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Abstract: As regulations on exhaust gas emitted from all industrial fields are being strengthened, technologies for reducing harmful
gases, such as nitrogen oxides (NOx) and particulate matter (PM), emitted from high-efficiency diesel engines used as various power
sources, are being developed and applied. Post-treatment technologies, such as selective catalytic reduction (SCR), and diesel particle
filter (DPF) are generally applied, but they are not easy to implement in agriculture and fishery sectors and others due to system
modification and considerable cost. Therefore, in this study, we confirmed the applicability of diesel emulsion fuel, which does not
require a separate additional system, and could simultaneously reduce NOx and PM by identifying combustion and exhaust character-
istics, based on exhaust gas recirculation (EGR) application in a commercial diesel engine. Compared to diesel oil (DO), the NOx
emission from diesel-water emulsion (DWE) was lesser by 15.9% under the condition without EGR, and by 22.3% under the condition
with EGR; and the smoke emission from DWE was lesser by 62.1% under the condition without EGR, and by 73.0% under the condi-
tion with EGR.
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1. Introduction

As the seriousness of environmental problems such as envi-
ronmental pollution and climate change is emerging, the regula-
tions on exhaust gas emitted from economic activities have grad-
ually expanded and strengthened in all industrial fields. Diesel
engines are used in various industries due to their high thermal
efficiency, excellent fuel efficiency and applicability, and easy
maintenance. However, they emit harmful exhaust gases such as
nitrogen oxide (NOXx) and particulate matter (PM), which are
characterized by ignition at high-temperature, and high-pressure
compression. Accordingly, there is a necessity for a solution that
reduces the harmful emissions, without compromising the high
fuel efficiency, to satisfy each regulation.

As the emission regulations of the automobile industry among
transportation methods have been prepared and implemented in
the lead, related technologies have been rapidly developed and
applied to respond to these regulations. Examples of harmful
emission reduction technologies include engine components
technologies such as exhaust gas recirculation (EGR), com-

bustion improvement technology such as homogeneous charge

compression ignition (HCCI), post-processing technologies such
as lean NOx trap (LNT), selective catalytic reduction (SCR), die-
sel particle filter (DPF), diesel oxidation catalyst (DOC), and al-
ternative fuel technologies such as biofuels, dimethyl ether
(DME), and water emulsion fuels to fundamentally replace fuels.

In the case of ships, exhaust gas regulations are being strength-
ened based on large ships and ocean-going ships, and they have
carried out the verification of combustion control technologies
such as EGR applied to the engine, techniques for applying post-
treatment technologies such as SCR, and alternative fuel technol-
ogies such as LNG and LPG are being developed and applied.
However, it is difficult to realistically respond quickly to the ap-
plication and response of regulations in fields such as coastal
ships, small ships, and fishing vessels, as well as agriculture and
fisheries; and in the characteristic of engine operating environ-
ment, there is a necessity for a technique to reduce harmful emis-
sions that can be used in existing diesel engines without requiring
additional systems and modification, and without the burden of

related costs for applying hazardous emission reduction technol-

ogy.
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Some alternative fuel technologies can be applied without add-
ing to, or changing the existing system, and studies are being con-
ducted to overcome disadvantages such as lower power and fuel
efficiency, fuel viscosity, and lubrication problems, to apply them
to commercial engines [1][2].

Among the alternative fuel technologies, water emulsion fuel
is produced by adding emulsifiers to the water and fuel combina-
tion that do not mix with each other due to the difference in their
specific gravities, and result in a state where one type of liquid is
dispersed (as fine particles) in a certain proportion in the other
liquid. There are two major types of water emulsion fuel: water-
in-oil type (W/0), in which the water is dispersed in fuel, and oil-
in-water type (O/W), in which the fuel is dispersed in water. A
study on applying the emulsion fuel of water-in-oil type (W/O)
to diesel engines was conducted to minimize the negative effects
of corrosion, high density, etc. [3]-[5].

Water emulsion fuel is used to aid complete combustion
through fuel atomizing fuel, due to micro-explosions caused by
rapid evaporation of water during the compression stroke after
fuel injection. It is feasible for reducing soot and NOx simulta-
neously by absorbing combustion heat generated due to the latent
heat of evaporation of the water vaporization during the combus-
tion process, and lowering the combustion temperature [6]-[10].
Additionally, since it can be used in a diesel engine without a
separate modification or additional system, research on this type
of fuel has been attracting attention [7]-[11].

In this study, after identifying the properties of diesel water
emulsion(DWE) fuel of the W/O type manufactured using an ul-
trasonic homogenizer through component analysis, and by apply-
ing automotive diesel 0il(DO) and DWE fuel to commercial die-
sel engines, the changes in combustion and exhaust characteris-
tics according to EGR application were compared, and analyzed

to determine their applicability.

2. Experimental Apparatus and Method

2.1 Experimental setup

The test engine was a 4-cylinder diesel engine used in automo-
biles, equipped with a common rail and a variable-geometry tur-
bocharger (VGT). Table 1 lists the detailed specifications of the
engine.

Figure 1 shows the configuration of the system used to verify
the characteristics of combustion and exhaust of DO and DWE,
and Figure 2 shows a photograph of the experimental apparatus

including the test engine equipped on the engine dynamometer

Jungmo Oh

Table 1: Specifications of the 4-cylinder test engine

Item Specification
4-stroke turbo-charged
DI diesel engine
Number of cylinder 4
Bore x Stroke (mm) 87 x 92
Displacement volume (cc) 2187
Fuel injection system Common rail(Piezo type)
Valve type DOHC 4 valves per cylinder
Max. power (PS/rpm) 197 /3800
Max. torque (kg-m/rpm) 44.5 /2000

Engine type

for engine performance analysis.

The characteristics of combustion were analyzed using the
crank angle (CA) signal from the encoder equipped on the engine
crankshaft, and the combustion pressure signal from the Kistler
pressure sensor equipped in the glow plug hole of NO.1 cylinder,
through a combustion analyzer, and the exhaust gas data were

obtained using an exhaust gas analyzer.

DWE
Tank
Common rail DWE
Fuel filter VF
EXIL Gas Do
e 0. Tank
Fuel filier
EXH. Gas line

Figure 1: Configuration of test engine system for verifying per-

formance and exhaust gas emissions

BAH. Gas analyzers

4-cylinder Diesel ENG.

g &

Figure 2: Photograph of the test engine system for verifying per-
formance and exhaust gas emissions

Table 2 lists the specifications of the eddy current (EC) dyna-
mometer, and Table 3 lists the specifications of the exhaust gas
analyzer. The exhaust temperature was measured by installing a

temperature sensor at the rear end of the VGT.
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Table 2: Specifications of the engine dynamometer

Table 4: Analysis result on the properties of DO, DWE10

Model MEIDEN EC-80
Type Eddy current, load cell type
Max. power 220kW at 2500~7000 rpm
' 80 kg-m at 2500~7000 rpm

Table 3: Specifications of the exhaust emission analyzer

Model HORIBA, MEXA-DEGR7100
Cco 0.5~12% vol. FID
NDIR CO2 0.5~20%
CLD NOX 10~10,000 ppm
FID THC 10~20,000 ppmC
Oz 1~25% vol.
Sample Flow 9~12 I/min
Inlet pressure 0~30 kPa

Additionally, the fuel line was composed of a filter without an
oil-water separation function to avoid water separation from the
emulsion, because the established standard fuel filter has an oil-
water separation function, and the fuel consumption was meas-
ured using a mass flow meter.

2.2 Experimental method

DO was diesel oil used for automobiles, and DWE of W/O
type was produced by volume, using an ultrasonic homogenizer,
by adding an emulsifier up to 1% or less. To understand the
change according to the water content, DWE was prepared with
a water content of 10 vol.% (DWE10), and 15 vol.% (DWEL15).

The properties of DO and DWE10 fuel were analyzed through
an accredited certification body, and the results are shown in Ta-
ble 4.

As shown in Table 4, as the DWE is a fuel containing water,
C decreased by 20%, and H decreased by 17%, and the calorific
value was reduced by 12%, depending on the water content com-
pared to DO. Conversely, the density increased by 2%, and the
kinematic viscosity increased by 36%, according to the water
content compared to DO. It was estimated that the change in the
properties of DWE according to the water content could affect
engine combustion.

The engine performance test conditions were selected to cover
the maximum torque performance section, and the RPM and load
conditions frequently used in actual driving, to understand the
combustion characteristics of DO and DWE. The engine was
controlled using ETAS (ES592.1 & INCA 7.0) equipment. In the
condition without EGR, the EGR rate was controlled to 0%, to
prevent exhaust gas from entering the combustion chamber, and
the in the condition with EGR, the EGR rate was not forced to be

controlled according to the manufacturer's program settings.

A Test result
Item/Classification DO DWELD
Elementary Analysis | C 85.48 68.26
(weight %) H 13.86 11.52
Lower calorific value (J/g) 42,760 37,720
Gross calorific value (J/g) 45,900 40,540
Sulfur content (weight %) | less than 0.01 | less than 0.01
Density @15°C (kg/m) 823.0 841.5
Kinematic viscosity (mm?/s) 2.271 3.082
Water (volume %) less than 0.01 8.4
Flash point (°C) 43.0 less than 79

Table 5: Experimental conditions for engine test

Description Item
Fuel DO, DWE 10, DWE 15
RPM 1500, 2000
BMEP 3,6,9, 12 bar
etc. Without EGR / With EGR

Table 5 lists the engine test conditions.

The experimental case with a BMEP of 12 bar at 1500 rpm
under the condition with EGR, was excluded from the experi-
mental condition because the EGR rate continued to fluctuate,
and the difference between DO and DWE was large. Table 6 lists
the EGR rates under the experimental conditions. The difference
in EGR rates of DO, DWE10, and DWE15 according to each rpm
and BMEP conditions was not significantly, and was within
1.7%.

Table 6: Rate of EGR on engine test (%)

DO DWE10 DWE15

BMEP | 1500 | 2000 | 1500 | 2000 | 1500 | 2000
om om m m pm om
3bar 32.3 30.5 31.0 29.3 306 | 295
6bar 26.5 29.8 26.8 29.0 265 | 28.7
9bar 21.9 28.3 22.2 21.7 220 | 26.9
12bar - 240 - 24.0 - 244

The coolant temperature was maintained constant at 80°C and
the fuel temperature was maintained at 40°C after warm-up. The
average value of 10 times of data was obtained when exhaust tem-
perature, NOx, smoke, fuel flow, etc. were secure, and the reliabil-

ity of the data was stabilized by repeating this 10 times again.

3. Results and Discussion
Figures 3 and 4 show the graphs comparing the combustion
pressure and rate of heat release (ROHR) of DO and DWE (a:
DWEL10, b: DWE15), under the loads of 1500 rpm and 2000 rpm,
in the condition without EGR.
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Figure 3: Cylinder pressure and ROHR of DO & DWE at 1500
rpm without EGR

For the ROHR under BMEP 3 and 6 bar conditions, in the case
of DWE, the heat generation of the main injection was delayed,
or similar to that of DO, depending on the water content, but the
combustion was sharper than that of DO. The combustion of the
fuel injected into the pilot became insignificant or delayed be-
cause of the water contained in the DWE; simultaneously, as the
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Figure 4: Cylinder pressure and ROHR of DO & DWE at 2000
rpm without EGR

main injection occurred, the fuel was atomized due to the evapo-
ration of water and consequent micro-explosions, and the com-
bustion was promoted due to improved mixing with air. There-
fore, the combustion of DWE was observed to occur more rap-
idly than that of DO [12][13].

Unlike the BMEP 3 and 6 bar conditions, the trend of the
ROHR for the BMEP 9 and 12 bar conditions was that the igni-
tion delay of the main fuel had advanced according to the water
content of DWE, compared to that of the DO. Under the condi-
tions of low RPM, the ignition delay at BMEP 3 and 6 bar oc-
curred because the concentration of fuel required for ignition was
low. However, in the BMEP 9 and 12 bar conditions, it was in-
ferred that the difference between the low and high loads oc-
curred because the fuel concentration was at a level that could be
ignited by a relatively increased injection amount. From these re-
sults, it was inferred that further studies on ignition delay due to
water content and appropriate fuel concentration are needed.

With regard to the combustion pressure and ROHR, DWE was
higher compared with DO in the main combustion section, and
the combustion pressure increased as the water content increased.
It was reasoned that combustion pressure and ROHR were high
because combustion was improved by the enhanced uniformity
of fuel mixing with oxygen, and atomization of fuel via micro-
explosions due to the evaporation of water contained in the DWE
[41[11][14][15].

Figures 5 and 6 show the graphs comparing the combustion
pressure and ROHR of DO and DWE (a: DWEL10, b: DWE15),
at 1500 rpm and 2000 rpm, in the condition with EGR.

With regard to the combustion pressure and ROHR under the

test condition with EGR, the results were similar to that of the
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condition without EGR. DWE was higher than DO in the main

combustion section, and the combustion pressure tended to in-

crease as the water content increased.
The trend of ROHR in the condition of BMEP 3 and 6 bar was

similar to that of the condition without EGR, but the ignition de-

lay duration was relatively longer.
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rpm with EGR
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rpm with EGR

In the condition with EGR, in the main combustion section of
1500 rpm, the maximum ROHR for BMEP 3 and 6 bar was sim-
ilar to that of BMEP 9 bar for DWE 10, and was higher than

BMEP 9 bar for DWE 15. This was because the oxygen concen-

tration was diluted by the exhaust gas flowing into the combus-

tion chamber due to EGR, and ignition of the fuel injected into

the pilot was delayed. Additionally, depending on the water con-

tent, ignition was delayed because of the latent heat of evapora-

tion and lower fuel concentration, and it was inferred that the

ROHR rapidly increased as combustion was promoted by the at-

omization of fuel by water, together with unburned fuel injected

into the pilot during the main fuel injection.

In all the experimental conditions without EGR and with EGR,

there were no issues such as the operation state of the fuel pump,

engine start-up, vibration, etc., and there were no problems dur-

ing the combustion of DWE in conventional commercial engine
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Figure 7: Comparison of combustion duration for DO & DWE
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Figure 7 shows the graph comparing the combustion durations
of DO and DWE. Considering the error rate from the ROHR, 10-
90% of the mass burned fraction (MBF) was used as the combus-
tion duration [10][16][17].

With regard to the condition without EGR, the combustion du-
ration was shortened by 11.2% for DWE10, and 15.4% for
DWE15 compared to that of DO. With regard to the condition
with EGR, the combustion duration was shortened by 11.3% for
DWE10, and 18.2% for DWE15 compared to that of DO. It was
determined that the combustion duration was shortened by the
promotion of homogeneous and rapid combustion, as the fuel
was atomized and evenly distributed in the combustion chamber
because of the micro-explosions of water contained in the DWE.
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Figure 8: Comparison of fuel consumption for DO & DWE (ex-
cepting water content)
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Figure 9: Comparison of exhaust gas temperature for DO &
DWE

Figure 8 shows the graph comparing DWE and DO consump-

tion, excepting water content.

The pure fuel consumption of DWE increased by 4.2% for
DWE10, and 4.3% for DWE15 compared to that of DO without
EGR. With regard to the condition with EGR, the pure fuel con-
sumption of DWE10 increased by 6.0%, and DWE15 increased
by 6.4% compared to that of DO. It was determined that the fuel
consumption was increased because the strategy of fuel injection
and combustion was not optimized according to the change in
properties, such as the decrease in calorific value and increase in
density and viscosity, due to the water contained in DWE. Under
the condition of with EGR, the oxygen concentration was diluted
because of the exhaust gas flowing into the combustion chamber.
Hence, fuel consumption was considered to increase with EGR,
compared to the condition without EGR.

Figure 9 shows the graph comparing exhaust gas temperatures
of DO and DWE.

In the condition without EGR, the exhaust gas temperature of
DWE10 was 3.0% lower, and DWE15 was 4.6% lower than that
of DO. Under the condition with EGR, the exhaust gas tempera-
ture of DWE10 was 5.6% lower, and DWE15 was 6.9% lower
than that of DO. Moreover, for DWE15, the reduction rate of ex-
haust gas temperature increased as the load increased. Therefore,
it was confirmed that the water contained in the DWE absorbed
the heat from the combustion chamber as it vaporized, thereby

lowering the combustion temperature, and thus reducing the ex-

haust temperature.
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Figure 10: NOx emission and reduction rate of DO & DWE

Figure 10 shows the graph comparing the NOx emissions of
DO and DWE. In the condition without EGR, the NOx emissions
from DWE10 was lesser by 11.6%, and from DWE15 was lesser
by 20.3% compared to that from DO. Under the condition with
EGR, the NOx emissions from DWEZ10 were lesser by 17.5%,
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and from DWE15 was lesser by 27.0% compared to that from
DO. This indicated that the NOx reduction rate was higher for
the higher water content of each fuel. As a result of the exhaust
gas temperature, the latent heat of evaporation of water contained
in DWE absorbed the heat during combustion, thus reducing the
combustion temperature. Additionally, it was determined that the
NOx emission was reduced as the NOx generation conditions and
duration were reduced, because the combustion duration was
shortened due to the promotion of combustion by the atomization
of fuel according because of the micro-explosions of water con-
tained in the DWE. [6]-[10].
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Figure 11: Smoke emission and reduction rate of DO & DWE

Figure 11 shows the graph comparing the smoke emission of
DO and DWE.

In the condition without EGR, the smoke emission from
DWE10 was lesser by 57.6% on average, and from DWE15 was
lesser by 66.7% compared to that from DO. In the condition with
EGR, the smoke emission from DWE10 was lesser by 64.3%,
and from DWE15 was lesser by 81.7% compared to that from
DO. It was determined that smoke was significantly reduced be-
cause combustion was promoted by the atomization of fuel par-
ticles by evaporation of water and the consequent rapid micro-
explosion, expansion of the volume of spray, increase in flame
diffusion speed, and increase in the swirl of air in the spray [4].

When comparing the results of the condition without EGR and
with EGR in the results of Figure 10 and 11, except for 1500 rpm
and BMEP 12 bar conditions, when EGR was applied, NOx from
DO was lesser by 70.8%, but smoke was greater by 883%. Thus,
it could be concluded that NOx decreased due to exhaust gas re-

circulating to the combustion chamber, but the smoke increased

due to an increase in incomplete combustion. Comparing the re-
sults of DO under the condition without EGR, with DWE10 and
DWE15 under the condition with EGR, NOx was lesser by
74.8% for DWE 10, and 77.3% for DWE 15, but smoke was
greater by 337.4% for DWE10, and 172.0% for DWE15. Hence,
it could be confirmed that EGR had a large NOXx reduction effect,
but sharply increased smoke emission, and DWE had a NOXx re-
duction effect, but a greater smoke reduction effect.

Therefore, it was determined that the simultaneous reduction
of NOx and PM could be improved by optimizing DWE with an
appropriate water content, and simultaneously applying EGR to
the engine to compensate for the increase in smoke emission

caused by EGR application.

4. Conclusion
In this study, we applied a DWE of W/O type, and DO to a 4-

cylinder diesel engine, and identified the basic combustion and
exhaust characteristics in the test conditions with and without
EGR. The following conclusions were drawn from the experi-
mental results:

1. With regard to combustion pressure and ROHR, DWE
showed higher values than those of DO under similar test
conditions, and the combustion duration of DWE was re-
duced by 13.3% and by 14.8%, without and with EGR, re-
spectively.

2. The pure fuel consumption excepting the water content of
DWE increased by 4.2% in the condition without EGR, and
by 6.2% in the condition with EGR compared with that of
DO under similar experimental conditions.

3. With regard to the exhaust gas temperature, values of DWE
decreased by 3.8% for the condition without EGR and by
6.2% for the condition with EGR compared with those of
DO.

4. For NOx emission, DWE showed lesser by 15.9% in the
condition without EGR, and by 22.3% in the condition with
EGR compared with that of DO. With regard to the smoke
emission, DWE showed lesser by 62.1% in the condition
without EGR, and by 73.0% in the condition with EGR
compared with that of DO.

5. Compared to the condition without EGR except at 1500
rpm and BMEP 12 bar condition, the NOx emission of DO
under the condition with EGR was lesser by 70.8%, but
smoke emission was greater by 883%.

6. Comparing the results of DWE in the condition with EGR

Journal of Advanced Marine Engineering and Technology, Vol. 45, No. 6, 2021. 12 331



Jinkyu Park + Jungmo Oh

compared to the results of DO in the condition without
EGR, NOx emission was lesser by 76.1%, but smoke emis-
sion was greater by 254.7%.

7. As aresult of the engine test of DWE, the combustion tem-
perature was lowered owing to the latent heat of evapora-
tion of water, and the combustion was improved by the in-
crease in fuel-air mixing efficiency, and fuel atomization
because of the micro-explosions of water. Moreover, the
combustion duration was reduced, and thus the simultane-

ous reduction of NOx and smoke emissions was possible.

As a result of the above experiment, it is expected that the sim-
ultaneous use of DWE with an optimized water content, and EGR

could increase the simultaneous reduction effect of NOx and PM.
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