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Research of autonomous generator indicators with the
dynamically changing component of a two-fuel mixture

ABSTRACT: Diesel generator engines operate in wide load modes; therefore, it is necessary to change the
percentage of the mixture of diesel and biodiesel fuel depending on the operating mode of the en-
gine; this ensures its technical performance at the required level in all operating modes, including
starting and stopping the engine. This article describes an algorithm for the operation of a diesel
generator and an algorithm for determining the composition of the fuel mixture. During the study,
the ratio between the components of the mixture changed, taking into account the load modes of
operation of the diesel generator, indicators of fuel supply and the formulation of the fuel mixture
to ensure optimal values of technical and economic indicators. To assess the efficiency of the flow
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of working processes in a diesel cylinder, their duration was selected, which is estimated by the du-
ration of the processes of fuel injection, evaporation and combustion. Using the dynamic regulation
of the composition of the diesel and biodiesel fuel, the total fuel consumption increased by 5.9%,
but the cost of purchasing the fuel is reduced by 10% (at prices as of November 2021) and by 14.6%
(based on prices as of the beginning of 2022) compared to engine operation with diesel fuel. This
confirms the expediency of using the dynamic adjustment of the composition of the fuel mixture.
In addition, even higher economic indicators can be achieved by using an autonomous power plant
with a diesel power capacity higher than the generator capacity.

Keyworps: diesel fuel, biodiesel fuel, engine working processes, energy efficiency, burning time

Introduction

For remote enterprises, it is often more economically feasible to generate electricity in-
dependently than to lay and maintain power grids. This is why the use of diesel generators
operating on alternative fuels is promising and relevant. However, to ensure high economic
efficiency (Kupchuk et al. 2018; Kaletnik et al. 2020a), it is necessary to comprehensively
approach the issue of using alternative fuels, particularly biodiesel fuel (BF) for independent
energy sources. An integrated approach to BF use means ensuring the full cycle of raw-ma-
terial growth (or the use of waste vegetable oils and animal fats) and the production of BF,
which in turn is used in diesel generators to ensure the energy independence of enterprises
(Sanghamitra and Deshmukh 2019).

The advantage of agricultural enterprises lies in the possibility of BF production arrange-
ments in situ (Kaletnik et al. 2020b). BF production installations are structurally simple and there
is the possibility of various capacities, which allows BF production in the volumes required for
the enterprise’s needs. Such being the case (Bulgakov et al. 2019; Hrushetskyi et al. 2021) fuel
price becomes equal to its self-cost — there is no need for its supply and there is no dependence
on price fluctuations in the fuel market. The company gets autonomy when it comes to fuel.

Scientists conducted research on the use of mixtures of diesel fuel (80%) and biodiesel fuel
(20%). During diesel fuel consumption, an increase of 2% was observed at the proposed mixture.
The total cost of fuel purchase at work on the mixture decreased by 5%, compared to working on
diesel fuel (Hutarevych et al. 2014). At the same time, the normal flow of working processes in the
cylinders including the cold start of the engine was ensured. In an analysis of literary sources, no
papers were found concerning the regulation of fuel mix composition during diesel engine opera-
tion with its technical parameters being preserved in all operating modes. Therefore, it was propo-
sed to use the dynamic regulation of diesel fuel and BF mix’s percentage composition, depending
on the operating modes of the engine and the car (Murugesan et al. 2009; Kaletnik et al. 2017).

The aim of the work is to test the expediency of using dynamic regulation of the percentage
composition of the fuel mixture for a diesel engine of an autonomous energy source. This goal
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was achieved by studying the effect of using a mixture of diesel and biodiesel fuels on the tech-
nical and economic performance of an autonomous diesel generator.

1. Materials and methods

The object of the study was a mobile power plant equipped with an SMD-15 diesel engine
with a three-phase synchronous generator.

In order to test the feasibility of using dynamic regulation of the fuel mix percentage compo-
sition for an autonomous diesel power source, the impact on its technical, economic and environ-
mental indicators was investigated (Hutarevych et al. 2014). For the computational study “En-
gine — power supply system based on the mixture of diesel and biodiesel fuels,” a mathematical
model was used (Hutarevych et al. 2014; Polyakov et al. 2014; Galushchak O. 2015).

The research focused on an autonomous diesel power source equipped with an SMD-15
diesel engine with a synchronous three-phase current generator GSM-60 (Solona et al. 2020).
In the course of the research, calculations were performed for diesel engine operation on diesel
fuel (Costa et al. 2018; Rutkevych et al. 2022), BF and their mixes with 25, 50, 75% BF content
and with adjustments in the composition of the fuel mix during engine operation (Horbay et al.
2018). The criterion for determining the rational composition of the fuel mixture for each engine
mode is the duration of the working process, namely the duration of fuel combustion. The maxi-
mum use of BP is also provided.

Specifications of the SMD-15 diesel engine, which is used in the computational study, are
presented in Table 1.

In remote enterprises or their structural subdivisions, diesel generators are used: as the prima-
ry source (in places where there is no centralized power supply); as an emergency energy source;
as an auxiliary energy source during the power system’s peak loads.

In the first case, the diagram for changes in the load on the diesel generator is proportional to
the load on Ukraine’s United Power System. Figure 1 shows the diagram of Ukraine’s average
electricity consumption on working days in November 2021 (Burlaka et al. 2021; Yaropud et al.
2021), from which one can see that electricity consumption function is uneven. Therefore, with
the use of a diesel generator, the load therein will also be nonlinear; however, short-term sudden
load drops never occur normally (Borysiuk et al. 2021; Gunko et al. 2021).

The diagram (Fig. 1) can be divided into three characteristic zones: minimum loads (at night),
average loads and maximum loads. The average load zone is characterized by significant growth in
the morning hours, uniform consumption in the middle of the day and decline at the end of the day
(Kuznietsova et al. 2020; Kupchuk et al. 2021). The maximum load zone is characterized by a peak
increase from the average to the maximum value, then — by decline down to the average. There
are usually two maximum loads — one in the morning and another in the evening. The second peak
always exceeds the first in terms of magnitude (Borysiuk et al. 2021; Gunko et al. 2021).
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TaBLE 1. Specifications of SMD-15 engine

TaBELA 1. Dane techniczne silnika SMD-15

No. Item Value
1. Crankshaft’s rated speed [rpm] 1800
2. Torque at rated speed [N-m] 312
3. Rated power [kW (hp)] 61.1(83)
4. Number of cylinders four
5. Cylinder positioning straight
6. The sequence of cylinder operation 1-3-4-2
7. Cylinder diameter [mm] 120
8. Piston stroke [mm)] 140
9. Operating volume [1] 6.33
10. Compression ratio 17
11. Crankshaft’s minimum rotation speed at idle, no more than [rpm] 600
12. Crankshaft’s maximum rotation speed at idle, no more than [rpm] 1950
13. Specific fuel consumption in rated power mode [g/kW-h (g/hp-h)] 248 (183)
14. Injection starting pressure [MPa] 17.5-18
15. Injection advance angle [degrees] 22
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Fig. 1. Diagram of Ukraine’s average electricity consumption on weekdays in November

Rys. 1. Srednie zuzycie energii elektrycznej w Ukrainie w dni powszednie w listopadzie
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In the computational study, these specificities of electricity consumption were taken into
account and a diagram of the diesel generator’s load changes over the course of 24 hours was
drawn up (Fig. 2), taking into account recommendations for its operation (Burlaka et al. 2021;
Paziuk et al. 2021).
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Fig. 2. Changes in diesel generator load

Rys. 2. Zmiany obciazenia generatora diesla

According to the recommendations, the load on the diesel generator should be increased gra-
dually at regular intervals: every 5 to 7 minutes in summer and every 10 to 12 minutes in winter
(Manzanera et al. 2008; Burlaka et al. 2021). After starting the diesel generator, a 25% load is
applied. At appropriate intervals — 50, then 75 and 100%.

It is not recommended to operate diesel generators at less than 30% of the loads recom-
mended in the unit’s specifications, since when diesel generators operate at low loads, the KPI
decrease significantly and fuel consumption increases. The optimal load is around 40 to 75%.

Let us consider the algorithm of diesel-generator operation. It was assumed in the computa-
tional study that firstly, the diesel engine runs at idle. To increase the crankshaft speed to the level
required for the generator’s correct operation, the cyclic fuel supply increases until the cranksha-
ft speed reaches 1,500 rpm, whereupon cyclic fuel supply decreases to the level that ensures the
diesel engine’s operation at a given crankshaft speed. After that, the generator is served with a
load equal to 25% of the maximum, which is 15 kW. The diesel generator operates for 10 minu-
tes in this mode. During this time, the diesel engine warms up, after which, the load is changed
in accordance with the graph shown in Figure 2.
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2. Results and discussion

Figure 3 shows the graph of dependence between the hourly fuel mix consumption and the
time of day when the diesel generator is operating at a given load using fuel mixes of various
compositions, with the composition of diesel and biodiesel fuel mix being adjusted in the course
of engine operation. Figure 4 shows the graph’s section, which details the dependence between
the fuel mix’s hourly consumption from the moment of the diesel engine starting until the mo-

ment the load is served on the generator.

—DF —25%BF 50%BF Dynamic adjustment —75%BF —BF
19

17
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Fig. 3. Dependence between the fuel mix’s hourly consumption Gn and the time of day T in the course of diesel
generator operation

Rys. 3. Zalezno$¢ godzinowego zuzycia mieszanki paliwowej Gn od pory doby T w trakcie pracy agregatu
pradotwoérczego

The dependence between the change in the fuel mixes, the hourly consumption of each of
its components and the time of day during the diesel generator’s operation is shown in Figure 5.

The increase in the fuel mix’s hourly consumption after starting the diesel engine (Fig. 3, 4)
is caused by the increase in the fuel mix’s cyclic supply with the increase in the diesel engine
crankshaft’s rotational speed from 600 rpm to 1,500 rpm. When the crankshaft speed reaches
1,500 rpm, the hourly consumption of the fuel mix decreases to the level at which effective
torque can be maintained, which in turn compensates the mechanical loss momentum. Further
on, with the increase in the load on the diesel engine’s crankshaft, in order to maintain its rota-
tional speed at a level of 1,500 rpm, the fuel mix’s hourly consumption increases, which depends
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Fig. 4. Dependence between the fuel mix’s hourly consumption Gn and the time of day T in the course of diesel

Rys. 4. Zalezno$¢ godzinowego zuzycia mieszanki paliwowej Gn od pory doby T w trakcie pracy agregatu
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Fig. 5. Dependence between fuel mix’s Gn and each of its components’ hourly consumption and the time of day T

in the course of diesel generator operation

Rys. 5. Zalezno$¢ miedzy godzinowym zuzyciem mieszanki paliwowej Gn i kazdym z jej sktadnikéw a porg doby T

w trakcie pracy agregatu pradotworczego
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on diesel fuel and BF percentage composition (Fig. 5). Diesel engine starting and stopping, when
a dynamic regulation of the fuel mix’s percentage composition is applied, occurs with the diesel
fuel.

Diesel engine’s economic performance (Table 2) is estimated by fuel mix (Ggy), and the total
consumption of DF (Gpgyx) and BF (Ggpy) during its operation, which is determined using the
following formulas:

Gy = Zf; i ”d(il)‘ﬁ;‘lz); N9 0

Gy = z ; g nd(il)qd)liij‘:()) (-)i- Ngi9cpri @)

Gy = z; i "d(i—l)qcza;;(j:()) ;F 419 cBFi 3)

Whean, ng(i-1) - the crankshaft speed at the current and previous calcula-
9ei 9e(i-1) - Zl}?zi&:asi(;ply of a mixture of fuels at this and at the pre-

vious stage of calculation [g/cycle],
4eDFi 4eBFi 9eDF(i-1), deBF(i-1) — cyclic supply of diesel and biodiesel fuel at the current
and previous calculation stage [gm/cycle].

TaBLE 2. Results of calculating the fuel mix consumption during diesel generator’s operation under given
load* (Fig. 2)

TABELA 2. Wyniki obliczen zuzycia mieszanki paliwowej podczas pracy generatora spalinowego pod
zadanym obcigzeniem* (rys. 2)

. . Consumption by com-
Fuel mix consumption ponents
Fuel mix - - l::‘jxpifs}t: Costs
composition total inreasc in fcl DC & reduction [%]
consumption BC [kg] [UAH]
[ke] 3 [ke]
[%]

DT 240.75 - 240.75 - 6741
25% BF 246.12 2.23 184.59 61.53 6,399.12 5.07
50% BF 252.59 4918 126.3 126.3 6,062.4 10.07
75% BF 260.21 8.08 65.05 195.16 5,724.6 15.08
BF 268.69 11.61 - 268.69 5,373.8 20.28
Dynamic regulation 254.94 5.89 120.63 134.31 6,063.84 10.05

* In prices as of November 2021.
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One can see from Table 2 and Figures 3 to 5 that with an increase in the percentage of BF in
the fuel mix, its consumption increases proportionally.

The fuel mix percentage composition is determined taking into account the impact on the
working process flow (Wallner et al. 2018; Burlaka et al. 2021) and the diesel cylinder, their
duration is chosen, which is estimated by the duration of fuel injection, evaporation and combu-
stion processes. Since the permissible value of the duration of these processes varies depending
on the fuel mix injection advance angle, for the sake of convenience it is advisable to evaluate
the diesel cylinder’s working process flow efficiency by the value of diesel engine’s crankshaft
rotation angle (c.r.a.) at the end of fuel mix combustion ¢,

Pz =360° =8, + ;0 + 0, 4)
where:
0ing =f(¢;) — fuel injection advance angle [°],
Ping — injection duration [°],
Q, — duration of fuel mix combustion [°].

The dependence between the injection duration and the cycle feed is as follows (Paziuk et
al. 2021):

(ping = 6ndTing (5)

g,
Tipg = ——— e 6
¢ HC»}(‘C 2'[:)I‘IAP ( )

where:
Ting — injection duration [s],
e — discharge ratio of nozzle openings’ flow sections,
Iz — nozzle openings’ cross-sectional area [m?2],
Py —  fuel mix density [kg/m?],
AP  — the difference between the average injection pressure and the ambient pressure.

Duration of fuel mix combustion:

¢, = 6nd T (7)
AZ
T, =
bt.lc.a(l6 ®)
where:
T, duration of large droplets’ evaporation and combustion [s],
A,=24 — large droplets’ evaporation duration constant,
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bk — relative theoretical constant of fuel evaporation [s~1],
a — air excess ratio (Yaropud et al. 2021).

Fuel mix auto ignition delay period Aoi is determined by an empirical formula (Polyakov et
al. 2014):

0.63
Ag; =(0.36+0.22C, )exp Ea[ ! — j—( il’z ] )
RT,¢ Pye"-124
where:
C, — the average piston speed [m/s],
E, — fuel activation energy [kJ/mol],
R=28.31 — universal gas constant [J/kg-K],
Ty — gas temperature at injection commencement K,
Py — gas pressure at injection commencement [MPa].

The algorithm for choosing the mix composition can be generalized as follows. BF use
during diesel-engine operation with low loads provides the required amount of heat while ma-
intaining the working processes’ effective flow. With load increases, in order to maintain the
diesel engine’s technical parameters, it is necessary to increase the amount of heat supplied to the
diesel cylinder and thus also the BF’s cyclic supply until the working processes’ effective flow
is achieved. Further increases in the amount of heat requires increase in the diesel fuel content
in the mix. With the load close to the maximum, it is impossible to provide the required amount
of heat with the fuel mix; therefore, to maintain the diesel engine’s technical parameters, the use
of diesel fuel is required.

Figure 6 shows diagrams of dependence between effective torque, the fuel mix percentage
composition ngp, the value of the c.r.a. angle at the end of fuel mix combustion in the diesel
cylinder (¢,,), and the time of day. Let’s take a closer look at the diagram.

After the starting of the diesel engine, there is no load moment thereon. The increase in
cycle fuel supply leads to increases in the effective torque, which exceeds the torque of mecha-
nical losses. ¢, value increases to 440° c.r.a. Crankshaft speed increases from 600 to 1,500
rpm, after which, to maintain a crankshaft speed of 1,500 rpm, cycle fuel supply decreases,
which leads to the effective torque decrease, ¢, value (up to 400° c.r.a.). The engine runs on
diesel fuel.

The load moment is increased to 95.5 N-m, ¢, value to 409° c.r.a., whereupon remaining
unchanged. In this mode, the diesel engine runs on diesel fuel for 10 minutes. Further on, the
power system succeeds to operation on fuel mix with dynamic adjustment of its percentage com-
position. Within 30 seconds, the fuel mix percentage changes from 100% diesel fuel to 100%
BF. This leads to an increase in the ¢, value from 409° c.r.a. to 422° c.r.a. During this time,
the entire mixture from the supply system fuel lines will be used and replaced with diesel fuel
(Galushchak O.0. and Galushchak D.O. 2014; Horbay et al. 2018).
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Fig. 6. Diagram of dependence between effective torque Me, fuel mix percentage composition nBF and crankshaft

rotation angle value at the end of fuel mix combustion ¢, in the diesel cylinder, and the time of day

Rys. 6. Zalezno$¢ momentu efektywnego Me, procentowego sktadu mieszanki paliwowej nBF i wartosci kata obrotu

watu korbowego na koncu spalania mieszanki paliwowej ¢, w cylindrze diesla od pory dnia

Over three hours of diesel engine operation, load torque increases linearly from 96 to
287 N-m, with the @, value growing from 422° c.r.a. up to the maximum permissible value
of 445° c.r.a. Having reached the maximum ¢y, value, there occurs a gradual decrease of BF
content in the fuel mix to 67% (33% diesel fuel, 67% BF), which, with increasing load, ensures
a constant ¢, value at 445° c.r.a.

For seven hours, the diesel engine operates in a steady mode: the load moment is 287 N-m,
the ¢y, value is 445° c.r.a. with BF percentage in the fuel mix being 67% (33% diesel fuel
and 67% BF). For one hour, the diesel engine operates in a steady mode: the load moment is
382 N'm, @y, value is 445° c.r.a. with the fuel mix percentage being 100% DF.

For 3.5 hours, the load moment decreases linearly from 382 to 287 N-m. The fuel-mix per-
centage composition remains unchanged (100% DF) with ¢, value not decreasing to 440° c.r.a.
(the range if 5° c.r.a. is set to prevent changes in the fuel mix percentage at minor ¢, fluctu-
ations). A constant @, value at the 440° c.r.a. level, with the load decrease, is maintained due to
the change in the fuel mix percentage composition from 100% diesel fuel (100% diesel fuel) to
34% BF (66% diesel fuel and 34% BF).

Within 1 hour 55 minutes, the load moment decreases linearly from 287 to 133 N-m, with the
BF content in the fuel mix increasing from 34% (66% DF and 34% BF) to 100% BF (0% DF and
100% BF). The ¢, value remains at 440° c.r.a. As soon as 100% BF in the fuel mix (0% diesel
fuel and 100% BF) is reached, the ¢, value decreases from 440° c.r.a. to 429° c.r.a.

Five minutes prior to diesel engine stopping, while still operating under load, the BF content
in the fuel mix is reduced to 0% (100% DF). The change in the fuel mix percentage composition
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occurs in the course of 30 s, ¢, decreasing from 429° c.r.a. to 416° c.r.a. The load moment con-
tinues to decrease linearly from 133 to 127 N-m and the @, value further decreases to 415° c.r.a.

The diesel engine runs on diesel fuel. The load moment becomes zero, the ¢, value is equal
to 340° c.r.a. The diesel engine stops.

Mobile power plants are equipped with diesel engines of predominantly higher power than
generators themselves, and this leads to the fact that when diesel generators operate at the ma-
ximum load, the engines operates at a partial load with a crankshaft speed being close to the
nominal one. Accordingly, diesel engines operate in the modes in which it is advisable to use fuel
mixes with a high BF content. Diesel power systems with the dynamic adjustment of the com-
position of the fuel-mix percentage ensuring the efficient operation of power plants in all their
operating modes, easy start-ups with diesel fuel even at low temperatures, and helps eliminate
the negative effects of BF use in cold engines.

Conclusion

As a result of the application of the dynamic regulation of the percentage composition of the
fuel mixture in the diesel-generator, the power of which is close to the diesel engine, the overcon-
sumption of the fuel mixture as compared to the use of diesel fuel is 5.9%. At the same time, the
cost of fuel acquisition is reduced by 10% (prices as of November 2021), which is the best result
compared to the results obtained for the use of the mixture with constant composition diesel fuel
(80%) and biodiesel fuel (20%), which were received by other researchers (Hutarevych et al.
2014) (reduction by no more than 5%).

The criterion for determining the rational composition of the fuel mixture was chosen for the
duration of the combustion process. The mixture composition correction consists of the maxi-
mum use of biodiesel fuel in the maintenance of the working process duration, as in the operation
of the engine on the diesel fuel. If the content of the biodiesel fuel in the mixture is increased,
the efficient flow of working processes at maximum load is disrupted and the cold start of the
engine is difficult. Therefore, the use of dynamic control of the composition of the fuel mixture
at mobile power plants is expedient and economically more profitable in comparison with the use
of the fuel mixture of permanent composition.

When using mobile power plants, where the power of the engine is higher than the power of
the generator, the economic effect is greater. Taking into account the change in the cost of diesel
(about 58 UAH per 1) and biodiesel fuel (about 41,2 UAH per 1) in 2022 (Zorkin 2022) the eco-
nomic effect of the application of the dynamic regulation of the percentage composition of the
fuel mixture is higher at 14.6%.

This research was supported and funded by the Ministry of Education and Science of Ukraine under grant
No. 0122U000844.
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Badanie wskaZnikéw generatora autonomicznego
z dynamicznie zmieniajagcym sie skfadnikiem mieszanki
dwupaliwowej

Streszczenie

Silniki Diesla pracuja w szerokim zakresie obciazenia, dlatego konieczna jest zmiana procentowej
mieszanki oleju napgdowego i biodiesla, w zalezno$ci od trybu pracy silnika, co zapewni jego osiagi tech-
niczne na wymaganym poziomie we wszystkich trybach pracy, w tym uruchamianie i zatrzymywanie silni-
ka. W artykule opisano algorytm dziatania generatora diesla oraz algorytm wyznaczania sktadu mieszanki
paliwowej. W trakcie badan zmienialy si¢ proporcje migdzy sktadnikami mieszanki, biorgc pod uwage ob-
cigzeniowe tryby pracy agregatu pradotworczego oraz wskazniki podawania paliwa i tworzenia mieszanki
paliwowej, aby zapewni¢ optymalne warto$ci wskaznikow technicznych, ekonomicznych i srodowisko-
wych. Do oceny wydajnos$ci przebiegu proceséw roboczych w cylindrze diesla dobrano czas ich trwania,
ktéry szacowany jest czasem trwania procesOw wtrysku, odparowania i spalania paliwa.

SLOWA KLUCZOWE: generator diesla, olej napedowy, paliwo biodiesel, tryb obciazenia, mieszanka,
proces roboczy
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