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Summary

The paper investigates the demonstration of the increase in total efficiency
of a GDI engine in dependence on the parameters of mixture formation and the
range of load at determined states of engine work in dependence on the rota-
tional speed of the engine. By use of the newest simulation programme KIVA
3V, the possibilities of up-to-date methods of calculation of changes of tempera-
tures, pressures, and the formation of toxic components during the process of
stratified charge combustion were presented. The elaborate mathematical mod-
els, used in calculations, describing the processes occurring inside the cylinder
of the engine, permit one to create complicated virtual models reflecting the real
conditions in a satisfactory way. The correctness of calculation results is deter-
mined by the quality of input data, which can be obtained based on model inves-
tigations. In the experimental section, investigations on a test bed with use of
specialist apparatus for visualisations of inside cylinder processes were dis-
cussed. By use of visualisation, observation was performed of the run of the fuel
jet from the moment of injection, consequent by rebounding of the fuel from the
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piston head, on to reaching under the gap between the electrodes of the ignition
plug and flame spreading from the moment of ignition till the end of the com-
bustion process.

For the determination of the total efficiency of a Gasoline Direct Injection
engine, test bed investigations were carried out with the aim of determining the
speed and load characteristics of the investigated engine. On this basis, the total
efficiency of a GDI engine can be determined.

1. Introduction

Constructors of gasoline engines are faced with increasingly higher re-
quirements with regard to ecology, increasing engine efficiency, and decreasing
fuel consumption at the same time. The satisfaction of these requirements is
possible through recognising the phenomena that occur inside the engine cylin-
der, choosing suitable optimal parameters of the fuel injection process, and de-
termining the geometric shapes of the combustion chamber and the piston head.
All these parameters significantly influence the performance of gasoline engines
and improve their efficiency. An increase in efficiency is, first of all, connected
with a change in fuel supply, i.e. a proper regulation of fuel-air mixture, depend-
ing on the rotational speed and the load. Hence, the combustion of stratified
mixtures in gasoline engines with direct fuel injection is essential for achieving
an increase in their efficiency with a simultaneous decrease in the content of
toxic components in exhaust gases, and a decrease in fuel consumption.

2. Modelling of the injection and combustion process by means of Kiva 3v
program

2.1. Geometry of the calculation model

The KIVA 3V programme, developed for computer modelling and simula-
tion of combustion engines, possesses a large, developed, graphic interface,
which may additionally consider the inflow and outflow systems and create
complicated curved surfaces depicting, as in our case, the piston head. Although
the combustion chamber of a Mitsubishi GDI engine is a complicated system,
the commercial KIVA 3V programme (created on the basis of KIVA Il in the
National Laboratory at Los Alamos) describes fully the physical and thermody-
namic processes inside the cylinder. Fig. 1 shows a geometric model of a piston
of the Mitsubishi 4G93GDI gasoline engine. The cylinder was divided into 20
400 cells (30x34x20) and each of the four pipes into 1900 cells. The total num-
ber of cells of the entire system (when the piston is in BDC) amounted to 29680
cells. The mesh of one cylinder with two inlet and two exhaust pipes and the
pent-roof combustion chamber is shown in Fig. 2. In order to determine the en-
gine’s thermodynamic parameters, a special division of cylinder layers was
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needed along the wall and a more complex grid inside the combustion chamber.
The piston head was created by the CAD system and transformed to a pre-
processor file. For this reason, a special algorithm of interpolation was written
to adopt LaGrange coordinates. The cylinder mesh changes while the piston is
moving and the valve movement also affects the creation of the mesh at every
time step.
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Fig. 1. Geometric model of a piston of a GDI Fig. 2. Complex mesh of a Mitsubishi GDI en-
engine gine cylinder

2.2. Analysis of the gaseous phase participation

The following illustrations (Fig. 3—4) show the gaseous phase participation
changes inside the cylinder of a GDI engine from the moment of injection to the
moment of ignition.
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Fig. 3. Participation of the gaseous phase in Fig. 4. Participation of the gaseous phase in the
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The rotational speed of the engine was 2400 [rpm]. The amount of injected
fuel corresponded to the global coefficient of air excess A = 1.512. An equal
temperature of the combustion chamber walls of approximately 500 0K, a lower
temperature of the cylinder walls of approximately 480 OK, and the piston tem-
perature of approximately 550 OK can be adopted. A turning of the fuel jet to
the spark plug is visible, but concentration of fuel on the piston bowl is also
observed. Near TDC, some liquid fuel flows to the “squish” region and some-
times cannot be burned. When the jet is in motion, fuel vaporises, and there is
more vapour at its boundary than inside the jet. Due to the limitations of this
paper, the distribution of fuel-air equivalence ratio cannot be presented.

2.3. Analysis of temperature distribution in the cylinder

The following illustrations (Fig. 5-6) show temperature changes inside the
cylinder of a GDI engine from the moment of injection to the end of the com-
bustion process.

3.012030e. 4.016643¢

Fig. 5. Temperature distribution in the Fig. 6. Temperature distribution in the cylinder
cylinder for 590 before TDC for 410 after TDC

During the injection process, one can observe a decrease in the temperature
of the charge where there is liquid fuel, which is caused by a vaporisation proc-
ess. When the piston is near TDC, the temperature of the charge in the “squish”
region is higher than in the centre of the combustion chamber. The process of
combustion during the stratified charge mode is irregular. As a result of fuel and
gas conductivity, the regions with fuel vapour surrounding liquid fuel ignite
first. This can also be observed during the visualisation process. The distribu-
tion of temperature shows the entire process of combustion and proceeds in a
different way than in conventional engines with a homogeneous charge. At the
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very end of this process, the charge in the middle of the combustion chamber
burns as a result of a higher temperature and vaporisation of the fuel jet.

3. Visualisation of the injection and combustion process in a GDI engine

3.1. Investigation object

The investigation object is a 1800-cm3 Mitsubishi 4G93GDI engine, which
is a 4-stroke, 4-cylinder, 16-valve engine with a double distribution shaft in the
head, constructed on the basis of an engine with multi-point indirect fuel injec-
tion of the same volume. For a visualisation of this type of engine, access of the
measuring apparatus to the inside of the combustion chamber had to be made
possible. This is why the engine head was subjected to some modifications: two
openings of the same diameter ¢=10 [mm] were made at an angle measured
from the bottom horizontal plane of the head. The angles between the two open-
ings, measured in the cross plane of the head, were ¢=5 and ¢@=7°. The
choice of the value of these angles is decisive for recording the processes occur-
ring inside the cylinder, since they determine the area of visual control of the
recorded pictures. Two sleeves were fastened in these openings; one for an en-
doscope and another for a stroboscope lamp. After this adaptation of the engine
head, visualisation was performed on a chassis test bed.

3.2. Visualisation of injection and combustion in an engine working on a
stratified mixture

This visualisation concerned the injection and combustion process when the
engine worked on a stratified mixture. The recording was carried out at the en-
gine’s rotational speed of 2400 [rpm] with a partial load. The value of fuel con-
sumption per unit was 238 [g/kWh]. Fuel injection took place at 780 before
TDC.

The film frames presented below (Fig. 7-8) are selected photographs show-
ing fuel being injected into the cylinder of a GDI engine.

Fig. 9-10 show selected film frames from the visualisation concerning the
combustion process in the GDI engine when the engine worked on a stratified
mixture. The ignition occurred at 10 deg CA before TDC.
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Fig. 7. Photograph of fuel jet injected Fig. 8. Photograph of fuel jet injected
at 55 deg CA before TDC at 35 deg CA before TDC

Fig. 9. Photograph of further flame Fig. 10. Photograph of the after-burning
development at 20 deg CA after TDC phase at 37 deg CA after TDC

4. Test bed investigations of the 4G93GDI engine

A roller chassis test bed, equipped with an electrically controlled water
brake, whose maximal moment was 180 [Nm], was adopted for the determina-
tion of speed and load characteristics of an 1834-cm3 Mitsubishi 4G93GDI
engine.

The system was equipped with meters of vehicle speed V [km/h] and power
on the wheels [kW]. The system for fuel consumption measurement was
equipped with a Flowtronic apparatus, measuring fuel consumption per hour Ge
[1/h], connected to the fuel pump located in the fuel tank.

The system for the measurement of the engine’s rotational speed was
equipped with a crankshaft angle encoder (Angle Encoder 364 made by AVL)
on a pulley.
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Fig. 11. Scheme of the test bed

All the measurement systems were integrated with the central measurement
computer mounted on the test bed to allow a precise determination of all possi-
ble data for a given rotational speed and load of the investigated engine.

The scheme of the measurement test bed used for the determination of
speed and load characteristics of the investigated engine is provided in Fig.11.

4.3. Determination of thetotal efficiency of a GDI engine based on test bed
investigation results

In order to determine the total efficiency of the 1834-cm3 Mitsubishi
4G93GDI engine, use was made of the speed characteristics obtained during the
test bed investigations of the relation of fuel consumption per unit in the func-
tion of the engine’s rotational speed. With regard to a considerable decrease in
fuel consumption per hour and per unit between the rotational speeds of 750 and
2700 [rpm], which was caused by the engine working in the mode of stratified
fuel-air mixture (A = 1,5-2,1) depending on the engine’s rotational speed and
load), the diagrams had to be complemented by additional characteristics of fuel
consumption per unit. With this aim in mind, diagrams of fuel consumption per
unit within the same range of rotational speed (750-2700 [rpm]) were drawn in
the same way as for the engine working on a homogeneous mixture (A=1). In
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consequence, the value of fuel consumption per unit does not show the charac-
teristic jump from one mode of work to the other. Fig. 12-13 show some traces
of changes in the GDI engine’s total efficiency in function of its rotational
speed.
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Fig. 12. Relation of total efficiency n0 in function of rotational speed at 3/4 of rated power
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Fig. 13. Relation of total efficiency n0 in function of rotational speed at % of rated power

5. Conclusion

A considerable increase of approximately 17% has been noticed in the total
efficiency of the investigated gasoline direct injection engine at the determined
rotational speed when the engine worked on stratified mixtures (injection during
the compression stroke). As a result, fuel consumption per unit and per hour
decreases by approximately 17%. The air excess coefficient value during work
on a heterogeneous mixture increases to A = 2.2. Stratification of the charge
depends, first of all, on the engine’s rotational speed and load, and it remains at
this level to approximately 2700 [rpm]. A characteristic moment of transition
from the engine working on a heterogeneous mixture to it working on a homo-
geneous mixture is noticeable in the form of a rapid jump in fuel consumption
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per unit by approximately 60 [g/kWh] on all characteristics of partial powers
(i.e. for the full value, 3/4, 1/2 and 1/4 of the rated power). The range of rota-
tional speeds, where the total efficiency increases is 600-2700 [rpm], depend on
the engine’s working conditions.
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Badania stanowiskowe silnika benzynowego pracujacego na mieszance
uwarstwionej

Stowa kluczowe

Silnik GDI, mieszanka uwarstwiona, wizualizacja, proces spalania.

Streszczenie

Zakres pracy obejmuje wykazanie zwiekszenia sprawnosci ogolnej silnika
GDI w zaleznosci od parametrow tworzenia mieszanki i zakresu obciazenia
w okreslonych stanach pracy silnika w funkcji predkosci obrotowej silnika. Za
pomoca programu symulacyjnego KIVA 3V przedstawione zostaty mozliwosci
nowoczesnych metod obliczeniowych przebiegéw temperatur, cisnien, powsta-
wania sktadnikdw toksycznych w czasie procesu spalania fadunku uwarstwione-
go. Wykorzystane w obliczeniach modele matematyczne pozwalaja na tworze-
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nie skomplikowanych modeli wirtualnych, ktére w zadowalajacy sposob od-
zwierciedlaja warunki rzeczywiste. Poprawnosé¢ wynikow obliczen zdetermino-
wana jest jakoscia danych wejsciowych, ktére mozemy uzyska¢ w oparciu o ba-
dania modelowe.

W cze$ci doswiadczalnej omoéwione zostaty badania na stanowisku badaw-
czym z wykorzystaniem specjalistycznej aparatury do wizualizacji procesow
wewnatrz cylindra. Zakres badan obejmowat wizualizacje procesu spalania
w silniku GDI dla réznych rodzajow obciazen i parametrow tworzonej mieszan-
ki paliwowo-powietrznej. Do okreslenia sprawnosci ogélnej silnika benzynowe-
go z bezposrednim wtryskiem paliwa zostaty przeprowadzone badania stanowi-
skowe, ktorych celem byto wyznaczenie charakterystyk predkosciowych i ob-
ciagzeniowych badanego silnika.



