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Sasa MILOJEVIC*, Slobodan SAVIC, Dejan MARIC*, Ondrej STOPKA, Bozidar KRSTIC, Blaza STOJANOVIC

Abstract: Diesel engines are economical thanks to their combustion process characteristics, which is why they have a high noise emission level as well as exhaust emissions
of nitrogen oxide and particulate matters. By continuously changing the value of compression ratio, it is possible to control the power and emissions. Implementation of
variable compression ratio has many benefits, such as being able to work with different types of fuel. In this way, it is possible to optimize the combustion process for
operation with minimum fuel consumption and emission generation, so that diesel engines can be applied to the framework of future hybrid vehicle concepts, and so forth.
As far as the crucial objective of the manuscript is concerned, experimental diesel engine investigation was performed on a roller test-bench by using zero-dimensional
computer model (specifically AVL IndiCom Indicate Software). Engine indication was executed with the factory compression ratio value and with three lower values. During
our examination, the change in the compression ratio value was achieved by changing the volume of a combustion chamber at a piston-bowl. The results of laboratory
research on the experimental engine are presented in the paper when discussing a series of specific parameters (characteristics), such as compression ratio, fuel injection
timing, engine speed, as well as load influence on combustion process and exhaust emissions.
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1 INTRODUCTION

Parallel to other sources of toxic gas emissions, such
as energy sector, increasing the road transport volume has
partially negative impacts on the environment, as well as
on society and human health [1-4]. In this regard,
appropriate types of new vehicles were introduced in the
European Union, as well as around the world, and the
emission limit values for vehicles were prescribed [5, 6].
As an example, according to environmental strategy in
Germany, green city plans of municipalities exist [7, 8].

Diesel vehicles are considered as being most
responsible for the increased levels of toxic gas emissions
in city centers. As a result, the use of trucks and buses
powered by compression ignition engines (hereinafter
referred to as diesel engines) in the inner city centers is
increasingly restricted. Also, strict regulations were put in
place to control emissions from vehicles during operation,
as well as rules for measuring emissions [9, 10]. Due to low
fuel consumption and thus carbon dioxide (COy)
emissions, diesel engines have a perspective in vehicles
with alternative powertrains, such as hybrid vehicles.
Depending on the mode of operation within the hybrid
vehicles, very low fuel consumption has been achieved,
while the emissions of nitrogen oxides (NOx) and solid
particles or particulate matters (PM) have been regulated
by the application of modern technologies [7, 11, 12].

Based on theoretical calculations, the thermal
efficiency of reciprocating internal combustion (IC)
engines can be increased. The best petrol engines, where
the Otto cycle occurs as an idealized thermodynamic cycle,
have an efficiency of 40% while the best diesel engines
(with the diesel cycle with the highest thermal efficiency
under higher compression ratio value) have the thermal
efficiency of up to 50%. Efficiency over 50% can only be
achieved with two-stroke marine diesel engines —55%.
Low-speed diesel engines (as used in ships and other
applications where overall engine weight is relatively
unimportant) often have the thermal efficiency which
exceed 50% [13, 14]. Generally, average efficiency of IC
engines under the ideal working regime is about 30% in

automotive application and around 45% for watercraft [15,
16].

Therefore, there are many opportunities to improve
fuel economy and optimize IC engines [17, 18].
Technologies for optimization on the engine and
transmission, introduction of the start-stop system,
reduction of resistance to movement of vehicles, and
application of variable drive for the peripheral equipment
on engine and vehicle, have the most influence on
reduction of fuel consumption (Fig. 1) [19, 20].

Optimization of the combustion process was
successfully resolved by combining the benefits of Otto
and diesel combustion principle during the working regime
of IC engines [21]. This requires the mandatory application
of variable mechanisms on the IC engines and logical
control of work processes [22, 23]. One of examples for
logical control of work process is the engine with mixed-
mode combustion, starting from low-temperature
combustion or homogeneous charge compression ignition
(HCCI) process via partly pre-mixed compression ignition
(PPCI) also known as partly pre-mixed combustion (PPC)
and compression ignition (CI) [24, 25]. Such a combustion
process was carried out with the support of new
technologies and modern engine equipment, such as VVT-
variable valve timing and VVA-variable valve actuation
[26, 27], EGR-exhaust gas recirculation [28], turbocharger,
multiple (split) and late injections and afterburning [29].

In line with the measures on the engine, exhaust
emission from the vehicle was reduced by the application
of catalytic treatment of raw combustion products [30].
Selective Catalytic Reduction (SCR) is regarded as one of
important technology for reducing NOx emission by up to
80% in real-world driving conditions, including cold-start,
and up to 100% when the engine is warm [31, 32].

Application of modern technologies with the solved
combustion process optimization and tribological
problems regarding friction and wear resulted in lower fuel
consumption and exhaust emission [33, 34]. The subject of
research is to deal with the combustion process in a diesel
engine with a variable compression ratio (VCR). Variable
compression ratio is one of technologies for simultaneous
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transition between the combustion modes in modern
engines as described above [33, 35].

The use of the engine with VCR is one of the methods
to control the maximum pressure in a diesel engine
cylinder, depending on the load or brake mean effective
pressure (BMEP). On the other hand, by applying this
technology, the compression ratio (CR) of the gasoline
engine at low loads could be increased simultaneously
during operation, which contributes to reduction of pump
losses and fuel consumption [36, 37]. In this way, by
automatically changing the CR, the engine is less sensitive
to fuel quality, i.e. it can work with different kinds of fuel.
Multi-fuel engines are very useful in military vehicles,
primarily due to the limited supply of fuels [38, 39].

= Clutchand AC
compressor 2%

* Optimized belt drive with decoupler
2%

= Generator management 3%
*| Fuel pressure regulator 3%
Consumption optimized

transaxle 5%

= Electric power steering system 77
70

Four cylinder Diesel engine

o 36%

Reduction of the driving
resistance 12%

Gearbox 7G-TRONIC PLUS

h fuel > Start-stop system Reduction in fuel consumption
with fue CC"“?“‘) converter 16% compared to previous model
14% ML 300 CDI

(reduction in 2.4 /100 km

Figure 1 Share of equipment in fuel consumption reduction of optimized vehicle
Mercedes-Benz ML 250 BlueTEC

The above facts are considered the starting points for
researchers in this field [39]. The ensuing sections of the
paper implicate research outcomes of our experimental
measurement of diesel engine on a testing bench while
utilizing zero-dimensional computer model (AVL
IndiCom Indicate Software). First of all, a literature review
is elaborated encompassing a wide array of research studies
related to the similar subject being addressed in this article.
Thereafter, data and methods of investigation applied in
our research are briefly summarized. As for the very
findings, engine indication was made with a specific value
of compression ratio and with several lower values. When
investigating, the change in a compression ratio value was
obtained by varying the combustion chamber volume at the
piston-bowl. The laboratory outcomes regarding the
experimental engine characteristics are discussed in the
text when presenting several engine attributes (i.e.
compression ratio, fuel injection timing, engine speed, load
influence on combustion process and exhaust emissions).
Following the literature review compiled as well as
research outcomes obtained, it can be stated that no
analogous research study dealing with our topic has been
published yet.

2 PREVIOUS RESEARCH

The subject of testing CR in IC engines has been dealt
with in a number of scientific-research publications. For
example, the issue of CR investigation in terms of
assessing various characteristics of spark ignition engines
is discussed in [40, 41]. Hotta et al. (2020) examined
ignition timing and CR in terms of improving the operating

characteristics of a biogas fueled spark ignition engine,
wherein individual findings were obtained through series
of experiments while putting an emphasis on effects of the
engine performance and combustion characteristics [40].
On the other hand, Oh et al. (2019) dealt with performing
spark ignition (SI) engine experiments in order to measure
the combustion characteristics of a high CR related to
single-cylinder engine with hydrogen-rich gas mixture
[41]. Their findings proved that high-temperature
combustion is the crucial factor to the reducing efficiency
at engine high-load conditions, whereby the gas-exchange
process and elongated burn duration were the largest
contributors at engine low-load conditions.

The research study [42] is focused on experiments
regarding changes in the spark plug vertical location and
its impact on performance and emission characteristics of
a 100% raw biogas fuelled SI engine when varying CR. In
regard to this examination, quicker combustion process
leading to early and higher pressure of peak cylinder as
well as higher temperature of combusted gas (2 mm)
protrusion location of the spark plug for all the CR was
proved to be optimal while lower emissions were achieved.
The authors Ahmed et al. (2018) intended to search for the
optimal CR of single cylinder SI engine so that monitored
performance characteristics of such an engine are enhanced
including improvement of brake thermal efficiency and
reduction in brake specific fuel consumption (BSFC) [43].

Whereas the literature [44] discusses the development
of a novel VCR mechanism and its implementation in a
small and relatively large-size single-cylinder SI engines,
the objective of the publication [45] is to present an
examination of impacts of mechanical CR modification in
terms of SI engine when utilizing ethanol-water fuel
mixture containing specific quantity of water in ethanol.

In line with aforementioned, numerous studies dealing
with examination and experimental activities aimed at
evaluation of different characteristics of CI engines have
been elaborated as well. For instance, the literature [46]
addresses multiple performance characteristics of CI
engine with raw oil (Jatropha and coconut oil) fuel
mixtures at fixed CR, wherein analysis of the performance
of pure diesel fuel compared to several fuel mixtures of
Jatropha-biodiesel and coconut-biodiesel at a fixed
compression ratio is carried out. Or, the paper [47] tests a
single cylinder direct injection engine under various CR of
(18, 17 and 16:1) while differing in loads. As far as key
findings are concerned, the combustion and performance
characteristics' distinctions depending on the CR values
were proved conclusively. On the other hand, Xu et al.
(2019) took into consideration both VCR and VVT
scenarios regarding a heavy-duty (HD) diesel engine. The
aim of this study was to systematically evaluate such two
scenarios on the basis of reactivity-controlled CI engine
under a wide-load range with respect to fuel efficiency, as
well as combustion process control [48]. Even the
publication [49] deals with assessing the influences of CR
on performance and combustion characteristics of CI
engine. Nevertheless, in this literature, a special emphasis
is placed on testing the different mixtures of jojoba methyl
ester used in a diesel engine, in which a number of
experiments related to impact of CR on using neat jojoba
methyl ester are executed.
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Another study [50], written by Krishnamoorthi and
Malayalamurthi (2017), presents an experimental testing
realized on light-duty single-cylinder CI naturally-
aspirated multi-fuel engine with VCR, where three input
attributes, i.e. CR, injection pressure and injection timing,
are taken into account. The very rehearsal confirmed that
the specific models designed within this manuscript when
using response surface methodology were appropriate in
terms of the impact analysis of monitored attributes on
certain tested characteristics. Similar topic is discussed in
the publication [51], where the authors measure the
capabilities of low-temperature combustion concept in the
operation of a medium-duty CI engine suggesting
scenarios to address its major challenges. In view of these
experiments, an enlarging to high load of this concept
without exceeding mechanical stress and reducing the
amount of (CO;) as well as unburned hydrocarbons (HC)
emissions at low load along with a fuel-consumption
penalty were detected to be the crucial reactivity-controlled
CI deficiencies.

The specific issue related to the examining the
influence of CR in different IC engines on the emission
quantities has also been discussed in multiple literature.
For example, the publication [52] investigates the amount
of emissions in Otto cycle engine working with hydrous
and wet ethanol when taking into consideration several
distinct CR. In particular, a comparative analysis was
conducted among individual outcomes of hydrous ethanol
and wet ethanol in an Otto cycle engine, working under a
uniform speed in order to search for the maximum brake
torque in each examination. Biofuels were investigated
under distinct CR to measure the overall engine efficiency
and the effect of such a variable on the amount of
emissions, namely carbon-monoxide (CO), NOx and HC.
Or, in the scientific study [53] dedicated to the topic of
testing a high CR engine, the authors designed a new
experimental approach, in which the liquefied natural gas
is first purified into liquefied methane gas and then fueled
to the engine itself. In the literature, the thermal-balance
examinations were executed, and thereafter the
combustion, emissions and thermal balances of such a
liquefied-methane gas engine were evaluated. Last but not
least, Gnanamoorthi and Devaradjane (2015), in their
experimental work [54], analyze the effect of CR degrees

on combustion, performance as well as emission
characteristics of a four-stroke direct injection (DI)
naturally-aspirated diesel engine fueled with ethanol e-
diesel mixtures. Specifically, examinations were carried
out with various mixtures of ethanol (EO, E10, E20, E30
and E40), while varying CR values and piston bowl
parameters were taken into consideration.

3 EXPERIMENTAL SETUP AND METHODS

The tests were performed in the laboratory, on a test
bench, with an experimental IC engine manufactured by
DMB Lombardini, type 3LD450, Fig. 2. The tested engine
is air-cooled, four-stroke, single-cylinder with DI of diesel
fuel in the cylinder and with the technology of two valves
per cylinder and overhead camshaft (OHC valve train). The
fuel injection system is classic, pump-pipe-injector type,
with four nozzle openings in the injector head and with
mechanical load regulator (manufacturer IPM Belgrade).
The tests were carried out with an injection pressure value
of 20 MPa.

Figure 2 Laboratory with test bench and dynamometer for the examinations of
experimental IC engine

The test rig is equipped with the measuring and data
acquisition system, (Fig. 3). Various sensors are mounted
on the engine to measure different parameters. A
thermocouple was installed on the surface of high pressure
fuel pipe. A precision crank angle (CA) encoder was
coupled with the crankshaft of the engine. The software
stores the data of pressures and volumes corresponding to
a particular CA location for plotting the indicator diagram
curves.

Pressure transducer Amplifier ‘]
(AVL QC32D) (Kistler 5007) J

I

) J

Engine dynamometer Experimental engine Angle encoder )
. — » . ¥ AVL Indimeter 619
(Schenk U1-16/2) (DMB Lombardini 3LD430) {AVL 365 CC) {optical transmitters)

Transmitter electronics

b 4

[ Exhanst system ]—.[A\'L Diicom 4000

PC (AVL IndiCom

indicating software version 1.2)

AVL 409

~

(Bosch method)

Figure 3 Test rig with the measuring and data acquisition system

The cylinder pressure is measured using the (AVL
QC32D) water-cooled piezoelectric transducer. The signal

of pressure (during engine indicating) is amplified with the
(Kistler type 5007) charge amplifier and it was processed
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by using the (AVL IndiCom Indicate Software Version
1.2). The software provides the facility of analyzing the
combustion data such as the rate of heat release, ignition
delay, combustion timing in degrees and peak pressure and
stores them separately for analysis in the acquisition
system [39]. The geometric value of CR is varied from 17.5
to 12.1:1 by replacing the pistons with different piston
bowl volume, conducted by changing the piston bowl
diameter from 43 to 55 mm, see Fig. 4.

The base version of the engine is with piston bowl
diameter of 43 mm and a volume of 20 ml, which
corresponds to CR of 17.5:1 and fixed fuel injection
advance angle or start of injection (SOI) timings of 18.5
cad BTDC (crank angle degree before top dead center).

Figure 4 Cross-section drawing of the piston with combustion chamber (piston
bowl)

Rated engine power is 6 kW @ 3000rpm according to
(DIN 6270) and torque is 28 Nm. Base engine
displacement or stroke volume is 454 ccm, which
corresponds to the ratio between piston bore and stroke of
80/85 mm/mm, Fig. 5[39].

The experimental engine is examined on the engine
dynamometer (maker and type SCHENK U1-16/2) over a
steady-state modes, Fig. 2. The investigations are carried
out at CR of 12.1, 13.8, 15.2 and 17.5:1. Operating modes
for fuel consumption and exhaust gas analysis are defined
according to the European Stationary Cycle (ESC) 13
mode cycle, Fig 5. Analysis of the combustion process is
processed under maximal load and higher speed.

BMEP  Mass of fuel ’
per cycle 8%

100 [ 0.56 MPa 20 mg/cycle

75 | 0.42 MPa 16 mg/cycle
Load, %

50 0.28 MPa 12 mg/cycle

25 |- 0.14 MPa 9 mglcycle
15%
0.015 MPa 5 mg/cy
000 rpm 60 2325 2690'rpm
Pm IR0 ey R
Engine speed
Figure 5 Operating modes in European stationary cycle ESC

Idle

Exhaust gasses are analyzed with measurement
equipment type (AVL Dicom 4000). Particulate matter

emissions are determined indirectly through the empirical
correlation between the measured values of smoke and PM.
The smoke is measured using the (AVL 409) equipment
according to method BOSCH. Specific emission values of
exhaust gases are calculated using the obtained data of
exhaust emissions and measured engine power at
corresponding operating mode, Fig. 5. The final emission
results are calculated according to the ESC cycle and
expressed in g/kWh.

During experiments the engine was operated with
standard diesel fuel with characteristics as specified in
Table 1. The engine lubrication oil gradation is SAE 30,
manufacturer is Oil Refinery Modrica, trade mark Maxima
Super.

Table 1 Fuel characteristics during investigation (manufacturer Oil Refinery
Panéevo), trade mark D2

Description Values
Cetane number / CN 52
Specific density / 20°C, g/cm® 0.84
Kinematic viscosity / 20°C, mm?/s 3.96
Sulphur content, % 0.5

4 EXPERIMENTAL FINDINGS

Effect of CR and SOI timings on mean maximum
pressure (Pmax) inside the engine cylinder while operating
at constant engine speed of n. = 2325 rpm as well as full or
100% load (maximum BMEP) are illustrated in Fig. 6.

When CR and SOI timings are increased, under the
constant load and speed, Pmax is also increased. This
undesirable increase in Pmax is followed by relatively
improved atomizing of larger amount of fuel in cylinder
under higher pressure and temperature.

SOl [cad]
[+14 —k— 16 —O-185 [4 21 25‘5]
T 7
o
=3
>
£
e 84k T /
2325 rpm @ 0.55 MPa BMEP
5 -

I T R T T 1
12 13 14 3 16 17 18
Compression ratio [-]

Figure 6 Changes of Pmax under ne = 2325 rpm, BMEP = 0.55 MPa depending
on CR value and SOI timings

20~ T
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= 16 [#14 k16 O-185 21V 256]
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& A\
ks
S 4+ :
2 2325/rpm @ 0.55 MPa BMEP

il o

I T T T T T 1
12 13 14 15 16 17 18
Compression ratio [-]
Figure 7 Positions of Pmax under ne = 2325 rpm, BMEP = 0.55 MPa depending
on CR value and SOI timings
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On the contrary, with a decrease in CR, under the same
SOI timings, Pmax within, the cylinder decreases. As a
consequence, the positions of P,y are far from optimum
for this regime (near TDC position). That is more evident
at simultaneous decrease in SOI timings; see Fig. 7.

When the CR is decreased, under the same SOI
timings, the values of maximal pressure rise decrease
(dP/d@)max, see Fig. 8. Thereby, their positions are moved
forward from TDC, that is as well evident with
simultaneous decrease in CR and SOI timings; Fig. 9.

During the very examination, the engine operated with
a high degree of detonation (knock) at high values of SOI
timings (21 and 25.6) and low CR (12.1:1) so that no
emission measurement was performed in that mode, see
Fig. 8. In this mode, engine starting was only possible with
heated intake air. Engine operation was also not possible at
other CR values under these higher SOI timings.

1_

SOl [cad]
|—0—14 —A— 16 —-0—185 [ 21 25‘6}

O’Bi Mﬁ

5 0,6 —

(dP/da)max [MPa/cad]
\ ¢

2325 rpm @ 0.55 MPa BMEP

0,4 -

I T I I I I 5 1
12 13 14 15 16 17 18

Compression ratio [-]
Figure 8 Maximum cylinder pressure rise under ne = 2325 rpm, BMEP = 0.55
MPa depending on CR value and SOI timings

In reality the SOI timing is related to the CA position
at which combustion starts and where there is (0%)
combusted fuel, see Fig. 10. Changes in the ignition delay
occur because the compressed air temperature and pressure
within the cylinder are different for different SOI timings.
Generally, the ignition delay period shortens with
increasing air temperature and pressure [38, 50].

Decrease in CR, under the same SOI timings, results
in stretched auto-ignition delay period, Fig. 10. The major
reason for this is relatively low Pma, see Fig. 5 and
maximum temperature T s« during this period, Fig. 11.

205

SOl [cad]
16 - |-0-14 —— 16 =0~ 185 21 255]

Position of (dP/da)max [cad]

2325 rpm @ 0.55 MPa BMEP

-4

| T T T T T 1
12 13 14 13 16 g 7 18
Compression ratio [-]
Figure 9 Positions of maximum cylinder pressure rise under (ne = 2325 rpm,
BMEP = 0.55 MPa) depending on CR value and SOl timings

Because of unfavorable conditions, the combustion
process is far from TDC i.e., the center of combustion
process or CA position where the (50%) of combusted fuel
in cylinder was far from optimal position for this regime;

see Fig. 10. End of the combustion process is related to the
CA position when there is (90%) of combusted fuel. When
CR decreases, the increase of the ignition delay causes that
more amount of the heat of combustion is releasing after
TDC position.

90%

T il
3
o
e
= i £ o,
2 . %j50%
S 0 w100 |
1L 1%
ey T T T I ]
12 13 14 15 16 1T 18

Compression ratio [-]
Figure 10 Combustion process characteristics under ne = 2325 rpm, BMEP =
0.55 MPa depending on CR value and SOI timings

Therefore, Tmax decreased when CR decreases, but
during the expansion, temperature in the cylinder, and in
exhaust system increased, which is confirmed during
researches in [39].

Consequently, it was verified that earlier SOI timing is
an effective means of increasing combustion efficiency.
Similar results may be found in literature [39, 49]. If
injection starts early (well before TDC), the ignition delay
period will be longer. This will result in high rates of Ppax
rise and high Pna in cylinder, see Fig. 6 and Fig. 8. If
injection starts late (close to TDC), burning will continue
well into the expansion, resulting in hot exhaust gases,
worse fuel economy, Fig. 12, and higher emissions of
particles and smoke, Fig. 14 and Fig. 15. Therefore,
optimal injection timing can be found in between these two
extremes.

1960 —
2325 rpm @ 0.55 MPa BMEP
1920 —
3
5 1880
E :
=
1840 —
SOl [cad]
|-0—14 —— 16 =0 185 [1 21 256|
1800 ~
I T T T T T 1
12 13 14 15 16 17 18

Compression ratio [-]
Figure 11 Changes of Trmax under ne = 2325 rpm, BMEP = 0.55 MPa depending
on CR value and SOI timings

Intensive decrease of the Thax in the cylinder, see Fig.
11, with a decrease in the CR is also the consequence of
the increase in the diameter and volume of the combustion
chamber or piston bowl, Fig. 4. This is due to the lower
speed of the airflow into the bowl, as well as the slower
extrusion of combustion products from the chamber, which
extinguishes the flame and lowers the 7Tmax. In these
conditions, the heat exchange with the cylinder walls is
slower as well. Similar conclusions may be found in
literature [47, 58].

With decreasing CR and SOI timings, BSFC drops in
the beginning, but at a later stage, tendency to increase is
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recorded, see Fig. 12. The combustion process is
responsible for attenuated fuel economy Fig. 10. When the
CR value is about 16:1, a minimum BSFC is achieved, see
Fig. 12. A further increase in the value of the CR, behind
16:1 results in an increase in BSFC, which is mainly
contributed by the higher engine speed and Ppax, when both
mechanical and aerodynamic losses in the engine are
higher, as concluded in the literature [55].

According to the above, as a consequence of the lower
temperature in the cylinder at lower values of the CR, the
process of auto-ignition of fuel in the cylinder takes longer,
due to which a larger amount of fuel burns in the initial
(premixed) phase of combustion. Similar conclusions can
be found in the literature [56]. As a consequence of that,
the losses become greater and that can be followed by
dropping the fuel economy, see Fig. 12. This is obvious in
the case of a combined application of low CR and retarded
SOI timings, when the auto-ignition delay period becomes
longer, and given that, the combustion process was
prolonged on expansion stroke (the afterburning).

310 1
SOl [cad]
[=14 =16 O-185 [J 21 " 256
£ 300
2 2325 rpm @ 0.55 MPa BMEP
k=) } 1
; [
o 290

280 — F - - — —
12 13 14 15 16 17 18
Compression ratio [-]

Figure 12 Changes of BSFC under ne = 2325 rpm, BMEP = 0.55 MPa
depending on CR value and SOI timings

Under full load conditions, mainly due to the high Timax
reached during fuel combustion, produced high NOx
emission with CR increase, Fig. 13.

14 5

SOl [cad]
I+14 —— 16 —90—185 [4 21 256

25
N
1

2325 rpm @ 0.55 MPa BMEP

NO, [g/kWh]
o
|

12 13 14 195 16 17 18
Compression ratio [-]

Figure 13 Changes of NOx emission under ne = 2325 rpm, BMEP = 0.55 MPa
depending on CR value and SOI timings

The tendency to increase in NOx emissions is followed
with the value of air-fuel ratio coefficient (the presence of
excess air), and increase in the SOI timings, see Fig. 17.
This is due to better combustion conditions in the cylinder
(oxygen-rich state) and high-temperature in the cylinder.
Similar results can be found in the literature [57]. The
changes of air-fuel ratio 4 depending of CR and fuel
injection advance angle changes are shown in Fig. 17.

On the other side, the PM emissions decreased with
increasing SOI timings and with decreasing CR, (please
see Fig. 14). The excess of fresh intake air in the
combustion chamber (lean fuel mixture) is one of the
reasons for this. It is believed that increased mixing
associated with the lower CR suppresses PM formation,
eliminating the need for high in-cylinder temperatures for
the fuel oxidation process. Temperature and pressure have
a strong influence on PM formation, higher pressures and
temperatures yielding higher PM formation. Similar
conclusions were reached by researchers in the literature
[58]. Smoke emissions follow the flow of PM emissions
expressed in filter smoke number (FSN). FSN increases
with CR and lowering SOI timings, Fig. 15.

1,89

SOl [cad]
[-=14 —k-16 -O-185 [ 21 \/ 258
1,5 ‘
= 2325 rpm @ 0.55 MPa BMEP
2 1.2 -1
= 1
2
= 09
o
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08 =

I T T T T I 1
12 13 14 15 16 17 18

Compression ratio [-]

Figure 14 Changes of PM emissions under ne = 2325 rpm, BMEP = 0.55 MPa
depending on CR value and SOI timings

Increase in PM emissions at lower SOI timings and
with an increase in the CR is accompanied by a decrease in
HC emissions, see Fig. 16. This can be explained by the
fact that soot particles (which mainly consist of carbon
spherules) bind to themselves heavier HC molecules in the
combustion chamber (adsorb them during adsorption and
condensation process) [51, 56].

5 =

SOl [cad]
|+14 —— 16 0185 X 21 N/ 256
= 4~
o0
[ 2325 rpm @ 0.55 MPa BMEP
£
[}
5 3
2 -

I T T T T R
12 13 14 1 16 17 18
Compression ratio [-]

Figure 15 Changes of smoke emissions under ne = 2325 rpm, BMEP = 0.55
MPa depending on CR value and SOI timings

Lower HC emissions with increasing CR are partly due
to the optimal positioning of the injector (nozzle) to the
shape of combustion chamber (eccentric position regarding
to piston bowl and cylinder axle). The test modes (under
full load and high speed) has, among other things, a
positive effect on reducing HC emissions. This is mainly
due to better preparation of the mixture of fuel and air (as
example, the process of air vortex is better).
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In this way the formation of an incomplete mixture is
avoided, as well as the fuel condensation on the walls of
the combustion chamber, which would otherwise lead to
the increase in non-burned hydrocarbons (HC) emissions,
see Fig. 16. In general, late SOI timings resulted in this case
in lower HC emissions, which is also one way to reduce
NOx emissions, Fig. 14.
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Figure 16 Changes of HC emissions under ne = 2325 rpm, BMEP = 0.55 MPa
depending on CR value and SOI timings

HC [g/kWh]

Other researches showed similar results and
conclusions about the trend of HC emission, depending on
the changes of CR value [56].
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Figure 17 Changes of air-fuel ratio A (lambda) under ne = 2325 rpm, BMEP =
0.55 MPa depending on CR value and SOI timings
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Figure 18 Trade-offs between BSFC, NOxand PM emissions under ne = 2325
rpm, BMEP = 0.55 MPa for optimal CR value and SOI timing

In general, simultaneous changes in SOI timings and
CR value are necessary for achieving reductions in exhaust
emissions. Trade-offs between fuel consumption and PM
emission vs. NOx emissions under optimal values of CR
and SOI timing are presented in Fig. 18.

Generally during the research it was confirmed that the
used retarded SOI timing is an effective way for NOx
reduction in relation to the smoke limit and minimal fuel
consumption.

Injection timing has a strong effect on NOx emission,
as well as maximal cylinder temperature. Retarding the
SOI timings can result in a substantial reduction in NOx
emission with only a moderate BSFC penalty.

In Fig. 19, compression ratio response under 7, = 2500
rpm, 25% load is depicted.
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Figure 19 CR response under ne = 2500 rpm, 25% load

If CR decreases, smoke emissions and PM emissions
also decrease. Soot-contaminated oils have significant
impact on engine wear [58]. This conclusion was reached
also during analogous research studies of other authors
[59]. The same authors obtained dependence between
BSFC and NOx emissions which corresponds to the results
presented above (Fig. 19).

5 DISCUSSION

Our research findings comprise experimental
investigation of compression ignition (diesel) engine
conducted on a roller dynamometer (test-bench) when
applying zero-dimensional computer model; i.e. AVL
IndiCom Indicate Software. First, a literature review was
elaborated embracing the whole spectrum of literature
sources dealing with the topic similar to our in this
manuscript. Subsequently, relevant data and particular
methods of investigation implemented in our research were
briefly summarized. Concerning the results themselves, a
specific value of compression ratio was used, followed by
several lower values. During conducting the research, a
change in the compression ratio value was achieved while
the combustion chamber volume at the piston-bowl was
varying. The very findings in terms of different engine
characteristics (such as compression ratio, fuel injection
timing, engine speed, load influence on combustion
process and exhaust emissions) are summarized in the most
imperative part of the article. Namely, the following
aspects were examined and then illustrated:

e changes of Pmax under n. = 2325 rpm, BMEP = 0.55
MPa depending on CR value and SOI timings,

e positions of Puax under n, = 2325 rpm, BMEP = 0.55
MPa depending on CR value and SOI timings,

e changes of maximum cylinder pressure rise under n, =
2325 rpm, BMEP = 0.55 MPa depending on CR value and
SOI timings,

e positions of maximum cylinder pressure rise under (7,
= 2325 rpm, BMEP = 0.55 MPa) depending on CR value
and SOI timings,
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e combustion process characteristics under n, = 2325
rpm, BMEP = 0.55 MPa depending on CR value and SOI
timings,

e changes of Tmax under n. = 2325 rpm, BMEP = 0.55
MPa depending on CR value and SOI timings,

e changes of BSFC under n. = 2325 rpm, BMEP = 0.55
MPa depending on CR value and SOI timings,

e changes of NOx emission under n, = 2325 rpm, BMEP
= (.55 MPa depending on CR value and SOI timings,

e changes of PM emissions under n, = 2325 rpm, BMEP
= 0.55 MPa depending on CR value and SOI timings,

e changes of smoke emissions under n. = 2325 rpm,
BMEP = 0.55 MPa depending on CR value and SOI
timings,

e changes of HC emissions under n, = 2325 rpm, BMEP
= (0.55 MPa depending on CR value and SOI timings,

e changes of air-fuel ratio 4 under n, = 2325 rpm, BMEP
= (.55 MPa depending on CR value and SOI timings,

e trade-offs between BSFC, NOx and PM emissions
under n, = 2325 rpm, BMEP = 0.55 MPa for optimal CR
value and SOI timing,

e CR response under n. = 2500 rpm, 25% load
(comparative results of other authors).

In accordance with the data from the literature (see
section 2) and with the obtained research results, it can be
concluded that such trade-offs can be satisfied by applying
modern systems and equipment on engines. Annulment of
deterioration in fuel consumption due to the later fuel
injection or SOI timings can be achieved by reducing the
period of ignition delay of diesel fuel by simultaneous
increase of CR value during engine operation.

Accordingly VCR method with other additional
measures on the IC engine such as reductions in friction
losses, increases in fuel injection pressure and split
injections, turbocharging etc. can be taken to control trade-
offs between BSFC and PM emission vs. NOx emissions or
increases of BSFC and PM emissions under lower NOx
emission.

6 CONCLUSION

Diesel engines are economically efficient especially
due to their combustion process characteristics, which is
one of the reasons why they have a high noise emission
level and exhaust emissions of NOy and PM. When
changing the compression ratio value continuously, we can
monitor and manage the power and emission values.
Involving variable compression ratio in terms of
compression ignition engines has many pros including an
option of working with various fuel types. In this light, we
may streamline the entire combustion process of engine
operation with minimum fuel consumption and emission
production in order to install diesel engine in further
concepts of hybrid vehicles and so on.

The development of vehicle powertrains is
increasingly challenged by emission legislation and by the
end-users’ fuel-economy demands. Direct injection diesel
engines are excellent in fuel economy and are
advantageous in reducing CO, emissions, but still have the
problems in reduction of NOx and PM emissions.

The control of maximum in-cylinder pressure, as well
as optimal management of exhaust emissions and fuel

consumption can be achieved by the simultaneous
compression ratio change during combustion process in
modern diesel engines. If the CR value is about 16:1, a
minimum BSFC is achieved. A further increase in the value
of the CR, behind 16:1 results in an increase in BSFC,
mainly because of higher engine speed and maximum
pressure, when both mechanical and aerodynamic losses in
the engine are higher. Under full load conditions, due to
higher maximal temperature in-cylinder produced high
NOx emission with CR increase, PM, similarly to smoke
emissions decreasing during SOI timings increase and with
decreasing CR value. An increase in PM emissions at lower
SOI timings and with an increase in the CR is accompanied
by a decrease in HC emissions.

As aforementioned, by automatically changing the
compression ratio, the diesel engine emission can be
adjusted to optimal values depending on the load and fuel
quality. The application of other variable mechanisms on
the engine, such as a variable fuel injection time,
depending on the operating mode of the engine, also
contributes to this. Based on the elaborated literature
review and achieved research findings, we can conclude
that no analogous research study dealing with the identical
issue discussed in this manuscript has been published yet.
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