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The use of rapeseed oil (RO) in tractor engines and other agricultural machinery in its pure form or a mixture of RO
with diesel fuel (DF) imposes a number of limitations associated with some difference in physical and chemical prop-
erties. Therefore, the most promising is the use of mixed fuel (MF) consisting of DF and RO. The purpose of these
studies is to determine the optimal composition of the MF, consisting of DF and RM by optimizing the approximated
dependences of the environmental indicators of a diesel engine. To solve this problem, bench tests of the operation
of the D-245.5S diesel engine (4ChN 11,0/12,5) were carried out. The following determined environmental perfor-
mance indicators of a diesel engine are selected: soot (C), nitrogen oxides (NO_ ), unburned hydrocarbons (C H ),
carbon dioxide (CO,) and carbon monoxide (CO). The studies were carried out on various compositions of .
consisting of 80 % DF and 20 % RO, 55 % DF and 45 % RO, 20 % DF and 80 % RO by weight, respectively. As a
result of the bench tests, two load characteristics were obtained, the one at a speed of n = 1400 min~! corresponding to
the value of the maximum torque, and the second at a speed of n = 1800 min™! corresponding to the value of the rated
power, as well as the external speed characteristic of the D-245.5S tractor diesel engine (4ChN 11,0/12,5). The anal-
ysis of the obtained experimental data revealed the dependence of environmental indicators on the rotational speed of
the diesel engine crankshaft, the average effective pressure and the addition of RO in MF by weight. Using the least
squares method, the approximated mathematical dependences of the ecological indicators of a diesel engine are deter-
mined. The analysis of the obtained dependencies showed that: the increase in the crankshaft speed n, the proportion
of RO in MF and a decrease in the average effective pressure p , leads to a decrease in soot C to 4,0 %, nitrogen
oxides NO,_ to 100,0 ppm, unburned hydrocarbons C H_ to 1,0 ppm, carbon dioxide CO, up to 2 % and an increase
in carbon monoxide CO up to 0,16 %. As a result of sofving the obtained system of equations for the approximated
dependences of environmental indicators, the optimal addition of RO to MF of up to 35 % by weight was determined.
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Introduction

Current innovative agricultural production
has seen an increase in both operational and en-
vironmental requirements in the equipment used.
In addition to a modernization of the design
and the technological schemes of the machines,
the depletion of traditional energy resources and
compliance with increasingly stringent environ-
mental requirements necessitates the develop-
ment and study of new alternative motor fuels, in-
cluding mixed fuels (MFs), e.g., botanical oils [1].

The use of rapeseed oil (RO) in its pure form
or in a mixture with diesel fuel (DF) in tractor
engines and other agricultural machinery has re-
strictions associated with different physical and
chemical properties [1], i.e., the formation of toxic
substances in the exhaust gases of diesel engines
can differ. The use of pure RO as a motor fuel for
diesel engines is challenging as it requires the de-

velopment of special power systems [2]. Therefore,
MFs consisting of DF and RO are promising, and
the determination of the optimal amount of RO
in MFs has garnered significant interest. Studies
[3-9], on the D-245.12S diesel engine for the op-
timization of MF composition consisting of DF
and RO, report: “A method is proposed for opti-
mizing the composition of these mixtures, based
on the determination of the generalized optimality
criterion, calculated as the sum of partial criteria
characterizing the concentration of nitrogen oxides
and soot in the exhaust gases, as well as the total
conditional aggressiveness factor of the exhaust
gases, determined as the sum of the relative spe-
cific emissions of standardized toxic components
and smoke opacity at maximum torque” [3-9].
The minimum value of the generalized optimality
criterion and the conditional aggressiveness coeffi-
cient for a MF with a RO content of 60% have been
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previously determined [3-9]. However, the deter-
mination of the optimal RO content in MFs when
the diesel engine operates at other loads and high-
speed operating modes is still of interest.

An effective, accurate, and proven method
for processing experimental data is approxima-
tion, which can be used, with a sufficient degree
of probability, to determine, by interpolating
and extrapolating, the optimal values of controlled
parameters under given optimization conditions
[10-12].

Therefore, this study aims to determine the op-
timal composition of MFs composed of DF
and RO by optimizing approximated dependences
of environmental indicators of a diesel engine.

Research methods and tools

Bench tests on the operation of a D-245.5S
diesel engine, with a dimension of 4ChN 11.0/12.5,
were performed. The determined environmental
performance indicators of the diesel engine, i.e.,
soot (C), nitrogen oxides (NO), unburned hydro-
carbons (CxHy ), carbon dioxide (CO,), and carbon
monoxide (CO), were selected.

The bench testing setup consisted of a RAPIDO
load bench, a SAK N670 balanced pendulum ma-
chine, and an installed D-245.5S diesel engine,
with a dimension of 4ChN 11.0/12.5, as well as
devices for determining the smoke opacity and
toxicity of exhaust gases, the mass-flow rate of air
and fuel, oil pressures and temperatures, coolants,
exhaust gases, and weights. At the time of testing,
all devices passed state verification.

Studies were performed on various compo-
sitions of MFs, i.e., pure DF at stage 1, and then
different mass contents of RO in the MF. The in-
vestigated compositions consisted of 80 % DF
and 20 % RO, 55 % DF and 45 % RO, and 20 %
DF and 80 % RO, by weight. Bench tests were per-
formed in accordance with GOST 18509-88 “Trac-
tor and Combine Diesels. Bench Test Methods
(with Amendment No. 1).” The MFs were pre-
pared by mixing mass fractions of the constituent
components of DF and RO. Then, the DF tank
was filled with this composition.

Since pure RO, as well as its mixtures with DF,
has a lower specific calculated heat of combustion
compared with pure DF, to ensure correct pass-
port values of the effective power and maximum
torque, the cycle feed was increased by the dif-
ference in value of the lowest calculated specific
heat of combustion between the MF and pure DF.
When testing various MF compositions, the high

pressure fuel pump was adjusted by changing
the active stroke of the plunger to increase the
cyclic feed.

Control characteristics of the diesel engine were
obtained on the above-mentioned MF composi-
tions, and the values of the setting angle of the fuel
injection used to equal to 26° were determined.

Results and discussion

Two load characteristics were obtained
from the bench tests, one at a rotational rate
of n = 1400 min" corresponding to the maxi-
mum torque value, and another at a rotational
rate of n = 1800 min! corresponding to the rated
power value. The external speed characteristics
of the tractor diesel D-245.5S, with a dimension
of 4ChN 11.0/12.5, operating on MFs with various
RO additives were also determined.

Figure 1 shows graphs of the dependence
of the environmental performance of the diesel
engine at n = 1400 min' and » = 1800 min’
with various MF compositions on the load and
the crankshaft speed.

Analysis of the environmental indicators
in Fig. 1a showed that increasing the load from 0.2
to 1.2 MPa with a RO content of 55 % decreased
exhaust gas concentrations (soot C from 17.10
to 6.9 %, nitrogen oxides NO_  from 2490
to 307 ppm, unburned hydrocarbons C. H from
14.0 to 1.0 ppm, and carbon dioxide CO from
10.97 to 2.70%) and increased the carbon monox-
ide CO concentration from 0.01 to 0.05%.

Figure 10 shows that increasing the load
from 0.2 to 1.0 MPa with a RO content of 55 %
decreased exhaust gas concentrations (soot C
from 38.03 to 6.8 %, nitrogen oxides NO_
from 2630 to 131 ppm, unburned hydrocarbons
CXHy from 13.0 to 1.0 ppm, and carbon dioxide
CO, from 8.77 to 2.09 %) and increased carbon
monoxide CO concentrations from 0.01 to 0.09 %.

An analysis of the dependences (Fig. lc)
revealed that by decreasing n from 1400
to 2000 min! and increasing the RO content
to 55 %, the concentration of soot C in the ex-
haust gases decreased from 48.57 to 8.70 %,
the unburned hydrocarbons C, H decreased from
17.0 to 4.0 ppm, and the nltrogen oxides NO_ de-
creased from 2730 to 1510 ppm. By increasing n
from 1400 to 2000 min" and increasing the RO
content to 55 %, the concentration of carbon mon-
oxide CO in the exhaust gases increased from 0.03
to 0.15 %, and the carbon dioxide CO, decreased
from 10.97 to 6.80 %.
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To determine the optimal MF composition
for the investigated diesel engine, we approx-
imated the dependences of the environmental
indicators on n, the average effective pressure (p ),
and the RO content in the MF (RO %).

An analysis of the available methods for ap-
proximating experimental data showed that ap-
proximation by a function to determine addition-
al values that differ from the experimental data,
where the function does not pass through the in-
terpolation nodes, but is still reliable, results
in a mathematical dependence that allows for mul-
tiparameter optimization [13].

The least squares method (LSM) can be used
to obtain accurate values of functions when there
is sufficiently reliable experimental data [14].
This mathematical method is based on minimiz-
ing the sum of squares of the deviations of func-
tions from desired variables, and is used to solve
overdetermined systems of equations, i.e., when
the number of equations exceeds the number
of unknown quantities, for solving ordinary
(not overdetermined) nonlinear systems of equa-
tions, as well as for approximating the point
values of functions based on sample data [15].

Deviations of the approximated func-
tions of the obtained environmental indicators
of the diesel engine, depending on the selected
factors, are as follows:

ei:yi_fi(n’pe»PM)’ 1)

where e, is the deviation of the experimental
data (% or ppm) from the values calculated by the
approximated function, y. is the experimental
value of the environmental indicators of diesel, C,
NO,, CxHy , CO,, CO, [%, ppm, ppm, %, %], re-
spectively, and f (n, p.,PM ) is the value of the en-
vironmental indicators of the diesel engine, C,
NO,, CxHy , CO,, CO, [%, ppm, ppm, %, %], re-
spectively, of the approximated function.

The goal was to determine values of n, p ,
and RO, where the sum of the squares of the devi-
ations of Eq. (1) are minimized:

i@iz = Zn:(yl. - f (n,pe,PM%))2 —>min (2)
i=1 i=1

The obtained experimental values of the envi-
ronmental indicators of the diesel engine are rep-
resented by three-dimensional data arrays, and
the values of the array elements are the values
of the environmental indicators. An optimized
second order function was determined based
on the LSM, with the form:

(c.NO,, CH,, CO,, CO)=b-p]+c-PM* +
+d-n-p,+f-n-PM+g-p-PM+h-n+ (3)
+i-p,+j-PM+k

where a, b, ¢, d, f, g, h, i, j and k are the re-
quired coefficients.

Taking into account Eq. (3), we obtained
functions representing the sum of the squares
of the deviations of the known experimental data
from the corresponding data obtained from the ap-
proximated dependences.

By substituting Eq. (3) into Eq. (2) we obtained
the following:

an‘g =an:([y,.—(C, NO,, C.H,, CO,, CO)]Z)(4)

i=

To determine the desired coefficients in Eq. (3)
based on the vanishing minimum point of the de-
rivatives of the functions C, NO, CxHy , CO,,
and CO, we determined the following system
of equations:

C,NOX,CXHV,C027CO = 2 2
) =2. e - =0
d(b) Z‘ h

C,NO,.C,H,,C0,,CO

d(c)

C,NO,.C,H,,C0,,CO

2-ief-PM2=0
i=1

2. , etn- =0
d(d) Z r
N H N
C’ Ox’Cx _‘:>CO2’CO=2-Zei2~n-PM=0
a(/)
C,NO,,C.H,,CO,,CO 0
=2. ei-pe-PMZO (5)
d(g) %
C,NO ,C H CO,,CO X
5 o =xt iy 2> :2.231_2-}’1:0
d(h) i~

C,NO,.C,H,,C0,,CO

2- y e-p =0
d(l) ;l pe

C,NO,.C,H,,C0,,CO

2. 3 el.z-PMZO
a0) %
C,NO_,C H CO c
5 xo = xttyo 2’CO=2.zei2'1=0
d (k) -1

After removal of the parentheses in the system
of Egs. (5) and equating it to zero, a complex
system of equations was obtained. To solve this
system, we used the Gauss—Newton algorithm,
where:
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Fig. 1. Characteristics of the D-245.5S diesel engine (4ChN 11,0/12,5) when operating

on MF with various RO additives: a — load performance at n = 1400 min™;
b — loadperformance at n = 1800 min™; ¢ — full-load curve
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« first we zeroed the polynomials for the de-
sired coefficient a, starting with equation 2, and
determined the coefficients for equation 1;

« then, equation 1 was multiplied by the corre-
sponding coefficient and was added to the lower
one, thus, the polynomials at the desired coeffi-
cient a were reduced;

« continuing the transformation, we determined
the coefficients for equation 2 in the new system,
such that the polynomials at the desired coefficient
b were canceled from equations 3 and below.

As a result of transformation by the Gauss—
Newton algorithm, we obtained the desired coef-
ficients in Eq. (3) for C, NO , CxHy , CO,, and CO:

C=25,8-p,>+0,0002- PM*+0,05-n-p, +
+0,0003-n-PM +0,3- p,- PM +0,005-n+
+89,9-p,+0,5-PM +18,8
NO,=987-p,>-0,06-PM* +1,05-n-p, —
—0,008-n-PM —19,6-p, - PM —1,01-n—
~344,8-p, +15,9- PM +1769,2
C.H,=4,16-p,’+0,0002-PM*+0,01-nx
xp,+0,0002-n-PM —0,1- p,- PM —
—0,01-n-11,8-p, —0,4- PM +27,1
CO,=2,7-p,> —0,00003- PM* —
—0,002-n- p, +0,000002-1n- PM —
—0,004- p,- PM —0,001-n+8,1- p, —
—0,01-PM +4,5

CO=0,02-p,’ +0,000004- PM* +
+0,00006-71- p, +0,000001-7- PM +
0,0002- p, - PM —0,00001-n—0,1- p, —
—0,002- PM +0,03

©)

The resulting system of Eqgs. (6) represents
the mathematical dependences of the environ-
mental indicators of the D-245.5S diesel engine,
with a dimension of 4ChN 11.0/12.5, from p,,
the mass of RO in MF, and #.

The accuracy of the approximation of the ob-
tained system of Egs. (6) of the environmental in-
dicators calculated by the LSM was 97.24 %, the
Durbin-Watson coefficient was 1.85, and the aver-
age absolute error was 1.71, which indicated a sat-
isfactory convergence of the experimental data
obtained with the calculated mathematical model.
A graphical interpretation of the obtained depen-
dencies of the environmental indicators calculated
by Egs. (6) is shown in Fig. 2.

An analysis of the obtained dependences
(Fig. 2) revealed that an increase in n and the pro-
portion of RO in the MF, and a decrease in p,
led to decreases in soot C up to 4.0%, nitrogen
oxides NO_up to 100.0 ppm, unburned hydrocar-
bons CxHy up to 1.0 ppm, carbon dioxide CO, up
to 2 %, and an increase in carbon monoxide CO
up to 0.16%.

To determine the optimal composition of a MF
consisting of DF and RO we solved a system
of equations where the main condition was to de-
termine the values n, RO, and p, at the minimum
possible values of all environmental indicators:

C(pe,PM,n) =min
NO,(p,,PM,n)=min
C.H, (pe,PM,n) =min @)
CO,(p,,PM,n)=min
CO(pe,PM,n) =min

After the joint solution of the system
of Egs. (6), under the condition of Eq. (7), opti-
mal values of n, RO and p, were obtained, where
the minimum values of the environmental indica-
tors of the diesel engine were achieved.

Since the determination of the mutual minima
of a system of equations presupposes the presence
of an interval due to the set of solutions, the most
probable optimal solution was determined based
on the optimality criterion (k-optimum), where
the most probable value was greater than 0.96.

The optimal solution of the system of Egs. (6)
with the conditions of Eq. (7) is shown in Fig. 3.

An analysis of the dependence present-
ed in Fig. 3 showed that the optimal composi-
tion of the MF is with a RO content up to 35 %
by weight, which ensured the minimum envi-
ronmental performance of the D-245.5S diesel
engine, with a dimension of 4ChN 11.0/12.5.

Conclusions

1. The dependences of the environmental per-
formance of a D-245.5S diesel engine, with a di-
mension of 4ChN 11.0/12.5, were experimentally
determined to be a crankshaft rotation frequency
of n = 1400 min’ corresponding to the maximum
torque value and a crankshaft rotation frequen-
cy of n = 1800 min' corresponding to the rated
power value, under different loads and RO addi-
tives in the MF.

2. An analysis of the experimental data re-
vealed a dependence of the environmental in-
dicators on the rotational speed of the diesel
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Fig. 2. Dependences of: a — soot C, %; b — nitrogen oxides NO, ppm; ¢ - unburned hydrocarbons C H [, ppm;
d — carbon dioxide CO, %, e — carbon monoxide CO, % on the average effective pressure p, MPa, the share
of RO by mass in MF, % and the crankshaft rotation speed n, min™ of D-245.5S diesel engine (4ChN 11,0/12,5)
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Fig. 3. Dependence of the optimality criterion (k-optimum) on the average effective pressure p, MPa, the share
of RO by mass in MF, % and the crankshaft rotation speed n, min™' of D-245.5S diesel engine (4ChN 11,0/12,5)
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engine crankshaft, the average effective pressure,
and the RO content in the MF, by weight.

3. Using the LSM, approximated mathemati-
cal dependences of the environmental indicators
of the diesel engine were determined, which re-
vealed that increasing the crankshaft speed # and the
proportion of RO in the MF, and decreasing the av-
erage effective pressure p , led to decreases in soot
Cup to 4.0 %, nitrogen oxides NO _up to 100.0 ppm,
unburned hydrocarbons CxHy up to 1.0 ppm, carbon
dioxide CO, up to 2 %, and an increase in carbon
monoxide CO up to 0.16 %.

4. By solving the obtained system of equations
for the approximated dependencies of environmen-
tal indicators, the optimal RO content of the MF
was determined to be up to 35 % by weight.
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