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ABSTRACT: Compression ratio as a constructive parameter has a very important influence on fuel economy,
emission and other performances of internal combustion engines. Introduction of variable compression ratio has
the number of benefits: limiting maximal in-cylinder pressure, extended field of the optimal operating regime with
minimal fuel consumption, more power, reduced exhaust emission and controlled noise emission. It is particularly
characteristic for multifuel capability of engines with variable compression ratio (VCR), along the control of
maximum temperature and pressure in the cylinders. The paper presents engines and mechanisms for automatic
change of compression ratio value. Modelling of operation process of internal combustion (Otto and Diesel)
engines with direct injection has been performed in parallel with experimental research. The basic problem is the
selection of the parameters in double Vibe function used for modelling of the diesel engine operation process, also
performed for different compression ratio. The optimal compression ratio value was defined regarding the minimal
fuel consumption and exhaust emission. For this purpose, the test bench is brought into operation in the Laboratory
for Engines of the Faculty of Engineering, University of Kragujevac.
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INTRODUCTION

City traffic and traffic flow have the greatest impact on the exhaust emission and air pollution, specifically in the
street canyons, zones of city centres, etc. Moreover, in city area, the traffic can contribute substantially in declining
of exhaust emission, by application of various methods. According to our practical experience, there are currently
two real directions:

1. to switch on alternative fuels, natural gas and hydrogen as driving energy, with parallel introduction of
flexible transport, which enables the decrease in the number of vehicles in urban centres to avoid
congestion [1-8] and

2. further tribological optimization of conventional internal combustion (IC) engines by lowering internal friction
and mechanical losses, in order to reduce fuel consumption and exhaust emission [9-11].

Regarding the first proposed direction, nowadays, application of gaseous fuels such as hydrogen and natural gas
as well as their mixtures is more and more interesting in optimized IC engines [12-19].

Natural gas is a high—quality fuel for motor vehicles. Above all, available reserves equal the known oil reserves;
negative influence upon environment is less than with fuels derived from oil, as well as is the price. Thus, natural
gas as engine fuel has been having a growing application in motor vehicles, which is further proved by the fact that
there are over 26 million vehicles in the world powered by natural gas (1.86 million in Europe). Currently, there are
878 natural gas vehicles (792 passenger and light duty vehicles, 58 buses and 28 medium and heavy duty trucks)
in traffic on the roads in the Republic of Serbia [20].

In terms of engine related criteria, natural gas may be used as the sole fuel for Otto or diesel engines (with certain
engine reconstruction), firstly in engines with automatic variable compression ratio (VCR). In addition, it may be
used in mixture with every kind of oil or proved alternative fuel (lower or higher alcohols, biogas and other) [21-24].

In normal ambient conditions, natural gas has a low density of energy per unit volume. Thus, in case of application
of natural gas as a motor fuel, it is necessary to have a certain treatment of natural gas in order to have a higher
concentration of energy by unit volume. Given that it is expected to provide a wider radius of vehicle movement
with one fuel tank supply, it is necessary to have operating pressures of around 200 bar. The simplest way is to
compress natural gas in high-pressure tanks (CNG - compressed natural gas). The second alternative for
increasing the density of energy of natural gas inside tanks on vehicles is its extreme cooling down to —162°C, i.e.
conversion to liquefied state (LNG — liquefied natural gas) and storing in cryogenic tanks [25].

In California (California Environment Protection Agency — EPA) and Japan, there are standards for natural gas as
the engine fuel. In the United States federal regulations, the natural gas composition is defined as a reference fuel
for testing exhaust emissions, Table 1 [25-27].

Table 1 Specification of the natural gas according to the California EPA standard (01.05.1999.) and the reference
fuel to the Federal EPA characteristics

California EPA | Federal EPA Test method
Specification Value
Methane 88 mol.% (min.) 89 mol.% (min.)
Ethane 6.0 mol. % (max.) 4.5 mol. % (max.)
Cs higher HC 3.0 mol. % (max.) 2.3 mol. % (max.) i
Cs higher HC 0.2 mol. % (max.) 0.2 mol. % (max.) ASTM D 1945-81
Oxygen 1.0 mol. % (max.) 0.6 mol. % (max.)
CO2 and N2 1.5-4.5 mol.% 4.0 mol. % (max.)
Hydrogen 0.1 mol. % (max.) - i
co 0.1 mol. % (max.) : ASTM 2650-88

It should not contain dust, sand, mud, rubber, oil and other substances that could damage

Particulate matter the equipment or the charging station equipment of the vehicle

Sulphur 16 ppm vol. (max.) | - | Title 17 CCR Section 94112

Odor Unpleasant and specific in 1/5 lower limit of inflammation

Optimistic studies about natural gas are based on pure methane. Unfortunately, pure methane is nowhere to be
found in nature. It is always in mixture with other impurities in concentration of various percentages. In order to use
natural gas as a fuel, it is necessary to filter it until it reaches more or less the established composition and quality.
There are some national standards that regulate quality of natural gas as engine fuel: SAE J1616, DIN 51624 and
13 CCR § 2292.5 (California regulations). In parallel, there is an international standard ISO 15403, accepted also
by the Republic Serbia. The purpose of this standard is for producers, vehicle users, filling station operators and
other logistics participants in the industry to get informed about quality of fuel for natural gas vehicles.
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In the second case, the development of vehicle powertrains is increasingly challenged by emission legislation and
by the “end-users” fuel economy demands. In order to meet these requirements it is necessary to continuously
improve existing powertrains and to develop totally new generations of engines, while still giving space for
individual brand-specific features.

According to theoretical studies, the overall effect of IC engines (either Otto or diesel) can be improved, since Otto
engines can be improved up to 40% and the best diesel engines up to 50%. Efficiency of over 50% is achieved
only by two-stroke marine diesel engines (55%) [11, 28].

The current IC engines have serious reservations to improve fuel economy, Figure 1. Average efficiency at the
optimum point is about 30% in automotive engines and about 45% in marine engines [11].
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Figure 1 Mercedes-Benz completes vehicle ML 300 CDI and engine rebuild 2.4 | per 100 km.
Percent reduction in fuel consumption at 2.4 | per 100 km compared to the previous model ML 300 CDI:

36% —f our—cylinder diesel engine; 16% — eco start-stop system; 14% — 7G—-TRONIC PLUS automatic
transmission with fuel economy converter; 12% — reduction of the driving resistance; 7% — electromechanical
steering system; 5% — consumption—optimized axle drive; 3% — generator management; 3% — regulated fuel pump;
2% — optimized belt drive with decouple; and 2% — clutch and air conditioning compressor

For vehicles, working range load—engine speed at minimum fuel consumption is very close. Its expansion is a
chance for engines with variable systems. A further advantage of such engines is the ability to work with all types of
available liquid and gaseous fuels with the fulfilment of environmental regulations. Energy efficiency propulsion
system will be the number one priority for the future, a model for the comparison of the Airbus A380, whose engine
consumes less then 3 | per 100 km of fuel per passenger (78 passenger—miles per US gallon). Criteria for
environmentally friendly drives must be defined in accordance with scientifically based facts [11].

The four—stroke engine known to date, have come from Nikolaus August Otto more than 150 years ago. The
magical limit of about 12.5:1, as the optimum combustion chamber defined by a fuel quality, is above the range
reserved for diesel engines [11].

The starting point is the fact that the mechanical efficiency of the IC engines is dependent on energy losses
associated with friction i.e. the conditions inside tribological system which consists of: piston, piston rings and
cylinder liner. Generally, mechanical efficiency lowers in case of raising the compression ratio (CR) and vice versa.
This leads to a minor mechanical problems, but achieves lower fuel consumption. This is the future of the gasoline
engine - to finally equalize the consumption of diesel engines [29-35].

The problem is in the fact that the geometric CR of IC engines is set as a compromise between partial and full-load
requirements. The demand for the highest geometric CR to improve high part-load efficiency is opposed by a
knock (gasoline engines) or peak pressure limitations with the Diesel engines.

When CR is raised from 10 to 15:1, efficiency increases by more than 20%! The boundaries of efficiency of heat
engine are about 55%, which results in the consumption of about 160 gkwh=. Currently, most car engines have
the CR around 11:1, efficiency of about 35% and consumption of approximately 250 gkWh=2, but in a very narrow
field [36].
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The increasing load (BMEP — brake mean effective pressure) and power ranges enhanced the compromises to be
taken with deciding on a fixed CR. With gasoline engines, a quite clear correlation between the maximum load and
geometric CR ratio is evident even with a simple statistical observation of actual production engines [37].

The downsizing technology in the recent years has even enhanced this trade—off. Compared to naturally aspirated
(NA) engines with direct injection (DI) or multi point injection (MPI), the higher specific power and BMEP levels of
turbocharged engines require a lowered CR at full load, while the demand for high CR at partial loads is highly
exacerbated by the fuel consumption requirements. Looking at the distribution of the specific power versus engine
displacement, high performance is no longer restricted to multi cylinder sport cars, Figure 2 [37].

200 .
0 kW

300 kw 4

180 250kw |

35

200 kW 30 1

150 kW Pow\er 3
100 kW Boost

-
23
o

-
»
o

w—AVL HyPer 200

AV HIEff

Specific Power - kWI/I

60 - sizing

® o ¢

0

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Engine Speed - rpm

*

——— —

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

Displacement -cm?
Figure 2 Specific powers of gasoline engines and development trends

According to previous, VCR method is used to determine optimal CR for gasoline and diesel engines under
different loads [38, 39] in combination with other variable systems on engine, such as: flexible intake valve
actuation [40], exhaust gas recirculation (EGR) [41], variable fuel injection time [42, 43], etc. Generally, with
integrated system for VCR, it is possible to increase engine efficiency, power and torque. The engine can operate
under multiple cycles with multi—fuel capability i.e. well adjust to knock limitations when using various fuels.

Optimization of IC engines is related to equipment through which natural gas (or any other alternative fuel) is
directly injected into the combustion chambers. Compression ratio is self-regulated and it adapts to engine fuel
quality and manages workflows according to the basic requirements: economy, power, torque, ecology, noise and
so on. Today's technical development allows simultaneous management of combustion processes by Otto and/or
Diesel cycle, according to the driving conditions. Such engine freedom offered technological relief for oil industry in
the formulation of a new (and the same for Otto and diesel engines) energy efficient and environmentally friendly
fuel, Figure 3.

Gasoline Engine Gasoline Engine Diesel Engine
Standard Direct Injection Direct Injection

©  Low fuel consumption ® Low CO2

©C©  Very low emissions (NO, soot)
Figure 3 New concept of multi-process IC engine
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The main reason for the growth in engine modelling activities arises from the economic benefits. By using computer
models, large savings are possible in expensive experimental work, when engine modifications are being
considered. Models cannot replace real engine testing but they are able to provide good estimates of performance
changes resulting from possible engine modifications and, thus, can help in selecting the best options for further
development, reducing the amount of hardware development required.

While the more advanced models are extremely large and complex, the basics of an engine thermodynamic model
are quite straightforward and easily understood. The complexity arises later in the refinement of the calculation
methods, the level of detail of sub-system representation and the accommodation of a wide variety of alternative
engine configurations and control systems.

The authors have also successfully studied the influence of CR on combustion process in experimental engine.
Validation of the results received by using the model of the diesel process with double Vibe function was carried
out in parallel by their comparison with relevant results obtained during experimental measurements [1].

The main goal of the paper is to determine the influence of CR and engine working regimes on the combustion
characteristics and shape parameters of double Vibe function, as well as, on the fuel consumption and exhaust
emission. Detailed results of experimental measurements are presented in [1].

OVERVIEW OF VCR MECHANISMS

All companies working on development projects of VCR engine state that applying VCR engines can solve the
problems of economy and ecology. The operating versions are usually systematized according to the similarities.

Numerous construction solutions of VCR engines and systems can be found in the literature. Certain constructions
have been practically realized. All kinematic solutions can be used as combined patent rights, and sometimes as a
serious contribution to constructive thinking. VCR mechanisms can be realized with variable cylinder head volume
or with variable position of piston top dead centre (TDC), Figure 4 [37].

a b c d
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Figure 4 Variants of variable compression ratio:
1) Variable volume in combustion chamber: (a; b) secondary piston for adjust the clearance volume;
2) Variable cylinder height: (a) cylinder moves up by translation; (b) cylinder moves up by rotation;
(c) eccentric crankshaft, effectively adjusts link lengths;
3) Variable compression height: (a) Piston with variable compression height; (b) - eccentric piston pin;
4) Variable connecting rod length: (a; b) - eccentric piston pin and crank pin; (c) - connecting rod with
integrated hydraulic piston; (d) - linkage, engine with three or more connecting rods;
5) Variable crankshaft position; (a; b) - eccentric crank pins.
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TDC piston position can be regulated by using an unconventional crankshaft in combination with a two-piece
connecting rod, which is controlled by an additional shaft, or by using a rack-and-pinion gear for the transmission of
power from the piston to the crankshaft. Alternatively, retaining a conventional crankshaft drive, the TDC piston
position can be varied by modifying the distance between the crankshaft and the cylinder head or by varying the
kinematic effective lengths of the crankshaft drive. The distance between the crankshaft and the cylinder head can
be changed by tilting the cylinder head together with the cylinder barrel relative to the bearing pedestals, or by
means of a translator mechanism acting on the cylinder head and barrel unit. The required distance change can be
realized also by utilizing an eccentrically supported crankshaft. The variation of cinematically effective lengths
opens up the widest range of constructive possibilities - compression height, connecting rod length and crank
radius can be modified by means of eccentric bearings or by using a linear guidance device.

VCR is an old idea, but still not implemented in the realization of larger series. Thus, if we hear now from Infiniti that
they have found a solution to incorporate it in the series from 2018, we may perceive it with due scepticism. Here,
Atkinson process is used as a way for changing the effective piston stroke.

The approach of Infiniti divides the connecting rod into two parts. However, the crankshaft remains as an
intermediary of the torque to the flywheel. During the run time of the engine, the angle of the two parts can be
changed and, thereby, the connecting rod can be shortened or lengthened. The principle is clearly visible in Figure
5.

This engine mechanism promises higher CR (14:1) for fuel efficiency under low load and lower CR (8:1) to aid
turbocharging, for more power at higher engine speeds, Figure 5 [44].

Difference in piston height between CRs
CR14:1 CR 81

Piston
Upper-link
Multy-link
Crank Shaft

Harmonic Drive
Control Shaft
Actuator arm

EFFICIENCY POWER Understanding VC-T technology

1. When a change in CR is needed, the Harmonic
Drive tums and moves the actuator arm
2. The actuator arm rotates the control shaft
® 3. As the control shaft rotates, it acts upon the
lower-link, which changes the angle of multy-link
4. The multy-link adjusts the height the piston can
reach within the cylinder, thus changing the CR

Figure 5 Infiniti VC-T engines with VCR mechanism
Comparison of VC—-T technology in high (14:1) and low (8:1) compression ratios

Because of its classic construction, IC engine can not provide more complete expansion of combustion products in
the cylinder. Some researchers have tried to solve this problem. The result is a concept of quasi-constant volume
spark ignition engine (QCV SI). In this case, movement of the piston is not linear, because, in this engine, a
mechanism forces the piston to move over curve. Piston is moving along a very complex trajectory and this curve is
very similar to ellipse [45].

As an example, in the area of transport vehicles and heavy-duty engines, Caterpillar has developed VCR engine
for homogeneous charge compression ignition (HCCI) combustion. The result is the 15-liter engine with automatic
compression ratio change, from 8 to 15:1. Crankshaft is mounted eccentrically in the cradle, which sits in the
cylinder block. Rotating cradle moves the crankshaft, which alters CR [46-48].

During research an A engine) was developed, with patented mechanism for the continual change of the CR
(CVCR) including two pistons for each cylinder (pistons have relative stroke) for adjusting the cylinder volume,
Figure 6. The idea comes from the two-stroke engines with paired cylinders. The position of the paired cylinders is
in the form of an A letter, and that is the origin of the patents name. Compression ratio changes with the
asynchronous movement of the pistons in the cylinder pair of the engine with two crankshafts. The driving and
driven crankshafts are interconnected by the pair of cylindrical gears. The asynchronicity of the pistons in the
cylinder pair is controlled by the appropriate regulator, which is mounted on one of the crankshafts [3, 4, 36].
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Developed VCR engine mechanism can be used in all modern IC engines. In the framework of the EUREKA
project led by prof. PeSi¢, aluminium engine versions were realized [3].

a) b)
Figure 6 a) Cross section of “A” engine and b) Photography of main engine parts which made of aluminium

FUEL INJECTION TECHNOLOGY

For gasoline engines in passenger cars, the most important task is to improve fuel efficiency. Therefore, a big
variety of different technologies potentially can be applied. The system ranges from simple variable charge motion
and low cost variable valve timing devices up to high sophisticated systems like fully variable valve actuation
systems and combustion with auto ignition HCCI. Direct gasoline injection (DGI) systems of generation 1 (wall
guided systems) and even more the systems of generation 2 (spray guided systems) improve fuel efficiency, but
the significant costs for NOx exhaust after treatment have to be taken into consideration [49].

Due to its full load benefits, homogeneous DGI is a preferred solution for high performance engines as well as in
combination with turbocharging for downsizing concepts. The combination of turbocharging, direct injection and
cam phase shifter has proven to be a highly attractive package combining good fuel economy with fun to drive.

Different gasoline engines technologies will have to be applied according to the specific needs of their application
and brand specific requirements. Even keeping high performance characteristics, fuel consumption will
continuously be reduced and future legislative limits can be met. However, system complexity and cost will
increase.

Spray guided DGI combustion systems

The very first DGI concepts, developed even before the wall and the air guided systems, featured a close spacing
between injector and spark plug, Figure 7. However, at that time, such systems were still handicapped by
insufficient injection technology. Now these systems are recovering their importance due to the significant progress
in fuel injection technology. The close spacing results in excellent stratification capability and higher fuel efficiency
improvement compared to alternative concepts [49].

Both stratification injection and mixture formation are largely controlled by the injector itself. Due to the small
distance between the injector and the spark plug, the time available for mixture formation is significantly reduced.
Consequently, the requirements for the injector are higher than with wall or air guided systems.

With conventional spark ignition, the spark has to be arranged in the rim zone of the injection spray to avoid spark
plug fouling. Consequently, the spray shape, especially the spray angle, has to be kept largely constant under all
engine operation conditions and thus independent from injection timing and the respective backpressure. As a
consequence, swirl injectors, as widely used for generation 1 systems, are not a preferred solution for spray guided
systems with conventional spark ignition. Injectors such as piezo injectors currently provide specific advantages in
mixture formation and application.
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Combustion chamber geometry as well as charge motion can be designed with much less compromises
concerning full load requirements and piston weight than with generation 1 combustion systems.

Exhaust .
Injector
Spark plug Intake

Figure 7 Arrangements for spray guided DGI combustion systems

However, the central arrangement of the injector usually requires much more significant modifications of the
existing cylinder head designs than only adapting a base MPFI cylinder head towards a wall guided DGI variant.
The central position of the injector also raises injector tip temperatures and consequently deposits formation risk at
the injector. Both deposit formations as well as spark plug durability are major development issues.

As a future alternative, laser induced ignition might be an attractive alternative, Figure 8 [49].

As the ignition point is only determined by the focus of the respective lens and not by the protrusion of the spark
plug, the ignition point can be directly set within the main spray cone. Thus, from the viewpoint of reliable ignition,
even swirl injectors would be a feasible solution. Currently, such ignitions systems just have proven principal
function at a research level and still require significant further development efforts.

Alternative combustion systems, such as AVL CSI concept, may become option for lean combustion without need
of expensive DeNOx after treatment device, probably in combination and addition to variable valve train systems.
Apart from that, the entire automotive world is looking for other alternatives like Hybrids and Fuel Cells. The future
will tell whether these alternatives will be able to compete with conventional powertrains.

EXPERIMENTAL SETUP

The experiments were carried out in the Laboratory for Engines of the Faculty of Engineering, University of
Kragujevac (FIN). Single cylinder, four-stroke, air cooled diesel engine, DMB-Lombardini type 3LD450, was used
during experiment (direct fuel injection system, unit pump—pipe—injector, injector with four nozzles, 6 kW rated
power, bore 80 mm, stroke 85 mm, stroke volume 454 cm?, valve train DOHC, two valves per cylinder) [1].

The geometric value of CR () is varied from 17.5 to 12.1:1 by replacing the pistons with different piston bowl
volume (realized by changing the piston bowl diameter from 43 mm to 55 mm), Figure 9. It is well known that the
piston bowl geometry design affects the air-fuel mixing and the subsequent combustion and pollutant formation
processes in the DI diesel engines. In this paper, all investigations results were solely related to the CR [1].

During experiments, the engine operated with standard diesel fuel with characteristics specified in Table 2 [1].
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Table 2 Fuel characteristics

Description Values
Cetane rating (CN) 52
Specific density at 20 °C, (g/cm?®) 0.839
Kinematic viscosity at 20 °C, (mm?/s) 3.964
Sulphur content (%) 0.5

The test rig is equipped with the measuring and data acquisition system, Figure 10. 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.
The cylinder pressure is measured using the AVL QC32D water-cooled piezoelectric transducer. The signal of
pressure is amplified with the Kistler 5007 charge amplifier and it was processed by using the AVL IndiCom
Indicate Software Version 1.2. The software provides the facility for analysing 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 [1].

The experimental engine is tested on the SCHENK U1-16/2 engine dynamometer. Tests are carried out for CR
values of 12.1, 13.8, 15.2 and 17.5:1. Working regimes for fuel consumption and exhaust gas analyses are defined
according to the European Stationary Cycle (ESC) 13 mode cycle. Analysis of the combustion process is
performed for the operating regime shown in Table 3 [1].

Table 3 Working regimes for combustion analysis

n AVL IndiCom,
Engine speed, BMEP. MPa Mass of fuel per (Indicating Software Version 1.2)
rpm ' cycle (mg/cycle)
0.12 7
0.24 10 (& =2\
1600 0.36 13.5 PC Pentium 4 -(Windows XP)
0.48 18 E3 pr—

AVL Indimeter 619

e=12.1 €=13.8 €=15.2

(KISTLER 5007)

,a
— $
o |
& 3 Power " NoOSCE | Pr;ssdure
/ transducer
¢85 mm ¢50 mm 047 mm 643 mm °/“"‘ transttgr (AVL QC32D)
33.4 mL 28 mL 245 mL 20 mL {""‘;‘“m . ;L;:’_.Transmltter electonics

Figure 9 Pistons before experiments ANGLE ENCODER (AVL 365CC)
(the values of the geometric CR for different diameters and  Figure 10 Schematic diagram of the experimental
volume of the combustion chamber in the piston head) setup

Exhaust emission is analysed with AVL Dicom 4000 measurement equipment. Particulate matter (PM) 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 BOSCH method. Specific emission of exhaust
gases is calculated using the obtained data of exhaust emission and measured engine power at corresponding
working point. The final emission results are expressed in gkW-h? [1].

RESULTS AND DISCUSSION

Modelling the combustion process of diesel engine having VCR

The combustion characteristics can be compared by means of cylinder gas pressure, rate of heat release, ignition
delay, etc. The normalized heat release rate (NHRR) or differential combustion law is an important parameter for
analysis of the combustion process in the cylinder, Figure 11.a. The important combustion process parameters,
such as combustion duration and intensity, can be easily estimated from the rate of the heat release diagram,
Figure 11.b [1].
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Figure 11 a) Normalized rate of heat release during combustion and b) Combustion process in DI diesel engine

In analysed engine regimes, the ignition delay period is too long when the engine works under lower CR value. The
longer ignition delay period results in higher proportion of the injected fuel remaining unburned. The large
accumulation of unburned fuel during the ignition delay period leads to a characteristics sharp peak, Figure 11.a. At
moderate decrease of CR at higher loads (BMEP=0.48 MPa), the decrease of maximal cylinder temperature
occurs, Figure 14. During further decrease of the CR, the maximal temperatures start to increase. Explanation is
found in considerable increase of the combustion law maximum due to the increased ignition delay, Figure 12.a,
induced by lower temperatures at the fuel injection timing. It leads to the increased amount of fuel burned during
premixed combustion [1].

At low loads (BMEP=0.24 MPa), when the CR decreases, maximal values of the combustion law continually
decrease, Figure 11.a, which reflects in the reduction of maximal cylinder temperature values [1].

In diesel engine, cylinder pressure depends on the burnt fuel fraction during the premixed burning phase, that is,
initial stage of combustion. Cylinder pressure characterizes the ability of the fuel to mix well with air and burn
condition. The experimental engine has an old fuel injection system with low injection pressure. Since no new
injection system was available, it was decided to do the testing with the existing fuel injection systems. Therefore,
all the results have been obtained with a low injection pressure.

Vibe function is one of the most famous equations or functions used for modelling the combustion process in IC
engines. Vibe function is often used to approximate the actual heat release characteristics of an engine. Integral of
the Vibe function gives the fraction of the fuel mass that has been burned since the start of combustion.

In this paper, the methodology of modelling combustion process is described, with purpose to see how the working
regimes and CR value affect the double Vibe function parameters. If operation process of diesel engine with DI and
premixed combustion is modelled, the use of double Vibe function is necessary.At DI diesel engines with distinct
explosive combustion and diffusive combustion, a model based on one Vibe function cannot describe the
characteristic form of the combustion process. In that case, it is necessary to use a model based on superposition
of two Vibe functions; one simulating the explosive part (index “1”), the other simulating the diffusive part (index
“2"), Equations (1) and (2), Figure 11.b [1, 50, 51].
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Double Vibe function is expressed as the sum of the first and second part of the Vibe function:
X =X +X, and O _dx d 3)

E T da E
where:
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x — cumulative normalized heat released (mass fraction burned);

a — crank angle, CA;

mz1, mz2— Vibe function shape parameter (for first and second function part);

¢1, ¢ — angle between initial and current time of the first and second Vibe function;
dz1, dz2 — duration angle of the each simple Vibe function (duration of the heat release);
C - Vibe function parameter (C = 6.908); and

og — share of fuel mass burnt during the first Vibe function (explosive combustion).

In order to establish the influence of the CR on the parameters of double Vibe function, corresponding experimental
and theoretical investigations of the diesel engine with CR change were performed. The research results are
shown in Figure 12. As it can be seen, a good match between the model and experiment is achieved [1].

Variation of the identified combustion process parameters is presented in Figure 13, as function of the CR. The
increase in CR at constant engine speed and load results in significant decrease of the Vibe function coefficient,
Figures 13.a and 13.b [1].

The tests have shown that duration angle of the first explosive part of the combustion is nearly constant,
®1=9° CA, and this value remained the same during modelling. The total duration angle of combustion, ®.=0,
increases with the increase of CR, Figure 13.c. It is the consequence of the larger amount of fuel combusting with
diffusive combustion, as shown in Figure 12.a [1].

The amount of the fuel burnt at the first explosive part of first Vibe function, gg, significantly decreases with the
increase of the CR by constant amount of the injected fuel and constant engine speed, Figure 13.d. It is also

connected to a shorter period of ignition delay at higher CR [1].
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Figure 12 Experimental and theoretical rate of heat release diagrams under full load, BMEP=0.55 MP and fixed fuel
injection angle (apu). (0ps1 and aps2) are angle of initial (start) of combustion (2% of burned mass) for the first and
second Vibe function respectively [1]
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All tests were performed with experimental engine and
conventional fuel injection system. Injection pressure
was 20 MPa.
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Figure 13 Model parameters variations as functions of the CR [1]

Optimal values of the compression ratio

The maximal pressure in cylinder (pmax) and exhaust gas temperature (Texnaust) as the function of engine load
(We-specific effective work) for different CR values are shown in Figure 14 [1].

With the increase of CR and engine load, under the same injection timing (18.5° CA) before top dead centre
(BTDC), pmax is increasing, too. This undesirable increase in pmax is followed by a relatively improved atomizing of
larger amount of fuel in cylinder under higher pressure and engine temperature. Because of the improved
conditions for combustion process, the entire working process is improved. Moreover, when the CR is increased,
the Texnaust Value is decreased, Figure 14, as revealed by simple isentropic relation at high CR. Similar results can
be seen in [36].

Leaner air-fuel mixture is used in engine operation under low loads. Therefore, the amount of heat released during
the combustion process is decreased. Also, the relatively low fuel injection pressure, which is very poorly
dispersed, leads to the existence of large droplets of fuel. A consequence of this is certain decrease in temperature
of the engine parts and decrease in cylinder temperature in the first phase of fuel injection. There is also an overlap
of Texhaust under middle CR values for all load regimes [1].

Dependence between the brake specific fuel consumption (BSFC) and the CR is presented in Figure 15, for
optimal injection time, in various load conditions [1].
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The increase of the CR results in less intensive increase of the BSFC at low loads, and then, it more intensively
increases for CRs above 14:1, Figure 15 [1].

At high loads, the BSFC first decreases and reaches the minimum value for CR near 15:1, and then starts to grow
again with further increase of CR, Figure 15. The increase of the engine speed causes the increase in the
mechanical and aerodynamic losses and the increase in BSFC, Figure 16. The combustion process is responsible
for the increase of the fuel consumption. This is obvious in the case of a combined application of low CR and
shortened injection timing, when the delay of ignition becomes longer, and, because of that, the combustion
process is prolonged to expansion stroke. This is followed by a decrease in pmax and temperature within a cylinder,
while temperature during an expansion process shows a tendency to increase. Because of that, the losses become
greater and this may be followed by an increase in the BSFC [1].
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Figure 15 Influence of the CR on BSFC [1]

270 -

The optimal value of the CR, at which the engine has minimal BSFC, increases with the increase of the load,
Figure 16. At full load, minimal fuel consumption is achieved with €=17.5, while at low load conditions, minimal fuel
consumption is achieved with €=12 [1].
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Figure 16 Selection of the CR optimal value for engine operation with minimal fuel consumption

Under low and medium loads, the emission of NOx increases with the increasing of the CR, Figure 17. At high
loads, the NOx emission firstly decreases and then increases with the increasing of the CR, and reaches its minimal
value with €=15, Figure 18. Under higher loads, minimal NOx emission is reached with €=15, Figure 19.
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Figure 17 Influence of the CR on NOx emission
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Figure 19 Influence of the CR on particles emission
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Figure 20 Selection of the optimal value of the CR for
engine operating with the minimal PM emission

In the case of the largest value of the CR under all loads, the largest temperature occurs inside the engine cylinder.
Large amount of free oxygen under low loads, in spite of relatively low maximal temperature with respect to full
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load, leads to formation of the largest amount of NOx. NOx emission decreases with load increase, under higher CR
values.

In the case of the lowest value of the CR under low loads, the lowest maximal temperature is achieved within the
working cycle. This leads to formation of the lowest amount of NOx. With an increase in load, temperature also
increases and the amount of free oxygen decreases. Thus, at the beginning of the process, the amount of
produced NOx increases, but, when the amount of free oxygen decreases, a decrease in the amount of produced
NOx would occur with load increase [1].

Particulate matter (PM) emission is the smallest at medium loads and it increases if the engine is running at low or
high loads. At the same time, PM emission increases with the increase of CR at all loads, Figure 19, so optimal CR
is =12, Figure 20. Generally, under very low loads, the PM emission is somewhat larger. The major reason for this
is a relatively low injection pressure of the small amount of fuel that does not atomize so well. As the amount of fuel
increases with a load increase, this effect is attenuated and a certain decrease in PM emission occurs, so that,
under large loads, it would begin to increase again. Since the combustion chamber volume increases if the CR
decreases, the amount of air in the cylinder increases, and it is the cause of decreasing of PM emission when the
CR decreases [1].

Analysis of universal diagrams shows that the trends of CR variation are almost equal for the same values of fuel
consumption and emission. Optimal NOx emission is achieved by later injection, while the minimal consumption
and PM are achieved by earlier injection.

The multiple injection strategies in combination with EGR offer the potential to improve the compromise between
engine emissions, noise and fuel economy in diesel engines with lower CR.

ONE ENGINE - ANY FUEL AS FUTURE SCENARIO

According to law of nature, there are no neither pure energy forms, or “pure fuels”, or “clean engines”, nor “clean
vehicles”. All existing reserves such as coal, petroleum and gas are gifts of nature and must be economized not
only as power sources but as unique and sole raw materials. Rational technologies and economical utilization of
these gifts of nature are the only ways to extend life on our planet.

Future vehicles with flexible Otto/diesel engine cycle coupled with the alternative fuels will be key option in
development of future transport in the world as well as in the Republic of Serbia. Future vehicles should be
optimized according to working process software by sensors and with systems of fuel injection, Figure 21.a.

Optimistically defined terms of reference as a symbiosis of superior economy is targeted, which have the best
diesel engines with the best environmental attributes Otto engines.

In a limited development period, fuel mass will be no more of oil origin. On the other hand, well-known technologies
of alternative fuels indicate the economical production of sufficient components as an additive of synthetic origin or
from natural gas from any bio-raw materials. After identical logic, earlier fuels for Otto and diesel engines are
coupled into one universal fuel. Indeed, we have perceived such a futuristic project tasks [6]:

e One engine for all fuels and

e  One fuel for all engines.

Multi-process IC engine, Figure 21.b, is running with VCR, as Otto engine, the fuel is added with alcohols (octane
number over 100) as an additive to raise the octane number (premium gasoline having EU 95). Analogously, when
the multi-process engine is running with VCR, as diesel engine, then the additives are bio-diesel oils (cetane
number 80) to raise the cetane quality of fuel (Diesel standard have about 50 cetane)!

Present refineries have their own consumption of 10 to 15% of the total volume of refined oil, depending on the raw
material and on what kind of fuel they produce. If IC engines with VCR (type Diesel-Otto) are introduced, then
there would no longer be a share in the "gasoline" and "diesel” fuel. Large tankers, which transport fuel, directly use
purified oil. Only a defined energy and environmentally friendly fuel has its thermal power. Then, there are the
disposable complexes as "octane" or "cetane index" numbers and, therefore, a complicated oil refineries, for "high-
octane gasoline”, with a "high cetane for the diesel" and the like. Refiners should be less spending and more
producing and providing energy and environmental quality fuel.
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Figure 21 Multi-process multi-fuel IC engine with VCR: a) One engine — any fuel concept and b) Future formulation
of the fuels for VCR engines with Otto—diesel combustion process

CONCLUSIONS

The following generalized conclusions can be written from the study performed during experimental work and
presented modelling:

e VCR engine offers the potential to increase combustion efficiency and decrease emissions under varying
load and speed conditions;

e A good agreement between the model and experimental combustion law of the characteristic shape
developed precisely for direct injection diesel engines is achieved by modelling with double Vibe function;

e Initial combustion angle (ops) intensively increases with the increase of the compression ratio due to
shorter period of ignition delay, which is a consequence of higher temperatures at the of fuel injection
time. This research has shown that the duration angle of the knocking combustion part is nearly constant
and this value remains the same during modelling. Total combustion duration angle increases with the
increase of the compression ratio, because the combustion is of higher quality and equally divided through
all stages;

e The amount of fuel burnt at the first stage significantly decreases with the increase of the compression
ratio, by constant amount of injected fuel and constant engine speed. This is also connected with shorter
duration of ignition delay at higher compression ratios;

e Value of optimal compression ratio, at which the engine runs with minimal fuel consumption, increases
with the increase of load. At full load, the fuel consumption is the smallest at maximal compression ratio of
17.5:1, while at low loads, minimal fuel consumption is achieved for compression ratio 12:1;

e Under lower compression ratio of 12.1:1, the engine has started very difficultly, and operation continued
with higher knocking;

e From the aspect of minimal NOx emission, optimal compression ratio at full load has a value of 15:1.
Particulate matter emission is the smallest for medium loads and it increases if the engine runs at low or
high loads. At the same time, particulate matter emission increases with the increase of the compression
ratio, so the optimal compression ratio is 12:1;

e Future vehicles with flexible Otto/diesel engine cycle coupled with the alternative fuels will be key option in
development of future transport in the world as well as in the Republic Serbia; and

e  Optimisticaly defined terms of reference as a symbiosis of superior economy is targeted that has the best
diesel engines with the best environmental attributes Otto engines.
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