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Abstract. The article substantiates the use of devices for ultrasonic cleaning of exhaust
gases for city buses, provides the design and principle of operation of an accumulative
device for ultrasonic cleaning of exhaust gases, as well as layout solutions for their placing
on buses. A calculation method is presented that makes it possible to determine the main
parameters of ultrasonic equipment for cleaning and disposal of exhaust gases from
internal combustion engines of city buses, as well as to calculate the proportion of finely
dispersed soot particles deposited, which characterizes the degree of purification of
exhaust gases from fine soot particles, based on which there is calculated economic
efficiency of ultrasonic cleaning devices.
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Introduction

In large cities with a large traffic flow, the issue of gas pollution from the exhaust gases of internal
combustion engines of vehicles is acute. In the area of bus stops, at intersections, where there is a large
accumulation of public vehicles, the most intense air pollution by combustion products occurs, and the
highest concentration of toxic and polluting components of exhaust gases is recorded, which negatively
affects people's health.

Despite the measures taken, such as introducing the Euro environmental standards, the control of
exhaust gas toxicity during technical inspections of vehicles, etc., the situation with environmental
pollution remains tense. In most cities of Kazakhstan, the pollution indicator exceeds the permissible
norm by several times. In 2021, clean air was only in Aktau and Petropavlovsk [1].

Increasing the number of diseases including cancer, for which Kazakhstan ranks among the first
places in the Commonwealth of Independent States (CIS) countries, is currently associated with
significant environmental pollution [2].

At present, when assessing the environmental situation, much attention is paid to the content of
finely dispersed particles in the air with the size of 2.5 microns or smaller. The microscopic size of such
particles permits them to be deeply absorbed into the bloodstream when inhaled, potentially causing
diseases such as asthma, lung cancer, heart disease, migraines, Alzheimer's, Parkinson's and others.

The central streets of the city are most susceptible to pollution, especially during "rush hours". In
the central part of the city of Karaganda, there is a ban on the trucks passing with the gross weight of
more than 3.5 tons. However, alongside with passenger cars, shuttle buses carry passengers along the
central streets of the city. They are mainly equipped with diesel engines characterized by increased soot
formation.

To reduce the content of soot particles in the exhaust gases, various filters are used. A device is
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Technical and Economic Efficiency of Devices for Ultrasonic Cleaning of City Bus Exhaust Gases

known for cleaning exhaust gases from small solid particles by filtering gases through porous partitions
or a special woolen, cotton or glass cloth.

Regenerative type filters are considered to be one of the best design solutions for a soot trap [3, 4,
5].

They are a honeycomb nozzle with rectangular cells. The filter material is porous cordierite (porous
ceramics) with sufficient mechanical strength, resistance to aggressive chemicals, resistance to melting
and cracking under thermal effects, as well as thermal stability. Such filters are now widely used on motor
vehicles. However, according to the studies by German scientists, “existing filters do not retain
microparticles that are smaller than 10 microns and aromatic fractions, and these exhaust components
most of all initiate the development of cancer. Moreover, as the filters are used, deposits accumulate in
them, and instead of retaining the most dangerous microparticles for health, the filters become their
source” [6].

In connection with the foregoing, it is necessary to modernize the existing and to develop new
exhaust gas control systems.

Design and principle of operation of the device for cleaning and utilizing exhaust gases

The authors propose a device for ultrasonic cleaning and utilizing exhaust gases (Figure 1) [7],
which, unlike the filters used, does not burn out solid particles accumulated in the course of the cleaning
process, mainly soot, but allows collecting and utilizing exhaust gases, as well as limiting their emission
into the atmosphere, while reducing the concentration of harmful substances in the air in places where
vehicles are most congested (bus stops, intersections, etc.).

The accumulative device of ultrasonic purification of exhaust gases developed allows cleaning by
coarsening and depositing soot particles with their subsequent disposal. Soot emissions from diesel
engines are up to 15 kg per ton of fuel burned. In the world practice, there has been a tendency to consider
soot as a secondary material resource (carbon black) with its use for the needs of the tire industry [3].
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1 - storage tank; 2 — inlet branch pipe; 3 — ultrasonic generator; 4 - bypass valve; 5 - outlet pipe; 6 - reflector
of sound waves; 7 - tray

Figure 1 - Device for ultrasonic cleaning of exhaust gases

The device contains a storage tank with an inlet pipe and an outlet pipe with a bypass valve. An
ultrasonic generator is mounted in the storage tank, there is a sound wave reflector in the lower part, and
the device tray is removable [8, 9].

From ultrasonic generator 3 located on top, there arises a direct wave. On tray 7 of the tank there is
reflector of sound waves 6. When reflected, the direct and reflected waves move towards each other,
interference occurs and a standing wave is formed. When the standing wave occurs, the efficiency of the
coagulation process increases significantly.

The experiments and calculations performed showed increasing the intensification of the
coagulation processes of soot particles under the action of ultrasound [9, 10].

It is proposed to place on city buses two containers that work alternately (Figure 2). That is, at
the time when the first container is filled with exhaust gas, the second container that is already filled with
exhaust gas, is ultrasonically cleaned.

1, 5 - ventilation hatches of the bus; 2, 6 - soundproof casing;
3, 7 - ultrasonic exhaust gas cleaning device; 4, 8 - soundproof gaskets

Figure 2 - Ultrasonic equipment placement on the roof
and in the back of the bus

Feasibility study of the efficiency of devices for ultrasonic cleaning of exhaust gases of city
buses

To determine the required volume of the storage tank needed for the most efficient operation of
ultrasonic cleaning equipment, and to establish the degree of the exhaust gas purification, it is necessary
to determine the rational time for ultrasonic treatment of the exhaust gas.

Let’s take the entire volume of soot present in the tank, both in suspension and settled on the bottom
of the device as a result of coagulation, as a unit, and determine what part of the solid particles is
deposited using the formula for the dependence of the calculated concentrations of suspended solid
particles of gas on time:

n = ng exp(—kt), (1)
where nand ny are the number concentrations of aerosol particles, current and at the initial
moment, respectively; k is the coagulation coefficient; t is the time.
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The empirical dependence of changing the coagulation coefficient on time has the following form:
k = (—=0.0000012¢3 + 0.0012994t% — 0.4562322t + 69.30) - 10~*. (2)

The s=1-n value characterizes the amount of deposited solid particles and determines the degree of
the exhaust gases purification from solid particles. Assuming that at the initial time t = 0, all the soot
particles are in suspension no=1, s = 0.

n = ng exp(— (—0.0000012¢> 4+ 0.0012994t* — 0.4562322t + +69.3) - 107*) - t); 3)

s =1 —ng exp(— (=0.0000012t3 + 0.0012994t2 — 0.4562322t + +69.3) - 10™4) - "
t).

The calculation results are presented in Table 1.

Table 1 — Calculating the degree of the exhaust gases purification s depending on the time of
irradiation with ultrasound

t k no n S

0 0.00693 1.00 1 0
60 0.004634 1.00 0.76 0.24
120 0.003119 0.76 0.52 0.48
180 0.002228 0.52 0.35 0.65
240 0.001806 0.35 0.23 0.77
300 0.001698 0.23 0.14 0.86
360 0.001747 0.14 0.07 0.93
420 0.001799 0.07 0.03 0.97
480 0.001698 0.03 0.02 0.98
540 0.001288 0.02 0.01 0.99
600 0.000414 0.01 0.01 0.99

The graphs of the n(t) and s(t) dependence are shown in Figure 3. According to the graph of the s(t)
dependence, there is determined the required time of exposure to ultrasound for a given degree of
purification. For example, for 80 % degree of purification, the required time of ultrasonic exposure will
be t =260 s.

The volume of the storage tank is calculated based on the hourly fuel consumption of the engine at
idle g,, and the ratio established in work [11]: for 1 liter of fuel consumed, there is required the storage
tank with the volume of 16 m3 and is calculated by the formula:

V =16 * q,,/3600 * t, m® (5)

If the fuel consumption of a city bus at idle g« is 2 1/h and the required ultrasonic exposure time t =
260 s, then:

V=16* * 260 = 2,31 m°5.

3600

The given calculation method makes it possible to determine the main parameters of ultrasonic
equipment for cleaning and recycling of internal combustion engines exhaust gases of city buses, as well
as to calculate the proportion of finely dispersed soot particles deposited, on the basis of which the
economic efficiency of ultrasonic exhaust gas cleaning devices is calculated.
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Figure 3 - Graphs of the number concentrations of the gas suspended solid particles n(t) and the
degree of the exhaust gases purification s(t)

The economic efficiency (E) can be expressed through the prevented environmental and economic
damage (AU), which is determined by the formula [12, 13]:

E = AU = U; — UY,, tenge/year, 6)

where Ui is the annual environmental and economic damage before the events, tenge/year;
U2 is the annual environmental and economic damage after the events, tenge/year;

U=o"y:f-M, tenge/year, (7)

where o is the dimensionless indicator accounting for the type of the territory polluted (o=4 for
Karaganda);
v is the of valuating 1 conv. tons of pollutants, tenge/conv.t (assumed equal to 1 MCI);
f is the dimensionless coefficient accounting for the nature of the nature of the impurities
dispersion in the atmosphere (since motor transport is an unorganized source, the indicator f=10);
M is the reduced mass of a pollutant, standard tons/year, determined by the formula:
M=XL m- 4 ®)
where mi is the annual mass of the i-th matter emission, t/year;
Aiis the coefficient of relative hazard of the i-th matter, conv.t (in this case for soot A =20 cond.t)
is determined by the formula:

1
i = wpc; ©)

where MPCi is the average daily MPC of the i-th matter, mg/m?, (soot MPC is 0.05 mg/m3).
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Thus, the prevented environmental and economic damage is determined by the formula:
E=AU=0-y"f-A;  (m —m,), tenge/year,

where mz is the annual mass of emission before the events, t/year;
mz2 is the annual mass of emission after the events, t/year.

Let us calculate the environmental and economic efficiency of devices for ultrasonic cleaning of
exhaust gases from internal combustion engines of large-class buses operating on intracity transportation.

The initial data for the calculation are presented in Table 2.

Table 2 - Initial data for calculating the environmental and economic efficiency

Indicators Values
Average daily mileage I, km 180
Output ratio « 0.76
Time on duty, h 16
Dimensionless indicator, taking into account the type of 4
polluted territory 6
Cost estimate of 1 conv. tons of pollutants v, tenge/cond.t 2778
Dimensionless coefficient that accounts for the nature of 10
impurities dispersion in the atmosphere, f
Coefficient of relative hazard of the i-the matter Ai, cond/t 20

The annual masses of soot emission before and after the introduction of devices, considering the 80
% level of ultrasonic cleaning, will be determined by the method described in the literature [12, 13].

The calculation results are shown in Table 3. The following designations are used in Table 4.3:

W, WH, H - storage conditions of buses, respectively, warm parking, parking without heating,
parking equipped with heating facilities;

W, C — warm and cold period of the year, respectively.

Table 3 - Calculating the environmental and economic efficiency of devices for ultrasonic cleaning
of exhaust gases of diesel internal combustion engines of large class buses

Large class buses of the Large class buses of
Indicators CIS production foreign production
W WH H W | WH H
Soot emissions of large class buses during
. . 0.04 | 0.16 0.08 0.02 | 0.04 0.03
warming up, g/min
Warm-up time, min 1.5 22 6 1,5 22 6
Daily soot emission during heating, g 0.06 3.52 0.48 0.03 | 0.88 0.18
Running soot emissions of large class buses,
A C Average | W C | Average
g/km
025 | 0.35 0.28 0.2 0.3 0.23
Soot emissions of large class buses at idle, g/min 0.04 0.02
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The daily mass of soot emitted by a large class
bus during warming up, given that 70% of
buses park in warm boxes in the ATP, 20% in 0.20 0.07
heated parking lots, 10% without heating in
cold months, g

Daily mass of soot emitted by a large class bus

for an average daily run, g 51.00 42.00

The daily mass of soot emitted by a bus of a
large class at idle, given that in urban 15.36 7.68
conditions Tx=0.4Tn, g

Total daily soot emission of a large class bus, g 66.56 1975

Annual soot emission m1 before the
introduction of equipment, taking into account 18464.67 13800.19
the emission factor, g

Annual soot emission m? after the introduction

of the equipment, taking into account the 3692.93 2760.04
emission factor, g
Environmental damage, tenge 41035.9 30669.5

Environmental damage after the introduction of

. 8207.2 6133.9
equipment, tenge

Economic effect from damage reduction, tenge
32828.7 24535.6

Conclusion

The results of the feasibility study show the effectiveness of using ultrasonic cleaning devices in
road transport, especially in the conditions of operating areas prone to the greatest pollution: bus stops,
intersections, etc. In addition, the economic effect will be increased due to the utilization of the soot
collected in the course of the ultrasonic cleaning process.
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KazaapIk aBTOOYCTapAbIH I1ajijaaaHblAFaH ra3gapAbl yAbTPaabIObICTBIK Ta3apTy
KYPBIAFbLAaPBIHBIH TEXHNMKAABIK-9KOHOMMKAABIK THiMaiairi

Anpaarma. Makasaga Kadaablk aBToOycTap VIINH IalijadaHbLAFaH radgapAbl YAbTPaAbIOBICTBIK
Ta3apTy KYpbLAFbLAaPBIH KOAAaHy HeTizaeaeal, MaligadaHblAFaH Ta3dgapAbl YAbTPaAbIOBICTBIK Ta3apTyAbIH
JKMHaKTay KYPBIAFBICHIHBIH ~KOHCTPYKIIMSCHI MeH >KYMBIC HPMHININ, COHAali-aK aBTOOycTapra
OpHAaTyAblH  OpHajacy Imemrimgepi  keartipiareH. Kaaaablk — aBroOycrapAblH — iImIKi  >KaHy
KO3FaATKBIIITAPLIHBIH TaligaldaHblAFaH TadAapblH TasapTy >KoHe KoJere >KapaTy KYpPBLAFbLAapbIHBIH
yABTPaABIOBICTHIK >KaOABIKTapBIHBIH HeTi3Ii MapaMeTpAepiH aHbIKTayFa, COHAal-aK KaaAbIKTapAbl ycak
DealllekTepAeH TaszapTy Adpe’KeCiH CUIIaTTaliThIH TYHABIPBLAFaH YcakK OeAllleKTepAiH yAeciH ecerteyre
MYMKIiHAIK OepeTiH ecellTey o4icCi YCHIHBIAFaH, COHBIH HeTidiHAe YAbTPaAbIOBICTBIK KYPBLAFBLAAPABIH
DKOHOMMKAABIK THUIMAIAITI ecerITeAeAl.

Kiat cesaep: KaaaablK aBToOyC, iIIKi >KaHy KO3FaATKBIIIBI, IlailjadaHblAFaH Ta3, cakTay
KYPBLAFBICHI, YABTPaAbIOBICTBIK Ta3apTy, KOATryAsIus, KaAere >Kapary.
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TexHuko-skoHOMIT4ecKast 9 PeKTUBHOCTD YCTPOVICTB yABTPa3BYKOBOJ OUMCTKI
OTpabOTaBIINX Fa30B TOPOACKHMX aBTOOYCOB

Annorams. B crathe 00OCHOBBIBaeTCs HpUMeHeHMe YCTPOMCTB yAbTPa3BYKOBOM OYMCTKU
OTpabOTaBIINMX Ta30B AAs TOPOACKMX aBTOOYCOB, HPMBOAATCA KOHCTPYKLMS ¥ IIPUHIIUI paOOTHI
HaKOITMTEeABHOTO YCTPOIICTBA YABTPa3ByKOBOM OUMCTKM OTPabOTaBIINX Ta30B, a TAK’Ke€ KOMIIOHOBOYHEIE
perieHnst ycraHOBKM Ha aproOycax. IlpejcraBaena meroamka pacuyera, IO3BOASIONAs ONpeAeAUTbH
OCHOBHBIE ITapaMeTpBl yABTPa3BYKOBOTO 00OpPYAOBaHMSA YCTPOVICTB OYMCTKM ¥ YTUAM3ALINN
oTpabOTaBIINX Ta30B ABUTraTeAell BHYTPEHHETO CropaHNs IOPOACKMX aBTOOYCOB, a Tak’Ke pacCIuTaTh
AOAIO0  OCa’KJaeMBIX MeAKOAVICIIEPCHBIX Ca’keBBIX YaCTUI], XapaKTepU3YIOIIYIO CTelleHb OYMCTKIU
OTpaboTaBIINX ra3oB OT MeAKOAMCIIEPCHBIX Ca’kKeBbIX dacTuil. Ha ocHOBaHMI 9TOTrO pacCumThIBAeTCs
DKOHOMMYecKast 9PPeKTUBHOCTD YABTPa3ByKOBBIX YCTPONCTB OUMCTKY OTPaOOTaBIIINX Ia30B.

Karouesbie caoBa: ropoAckoit aBTOOYC, ABUTaTeAb BHYTPEHHETO CropaHNs, BBIXAOITHBIE Ta3bl,
HaKOIIUTEABHOE YCTPOVICTBO, YABTPa3ByKOBasl OUMCTKA, KOATy A, YTUAN3AISL.
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