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Abstract— The first construction of the fuel supply system 

with electronically controlled direct injection system was 

introduced into batch production in 1996 by the Japanese 

Mitsubishi concern, in the Carisma model with the 4G93 

GDI engine. The innovative solution made the disposed 

power and maximal moment grow by 10%, and the 

elementary fuel consumption fell by 20% in relation to the 

formerly used engine with indirect fuel injection system. 
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I. INTRODUCTION 

Constructors of gasoline engines are faced with higher and 

higher requirements as regards to ecological issues and an 

increase in engine efficiency at a simultaneous decrease in 

fuel consumption. Satisfaction of these requirements is 

possible owing to the recognition of the phenomena 

occurring inside the engine cylinder, the choice of suitable 

optimal parameters of the fuel injection process, and the 

determination of the geometrical shapes of the combustion 

chamber and the piston head. All these parameters indeed 

have a considerable impact on the improvement of gasoline 

engines performance, and they increase their efficiency. The 

increase in the engine efficiency is basically the result of the 

change in the fuel supply method that is by proper 

regulation of the petrol-air mixture composition depending 

on the rotational speed and load. This is why the lean 

mixture combustion in the gasoline engine. Further lowering 

of the temperature during the development of the fuel-air 

mixture, which is an outcome of the heat being taken away 

from the evaporated spout by the surrounding air, makes it 

possible to increase the compression ratio, which translates 

to the increase of the ideal efficiency. With direct petrol 

injection system, is essential for increasing the efficiency at 

a simultaneous decrease of the toxic fumes emission and 

fuel consumption. The improvement of the above mentioned 

parameters was possible owing to the implementation of the 

system of laminar lean fuel-air mixture combustion in the 

range of partial load and low to medium rotational speeds of 

the engine. The laminar load was created by the wall-guided 

fuel injection. The injected fuel spout, with the proper angle 

of the crankshaft revolution during the compression stroke 

rebounces from the piston head and is directed towards the 

spark plug electrodes. The rapid development of internal 

combustion engines with direct petrol injection caused the 

introduction into batch production of the Renault concern 

IDE engines, Toyota’sD4, Volkswagen group’s FSI, PSA 

group’s HPI, Ford’s SCI, Mercedes’ CGI, and the JTS unit 

used by Alfa Romeo. In 2004 the first turbocharged engines 

with indirect petrol injection were introduced in Audi 

vehicles, and in 2006 Mercedes presented CLS 350 CGI 

model, in the engine of which the laminar load is created by 

the spray-guided injection. At present piezoelectric injectors 

are used in most direct injection systems, which characterize 

with considerably larger fuel dosage accuracy than the 

hitherto used electromagnetic injectors. This type of fuel 

supply system shows that the gasoline engine with direct 

petrol injection, apart from the benefits resulting from the 

combustion of lean mixtures, has numerous other virtues, 

compared to the conventional fuel supply systems, namely: 

 Fuel consumption comparable with other self-ignition 

engines, 

 Increase power compared with other spark ignition 

engines with multiple-point fuel injection. 

 The aim of engine constructors is essentially to 

increase the overall efficiency, not merelyone of the partial 

efficiencies of which it constitutes, therefore the profound 

analysis of the above mentioned factors deciding of its real 

value is understandable. 

 Theoretical analysis of pressure and temperature of 

the combustion process of stratified charge in a direct 

injected four stroke engine Using the CAD program a mode 

of charge stratification of ultra – lean combustion was 

elaborated based on considering the shape of the concave 

bowl of the piston and injection castor angle presented in 

Fig.1.The small spheric bowl in the piston shown in Fig.1 

works as a chamber and is located on the side of the inlet 

channel. The geometry of the bowl in the piston bottom is 

designed in such a way that the fuel sprayed from the 

injector falling on the concavity is directed under the 

ignition plug. High pressure of the injected fuel is thought to 

prevent formation of a fuel film on the piston bottom during 

refraction and supply of an adequate rich dose of fuel under 

the ignition plug. An adequate gap between the injector and 

the ignition plug is necessary to accelerate the evaporation 

and diffusion of the sprayed fuel in order to make the too 

rich mixtures leaner around the ignition plug (λ < 0.5) which 

may delay the ignition. In accordance with it, the beginning 

initiation of injection should occur earlier and earlier with 

the increase in the rotational speed. 

 
Fig. 1: Variation of fuel mixture in combustion chamber 

 As a result, the point the fuel impinges the 

concavity in the piston differs at different velocities. The 

geometry of the concavity and the angle of injection were 

designed so that the behavior of the fuel after injection 

would not be sensitive to the moment and place of injection. 
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Thermodynamics method of comparative cycle on the basis 

of heat amount introduced into the cycle 

The following assumptions were adopted for calculations: 

1) Semi prefect gas is the thermodynamic factor 

performing the work in the cycle. 

2) The amount of the factor participating in the cycle is 

constant; which means that losses of the mass of the 

factor due to leakage of the cylinder equals zero. 

3) Processes of compression and expansion are polytropic. 

For a spark ignition engine heat is supplied at a constant 

volume, however, the possibility of incomplete and non 

– total combustion is taken into account. 

4) The rest of exhaust gasses (mass, temperature and 

pressure) left from the former work cycle are 

considered. 

5) Heat exchanged between the factor and walls of the 

combustion is neglected. 

6) For calculations purposes a substitutive calculation 

coefficient of air excess was adopted corresponding to 

the charge stratification in such a way that combustion 

of a stratified charge gives maximal pressure and 

temperature of combustion which is equal to the 

pressure and temperature of a homogeneous charge 

combustion. 

Basic equation of heat balance used for calculations takes 

this form:’ 

 
Where: 

CV 1 − specific heat of agent at constant volume in the 

initial point of combustion process,[kJ/ 

kgK] 

CV 2 − specific heat of agent at constant volume in the end 

of combustion process, [kJ/kgK] 

T2 − charge temperature at the beginning of the combustion 

process, [K] 

L p − actual mass demand of air for combustion of 1 kg of 

fuel, [kmol/kg] 

γ − coefficient of pollution of the fresh charge with rests of 

exhaust gases, 

Tm − maximal temperature of the cycle, [K] 

II. COMPARISON OF PRESSURE AND TEMPERATURE 

CALCULATED BY USE OF THE THERMODYNAMICS AND VIBE’S 

METHOD WITH REFERENCE TO REAL INDICATED PRESSURE IN 

A GDI 

For either of these models calculation of pressures for 

charges of different coefficient of air excess λ were 

performed in order to calculate a substitute coefficient of air 

excess λz; these are presented in Fig.2 and Fig.3 

respectively. Subsequently, in Fig.4 pressure traces for the 

two methods were presented respectively; moreover a 

comparison of indicated pressures calculated by use of the 

thermodynamic method and Vibe’s method was given with 

reference to the indicated pressure in a Gasoline Direct .A 

comparison of traces of temperature changes for these 

methods was given in FigFor determination of the decrease 

in fuel consumption a comparison of maximal values of 

combustion pressures of a homogeneous and stratified 

charge was made. Stratification of the charge was chosen in 

such a way that 5 zones of different coefficients of air 

excess λ occurred; this was shown in Fig. 1. 

 At the assumption of equal volumes of charges of λ 

= 0.9 and λ = 1.9 a subsidiary calculation coefficient of air 

excess λz = 1.113. Combustion of such a stratified charge 

gives maximal combustion pressure and temperature equal 

to the pressure and temperature of a homogeneous charge of 

λ = 1. 

 
 Traces of pressure changes in the cylinder for 

various coefficient of air excess λ obtained by use of the 

thermodynamic 

Method 

 
 Traces of pressure changes in the cylinder for 

various coefficient of air excess λ obtained by use of method 

with use of Vibe’s combustion function 

 
 Diagrams of pressures obtained by use of two 

methods for a substitutive coefficient of air excess λz 

=1.113and a comparison of indicated pressures calculated 
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by use of the thermodynamic and Vibe’s method with 

indicated pressure in a gasoline direct injection engine 

 
 Diagrams of temperature obtained by use of two 

methods for a substitutive coefficient of air excess λz 

=1.113 

III. CALCULATION OF PERIODS OF PHASES OF FUEL 

INJECTION IN THE SPARK –IGNITION ENGINE WITH DIRECT 

FUEL INJECTION DURING WORK ON THE HETEROGENEOUS 

MIXTURE 

Carried out calculations aim at determination of durations of 

particular phases of injected fuel stream in the Mitsubishi 

GDI engine during work on the stratified mixture, including 

resistances prevalent inside the cylinder [8]. The 

mathematical model was elaborated by use of Mathcad 

Professional. The phases of injected fuel stream during work 

on the stratified charge are shown in Fig 

 
 For the calculation model, the total time needed to 

cross a distance from injection moment to the sparking plug 

points reaching was divided into four stages, namely: 

1) Period t1 – from the fuel injection moment to contact of 

the stream with the piston head, including air resistance 

2) Period t2 – from the moment of entry into curvature of 

the piston head to the half-length of the curvature, 

including frictional resistance between the fuel stream 

and the piston head 

3) Period t3 – from the half-length of the piston head 

curvature to the moment when the fuel stream exits the 

head, including both frictional and air resistances for the 

evaporating fuel 

4) Period t4 – from exit the curvature of the piston head to 

the moment when the fuel stream reaches the sparking 

plug points 

IV. ANALYSIS OF TEMPERATURE DISTRIBUTION IN THE 

CYLINDER GDI ENGINE 

In the enclosed illustration (Fig.23-24) changes of 

temperature inside the cylinder the GDI engine from the 

moment of injection till the end of the combustion process 

are shown. During injection process there is observed 

decrease of temperature of charge where is liquid fuel and is 

caused by vaporization process. When piston is near TDC 

temperature of charge in a squish region is higher than in the 

centre of combustion chamber. The process of combustion 

during stratified charge mode is irregular, as a result of 

conductivity of fuel and gas, first of all ignite the regions 

with fuel vapour surrounding liquid fuel. It can be observed 

also during visualization process. The distribution of 

temperature shows the whole process of combustion and it 

proceeds in another way than in conventional engine with 

homogeneous charge. Just at the end of this process the 

charge in the middle of combustion chamber burns as a 

result of higher temperature and vaporization of fuel jet. 
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V. VISUALIZATION OF INJECTION COMBUSTION PROCESS 

DURING ENGINE WORK ON STRATIFIED MIXTURE 

The carried out visualization concerned the process of 

injection and combustion during engine work on stratified 

mixture [10]. The recording was carried out for rotational 

speed of the engine 2400 [rpm] for partial load. The value of 

specific fuel consumption was 238 [g/kWh]. The fuel 

injection took place for 780 CA before TDC. Below, in the 

presented film frames (Fig.25-26) chosen photographs 

concerning fuel injection into the cylinder of GDI engine. 

VI. CONCLUSIONS 

1) determining the comparative cycle for this fuel supply 

system may be applied to the initial calculations in the 

designing of the gasoline engine with direct petrol 

injection, 

2) The determination of the best parameters for the fuel 

injection process requires the accurate setting of the 

time the fuel spout requires to travel the distance from 

the injector exit to the spark plug electrodes. 

3) The results obtained during the visualization of the 

process of injection and combustion of the luminar 

loads display the actual conditions occurring inside the 

engine cylinder and they become essential in the 

accurate determination of the parameters deciding about 

the correct course of the gasodynamic phenomena. 

4) A considerable increase in the total efficiency of the 

gasoline engine is observed during the combustion of 

lean fuel-air mixtures, due to lower temperatures during 

the load creation process, which allows applying larger 

values of the compression ratio to 14, which directly 

translates to the increase of the total efficiency. 

5) The results of computer calculations and stand research 

included in this work constitute a comprehensive 

complement of the knowledge about the creation and 

combustion of laminar loads in the gasoline engines 

with spark ignition with direct petrol injection. 

6) The increase in the total efficiency of GDI engine 

determined on the basis of test bed investigations varies 

within the limits Δη0 = 10 ÷ 17% in dependence on the 

rotational speed and load of the engine. 

7) Applying the direct fuel injection of lean mixture 

combustion strategy definitely improves the working 

parameters of the internal combustion engine and 

constitutes the basis for further developmental work on 

this area. 
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