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Abstract

The most of research works with reference to piston engines with the direct fuel injection concentrate on two basic

systems . One system is a homogeneous system and refers to high engine loads both from the point of view of torque
and rotational engine speed. The second system refers to small loads and rotational engine speeds which usually do
not exceed 50 % of the maximum allowable loads and the rotational speed.
These systems were an object of the analysis and research with use of the laser-equipment , mostly the PDPA and
LDV. For the comparison only the PIV research were brought over. In brought over analysis one returned the special
attention on stratified combustion, homogeneous combustion, water injection and water fuel emulsions, heat
exchange.

In particular research injectors, the combustion space of the constant of the volume with 3D laser equipment
(PDPA, LDV), results of researches of fuel spray concerning droplet diameters, results of researches of fuel spray
concerning droplet distribution of lineal and volume, and dependences Rosin-Rammler, results of researches of fuel
spray concerning distribution of 3D droplet velocity, results of the analysis of combustion rate and impulse for fuel
spray are presented in the paper. The obtainment of small droplet dimensions is possible in the way increasing of the
injection pressure. However high increasing of the pressure unfavourably bears on life of fuel equipment. From other
methods one can mention methods mechanical improvements of spraying of the fuel. One of mechanical methods
stayed put-upon in research of the ignition process.

Keywords: combustion engines, direct fuel injection , mixture preparation processeshomogeneous strategy ,
heterogeneous strategy, laser-methods

1. Introduction

The most of research works with reference to pisgtogines with the direct fuel injection
concentrate on two basic systems . One systerhasn@geneous system and refers to high engine



loads both from the point of view of torque andatmnal engine speed. The second system refers
to small loads and rotational engine speeds whsthally do not exceed 50 % of the maximum
allowable loads and the rotational speed (Fig.Thjs system is a heterogeneous system. ldeas
relating to two names are speculative ideas anasldelating to two names are speculative ideas
and essential conditions occurring in an enginaiognt differ from homogeneous conditions
and heterogeneous ones, where also homogeneossaageasible.

The first system, the homogeneous system, is &laracterized that it can be applied both with
reference to Diesel and a spark-ignition engindss System is characterized with the early fuel
injection, usually during the intake stroke. Sor¢hes a lot of time for proper (homogeneous)
preparation combustion mixture which should be hgemeous. However even uniform
distribution of the fuel in combustion chamber doeg give the full view of qualitative and
guantitative preparation of the mixture. The quyadit injected fuel spray has a very big meaning
for obtainment of correct work parameters of thgiea referring to torque, fuel consumption and
emission level of exhaust gases. Preliminary rebear showed that the quality of injected fuel
spray having very essential importance for theiobtant of suitable parameters engine work was
name only homogeneous spray, and practically herogeneity refers to the macro scale. Such
approach for the problem is a strong simplificati®uch approach for the problem is a large
reduction, if the accepted name of the homogenebasge has to be applied. Uniform fuel
distribution in combustion chamber differs onlystislystem from second one, where fuel can be not
uniform distributed in combustion chamber and daa appear areas where there is not fuel at all.

In the second work system, the heterogeneous systeinis heterogeneously distributed in
combustion chamber. In this system of engine wiud, injection occurs close to end-point phase
of compression stroke. So, there is a little timedombustion mixture preparation . However in
the zone of the mixture ignition should be homogerse and fuel spray should be characterized
with small dimensions of fuel droplets. This refaspecially for so called "the cold" ignition
which at the heterogeneous mixture can not appeaiss fire will appear, what negatively affects
on engine economic parameters and emission leveklodust gases. In this second system the
exchange and thermal conditions have essentialenfie on the correct process run of the
combustion and emission level of exhaust gases.
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Fig. 1. Two strategies of the power supply of with the spark-ignition engines with the direct-injection: the stratified
charge at small loads and rotational speeds and the homogeneous charge at big loads and rotational speeds of
the engine



The heat flux passes from charge across a boutalgey of thermal resistance on the wall of
combustion chambers (cylinder liner, cylinder head piston crown), itself wall, the boundary
layer of thermal resistance on the outer side aflmgstion chamber to cooling fluid cylinder wall
and head, and on a other piston side, an oil-lagen a oil sump. Heat lost in cooling system of
the walls is the row of 15 - 20 % heat suppliefuiel, and with reference to the rated power of the
engine it takes out of 40 - 50 % and even more. fEngperature on boundary surfaces of the
layers spreads according to thermal resistancdsesé layers. From the point of view of the cycle
of the highest efficiency, the charge temperatireukl be the maximal (but on the walls not
higher than acceptable one of the wall materialehaaterials, eg. ceramic, let on application of
high temperatures). On the other side the temperatooling fluid is settled automatically on
several degrees below boiling heats cooling fldide barrier layer of cool charge on internal
walls of combustion chambers is so advantageouws froint of view of engine efficiency. Charge
is swirled, what provides charge exchange and nesib the barrier layer. Too intensive swirl
influences however unfavorably on combustion preessand besides the high temperature bears
on the NQ emission level. On conditions of heat exchangeoimbustion chamber of the piston-
engine, and what to these is going run of combngtimcesses, engine performance and level
emission of combustion gases influences the watgction and exhaust gases recirculation
(EGR), what one ought to take into account in agialgf present-day combustion engines.

Explored experimental included derivation of homugeus fuel spray for the homogeneous
system , estimation of the fuel spray homogenejtynrteans of special analytical methods, the
mathematical description of experimental data byamse of different dependences, and
determination of the best description of the fyhy quality. In reference to different fuel sprays
the best qualitative description according to brdumyer research has been obtained by means of
the Herdan diameter (g).

2. Stratified combustion

In ideal case the engine is operated without tler@tihd with lean overall mixture. The direct
injection for Sl engines with stratified operatioambines the improvement of charge cycle and
thermal efficiency (Fig. 2.). Therewith the diranjection is the most promising engine-related
measure regarding fuel efficiency. However stradifoperation in early stages was limited on a
small area in the engine map. The stratified engiag is limited to small engine speeds and low
loads because of the dependency of the mixtureepsoon the piston position and because of
unreliable inflammation under some conditions. @opuently the benefit in fuel consumption is
limited on this small engine map which is hardledsn the real drive cycle. Further the fuel
consumption benefits are reduced by extended wattivg on the piston surface leading to
considerable energy loss. Another difficulty of &lan burn engines is the exhaust gas
aftertreatment with regard to the reduction of N€dissions. Therefore the NOx storage catalysts
are used mostly in combination with an intermittesain-rich engine operation. While the engine is
running lean the NOX is stored in the catalystluh& storage capacity is reached. Then the engine
is switched to rich operation to enable a regermraif the catalyst. Especially at higher loads
high NOx raw emissions occur at stratified operat®o that switching from stratified to
homogeneous mode achieves a higher overall eftigieho allow a reduction of the regeneration
frequency of the catalyst and to enable stratifipdration at higher loads, the engine development
should be focused on the reduction of the NOx dpomniss These engines achieve a benefit in fuel
efficiency mainly by downsizing effects while usitige very efficient 3-way catalyst technology.
A lot of investigations shown that the stratifiegpecation map may be larger for the next
generation of direct injection engines. These exgyare realized with a spray guided idea. Due to
a narrow arrangement between spark plug and imjgotomixture process is not supported by the
piston surface. The mixture process is nearly ieddpnt of the piston motion. This leads to a



significant reduction of piston wall wetting. Fueththe ignition and combustion timing can be
adjusted regarding thermal efficiency concernsemdtof mixture process requirements.

Fig. 2. The strategy of the power supply of engineswith  Fig. 3. The strategy of the power supply of engines with

the spark-ignition direct-injection: the stratified the spark-ignition and direct-injection: the
charge at small loads and rotational speeds of homogeneous charge at big loads and rotational
the engine speeds of the engine

The advantage is that no defined charge motioreqsired to enable the mixture transport as
necessary for air-guided concepts. Consequentlygehmotion strategies can be involved to
support the combustion and fuel evaporation smatifi. The advantages of the spray guided
combustion concept can be enhanced further witleah&bination of turbo charging and increased
injection pressure. Further the direct injectidiowbs a comparatively high compression ratio even
for turbocharged engines because the knock tendsen®duced. Compared to natural aspirated
engines the increased air-mass in case of the dbbaloged engines allows an extension of the
stratified engine map leading to a benefit in 'ee@bnomy. Another advantage of turbo charging is
the increase in power at full load operation.

3. Homogeneous combustion

The homogenous combustion strategy has potentradiace NOx, PM emissions and improve
part load engine efficiency. It is suitable forariety of fuel types (Fig. 3.). However, to achieve
successful application, problems such as contragmifion timing and heat release rate over the
entire engine operation range, have to be solvemmdgenous combustion needs an essential
ignition temperature. The methods used to achiech a temperature have to be able to manage
the rate of heat release followed by ignition andié extreme sharp pressure increases.

The results obtained from experimental investigetiand theoretical simulation studies have
indicated that the control over homogenous combnstan be achieved with lean mixtures in a
limited range X >2) by using various engine control strategiesanuel mixture modifications.
Variable Compression Ratio and valve timing techgi@s are potential control technologies for
homogenous combustion. Late fuel in cylinder dirggection can be an ideal strategy for
homogenous combustion with heavy fuels, such aseba low loads. Since the main ignition of
homogenous combustion occurs at a certain temperatthich is independent of fuel types,
modification of the air/fuel mixture by fuel blemdy or using various additives can only control
homogenous combustion via their effects on the heatse rate during first stage ignition. The
selection of additives should be in agreement Wiéhfuel type and its octane number.

Future experimental investigations should focusvanable valve timing, late in-cylinder
injection for heavy fuel in particular, and supexajing. These potential technologies can be



applied individually or combined in various formMdost calculations have so far been done using
closed cycles. The impact between intake and exhBows has serious effects upon the
temperature time history of the charge inside thmlustion chamber. Therefore, it is anticipated
that such an impact may have a serious effect anogenous combustion as well, since
homogenous combustion is very sensitive to chaggerature time history. Using a lean air/fuel
mixture or diluting a richer mixture largely with@R can control the heat release rate of
homogenous combustion, but it will result in poawer output. Sl offers a high power output
density. A hybrid homogenous-SI strategy can tloeeesbperate the engine with homogenous at
low loads to improve emission and efficiency, withsacrificing the high load performance
where Sl strategy can be used. For engines ugliseavy fuels, homogenous has the potential to
significantly reduce PM and NOx emissions withoatrgicing fuel efficiency. However, this
benefit can only be considered when the engine i®dalv. At high load, fuel enrichment would
largely increase the heat release rate of homogeoombustion and result in an extremely high
cylinder pressure increase, due to the nature mbilsaneous combustion throughout the entire
combustion chamber. At high load, conventional Bliengine may still have to be employed.
Compared to Sl, high compression ratios are predeloy CAl combustion due to its self-ignition
nature. Therefore a higher thermal efficiency carobtained. Values of CR may reach 21:1 for
Diesel engine and 12:1 for Sl engine. Fuel richezoare the main source of PM emissions in
conventional Diesel engine. However, with CAl st air and fuel mixture are premixed before
combustion starts, and thus very low PM emissi@mshe achieved.

Homogenous combustion is a combustion process whitdises homogeneous air/fuel
mixture, but combustion is initiated by fuel sedfition. It therefore combines features of both Si
and Diesel engine combustion. During the compresgimcess, different parts of the charge
mixture have different heat capacities due to lacdiomogeneities which results in non-unified
temperature distribution throughout the combustbamber. When the hotter parts overcome
their threshold energies, ignition of these zorsesitiated. The energy exothermal warms and
compresses the remainder of the charge, incredssdemperature, until full-scale ignition is
established after a short time delay. Thereforeadgenous combustion is a thermal environment
related auto-ignition process, but ignition its&f controlled by the chemical kinetics of the
mixture with relatively little influence of turbubee and mixing.

4. Water injection

Water can be incorporated into diesel fuels in forons: micro emulsions (1§ m) and macro
emulsions (18 m). Micro emulsions are especially suitable for tife fuel stability and
acceptability by the distribution system. Howeuey require higher surfactant concentrations
and consequently they have a cost/effectivenedkenfa, especially at high water concentrations.
On the other hand, macro emulsions are specialifedsufor applications where fuel cost
acceptance is a major consideration, since theyinedower surfactant concentrations for
preparation. Macro emulsions, however, have a whégnctive color because water is distributed
in micron range droplets. This characteristic gisges a stability challenge, because water tends
to settle over time, when the fuel is kept quietcen

Water introduction causes N®@eduction, PM reduction, variability of the additi of water,
effects on cold start, lubricating oil dilution, carexpenditure. As the main portion of N@&
formed by highly temperature-dependent reactianisas been tried for a long time to utilize the
heat of vaporization of water for reducing the costibn chamber temperatures. For that reason
but not only there is a good idea to apply of eshaases recalculations (EGR). Other methods
are: water injection into the inlet manifold, watejection directly into the combustion chamber
by means of a separate nozzle, injection of a predndiesel fuel-water emulsion, injection of a
diesel fuel-water-diesel fuel sequence by mearss gdrticularly modified nozzle. For obtaining a
maximum NQ reduction from a minimum of water, it has to beught to the right spot at the



right time, namely to those spaces in the combuastitamber where the highest temperatures
prevail for considerable periods of time, i.e. ffeest flame areas. For this reason it is essemtial t
introduce the water by help of the nozzle usediriggcting the diesel fuel, as is the case when
diesel fuel-water emulsions are injected as wellvék the stratified diesel fuel-water. In this
regard, the other methods, namely inlet manifoltewanjection and direct water injection with a
separate nozzle, are unfavourable as they suppbr\abso to areas where it is ineffective or even
harmful in other respects. Thus, the amount of waguired for a certain NOx reduction is twice
as great as with water injection by means of theseali fuel injection nozzle. This excessive
guantity of water reduces the temperature levebath the combustion chamber to the extent that
soot oxidation is impeded and HC emission increaseslilting in an increased PM emission. In
addition, lubricating oil dilution corrosion, andcreased wear are observed with these methods.
Inlet manifold water injection yielded N®@eduction rates of 30 percent, in combination E®GR

up to 50 percent. Next method, diesel fuel-waterulsion, which lowers the combustion
temperatures, which is undesirable at the beginanmjend of combustion and results in increased
ignition delay, engine noise, and retarded combuasfThus, at the beginning and end of injection
only diesel fuel is introduced into the combustairamber, to the effect that the aforementioned
disadvantages are prevented. In this way, 15 peloaer NOx emissions are measured when the
same amount of fuel as with diesel fuel-water emnlss introduced. Compared to the use of
diesel fuel water emulsions, the most import prgpef the DWD system is that the amount of
water injected can be quickly varied dependent ogine load and speed, which is of highest
importance in view of transient operating condificend cold start. The exhaust gas opacity is
considerably reduced with diesel fuel-water emulsitoo, reportedly by 80 percent. Improved
mixture formation due to the increased injectiomrmjity and, therefore, higher injection pressure
as well as micro explosions may play a part, aedstime might apply to improved soot oxidation
by H. and OH. Radicals resulting from partial d@aton of the water. When using diesel fuel-
water emulsions, the opacity reduction does natespond to a comparably large PM reduction,
as this is affected by a marked increase in HC soms

5. Laser researches

Experimental laser researches (PDPA, LDV, PIV)vadld to determine basic spray parameters
of atomized fuel including droplet dimensions aredoeity field. The view of research injectors
for Sl engines for research of atomization proctesy left worked out injector research with air
assist is presented in Fig. 4 and view of combustisamber of the constant volume with laser
equipment 3D (2 transducers and 1 receiver) -gn %

Fig. 4. Research injectors, on the left experimental Fig. 5. The combustion space of the
injector with air assist constant of the volume with 3D laser
equipment (PDPA, LDV)

Researches were concentrated on measurement détdidopensions, their dispersion in spray
by determination their substitutive diameters aredoeity fields in combustion chamber of



constant volume. The substitutive diameter is defiby the general dependence expressed by
equation:

rxDa( di/dD)dD
(D )a_b = DD,, ! (1)

[r(di/ dp)ydD
D,

where:
Dabp — substitutive diameter of droplets in spray oratel,

D — diameter of droplet in spray,
Do — minimum-diameter of droplet in spray,
Dmax— maximum-diameter of droplet in spray,

| — droplet number.

If the spray is homogeneous with reference to atogiimensions , then all kinds of diameters
are equal. Thus a measure of the homogeneity bEfuay are differences among each diameters.
Self-evident is that clear homogeneous spray assiple only theoretically.

The modelling spray fuel dispersion o is possibithvinany dependences. A most widespread
method is the method Rosin-Rammler d describedepgdence:

1-Q=exp{-(D/X}} (2)

where:
Q —volume droplet part of smaller diameter than D,

D — droplet diameter,
X — parameter describing stipulated droplet di@me

g — parameter describing degree of droplet dssper

Results of laser researches are presented in Figaid 8.
In Fig. 9 data for determining of the relative \v@tg of combustion in constant chamber volume
and impulse charge are presented

6. Conclusions

The obtainment of small droplet dimensions is gaesin the way increasing of the injection

pressure. However high increasing of the pressaofavourably bears on life of fuel equipment.
From other methods one can mention methods medaiamprovements of spraying of the fuel.
One of mechanical methods stayed put-upon in relsedrthe ignition process.
Similar connected results with increasing of thespure one can obtain by means of other
methods from which most known is air assist forghacess of fuel atomization. This method has
however certain due limitations with the necessityisage of the air-compressor. Other methods
concerning improvements of the process of spragnegan object of numerous research works, in
this also carried by authors of the paper.
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Fig. 9. Results of the analysis of combustion rate and impulse for fuel spray of D43 28,8 um, A=2,8
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Fig. 10. Run of the combustion process in constant volume chamber for the heterogeneous fuel spray (1=2,5)

Applied fuels can differ with the value viscositpcathe surface tension what can have the
essential influence at additives for fuels havinffecent proprieties than gasoline (ethanol). It
leads for considerable differences in processefulel/air mixture preparation.



The PIV research method lets on definition of ttracsure and distribution of velocity in stream.
It lets on quality rather evaluation than quanbtye. Laser-methods PDPA and LDV let on the
gualification of diameters of droplets, their vetas and dispersion.

From brought over research the combustion progeske constant volume chamber about the
constant of the volume results that the ignitiod #re correct combustion are possible, when the
fuel spray is characterized with small measuremehtbe diameter D43 which does not exceed
the value of 3qum.

If in the fuel spray she appears droplets of dinmrssexceeding 3Am, but also the sufficient
number small droplets of the;Pdiameter of 3Qum, is the ignition and the combustion are also
possible, though the combustion be characterized different rate during durations of the all
process.

During research of the ignition process of the #mel combustion at higher pressure in the
constant chamber volume (for the value of 1 MPapaged that, at large dimensions of droplets,
when D3 is greater than 3@um the ignition is not possible, even at the esakgtiowth of the
pressure in combustion chamber. Critical influeee the ignition in conditions of the cold
combustion chamber has a fuel atomization.

The essential atomization of the fuel influencegotaably on the emission level of toxic
components of exhaust fumes gases, in this espyeoralthe level the emission of hydrocarbons
because of eliminating of misfires and on the ldtel emission of nitrous oxides on account the
short time staying droplet of the fuel in burnirgne.

The PDPA laser method can be prosperously appbedhie diagnostics of the injection's
apparatus of engines with the spark-ignition, diesewell as of turbine-engines.

Most injurious are drops in the stream of the fal@but large dimensions. Even several such
droplets firmly change the process of the combuastind the emission of components of toxic
combustion gases, mostly (NOThe process of spraying from the point of viemwgesses of
combustion and ignition, as well as of the level #émission characterizes the best supplementary
diameter Qs which the value is nearing for the volume median.
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