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CRITERIA-BASED ASSESSMENT OF FUEL AND ECOLOGICAL EFFICIENCY OF
EXPLOITATION PROCESS OF RECIPROCATING ICE OF POWER PLANTS
CONSIDERING OF EMISSION OF SULFUR OXIDES

In this study the calculation method and mathematical apparatus for assessment of the complex fuel and ecological
criterion of Prof. Igor Parsadanov has been improved by considering the mass hourly emissions of sulfur oxides with
the exhaust gases flow from the reciprocating ICE as a toxic pollutant. The purpose of the study is obtaining the valu-
es of complex fuel-ecological criterion that characterize the ecological safety level of diesel engine exploitation pro-
cess considering the emissions of sulfur oxides as a toxic pollutant. The European Steady Cycle (according to
UENCE Regulations Ne 49) was used as the exploitation model. A set of initial data has been obtained for the calcu-
lated criteria-based assessment of the ecological safety level of the exploitation process of power plants with a recip-
rocating ICE on the example of the autotractor diesel engine 2Ch10.5/12 based on the results of data processing of
bench motor tests. The calculated assessment of specified criterion values considering sulfur oxides emissions was
carried out. It has been detected that the value of the fuel-ecological criterion for the basic variant of considering the
emissions of sulfur oxides, i.e. considering the values of sulfur content in motor fuels and oils and burning oil con-
sumption, typical for diesel 2Ch10.5/12, differs for the variant that does not take into account this ecological safety
factor, on average by 6.6 %. For the option that takes into account the modern requirements for the sulfur content in
technical fluids and the technical level of modern reciprocating ICE, this difference is 0.5 %. The identified depen-
dences are described by formulas by the method of least squares. The scientific novelty of the obtained results is that
the approach of Prof. Igor Parsadanov received further development for criteria-based assessment of fuel-ecological
efficiency of autotractor diesel engines exploitation process as a part of power plant considering the mass hourly
emissions of fulfur oxides with RICE EG flow as the toxic pollutants and also methods for determination of such emi-
ssions and ponderability of such pollutants in direction of application of this mathematical apparatus for standardi-
zed steady testing cycles.

Key words: environment protection technologies; ecological safety; power plants; internal combustion engines; sul-
fur oxides emission; criteria-based assessment, pollutants.

Relevance of the study and problem statement

From results of analysis of scientific-technical,
reference, normative and patent literature it is well
known that the actual ecological status of all compo-
nents of environmental — atomospheric, hydro- and li-
thosphere — both globally scale and on the scale of a
single anthropogenically loaded and urbanized territo-
ry, causes considerable concern and has a clear tenden-
cy to deteriorate. This situation is caused by the gradu-
al evolutionary development of civilization, which ac-
celerated over the 20" century and was accompanied
by a steady increase in the level of scientific and tech-
nological progress and the rapid development of indus-
trial production [1 — 3].

This tendency is mainly due to the expansion of
the range of countries and regions of the world, where
new types of production are being developed, innovati-
ve technologies (including the so-called «nano») are
being introduced, new raw material deposits are being
developed, environmental standards are being develo-
ped and implemented. This naturally leads to a corres-
ponding increase in the volume of production, and the-
refore the scale of environmental pollution by harmful
substances and waste, as well as the progressive deple-
tion of non-renewable natural resources. The intense
component of such an impact is largely determined by
the overall increase in the population living standard of
the and the inextricably linked increase in the demand
for industrial products, including consumer goods, fo-

od, infotainment and so on [2, 3].

For implementation of complex assessment of the
values of indicators of ecological safety (ES) level of
the exploitation process of power plants (PP) with reci-
procating internal combustion engines (RICE), namely
vehicles, which are powerful sources of negative influ-
ence on the environment [1 — 3], it is rational to use the
mathematical apparatus of complex fuel-ecological cri-
terion of Prof. Igor Parsadanov Ki (NTU «KhPI») that
was described in the monograph [4] and improved in
the monograph [1] and developed on the basis of met-
hod [5].

Emission of legislative normalized pollutants in
RICE exhaust gas (EG) flow is ES factor that must be
reduced and for that special devices are used for purifi-
cation of EG flow and other organizational and techni-
cal measures [6]. It is also well known that processes
of thermal utilization of solid domestic wastes are also
powerfull sources of emissions of pollutants into atmo-
sphere [7, 8] as well as processes of combustion of py-
rotechnics [9] and forrest fiers [10] that are detects by
special measuring instruments [11, 12].

It is known that RICE operational process produ-
ces significant mass hourly emissions of sulphur dioxi-
de SO; as the toxic pollutant [1, 4, 6, 13]. Taking into
account that significant part of EG flow are the pro-
ducts of completed combustion of motor fuel, namely
CO- and H;0, and also that the separate RICE is not a
powerful source of SO, emission but their role and part
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in world energy balance (about 70 % [4]) it is possible
to conclude that considering such emissions in comp-
lex calculated assessment of values of ES level indica-
tors of PP with RICE exploitation process is a scienti-
fic and technical problem the relevance of which has
no doubt [2, 3].

It should be noted that the results obtained could
be the basis for the implementation of state regulation
in the field of ES ensuring, as, for example, in the field
of advertising [13] and other economic aspects of com-
plex criteria-based assessment [14].

According to the results of analysis of the mathe-
matical apparatus of the complex fuel-ecological crite-
rion of Prof. Igor Parsadanov Ky in the monograph [1]
found that its main drawback is the inability to cosider
a wider range of ES factors, different in physical nature
from emissions of pollutants in the gaseous state. Such
studies are appropriate when assessing the ES level of
PP with RICE exploitation process [1].

In the same study, the concept of improving the
mathematical apparatus of the criterion Ky, the original
mathematical apparatus of which is described in the
monograph [4], one of its main points is the partial ov-
ercoming of this drawback by introducing into the ma-
thematical apparatus the criterion of new ES factors
which are emissions of pollutants that are in the gase-
ous state.

Thus, in addition to the concept of an improved
classification of ES factors the source of which is
RICE in the PP, in addition to legislative normalized
directly gaseous and aerosol pollutants in the EG flow,
there are also legislative normalized indirectly, in par-
ticular sulfur oxides SOx. As will be shown later in the
paper, such ES factors can in principle be introduced
into the structure of the K criterion.

However, according to the analysis of scientific
and technical literature of research on expanding the
range of ES factors taken into account by the mathema-
tical apparatus of the Ks criterion, not found, and the-
refore the implementation of such research and analy-
sis of its results is an urgent scientific and technical
task, which has signs of scientific novelty and is of
practical value.

Purpose of the study. Obtaining the values of
complex fuel-ecological criterion of Prof. Igor Parsada-
nov that characterizes the ES level of PP with diesel
engine exploitation process considering the emissions
of sulphur oxides as a toxic pollutant. Problem of the
study. Obtaining the distribution of values of complex
fuel-ecological criterion for autotractor diesel engine
2Ch10.5/12 [15] on the standatdized steady testing cy-
cle ESC (UENCE Regulations Ne 49 [16]) considering
the emissions of sulphur oxides as a toxic pollutant.
Obiject of the study. Ecological safety of diesel engine
exploitation process the exploitation model of which

corresponds to testing cycle ESC. Subject of the stu-
dy. Influence of sulphur oxides emissions as a toxic
pollutant on qualitative and quantitative aspects of ob-
ject of the study. Methods of the study. Analysis of
specialized scientific and technical, reference and nor-
mative literature, analysis of results of bench motor
tests, basics of scientific discipline «Theory of RICE»,
«Theory of ESMS», «Environment protection techno-
logies», improved mathematical apparatus of complex
fuel and ecological criterion, improved mathematical
apparatus of complex fuel-ecological criterion, method
of least squares.

Tasks of the study

1. Analysis of features of complex fuel and ecolo-
gical criterion and standatdized steady testing cycle
ESC.

2. Obtaining of initial data set for the calculated
assessment for standatdized steady testing cycle ESC
and diesel engine 2Ch10.5/12.

3. Improvement of methods for assessing of the
values of mass hourly emissions of sulphur oxides with
RICE EG flow and potenderability of such ES factor as
a toxic pollutant.

4. Calculated assessment of the values of complex
fuel-ecological criterion for standatdized steady testing
cycle ESC and analysis of its results.

Scientific novelty of the obtained results. The ap-
proach of Prof. Igor Parsadanov received further deve-
lopment for the criteria-based assessment of complex
fuel-ecological efficiency of autotractor diesel engines
exploitation process as a part of power plant conside-
ring of mass hourly emissions of sulphur oxides with
RICE EG flow as a toxic pollutant and also methods
for determination of such emissions and ponderability
of such pollutants in direction of application of this
mathematical apparatus for standardized steady testing
cycles.

Practical value of the obtained results. The obta-
ined results are suitable for providing the quailtative
and quantitative assessment of ES level of different ty-
pes of diesel engine exploitation process considering
the emissions of sulphur oxides with RICE EG flow as
the toxic pollutant.

1. Analysis of fuel-ecological criterion of Prof.
Igor Parsadanov

The values of the criterion Ky for i-th RICE stea-
dy representative operational mode with magnitude of
weight factor WF are determined by formula (1) and its
components — by formulas (2) — (5) [4, 5].

K =me '(1—3)'103 =
=3600/(H, - 0, )- (L= Zo [(Z +2,))-10° %o; (1)
Z; =g, P, USD/(KW-h); @)
Zo=0.Ug =080 f-g,, USD/(kW-h); (3)
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3 (Ac -Gy )= A(PM)-G(PM )+ A(NO, ). G(NO, )+
m=1
+A(C,Hy)-G(C,H,, )+ A(CO)-G(CO), kg/h; (5)
where the index i indicates the values for a separate re-
presentative mode of RICE operation or range in the its
exploitation model; H, = 42,7 MJ/kg [4] — lower fuel
combustion heat; N. — effective power, kW; Gl — ho-
urly mass fuel consumption, kg/h; Gy — mass hourly
emission of k-th pollutant in EG flow, kg/h; Ax — dime-
nsionless index of relative aggressiveness of k-th pollu-
tant in EG flow; h = 4 [4] — number of pollutants in EG
flow; o — dimensionless index of relative danger of po-
llution of different territories (for automotive diesel en-
gine o = 1,0, for tractor diesel engine 0,25 [4]); f — di-
mensionless coefficient that takes into account the cha-
racter of dispersion of EG in atmosphere (for Ukraine f
= 1,0 [4]); 6 = Ps— dimension index that converts of the
score assessment into monetary USD/kg; WF — weight
factor; ne — effective efficiency coefficient; B — coeffi-
cient of relative exploitation ecological monetary costs;
Z. and Z; — monetary costs on compensation of ecologi-
cal damage and on motor fuel, USD/(kW-h); ge — spe-
cific effective mass hourly fuel consumption, kg/(kKW-
-h); Mr and n¢s — crankshaft torque and speed, N-m and
rpm; Ps = 1,36 USD/kg — price of weight unit of motor
fuel (Ps = 25,0 UAH/I, excange ratio 26,0 UAH/USD,
fuel density prer = 0.850 kg/m3); Ue — monetary com-
pensation of ecological damage, USD/kg; gpr — specific
reduced emission of pollutants with EG flow.
The average operational value of the criterion Ky
describes by formula (6) as it was proposed in the stu-

dy [1].

N N
K iamg = 7\/ > (K7, -WF, i 3 (WF,) 1000, %. (6)
i=1 i=1

Method of obtaining of the values of sulfur ox-
ides mass hourly emissions of in the criteria-based
assessment

Present study is proposes the following method
for such assessment that considers the toxic influence
of SOx emission on a human in accordance of which
formula (5) is converted into formula (7) where value
of coefficient 4(SOx) is determinated by formulas (8) —
9) [5, 13].

1(Ak -G )= A(PM)-G(PM )+ A(NO, )-G(NO, )+

+A(C,H,, )-G(C,H )+ ACO)-G(CO)+

e

: )

_ [MPC,,(CO)-MCP,,(CO)
““\ MPC,(k)-MPC,, (k)

where ax — index of relative danger of presense of k-th
gaseous or aerosol pollutant in atmospheric air that a
human breathes; oax — correction that takes into account
the probability of accumulation of k-th gaseous or ae-
rosol pollutant in environment components, trophic
chaines and admission to the human body by non-inha-
lation way; Bk — correction that takes into account the
probability of formation of other (secondary) pollutan-
ts, more harmful than the original, by the source of the
k-th gaseous or aerosol pollutant emitted into the atmo-
sphere; &k — correction that takes into account the im-
pact of k-th gaseous or aerosol pollutant on other reci-
pients except a human; MPC,(CO) and MPCy(CO),
MPCad(k) and MPCoui(k) — maximum permissible con-
centration of reference (Aco = 1.0, MPC4(CO) = 3.0
mg/m3, MPCux(CO) = 20.0 mg/m? [5, 24]) and k-th pol-
lutant in air average day-and-night and maximal one-
time, mg/md,

The source [13] contains information on the com-
ponents of formulas (8) and (9), obtained from the ana-
lysis of the content of the source [4], and summarized
in Table. 1 and illustrated in Fig. 1. Thus, the value of
A(SOy) is 22, which is 9 times less than the value of
A(PM), twice less than the value of A(NOy) and 7 times
higher than the value of A(CryHn).

Table 1. Parameters of legislative normalized pollu-
tants as a part of EG of diesel RICE [4]

Indicator

ak ok | Px | ok Ax
CO 10 |10[10f210| 1.0
CnHm 063]10|50]1.0]3.16
NO2 274110110 15] 411
SO2 11.01 1.0 1.0] 2.0 ] 22.0

C 1751201 1.0] 12 ] 415
PM — — — — | 200

Pollutant

The structure of the mass hourly emissions of pol-
lutants in the composition of EG of RICE, taken into
account in the criterion assessment by the criterion Ks
for special operating modes of the diesel engine
D21A1 (2Ch10.5/12 in accordance with 1SO 3046-
1:2002) is shown in Fig. 2.

To determine the value of G(SOy), which is a ne-
cessary condition for the application of formula (7) and
formula (1), this study used an approach based on the
following assumptions.

1) The source of SOy oxides in the EG aerosol is
redox reactions in the combustion chamber of RICE
between sulfur (free or chemically bound) contained in
motor fuel and motor oil, with freshly charged air oxy-
gen Oa.

+A(SO, )-G(S0,) Ko/ (1)
A=y oy By S, ®)
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A(PM); 200; 81,5%

A(NOx); 41,1;
A(CO); 1,0; 0,4% 16,8%
A(CH); 3,2;1,3%

a)

A(NOX); 41,1;

A(SOx); 22; 8,2% 15,4%

A(CO); 1,0; 0,4% A(CH); 3,2;1,2%
b)
Fig. 1 — Structure of weights of factors of ecological
component of criterion Ky with considering SOy emis-

sion (b) and without such considering (a)

G(CO); 70,0;

G(CH); 5,0; 5,6% G(SOx); 7,2; 8,0¢

G(NOX); 5,0; 5,6%

G(PM); 2,8; 3,1%

H): 3.8: 0.8Y
G(NOx); 248,0; G(CH); 3,8; 0,8%

54,2%

28,4%

G(SOx); 53,3;

G(PM); 22,1; 4,8%
11,7%

G(NOX); 335,0;
64,5%

G(CH); 4,1; 0,8%

G(CO); 95,0;

18,3%

G(PM); 14,3; 2,8% G(SOx); 71,3;

13,7%
Fig. 2. Structure of the mass hourly emissions of pollu-
tants in the RICE EG flow with considering in the cri-
teria-based assessment by the criterion Ky, for special
operation modes of the diesel engine 2Ch10.5/12

G(CO); 130,0;

That is, their hourly mass emission G(SOx) is de-
termined by the hourly mass consumption of G fuel
and the consumption of engine oil G, which are rela-
ted to each other for a certain technical state of RICE
by the value of relative oil consumption Co.

2) All sulfur from motor fuel and motor oil is
completely oxidized during combustion in the combus-
tion chamber, i.e. all sulfur oxides SOy in the aerosol
EG are SO; dioxide. In fact, SO, accounts for about
94 % by weight, and the rest is converted into sulfur
trioxide SOz (up to 2 % wt.), sulfates (up to 2 % wt.,
are part of PM), sulfuric acid H,SO4 (up to 2 % wt.),
hydrogen sulfide H,S (less than 1.0 % wt.) [17, 18].

That is, the value of G(SOy) is determined by the
relative sulfur content in motor fuel Cs; and in motor
oil Cso (in % wt.) Taking into account the mass of oxy-
gen in SO, according to stoichiometric ratios in the
equation of the corresponding chemical reaction (10).

S+ 0, — SO, (10)

The molar mass of reagents and reaction products
is: sulfur w(S) = 32 g/mol, oxygen w(O) = 16 g/mol,
then the molar mass of sulfur dioxide is:
1(SOx) = u(S) +2 - w(0)=32+2 - 16 = 64 g/mol.

Then the mass hourly emission of sulfur dioxide
Gsoz is twice the mass hourly consumption of sulfur by
the Gs engine — see formula (11).

Gsoz = W(SOx) / W(S) - Gs =2 - Gs, kg/h. (11)

The mass hourly consumption of sulfur by the en-
gine Gs is proposed to be determined by formula (12).

Gs = Gst + Gso, kg/h. (12)
where Gss and Gs, — mass hourly consumption of sulfur
by the engine, due to the consumption of motor fuel
and burning motor oil consumption, respectively, kg/h.

The mass hourly consumption of sulfur by the en-
gine caused by the consumption of motor fuel Gs: is
proposed to determine by formula (13), and caused by
the burning motor oil consumption Gs, — by formula
(14).

Gst = Giyel - Cst / 100, kg/h; (13)

Gso = Goil * Cso / 100 = Gryel - Cof - Cso / 100, kg/h, (14)

where Grel — mass hourly consumption of motor fuel,

kg/h;Cs; — relative sulfur content in motor fuel, % wt.;

Cso — relative sulfur content in engine oil, % wt.; Co —
relative burning motor oil consumption, % wt.

Then formula (11) takes the form of formula (15).

Gso2=2 - Gyel + (Cst + Cof - Cso ) /100 =
= Gfuel . ksoz, kg/h (15)
where kso2 — coefficient that converts the value of fuel
consumption into the value of SO, emissions, determi-
ned by the formula (16).
Ksoz =2 - (Cst + Cof - Cso ) / 100. (16)

Thus, the value of the mass hourly emission of
sulfur oxides G(S0O,) subject to the proposed assumep-
tions is completely determined by the values G, Cst,
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Cso and Coy.

The value of Gyel is completely determined by the
level of perfection of the RICE working process and
design, its current technical condition and model of its
exploitation and is not legislly normalized.

The value of Cs;, normalized by the relevant stan-
dards and ranges from 0.001 % wt. according to the
standard EURO V [19] up to 4.5 % wt. for heavy mo-
tor fuels according to the standard [20], and for diesel
fuel, for the consumption of which the autotractor die-
sel engine 2Ch10.5/12 was designed, according to the
standard [21] this value is 0.2 — 0.5 % wt.

The amount of sulfur in gasoline ranges from 0.1
% wit. according to the standard [22] and up to 10 ppm
(i.e. 0.0001 % wt.) for the level of EURO V according
to the standard [23].

The value of Cs, is determined by the nomencla-
ture and number of additives to the oil that meet its
purpose, according to standards [24, 25], the require-
ments of APIl, ASTM, ILSAC, JASO, ACEA, SAE and
according to the reference literature [26] and ranges
from 0.1 % wt. up to 1.0 % wt. For 2Ch10.5/12 diesel
engine according to its technical documentation motor
oil M10G2 (in the summer) and M8G2 (in the winter)
for which this value makes 0,5 % wt. should be ap-
plied.

The value of Cy is determined by the type of
RICE, its technical level, current technical condition,
mode of operation. In particular, for technically sound:
gasoline RICE it is 0.1... 0.25 % wt., diesels — 0.3 ...

The calculated study of the influence of values of
Cst, Cso and Cy, 0n the value of the coefficient ksoz, was
carried out, the results of which are illustrated in Fig. 3
-5.

Fig. 3 contains graphs of the dependences of va-
lues of the coefficient kso2 on magnitudes of values Cs
and Cc, for different constant magnitudes of the value
Cor. It shows that they are all linear, have one angle of
inclination to the abscissa axis, and the distance betwe-
en them depends on the magnitude of the value of S,
when Sof = 0 % coincide.

Fig. 4 shows graphs of dependences of the values
of the coefficient kso2 on the magnitudes of the value
of Sor at the basic magnitudes of the value of Cs, and
different constant magnitudes of the value of C¢;, and
in Fig. 5 — graphs of the magnitudes of the value of S
at the basic magnitudes of the value of Cg and different
constant magnitudes of the value of Cso. Fig. 4 shows
that such dependences are linear, have one angle of in-
clination to the abscissa, in contrast to the graphs in
Fig. 5 coming from a single point that is not the origin.

In general, within the limits specified in Table 2
ranges of change of the values included in the formula
(15), the value of the coefficient kso2 varies from 0.001
(Cst = 0.05 %, Cso = 0.1 %, Ctop = 0.0 %) to 0.200 (Cst
=5.0 %, Cso = 1.0 %, Csop = 5.0 %). Therefore, for the
basic calculation option, the value of Gso2 is 1.5 % of
the value of Gre for any steady regime of operation of
the RICE, i.e. ksozn = 0.015 (Cst = 0.5 %, Cso = 0.5 %,
Ciob = 0.5 %) (see formulas (15) and (16)).

0.5 % wt., supercharged RICE — 0.8... 1.0 % wt. [27, 012 [Cor=00%] o [Cor=0,5%} |
28]. i
In addition, it is known that for some types of Heon e
RICE motor oil enters the combustion chamber not 0,08 0,08
through the gap between the piston and the cylinder li- vos 006 A
ner, but together with the motor fuel, because it is ad- ’ '
ded there according to technical requirements — these 0,04 0,04
are gasoline two-stroke engines with crank chamber 002 [So-0% 002 H (oo
purge for motorcycles and motorized equipment. In e | Geaz 104, | Seoz00
this case, the oil content in the fuel reaches 5.0 % wi. s ous S e e e e
[29].
Thus, the above influencing factors will vary in 012 [Cor=10% 0 [Cor=50%
the calculation study according to Table 2. The basic (500 1 "‘:Ts’
values that determine the mass emission of SO, at a o1
certain constant magnitude of fuel consumption Gl 008 012
are as follows: Cst = 0.5 %, Csob = 0.5 %, Ciop = 0.5 %. 0,06 0114
0,08
Table 2. Parameters of influencing factors M 006 |
; 0,04
Value Mea_sur. Magnitude 0,02 4 }igz;g?% i%j—Cson%n
units |-o=Cso=1,0% 002 —#4———7——7— @-czz:?i;:
distribution on the field 0+ s 0.+t =
Gruel kg/h 0.5 of operating modes 4.5 0 1 2 3 Csi% 5 0 1 2 3 Cs%s
Cst ZA’ 0.05 0.5 5.0 Fig. 3 — Graphs of dependences of kso, coefficient val-
Cso OA’ g(l) 82 ég ues on values of Cst and Cs, values for different con-
Cof % ' : : stant values of Cof value
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— 050
0,35 leo =0,5% | T
1
Kk (SOx)b
A
I~
0,25
7 7
I~ =
0,2
A LA
[~ =
0,15
1 LT
i~
0.1 =]
1
0.05 - O~ Csf=0,05 % |
’ EZdl ~-Csf=0,5%
| -Csf=50%
0 | R
0 5 10 15 Cof, % 25

Fig. 4. Graphs of dependences of values of the coeffi-
cient kso2 on magnitudes of the value of Ser at the basic
magnitudes of the value of Cs, and different constant
magnitudes of the value of Cst

0,55 TT T T 1 Csf=0,5% |
k(SOx)b 4+--Cso0=0,0 %
045 Hl cro- 10
0.4
0,35
0,3
0,25 L~
0,2 — -
0,15 — =
0,1 ‘I{ — -
0,05 = f
o BEE = ; S
0 5 10 15 Cof, % 25

Fig. 5. Graphs of dependences of values of the coeffi-
cient ksoz on the magnitudes of the value of S at the
basic magnitudes of the value of Cst and different con-
stant magnitudes of the value of Cso

G(80x), rlron] C sf = 0,5 %, Cso = 0,5 %, Cfo = 0,5 %|

801
»
70
60+
50
40
304
20+
= Mkp =110 H'm
10 Mip = 88 H-m
Mkp = 66 H'm
0 Mkp = 44 H'm
(=3 -
=1 o Mkp =22 H'm
© 8 § S o Mkp = 0,56 Hm
T+ F 8 =3
Nke, rppmM - - ]

Fig. 6. Distribution of magnitudes of value of Gso, on
the field of operating modes of the 2Ch10.5/12 diesel
engine at base value of coefficient kso, = 0.015

The calculated evaluation of values according to
the proposed method of SOx emission for the whole fi-
eld of operating modes of the 2Ch10.5/12 diesel engine
for the following characteristic values of the coefficient
kso2 was carried out:

— basic value of kso2 = 0.015 at Cgr = 0.5 %, Cg =
=0.5 %, Ciop = 0.5 %), presented on Fig. 6;

— maximum value of ksp, = 0.200 at Cg = 5.0 %,
Cso = 1.0 %, Crop = 5.0 %), presented on Fig. 7;

— minimum value of ksp> = 0.001 at Cst = 0.05 %,
Cso = 0.1 %, Crop = 5.0 %), presented on Fig. 8.

Fig. 6 — 8 shows that the smallest values of
G(SOy) reaches the minimum idle mode, and the lar-
gest — at nominal power mode. For the basic variant,
the value of G(SOy) varies in the range from 7.3 to
73.6 g/h, i.e. changes in 10 times according to the over
the field of RICE operating modes.

Averaged over the entire field of RICE operating
modes for diesel engine 2Ch10.5/12 magnitudes of the
value of G(SOy) depending on the value of the coeffici-
ent kso2 are illustrated in Fig. 9 and described by for-
mula (17).

Gsozme = 2250 - ksoz, g/h. 17)

G(SOX), rlron | C sf = 5,0 %, Cso =1,0 %, Cro = 5,0 %|

= Mkp =110 H'm

o
o
o
-

1800

Nke, rpm

Fig. 7. Distribution of magnitudes of value of Gspz on
the field of operating modes of the 2Ch10.5/12 diesel
engine at base value of coefficient kso2 = 0.200
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Fig. 8. Distribution of magnitudes of value of Gso, on

the field of operating modes of the 2Ch10.5/12 diesel
engine at base value of coefficient kso, = 0.001
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Fig. 9. Graph of the dependence of the magnitudes of
the value of Gsop, averaged over the entire field of op-
eration modes of the 2Ch10.5/12 diesel engine, from
the value of the coefficient ksoz

On Fig. 9 shows that this dependence is linear,
and its graph is based on the origin. Such average valu-
es of G(SOy) emissions in the studied range of changes
in the values of the coefficient ksoz = 0.0 — 0.200 vary
from 0 to 450 g/h.

Thus, in this part of the article the method of ob-
taining the values of the mass hourly emission of sulfur
oxides in the EG flow of diesel RICE is presented and
it is applied to the case of diesel engine 2Ch10.5/12.

3. Obtaining an initial data set for a standardi-
zed steady testing cycle ESC

The standardized steady testing cycle ESC (Euro-
pean Steady Cycle) described in standard [16] is used
to build a test program for passenger vehicles and con-
tains 13 steady modes of RICE operation. Technical
and economical, as well as ecological indicators of
2Ch10.5/12 diesel engine, the exploitation model of
which is ESC testing cycle was obtained and showed in
monograph [1] and studies [2, 3, 30-34]. Technical
characteristic of 2Ch10.5/12 diesel engine is contained
in source [15].

4. Results of calculated study and their analy-
sis

The results of the calculated study of G(SOx) emi-
ssion values and the complex fuel-ecological criterion
Kt for the reference and baseic variants and the ESC
test cycle are illustrated on Fig. 10 — 14,

Distribution of the values of the mass hourly emi-
ssion of sulfur oxides G(SO.) and the value of
OX(ArGy) by the modes of the ESC cycle is illustrated
on Fig. 10, and the values of the coefficient K¢ and the
value of obtained effect 5Kr — on Fig. 11.

Fig. 10 shows that the value of G(SOy) in the mo-
des of the cycle ESC varies from 7.2 g/h (mode Ne 1)
to 71.3 g/h (mode Ne 10), and the value of 6X(Ax -Gk) —
from 7.5% (mode Ne 6) to 18.9 (mode Ne 1).

Fig. 11 shows that the values of Ky, for the refere-
nce variant (excluding the value of G(SOy)) for the mo-

des of the ESC cycle varies from 2.7 %o (mode Ne 1) to
64.4 %o (mode Ne 4), and taking into account the emis-
sion of sulfur oxides SO according to the basic variant
(CSi= 0.5 %, Cso = 0.5 %, Ciop = 0.5 %) these values
change by the value of 3Ky in the range from —-5.8 %
(mode Ne 6) to —10.7 % (mode Ne 1).

In the second stage of the calculation study, the
evaluation results for the following options were obtai-
ned (see Table 3).

Variant A «Referencey, without taking into acco-
unt the value of G(SOy), i.e. for which Cst = 0 %, Cs, =
=0 %, Ciop = 0 %, ksox = 0.

Variant B «Basic», the value of G(SOy) is taken
into account for the typical case for diesel engine
2Ch10.5/12, i.e Cs; = 0.5 %, Cso = 0.5 %, Ctop = 0.5 %,
kSOx =0.015.

Variant C «Optimistic», the value of G(SOx) is ta-
ken into account for the most environmentally advanta-
geous case, i.e. Cs = 0.0 5%, Cso = 0.1 %, Ctop = 0 %,
ksz =0.001.

Variant D «Pessimisticy, the value of G(SOy) is
taken into account for the least environmentally favou-
rable case, i.e. Cst = 5.0 %, Cso = 1.0 %, Ciop = 5.0 %,
ksox = 0.200.

Results of the comparative calculation study for
variants A, B, C, D and the ESC cycle are summarized
on Fig. 12 and 13.

|umkn ESC 0
70 Mkn [ T E36600 [ sx(arck)
\ | L{-0-55(Ak-Gk) o ’
G(sox), | \ %
riron \ [ 115
50 [] T—
— — | | Q | | N
© — AL I/ 1
s0 [ MR y I
20 nlslsslsn MM MM HEs
"’ i i 1 _ﬂ_ HHIH il
Nili :

i 1 2 3 4 5 6 7 8 9 10 11 12 13
Fig. 10. Distribution of values of G(SOy) and 6X(Ax
Gx) by ESC cycle modes for the basic study variant
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Fig. 11. Distribution of K¢ and 5Kz values by ESC
cycle modes for Reference and Basic study variants
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Table 3. Variants of calculated study

Variant Parameter
Sign. Title Cst, % | Cso, %0 | Cro, % | Ksox, —
A Reference 0.0 0.0 0.0 0.0
B Basic 0.5 0.5 0.5 0.015
C Optimistic | 0.05 0.1 0.0 0.001
D Pessimistic 5.0 1.0 5.0 0.200

Fig. 12 and 13 show distribution of values of Ks
and 8Ky by modes of the ESC cycle for all study vari-
ants. They show that the value of fuel and ecological
efficiency of the 2Ch10.5/12 diesel engine exploitation
process all options, considering the emission of sulfur
oxides are inferior to the reference variant A; variant C
is almost no different from variant A (within 0.4... 0.8
%), the difference between variant B and variant A is
more expressed (about 5.8...10.7 %), and variant D is
significantly inferior to variant A. approximately 45...
62 %).

The results of estimating the average operational
values of K and 6Ky for all variants of the calculation
study and depending on the value of the coefficient
ksox are illustrated on Fig. 14 and 15 and is described
by the method of least squares by polynomials of the
2" degree — see formulas (18) and (19).

Kfeme = 4,848'102 : k2502 — 2,464'102 - Kso2 +

+6,245-10; R =0,999; (18)
SKeme = 7,741-10% - k%02 — 3,953-10? - Ksoz —
~2,652-10°%; R? = 0,999. (19)

80 BKre(A)
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|BKre(c)

i 1 2 3 4 5 6 7 8 9 10 11 12 13
Fig. 12. Distribution of K¢ values by ESC cycle modes
for all study variants
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Fig. 13. Distribution of 6Kz values by ESC cycle
modes for all study variants
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Fig. 14. Average operational values of Ky and 6K
for all study variants
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Fig. 15. Graphs of dependence of average operational
values of Kz and 6Kz on the value of coefficient ksox

Therefore, in this part of the work the criteria-ba-
sed assessment of the ES level of the RICE exploitati-
on process on the example of the autotractor diesel en-
gine 2Ch10.5/12 is carried out considering the emissi-
ons of sulfur oxides with the flow of EG and its results
are analyzed.

Conclusions

Thus, based on the analysis of the results of the
study described in this paper, the following conclusi-
ons can be drawn.

1. The method of calculated assessment of values
of complex fuel-ecological criterion of Prof. Igor Par-
sadanov considering the mass hourly emissions of sul-
fur oxides with the flow of EG of RICE and the bur-
ning engine oil consumption. The essence of the propo-
sed approach is to obtain the values of the mass hourly
emission of sulfur oxides as the product of the value of
the mass hourly consumption of motor fuel and the co-
efficient that takes into account the sulfur content of
motor fuels and oils and burning oil consumption.

2. A set of initial data for the calculation study for
the steady test cycle ESC was obtained.

3. The calculated assessment of values of the
complex fuel-ecological criterion considering the emi-
ssions of sulfur oxides with the flow of EG of RICE for
the use of motor fuels and oils with different sulfur
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content and different values of burning engine oil con-
sumption.

It was found that the value of the fuel-ecological
criterion for the basic variant of taking into account
emissions of sulfur oxides, i.e. with the values of sulfur
content in motor fuels and oils and burning oil consum-
ption, typical for 2Ch10.5/12 diesel engine, differs for
the variant that does not take into account this ES fac-
tor, on average by 6.6 %.

For the variant that takes into account the current
requirements for sulfur content in technical fluids and
the technical level of modern RICE, this difference is
0.5 %.

The identified dependences are described by for-
mulas by the method of least squares.

The research has been carried out in the science
and research work of Applied Mechanics and Environ-
ment Protection Technologies Department of the Na-
tional University of Civil Defence of Ukraine «Using
of fuzzy logic and psychophysical scales in a critical
assessment of the level of ecological safety» (State
Reg. Ne 0119U 001001, 2019 — 2021).
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KPUTEPIAJILHE OIITHIOBAHHSA ITAJIMBHO-EKOJIOTTYHOI EOEKTUBHOCTI TPOIECY EKCILTYATAITIT
MNOPIIHEBOI'O B3 EHEPTOYCTAHOBKOK 3 BPAXYBAHHSAM BUKHUJAIB OKCHUIIB CIPKHA

Konopamenko 0. M., Konockos B. 0., /lepkau 10. ®., Kosanenko C. A.

B nanoMy mociipKeHHI BIOCKOHAIGHO METOJMKY PO3PAXyHKY i MaTeMaTHYHHUI anapar JUisl OL[iHKH 3Ha4YeHb KOMILUIEKCHOTO
MAJIMBHO-EKOJIOTiYHOT0 KpuTepito npod. Irops [TapcamanoBa NIIIXoM BpaxyBaHHS TOJAMHHUX MacOBHX BHKHUJIB OKCHJIIB CIpKH 3
MOTOKOM BiJNPaIibOBaHUX Ta3iB mopurHeBoro J[B3 sk TOKCHYHOTrO MOMIOTaHTa. METOI0 AOCHTIIPKEHHS € OTPHMaHHS BEITHYMH
KOMIIJICKCHOTO TTaJIMBHO-EKOJIOTIYHOTO KPHUTEPIIO, SIKI XapaKTEepU3yIOTh PiBEHb €KOJOTIYHOI Oe3MeKn MpoIlecy eKCITyarTarii Ju-
3eJbHUX JBHUTYHIB 3 YpaXyBaHHSIM BHKHIIB OKCHJIB CIPKH SIK TOKCHYHOTO TOMoTaHTy. BunpoOyBanpauii nukn European Steady
Cycle (Bimmoeigao no [Ipasun €EK OOH Ne 49) BukopucToByBaBcs B SIKOCTI MOJeni ekciuryararii. OTpuMaHo Habip BUXiTHUX
JTAaHHUX JUIS PO3PaXyHKOBOT'O KPUTEPIAIbHOTO OIIHIOBAHHS PiBHS €KOJIOTIYHOT Oe3MeKH MPOoILeCcy eKCILTyaTallii €eHeproyCcTaHOBOK 3
nopuraeBuM /IB3 Ha npukiani aBrotpakropaoro gusens 2410,5/12 3a pesynbraTamu 00poOKH TaHUX CTEHIOBUX MOTOPHUX BHII-
poOyBaHb. Po3paxyHKkoBa OLliHKa 3Ha4YeHb 3a3HAYEHOTO KPUTEPil0 MPOBOAMIIACS 3 YpaxXyBaHHSIM BHKHUJIB OKCHAIB CipkH. Buss-
JICHO, L0 3HAYCHHS MaJMBHO-EKOJIOTTYHOIO KPHUTEpito A 6a30BOr0 BapiaHTy 3 ypaxyBaHHSIM BHKHAIB OKCHIIB CipKH, TOOTO 3
ypaxyBaHHSIM 3HaueHb BMICTy CIpKM B MOTOPHHMX IaJMBax i OJIMBaX Ta BTPATH OJIMBU HA YaJ, XapaKTepPHUX ISl IM3EIs
2410,5/12, BimpizHs€ThCS AL BapiaHTy, SIKMH HEe BpaxoBye Hei (akTop exonoriuHoi Oe3neku, B ceperHpoMy Ha 6,6 %. [l Ba-
piaHTy, KWl BpaXOBY€ Cy4acHI BUMOTH IO BMICTY CIpKH B TEXHIYHHX DiJHHAX 1 TEXHIYHOMY PiBHIO CYy4aCHOTO TOPIIHEBOTO
JB3, us pisanns cranosuts 0,5 %. Bussieni 3anexnocTi onucano GpopMynaMi METOAOM HaMeHIINX KBajapaTiB. HaykoBa HO-
BH3HA OTPHMAaHHX PE3YNbTATIB y TOMY, IO OTPUMAB ITOJANBIIOTO PO3BUTKY Minxin mpod. Irops [lapcamanoBa momo kpurepiis
OLIIHIOBAaHHSI MAJIMBHO-EKOJIOTTYHOT e(h)eKTHBHOCTI Mpolecy eKCIUTyaTallii aBTOTPAaKTOPHUX JU3ENbHHUX JBUTYHIB SIK YACTUHU €H-
€proyCTaHOBKH 3 ypaxyBaHHSIM MAacOBHX TOJMHHHMX BHKUAIB OKCHIIB CipKH 3 MMOTOKOM BiJIpabOBaHUX Ta3iB mopuiaeBoro /(B3
SIK TOKCUYHOI'O ITOJIFOTAHTY, a TaKOX METOJMKA BU3HAYCHHS TAKUX BHKH}liB Ta iX BaFOMOCTi Y HanpsIMKy 3aCTOCYBAaHHS LBLOI'O
MaTEMaTUYHOTO anapary Jjid CTaHAaPpTU30BaHUX CTal_liOHapHHX BI/IHpOGyBaﬂbHI/lX I_II/IKHiB.

Ki110490Bi c/IoBa: TeXHOJOTIT 3aXHUCTy HABKOJIHUIIIHEOTO CEPEIOBHUINA, SKOIOTIuHA Oe3eKa, CHepreTHYHI yCTAHOBKH, ABUTY-
HU BHYTPIITHBOTO 3TOPSHHS, BUKHUJ] OKCHAIB CIPKH, TOTIOTAHTH.
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KPUTEPUAJBHOE OIIEHUBAHME TOILJIMBO-3KOJOI MYECKON Y@ P®EKTUBHOCTH MPOLIECCA
SKCINIYATAIIMA ITOPINHEBOT'O IBC SHEPTOYCTAHOBKH C YYETOM BBIBPOCOB OKCHUJ0OB CEPbI

Konopamenko A. H., Konockog B. 10., /lepkau I0. ®., Koganenxo C. A.

B nmaHHOM HCcemoBaHMM YCOBEPIICHCTBOBAHBI METOJHWKA pacdyeTa M MaTeMaTHYeCKHWi ammapaT A OLEHKH 3HadeHUH
KOMIUIEKCHOTO TOIIMBHO-9KOJIOTHYecKoro kputepus npo¢. Mropst ITapcagaHoBa myreM ydeTa 4acOBBIX MAacCOBBIX BHEIOPOCOB
OKCHJIOB CEpBI C OTOKOM OTpaboTaBIIMX ra3oB nopmHeBoro JIBC kak ToxcnuHoro nmommnoranTa. Llensio nccinenoBaHus sBIs-
€TCsl TOJIyYeHHE BEIMYMH KOMIUIEKCHOTO TOIUIMBHO-3KOJIOTHYECKOTO KPHUTEPHS, XapaKTePH3YIOUINX YPOBEHb HKOIOTHUYECKON
6€30MacHOCTH MpoIiecca SKCILTyaTalluy JU3eIbHBIX IBUraTeNlel ¢ yueTOM BEIOPOCOB OKCUIOB CEPHI KAK TOKCUYHOTO MOJIOTaHTa.
HWcnerrarenshbiii mukn European Steady Cycle (B cootsercrsuu ¢ Ipasumamu ESK OOH Ne 49) ucrons3oBaicst B KauecTBe
MoOZEeN! KCITyaTanun. [lomyden Habop HCXOTHBIX JaHHBIX IJISI PAaCUETHON KPUTEPHAIBHON OLEHKH YPOBHS 3KOJIOTHYecKoil 6e3-
OMACHOCTHU MPOIECCa IKCIUTyaTallii YHEProyCTaHOBOK ¢ mopinHeBsiM JIBC Ha npumepe aBroTpakTopHoro ausens 2410,5/12 o
pe3yabTaTaM 00pabOTKH JaHHBIEX CTEHIOBBIX MOTOPHBIX MCHBITAaHUN. PacueTHas oreHKa 3HaUeHHH yKa3aHHOTO KPUTEPHUS IIpo-
BOJWJIACh C YYETOM BBIOPOCOB OKCHIOB Cepbl. BEIABIEHO, UTO 3HaYeHHE TOIUIMBHO-IKOJOTHYECKOTO KPHUTEpHs Ui 6a30BOTO
BapHaHTa C y4eTOM BBHIOPOCOB OKCHJIOB CEpHI, T.€. C YU€TOM 3HAUCHHUII COIepKaHHUs Cepbl B MOTOPHBIX TOIUIMBAX W Macliax W
pacxoja Maciia Ha yrap, XapakTepHbIX mis ausens 2410,5/12, oTiandaercst a1 BapraHTa, KOTOPBIH HE YUUTHIBAeT 3TOT (akTop
IKOJIOTHYECKOH 0€30IacHOCTH, B cpeHeM Ha 6,6 %. J[is BapuaHTa, KOTOPBIH YINTHIBaeT COBPEMEHHBIE TPEOOBAaHUS K COJleprKa-
HHIO CEPBI B TEXHUYIECKHUX >KUIKOCTSIX M TEXHUYECKOMY YPOBHIO cOBpeMeHHoro nopiuHeBoro JIBC, sta pasuuia cocrasnser 0,5
%. BbIsBIEHHBIE 3aBUCUMOCTHU ONHUCAHbI ()OPMyTaMH METOJOM HaMMEHBIIHNX KBaapaToB. HaydyHas HOBM3HA MOTyYEHHBIX pe3y-
JBTATOB 3aKJII0YAETCs B TOM, YTO MOJIYYHJ JajbHelIee pasBuTrHe noaxon npod. Mrops ITapcagaHoBa K KpUTEPHAIBHOMY Olie-
HHUBaHUIO TOIUIMBHO-IKOJIOTHYECKOH 3((EeKTHBHOCTH Ipolecca 3KCIUIyaTallMd aBTOTPAKTOPHBIX IHU3ENbHBIX JABUraTelled Kak
YaCcTH SHEPrOyCTaHOBKH C yYETOM MacCCOBBIX YaCOBBIX BHIOPOCOB OKCHJIOB CEpBI C IIOTOKOM OTPabOTaBIIMX ra30B MOPLIHEBOTO
JIBC kak TOKCHYHOTO MOJIOTAaHTa, a TAKXKE B pa3pabOTKe METOMKY OIpe/eIeHHs] TAKUX BEIOPOCOB M NX BECOMOCTH B HalpaBIIe-
HHH NIPUMEHEHNs] ATOT0 MaTEMAaTHYECKOT0 allapaTa Julsl CTaHAapTH3HPOBAHHBIX CTAHOHAPHBIX HCIBITATENbHBIX [IUKIIOB.

KroueBble c10Ba: TEXHOJIOTHH 3alIUTH OKPY)KAIOIIEH Cpedbl, SKOJIOTHUeCcKasi Oe30IIacHOCTh, SHEPIeTHYECKUE YCTaHOB-
KU, ABUTATENN BHYTPEHHETO CTOPAHHUs, BRIOPOC OKCHIOB CEPBI, MOJUTIOTAHTHI.
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