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H I G H L I G H T S

• Engine performance and emissions are examined for direct water injection.

• A 1 L naturally aspirated DI diesel engine has been used for the experiments.

• The optimum start of injection for water was 270°CA at the compression stroke.

• The optimum water ratio was determined to be 60% for performance emissions.

• With direct water injection, engine power increased and SFC decreased.
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A B S T R A C T

In this study, the effect of Direct Water Injection (DWI) on the performance, emissions and combustion was
experimentally investigated on a light-duty water-cooled direct injection, diesel engine. Water was injected into
the combustion chamber under full load conditions with a dedicated water injector placed on the cylinder head
at 10%, 20%, 40%, 60%, 80% and 100% of the fuel by mass, namely W10, W20, W40, W60, W80, W100,
respectively. The injection quantity and start of injection in degrees crank angle (°CA) for water injector were
controlled by an electronic control unit. Initially, standard engine values were obtained by fueling the engine
with diesel fuel for full load condition, and then experiments were repeated at different DWI ratios. Reductions
in NOx emissions up to 61% were obtained after applying DWI to the engine during the compression stroke. In
addition, considerable improvements were observed in engine performance parameters. It was found out that,
engine power increased by 3.7% and specific fuel consumption (SFC) decreased by 4.1%. There were not sig-
nificant changes in exhaust gas emissions, CO and smoke, while hydrocarbon (HC) emissions increased.
Considering all parameters, the optimum condition was obtained forW60-DWI ratio. It was determined that, the
water injection performed during compression stroke decreased negative compression and increased cumulative
heat release.

1. Introduction

Diesel engines have been widely preferred in many applications
because they have higher efficiency and lower specific fuel consump-
tion (SFC) [1]. However, the combustion characteristics increase ni-
trogen oxide (NOx) emissions quantities causing a serious environment
pollution problem [2]. Therefore, to mitigate these issues and to meet
the stringent emission regulations and besides efficiency improvement,

researchers and engine manufacturers have used different options, such
as renewable fuels [3,4], fuel blends [5,6], new combustion modes
[7,8] a range of hardware-based strategies, particulate filters [9,10],
exhaust gas recirculation, fast-response injectors, multiple injection
strategies [11,12], variable valve timing during gas exchange [13,14]
and injection of water into the engine cylinder [15,16]. On the other
hand, the increase in energy consumption, causes the depletion of fossil
fuels [17,18]. Thus, the diversification of energy resources and
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improvement of energy efficiency become important for the solution of
this problem. Therefore, studies by automotive manufacturers and re-
searchers focus on different methods to reduce NO emissions and in-
crease fuel conversion efficiency to solve these problems which are
major problems in the field of automotive industry [19,20].

The introduction of water into the combustion chamber of diesel
engines has been considered as the most promising solutions to de-
crease NOx emissions and to improve the energy efficiency [21,22]. In
fact, when water is injected into an engine combustion chamber,
combustion temperatures decrease and considerable reductions are
obtained in NOx emissions [23,24]. Water is generally delivered to an
engine combustion chamber by three different methods: (a) emulsified
fuels; prepared by mixing water and fuel in certain ratios simply (non-
stabilized emulsified fuels) or with surface-active additive (stabilized
emulsified fuels) [25–38], (b) fumigation; injection of water into the
inlet manifold in liquid or gas phase [39,40], (c) direct injection; in-
jection of water into the cylinder with a dedicated injector or a spe-
cially-designed integrated injector system for diesel and water [41,42].
In the direct injection method is advantageous, since water can be di-
rectly injected into the cylinder during compression stroke or on the
flame front [43]. Thus, condensation risk is reduced by directly injec-
tion of water into the combustion regions of high temperatures, since
water does not impinge on the cylinder walls [44]. Mixture amount
adjustment problem regarding cold and transient operating conditions
occurring in the case of using emulsified fuels, as well as, the corrosion
risk in the inlet manifolds and on inlet valves occurring in the fumi-
gation method are eliminated by the DWI method [45,46]. Moreover,
the injection of water precisely and at the correct time at various ratios
regarding different engine operating conditions is one of the most sig-
nificant advantages of DWI method [42,47]. Although water can be
considered more inert behaviour compared to fuel, it differs in char-
acteristics, i.e. latent heat of vaporization and surface tension etc. when
injected into the combustion chamber, significant reduction in NOx
emissions and improvement in combustion efficiency is obtained
[48,49]. In the case of emulsified fuels, micro-explosions occur due to
vaporization of water at lower temperatures compared to fuel, resulting
in the decomposition of fuel into droplets of much smaller diameters,
and resulting to better atomization of fuel and formation of air-fuel
mixture [50,51]. Improvements in the combustion energy and so in the
performance parameters reasoning to water delivered into the engine
[52,53]. As a result of the fumigation of water in the intake air, the
density and air mass of the intake charge increase. In addition, com-
bustion temperatures decrease as the heat capacity of work fluid in-
creases [54,55]. Therefore, DWI is an effective NOx reduction method
and has advantages over other methods. Arto et al. [42] investigated
the effects of DWI application on engine emissions of a supercharged
diesel engine. They reported significant decreases in NOx emissions,
slight decreases in HCs and slight increases in Particulate Matter (PM)
emissions by DWI.

In the literature, there have been numerous studies relating to the
fumigation of water in intake air and the emulsified fuels. However, a
few studies have been reported about DWI method. In this study, the
effects of DWI at different ratios on engine performance parameters,
combustion, heat release and emission characteristics of a diesel engine
are experimentally investigated. Initially, experimental studies are
performed by consuming diesel fuel to obtain engine standard values.
After that, experiments were repeated for DWI with fuel utilizationinto
the cylinder at certain mass ratios. Experiment results are given in
comparison with standard engine data as a reference.

2. Materials and methods

In the experiments, a single-cylinder, four-stroke, direct injection,
water-cooled diesel engine with bowl-in-piston geometry was used. The
technical properties of the test engine is given in Table 1.

During experiments, the engine was coupled to a 20 kW electric

dynamometer. The power generated by the engine was determined with
an S-type load cell with 0.01 kg sensitivity mounted to the torque arm.
Engine fuel consumption was measured by volumetric method. Exhaust
gas emission and opacity measurements were performed by Bosch-BEA
550 and BEA070 gas analysis equipments, respectively. Ambient tem-
perature, cooling water inlet and outlet temperature, exhaust tem-
perature, and oil temperature were measured by using NiCr-Ni type
thermocouples during experiments. Air flow into the engine was de-
termined by an air mass flow measurement system with control. The
pressure measurement system was used to determine in-cylinder pres-
sures in conjunction with a encoder of 0.1°CA sensitivity. An electro-
nically controlled injection system was used to inject water into the
engine cylinder with specified quantities and at start of injection angles.
The injection system operates by collecting engine speed, top dead
center (TDC) and crank angle position data from the engine con-
tinuously. Operating parameters of water injector were determined
prior to experiments to identify the quantity of water to be injected
precisely. In determining injector parameters, considering that water
would be injected from the injector against high pressures formed in the
combustion chamber, water injection quantities were determined under
an 80 bar high-pressure environment in the combustion chamber. For
this purpose, before experimental studies, water quantities injected
with a certain pulse amplitude were determined for different voltage
values using a separate injector test setup at a constant water pressure
by changing injector voltage values (12–30 V) and injector on-off (pulse
amplitude) times. Water was pressurized with a high-pressure pump
and regulated with a pressure regulator to be constant at 100 bars.
Injector operating voltage value and pulse amplitude were tested by
electronically-controlled injector control unit connected to water in-
jector. For each pulse amplitude at different operating voltage values
under constant pressure, the quantities of water injected from the in-
jector were determined by using a precision balance of 0.001 g sensi-
tivity. The injection delay of the injector was found to be 0.7 ms with 20
Volt current. When voltage value decreases, injection delay increases.
Cam shaft positon and speed information was entered to the electronic
control unit via encoder while TDC (top dead center) information was
entered via TDC sensor. The experimental setup is shown in Fig. 1.

Experiments were repetitively carried out at full load condition and
1200, 1400, 1600, 1800, 2000 and 2200 rpm engine speeds. Before
recording data in the experiments, it was ensured that engine cooling
water temperature and oil temperature values were stable.
Experimental studies were continued progressively. First, engine stan-
dard values were determined by using diesel fuel. Fuel mass flow de-
livered to the engine was determined for each speed and then the fuel
quantity injected for each cycle was calculated. Before the experiments
with DWI, optimum start of injection angle was determined regarding
engine effective power and NOx emissions. Therefore, water injection
was done at different start of injection angles, while operating the en-
gine at maximum torque, starting from the intake time top dead center
(i-TDC) of the W50-water injection rate. The optimum start of water
injection angle was found to be 270°CA for effective power and low

Table 1
Specification of the test engine.

Engine type Super star

Bore [mm] 108
Stroke [mm] 110
Cylinder number 1
Stroke volume [dm3] 1
Power @2200 rpm, [kW] 13
Injection pressure, [bar] 175
Start of injection, [°CA, bTDC] 34
Maximum speed, [rpm] 2400
Cooling type Water
Injection type DI
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NOx emissions. Afterwards, at this injection angle, experiments with
DWI were performed for each engine speed at 10%, 20%, 40%, 60%,
80% and 100% (W100) of fuel injected to the cylinder by mass. Setting
the voltage value applied to water injector and start of water injection
angle, the injection was ensured to be finished within the combustion
process regarding operation at maximum engine speed. Fig. 2 shows
start of water injection angles at the minimum and maximum test
speeds by indicating 270°CA start of water injection angle. Engine test
conditions for standard engine and DWI application are given in
Table 2.

The measurements were repeated 5 times for each test point and
average data has been considered. All the total uncertainties of per-
formance characteristics are calculated as described above. The ac-
curacies and total uncertainties of characteristics calculated with

Fig. 1. Test setup.

a) )bdeepstsetmuminiM Maximum test speed
Fig. 2. Injection angle of DWI injector depending upon engine speed at different water injection rates.

Table 2
Engine test conditions with diesel and DWI.

Type Value

Load Full load condition
Engine speed, rpm 1200, 1400, 1600, 1800, 2000, 2200
Water starting of Injection, CA bTDC 270
Water injection pressure, bar 100
Water injection temperature, °C 20 (Ambient temperature)
Water injector voltage, V 20
Injection delay of the water injector, ms 0.7 (at 20 V)
Water injection duration, CA 11–150 for different water ratio
Water injector duration, ms 0.9-W20; 1.3-W40; 2.8-W60; 4.4-W80;

5.7-W100
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respect to measured data are shown in Table 3.
Calculation of heat release rate: The first law of thermodynamics is

applied to engine cylinder using a single zone combustion analysis. Rate
of heat release analysis is used to determine the rate of fuel chemical
energy released during combustion. Assumptions made for the heat
release rate calculations are given in the following.

• For single zone model, heat release is calculated considering an
average value for the cylinder volume.

• In-cylinder charge is in thermodynamic and chemical equilibrium.

• Fuel vapor and combustion products in cylinder obey the ideal gas
law.

• Blow-by flows through the piston, piston rings and cylinder walls
are disregarded.

• Throughout combustion process in cylinder charge temperature has
a uniform temperature.

• Instantaneous convection heat transfer coefficient is calculated
using Woschni correlation.

3. Results and discussion

Effect of start of water injection timing on NO and effective power: For
the determination of the optimum start of injection angle for water to
be delivered to the engine, the engine was operated at 1600 rpm,
maximum torque speed, water injection was repeated at different in-
jection angles starting from i-TDC until the injection angle, which made
the performance maximum and NOx emissions minimum, was ob-
tained. Fig. 3 shows changes in NOx and effective power with the start
of water injection angle. The optimum start of injection angle was de-
termined to be 270°CA in terms of NOx and effective power, corre-
sponding to the middle of the compression stroke. All the rest of ex-
periments with water injection were performed at this start of injection

angle.
Figs. 4 and 5 show the changes in engine torque and effective

power, respectively. It is clear from the figures that the engine torque
reduces with increasing engine speed. However, the brake power in-
creases with increasing engine speed up to 2200 rpm. In standard
condition, the maximum torque was measured to be 57.7 Nm at
1600 rpm. When DWI was applied to the engine, increases were ob-
served in torque values at all water ratios. The maximum increase was
obtained at W100.

As seen in Fig. 5, when applying water injection to the engine, in-
creases were obtained for the effective power at all engine speeds.
Standard engine maximum effective power was measured 11.6 kW at
2200 rpm. When DWI was applied, the maximum increase in power
(3.7%) was obtained at W100 (%100). Wang et al. [56] stated by rea-
soning water, having less surface tension compared to the fuel, caused
micro-explosions in the cylinder during combustion, and thus the
mixture formation is improved and combustion efficiency is increased.
It can be concluded that DWI is one of the factors affecting the increases
in torque and effective power. Moreover, when examining the in-cy-
linder pressure change shown in Fig. 12 that, in case of water delivery
into the engine, in-cylinder pressures decreased due to heat removal of
water and thus compression losses are decreased. Although in-cylinder
maximum pressures are decreased by water injection due to the amount
of decrease in compression was high, they increased compared to the
on-line standard condition. It is considered that these effects cause in-
creases in torque and effective power values of the engine. Possible
effect of water injection on the increases in engine torque and effective

Table 3
The errors in parameters and total uncertainties.

Parameters Systematic Errors,±

Load, kg 0.1
Speed, rpm 1.0
Time, s 0.1
Temperature, °C 1.0
Fuel consumption, s 0.01
NO, ppm 5% of measured value
HC, ppm 5% of measured value
O2 Vol.% 0.1
CO, % Vol.% 0.03
CO2, % Vol.% 0.5
Smoke, % 1%

Total uncertainty, %
Specific fuel consumption, g/kWh 1.5
Brake power, kW 1.3
Effective efficiency, % 1.5

Fig. 3. Variation of effective Power and NOx emissions with DWI start of in-
jection angle, (1600 rpm and W50).

Fig. 4. Changes in torque depending on water injection quantity and engine
speed.

Fig. 5. Changes in effective power depending on water injection quantity and
engine speed.
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power can be explained as follows. Examining heat release rate curves
in Fig. 14, ignition delay is increased by direct water injection into the
engine and heat release rate is higher in the region beyond TDC. Heat
release during the expansion stroke, results in increase in cycle work
output, thus increase in power.

Fig. 6 shows the effects of DWI at the compression period on SFC of
the engine. As can be seen from the figure that, decreases are observed
in SFC at all water ratios. Maximum reduction in SFC occurred at W100
water injection ratio. Minimum SFC for standard engine was 265.7 g/
kWh at 1600 rpm and for W100 water injection ratio at the same speed
was 257.1 g/kWh. Maximum reduction was calculated as 4.1% at
1400 rpm at W100. Standard engine experiments and experiments
using DWI are conducted at the same conditions. However, decrease in
SFC by water injection is considered to be reasoning from the increase
in engine effective power by water injection.

Fig. 7 shows comparatively the effects of DWI to the engine in dif-
ferent ratios on effective efficiency at full load condition.

At speeds where experiments were carried out, increases were ob-
tained at the effective efficiency compared to the standard data at all
water ratios injected. There were more increases in effective efficiency
at lower engine speeds, while decreases were observed in the increase
rate of efficiency with increasing engine speed. The maximum increase
in effective efficiency was found to be 4% at 1400 rpm at W100 water
injection ratio. Standard engine effective efficiency was calculated at
31.9% at 1600 rpm, while it was 32.9% at W100. Factors causing

decrease in SFC, increased effective efficiency.
Fig. 8 shows NOx emission changes at DWI in different ratios at full

load condition. When DWI was applied to the engine, considerable
decreases were recorded in NOx emissions compared to the standard
value. Maximum decrease amount (61%) was obtained at W100. De-
crease quantities according to different water ratios were measured as
16%, 37%, 52%, and 56% at W20, W40, W60 and W80, respectively.
Standard engine maximum NOx value was 1313 ppm at 1200 rpm,
while the maximum value was measured as 509 ppm at W100. Max-
imum reduction in NOx emission increased with increasing water ratio.
In internal combustion engines, NOx emission reactions are highly af-
fected by excess air factor and high temperatures formed after com-
bustion [57,58]. Investigating NOx formation mechanisms, greater the
air induced into the cylinder, greater the NOx formation takes place,
due to the increase in reacting nitrogen amount [59]. However, with a
very high air excess coefficient, the amount of NOx will decrease as the
excess air entering the cylinder decreases during operation.

When DWI is applied to the engine at compression stroke, any
change occurring in the volumetric efficiency and the change in NOx
emissions is not due to excess air factor. In this case, the only factor
causing a reduction in NOx emissions is high heat capacity of the water
injected. Specific heat of water is four times higher than that of air.
When injecting water to the cylinder at compression stroke, heat ca-
pacities of the mixture of combustion products increase compared to
the standard condition, depending on their specific heats. Increases in
the heat capacities of combustion products cause reduction engine in-
cylinder maximum combustion temperature. Because the reduction in
combustion maximum temperature slows down the formation of NOx
emission, decreases were seen in NOx emission values released from the
engine in case of water injection. Fig. 15 shows in-cylinder temperature
changes calculated for the standard engine and water injection applied
in different ratios. As can be clearly seen from the Fig. 15 that in case of
water injection, in-cylinder temperatures decreased and this reduction
increased with increasing injected water ratio.

Fig. 9 compares the smoke opacity released at full load condition in
different DWI ratios with values measured at standard conditions.

In case of water injection, there were decreases in the smoke opacity
at 1200 rpm while there were no significant changes at other engine
speeds, but slight increases were observed. In diesel engines the pro-
minent factor to influence smoke opacity is the excess air coefficient.

Fig. 6. Changes in SFC depending on water injected quantity and engine speed.

Fig. 7. Changes in effective efficiency depending on water injected quantity
and engine speed.

Fig. 8. Changes in NOx emissions depending on water injection quantity and
engine speed.
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And, excess air coefficient remains constant with DWI utilization. For
smoke emissions state of fuel-air mixture in the cylinder is another
important factor. The better the mixture formation, the lower the
smoke opacity obtained. But, as a result of local rich regions in the
cylinder and poor fuel–air mixture formation, smoke opacity increases.
Slight improvement in mixture formation is expected by DWI, due to
turbulence induced by the evaporation temperature of water.
Therefore, increase in smoke emissions is not occurred by the reduction
in cylinder temperatures. Moreover, at some speeds, reduction in smoke
emissions is obtained compared to the standard data.

When water is injected to the engine in different ratios, comparison
of HC emissions with those measured at standard conditions is shown in
Fig. 10. Slight decreases were seen in HC emissions released from the
engine in case of water injection at W10 and W20 ratios compared to
standard condition while increases were determined at other water
ratios. When water ratio in the cylinder increases, flame out near cool
flame zones called cooling jackets is considered to be a possible reason.
Among the most significant reasons to influence formation of HC
emissions, is the flame quenching in the regions close to cylinder jacket.
It is concluded that, with water injection into cylinder, resulting in-
crease in the cooling effect of flame quenching regions, in-cylinder
temperatures decrease and HC emissions increase.

Fig. 11 shows the comparison of CO emissions released in case of
water injection in different ratios at full load condition with those
measured at standard conditions. There was not a considerable change
observed in CO emissions in case of water injection. Slight decreases
were seen at lower engine speeds while there were slight increases
observed at higher speeds.

Fig. 12 shows pressure changes obtained in case of water injection
to the engine in different ratios with respect to crank angle.

As seen from the figure, when applying water injection at com-
pression period, pressures at compression stroke decreased due to heat
removal by water. Slight decreases were observed in maximum pres-
sure. Due to the decrease in pressure at the end of compression stroke
by water injection and minor change in expansion pressure, negative
work of the cycle decreased with water injection. On the other hand,
motions due to vaporization of water improve air-fuel mixture forma-
tion. Thus, improvements were obtained with water injection in engine
performance parameters.

Figs. 14–16 demonstrate cumulative heat release (%), heat release
rate and in-cylinder temperature. When examining cumulative heat
release changes are calculated in case of water injection with respect to
the standard condition in Fig. 13, it is seen that water injection in-
creases cumulative heat release. Start of combustion angle and burnt
fuel mass percentages can be seen in Figure #. This curve represents
normalized cumulative heat release. As seen in the figure, burnt fuel
curve starts increasing just after the start of combustion and reaches to
a maximum until close to half of the combustion duration. Later on, at a
decreasing rate the curve reaches to unity as the combustion ends.
Stages of combustion process can be derived by constructing the four
characteristic parameters on curve. The parameters are start of com-
bustion, flame formation duration taking place from the start of

Fig. 9. Changes in smoke opacity depending on water injection quantity and
engine speed.

Fig. 10. Changes in HC emissions depending on water injection quantity and
engine speed.

Fig. 11. Changes in CO emissions depending on water injection quantity and
engine speed.

Fig. 12. Changes in cylinder pressure depending on water injection quantity
and CA.
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combustion until 10% burnt fuel fraction (θ1), 50% burnt fuel fraction
(θ2), 90% burnt fuel fraction (θ3), and the end of combustion, respec-
tively. From the curve, start of combustion gets closer to TDC as igni-
tion delay increases with DWI utilization. At 2200 rpm, measured ig-
nition delay data are increased 0.0771 ms and 0.152 ms compared to
standard data for W60 and W100, respectively. Ignition delays increase
depending on water injection ratio. For 10% burnt fraction, situated
after the ignition delay, differences compared to standard data are
prevalent. However, 50% and 90% burnt fraction angles no significant
changes are seen. Considering DWI cases, although the ignition delays
increase, rapid combustion period (θ1–θ3) is the same as standard en-
gine data. But, beyond 10% burnt fraction fuel combustion takes places
faster compared to standard engine data. Therefore, effect of im-
provements in engine parameters using water injection can be ob-
served. Using water injection compression work is reduced, and rapid
combustion period, occurring after TDC, more heat release is observed.

Fig. 14 shows heat release rates obtained for the standard engine
with water injection ratio. When examining graphs, it is seen that ig-
nition delay extends due to water injection and time increases with
increasing the injected quantity. In the graph obtained for standard
condition, peak value of heat release rate is obtained for the fuel ac-
cumulated during ignition delay. It is released at the diffusion com-
bustion phase. And after this value, heat release slightly decreases,
reaches a maximum at 10°CA at the controlled combustion phase, and
then decreases with expansion process. When applying water injection,
there was not a significant change at W10 compared to standard data,
while heat release rates differed at other water injection ratios. Water
injected into the cylinder at compression stroke removes heat from the
cylinder. This increases ignition delay time and causes the release of

Fig. 13. Changes in cumulative heat release depending on water injection
quantity and CA.

Fig. 14. Changes in heat release rate depending on water injection quantity and CA.

Fig. 15. Changes in cylinder temperature depending on water injection quan-
tity and CA.
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more energy after TDC at the diffusion combustion phase. Because all
engine experiments were performed at constant fuel injection angle, it
is understood that the noise level of the engine would slightly increase
when applying water injection. The shift of heat release to TDC and
thus change in combustion regime positively affected the performance.

Fig. 15 shows the in-cylinder temperatures for both the standard
engine and DWI application in different ratios. When applying water
injection to the engine, the in-cylinder temperature is observed to de-
crease. Because the heat capacity of the mixture increased with in-
creasing water ratio, so the temperatures decreased. The decrease in in-
cylinder temperatures causes considerable reductions in NOx emissions.

4. Conclusion

In this study, the effects of applying DWI to a diesel engine in dif-
ferent ratios on the engine performance, emission formation and com-
bustion were experimentally investigated. Water was injected into the
combustion chamber using a dedicated water injector placed on the
cylinder head at different ratios by the electronically-controlled DWI
system. The aim was to reduce NOx emissions with DWI, which is a
major problem for diesel engines. The results of studyare ggiven in the
following.

• The optimum start of injection start angle for DWI was determined
to be 270°CA at compression stroke.

• Using DWI, there were increases in engine torque, effective power
and effective efficiency at all water ratios and maximum increase
ratios were obtained at W100. Engine torque and effective power
increased by 3.7%, effective efficiency increased by 4% and SFC
decreased by 4.1%.

• Reductions by 61% were achieved in NOx emissions.

• Smoke opacity decreased at 1200 rpm in case of water injection
while there were slight increases in other engine speeds.

• Slight decreases were seen in HC emission at W10 and W20 ratios,
while there were increases at other water ratios.

• There was not a considerable change observed in CO emissions with
DWI. At low engine speeds, slight decreases were seen while CO
emissions increased at high speeds.

• It was observed that in-cylinder pressure values decreased by DWI at
compression stroke and compression work decreased. Peak pressure
values slightly decreased while there was not an apparent change in
expansion stroke pressure values.

• Cumulative heat release increased by water injection.

• It was determined that ignition delay increased with increasing
water ratio and combustion regime changed.

• It was seen that the maximum values of heat release shifted to TDC
depending on water ratio and the direction of conventional diesel
heat release curve changed. It is seen that the heat release curve
obtained with ignition delay increase and the changes formed in the
combustion process resembled to homogeneous charged study
model.

• In accordance with the results obtained from the study, it is seen
that DWI is an advantageous method over many conventional
methods used to reduce NOx emissions.

• The optimum DWI ratio was determined as W60 regarding perfor-
mance parameters, NOx and HC emissions.
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