=e—d—2k—p, y=—¢, a=—2d—2e—k—1.
Substituting these ratios for exponents into formula
(2), we obtain formula (7):

t — (n(72d72eﬂc71)’A(efdfwcfp)’m(*s)’gd’ps, ’Uk, dp) (7)

Combining terms with the same exponents, it is
easy to make dimensionless combinations, formula

®). d |
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Table 1 — List of dimension formulas for the main values of variables

No. Name variable Designation | Unit of measurement | Formula of dimension
1 | Engine speed n rpm 0
2 | Amplitude of vibration of an ultrasonic wave A m L
3 | Particle mass m kg M
4 | Acceleration of gravity g m/s? LB
5 | Particle settling time t s (5]
6 | Ultrasonic wave pressure P Pa=N/m? MLt67
7 | Kinematic viscosity v m/s? 1201
8 | Particle diameter d m L
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The eight initial variables of the problem give
five dimensionless combinations. The resulting
number of criteria is confirmed by the so-called
«pi-theorem». According to the theorem: «if there
is an unambiguous relationship between n physical
quantities, for the description of which k basic
units are used, then the relationship between (n—k)
dimensionless combinations made up of these
quantities corresponds». In our case, eight physical
quantities were considered, three basic units were
chosen and, according to this, five dimensionless
combinations were obtained. Applying the method
of the theory of similarity and the analysis of
dimensions, we passed from ordinary physical
quantities to quantities of a complex type, thus we
easily made progress in solving the problem.

As a result, the fundamental variables were
reduced and transformed into three similarity
criteria, formulas (9), (10), (11).

Y

g =k )
Pd__

=k (10)
g = ks (11)

The obtained similarity criteria make it possible
to draw up an experimental plan. To simplify the
processing of the data obtained from the experiments
of the experiment, the interval for changing the
criteria is selected in accordance with the scale from
+1 (upper level) to -1 (lower level). Since the criteria
are considered between two levels, the experimental
design has eight experiments and corresponds to the
multivariate experimental design 23. In this regard,
the experimental design matrix has the following
form (Table 2).

The geometric interpretation of this plan is cubic.
To build a graphical image of the plan, it is necessary
to determine the average, maximum, minimum
values of the criteria corresponding to the coordinates
of the cube.

The coordinates of the center of the cube are the
average value of the similarity criteria, formulas (12),
(13), (14):

Table 2 — Design of the experiment matrix 23

Experiment numbers X1 X, X3 y
1 -1 —il +1 Vi
2 =il +1 -1 Y2
3 +1 -1 -1 Y3
4 +1 +1 +1 Ya
5 =il -1 -1 Vs
6 =il +1 +1 Ye
7 +1 -1 +1 \Z
8 +1 +1 -1 Vs

andcp - qu], (12)
Pody _
nime, - k20p7 (13)
Vep
noA.,d, = ks (14)

We find the minimum and maximum values of
the dimensionless quantities, formulas (15), (16), (17),
(18), (19), (20):

[Y

W o (15)
A = b (16)
T = i (17)
gfﬁizmm, (19)
Ty = s (20)

Based on these data, we construct the coordinates
of the vertices of the cube, formulas (21), (22), (23),
(24), (25), (26), (27), (28).

L. (Fumass Kominy Ksmin), (21)
2. (Fimins Fomins Famin), (22)
3. (Ktmins Komass Ksmin), (23)
4. (Fimax, Komaxs Ksmin), (24)
5. (Eimaxs Kaminy Ksmas), (25)
6. (Kvuiny Komminy Ksmas), (26)

7. (Ktuminy Kommaxs Kama) 27)
8. (Kimaxs Komass Ksmas)- (28)

The geometric interpretation of the full factorial
experiment 2° is a cube, the coordinates of the vertices
of which are set by the conditions of the experiments
(Figure 3).

Table 3 shows the data of the conducted field
experiment.

As can be seen from Table 3, the CO content
decreased by 13.3%, which confirms the hypothesis
of a decrease in the toxicity of exhaust gases due to
the use of ultrasonic equipment in a car muffler.

Conclusion

The data obtained will determine the dependence
of the rate of coagulation on the criterion ki, k,, k;
and will make it possible to draw up the regression
equation necessary for practical calculations.

Through the application of similarity theory and
dimensional analysis, three similarity criteria were
obtained, which give us the following advantages:

- firstly, the number of variables influencing the
experiment has decreased;

- secondly, the experiment will be influenced not



by individual factors of quantities, but by its entire
complex as three criteria of similarity, that is, the
internal connections of quantities will appear more
clearly.

- thirdly, on the basis of the similarity criteria
obtained, it was established that eight experiments
were carried out, a plan for amultifactorial experiment
23 was chosen, and a method of experimental research

A4
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was developed.

The experimental design allows to determine the
effectiveness of the application of the coagulation
process, which is accelerated under the action of
ultrasound on the developed full-size stand.

Experimental results have been obtained that
confirm the hypothesis of a decrease in the toxicity of
exhaust gases from motor vehicles.

Ly
x>

K1

Figure 3 — Geometric interpretation of a full factorial experiment 23

Table 3 — Readings of the Bosch FSA 740 gas analyzer

N R Rotation Moisture | 0,, | CO,, HC, Cco, Me‘asurement
frequency (rpm) (%) (%) @ (%) | (ppm) (%) time (sec)
Without ultrasound 1000 48 9,11 7,78 67 0,3 60
With ultrasound (1 transverse emitter) 1000 50 8,83 | 8,38 68 | 0,264 60
Without ultrasound 1200 51 8,75 | 7,54 68 0,302 60
With ultrasound (1 transverse emitter) 1200 51 8,73 | 7,62 70 0,297 60
Without ultrasound 1500 57 8,23 | 6,69 69 0,326 60
With ultrasound (1 transverse emitter) 1500 58 7,98 | 6,72 71 0,324 60
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lwmeH McaHy K03FanmgbliwmapobiH NalioanaHeiAFfaH 2a30apbiH YabmpadsibbicmbsiK masapmy ywiH PeliHoab0c
enwemiH 6enziney
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AHOamna. MaKanada asmopaap iuimeH #aHy KO3FaamyblumapobiH Yl 2030ap 3USHbIH memMeHdemy yWwiH ynempa-
O0blbbicmblK mazapmyoa PeliHonb0c enwemiH Koa0aHy #ypeizindi. IKcrnepumeHm xcypaisy ywiH 6i3 skcnepumeHmmik
monbiK enwemoi yaempadbibbicmsik cmeHO #acadsbiK. CmeHOMIH cxeMacel cCunammasnsaH, Kpumepulisep meH 3Kcre-
pumeHmMmMmIiH Homuxcenepi KeamipinzeH. AnbIHFAH MasniMemmep Koaz2ynayus #bla0amMoblFblHbIH Kpumepulinepae may-
endinieiH aHbIKMaliObl #aHe MPAKMUKAsbIK ecenmeynep yWiH Kaxemmi pezpeccua meHOeyiH KypyFa MyMKIHOIK be-
pedi. ¥KcacmelK meopuscel MeH enwemoiK mandaydsl KonGaHy apKblasl Kemn eawemoi sKkcrepumeHmandsl 3epmmeyoi
HeHindememiH yw yKcacmelk Kpumepuli ecennmenodi. AIbIHFQH 3KCrepuMeHm Hocrnapsl a3ipseH2eH MosbiK eauemoi
cmeHOme ynempadbibbiCmblH acepiHeH yedendeminemiH Koa2ynayusa npoyeciHi muimoiniaiH aHeIKMayFa MyMKIHOIK
bepedi. IKcnepumeHm Hamuxcenepi asmomobunb Kesni2iHeH WsiFameoliH 2a30ap0biH ybiMMbIAbIFbIH MeMeHOemy mypa-
/16l 2Urlome3aHsl pacmadiosi.

Kinm ce30ep: asmomobuss, iWwmeH #aHy KO3FanmKbiuwbl, yabmpadbibbicmsiKk mazapmy, nalioanaHbiaFaH 2a30ap,
Koaeynayus, PeliHonbOc Kpumepui, 3KkcrepumeHm, 2a30biH YoimMmbiablfsl, yabmpadsblbbicmbiK cmMeHO, 3KcrepumeHm
Hocnapsi, yaempadsbibbiCMbIK 2eHepamop, yabmpaobibbicmsiK cayneneHoipziw, yaempadbibbicmelK coHOipeiw, aya-
HbIH 1ACMAHYbI.
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AHHOmMayuA. B cmamee aemopamu npou3sooumcsa ycmaHossneHue Kpumepusa PeliHonedca 0414 npumeHeHUs yabm-
pPa38YKOBOU 0YUCMEKU BbIX/OMHbLIX 20308 dsu2amesieli BHYMPEHHE20 C2OPAHUA C Uesblo YMeHbWEeHUS UX MOKCUYHO-
cmu. [ nposedeHus aKcrnepumeHma Hamu pa3pabomaH KcrnepuMmeHmasbHbili NoaHopasmepHsil yabsmpasgykoeoli
cmeHO. OnucaHa cxema cmeHOd, npusedeHsl pes3ysbmamsl pacyemos Kpumepues u sKcriepumeHmad. [lonyyeHHble
O0aHHble 6ydym onpedensms 3a8UCUMOCMU CKOPOCMU KOQ2yAAYUU om Kpumepues U ro380/am cocmasums ypasHe-
Hue pezpeccuu, Heobxodumbix 075 MPAKMUYeCcKUx pacyemos. baazodapa npumeHeHuUo meopuu Modobusa u aHaau3a
pasmepHocmeli paccuumarsl mpu Kpumepus nooobus, Komopbie yrnpocmam nposedeHue MHO20(haKMOpPHO20 3Kcre-
PUMEHMAbHO20 UCC1ed08aHUSA. [1oayYeHHbIl NaaH SKCnepumeHma no3eossem onpeodenums 3g@HeKkmueHocms npu-
MeHeHUA npouecca Koazynayuu, Komopwil yckopsemca nod delicmeuem yabmpaseyKa. Pesynbsmamol akcnepumeHma
180 | nodmeepxdarom aunomesy 06 yMeHbWeEHUU MOKCUYHOCMU 8bIX/I0MHbLIX 20308 ABMOMOBULHO20 MPAHCIopma.
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