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this alternative fuel. Therefore, a new concept namely as the Real-Time Non-Surfactant
Non-Emulsification System (RTES) was introduced to eliminate the surfactant in W/D
emulsion. However, the effect of the electrical load of RTES operation in diesel engine
vehicles is still unknown, especially on fuel consumption. Hence, this paper focussed
on the effect of electrical load on the emulsification methods of inline mixing system
RTES produced by the static mixer and ultrasonic on fuel consumption and emission
characteristics. There are two different methods of emulsification made motor and
static mixer (EMS) and motor, ultrasonic and static mixer (EMUS) from the RTES were
tested of the light-duty lorry under the engine speed of 2200rpm. It is found that the
electrical load from the operation of RTES increased the fuel consumption by 1.0%
compared to the B10 fuel but reduced by 1.5% when the EMS emulsion fuel was
applied. The EMS and EMUS emulsion exhibit the same pattern of NOy reduction by 7%
However, EMS and EMUS increased by 20% and 16.5% for CO emission and 16.9% and
9.7% for HC emission respectively compared to B10 fuel. Overall, the electrical load in
the RTES operation slightly consumed fuel consumption but the introduction of the
static mixer in the RTES system had successfully be applied without deteriorated the
benefit of emulsion fuel.
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The wide range application of diesel engines in various industries such as agriculture,
transportation, and power generation has made this engine still favourable until now because it is
very powerful, robust and offers better fuel efficiency [1-2]. Despite these advantages, the diesel
engine still gives drawback to human and environment due to emission exhausted from this engine
likes Nitrogen Oxides (NOx) and Particulate Matters (PM). PM alone or in combination with other air
pollutants can cause respiratory and cardiovascular problems, while NOx and PM can cause acid rain,
climate changes, water and soil deterioration in environmental problems [3]. Due to these severe
issues, strict regulations such as the Kyoto Protocol was introduced [4] to mitigate these problems.

A lot of research studies had been done to meet this stringent regulation. The introduction of
after-treatment technologies in the diesel engine able to address the NOx and PM emission. For
example, NOx Absorber Catalysts (NAC) and Selective Catalytic Reduction (SCR) can reduce NOx
emission in significant quantities. Plus, Diesel Oxidation Catalysts (DOCs) and Diesel Particulate Filters
are popular devices used for PM reductions [5]. These after-treatment devices are interesting to be
applied in diesel engine application but these devices are only able to reduce only one emission
problem, not entirely [6]. Furthermore, this technology required some modification in the diesel
engine which is not very cost-effective. Hence, fuel emulsification gains the attention in diesel engine
studies because of its potential in reducing hazardous exhaust emissions such as NOx, PM, smoke,
and other pollutants [7-8] without retrofitting diesel engine itself.

The Water-in-Diesel emulsion or W/D emulsion is a promising alternative fuel that could
contribute to the world's need and comply with the strict requirement of world emission regulations
[9]. Moreover, this kind of fuel does not need the existing diesel engine to be modified and it can
directly be combusted into the engine. The W/D emulsion is an emulsion formed from the
combination of diesel and water with the aid of a surfactant. The term emulsion is defined as a
mixture of two or more immiscible liquids and should have dispersed phase and continuous phase
[10-11]. Usually, the surfactant is added in the emulsion to keep the emulsion stable for a long time.
However, the stability of emulsion depends on several factors such as types of surfactants and its
guantity, amount of water and its droplet size, and mixing operation such as speed, temperature,
mixing duration, etc [12].

The advantage of W/D emulsion is the special occurrence happens during the combustion of W/D
emulsion, which is known as the micro-explosion phenomenon, or also known as the secondary
atomization. The micro-explosion phenomenon is a phenomenon where the whole W/D emulsion
droplet breaks up into smaller droplets quickly, and the water embedded inside the diesel puffs and
explodes into fine mists [11]. This phenomenon happens very fast where the water droplet trapped
inside diesel fuel evaporates quickly (due to the difference in the boiling point of water and diesel).
The presence of water in W/D emulsion improved the combustion process because of these fuel
droplets fuel breaks into smaller droplets thus enhancing more evaporation in surface area of
droplets which resulting better air-fuel mixing in burning fuel [13-14]. Furthermore, this
phenomenon significantly reducing emission especially NOx and PM in diesel engine exhaust
emission

A new concept was introduced by Ithnin et al., [15] where the W/D emulsion could be produced
without surfactant. This device is called as Real-Time Non-Surfactant Emulsification System (RTES)
[15] which mixes water and diesel inline without a surfactant and supplies it directly into the engine.
In his study, this RTES system was tested on a single-cylinder diesel engine generator with different
load conditions at an engine speed of 3000rpm. The result found that the non-surfactant emulsion
(UW/D) increased the brake thermal efficiency (BTE) by 3.59% and reduced the brake specific fuel
consumption (BSFC) by 3.89%. Plus, UW/D emulsion significantly reduced the NOx and PM by 31.66%
and 16.33% respectively, compared to the stable emulsion (SW/D) with surfactant and diesel fuel
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[15]. Another study conducted by Ramlan et al., [8] on the performance and emissions of a light-
duty diesel vehicle fuelled with non-surfactant low-grade diesel emulsion compared with a high-
grade diesel in Malaysia [8]. In that study, the test was executed by using a light-duty truck under
transient load on a chassis dynamometer. The RTES system was installed inside the lorry and the W/D
emulsion fuel made of low-grade diesel (EDE2) and water was produced inside the lorry. The result
showed that emulsion from low-grade diesel (EDE2) improved fuel consumption by 7.39% compared
to high-grade diesel (DE5) fuel. However, EDE2 fuel produced slightly higher NOx and CO compared
to DE5. Another study conducted by Mazlan et al., [16] on the effect of water percentages in non-
surfactant emulsion fuel produced by RTES on performance and exhaust emissions of a light-duty
truck [16]. The experiment set up for this research was a lorry equipped with RTES tested under West
Virginia University (WVU) 5 Peak Cycle on a chassis dynamometer. The various fractions of water
content were tested to identify the optimum water percentage and RTES was controlled during the
testing. The results revealed that the emulsion with 6.5% of the water produced better fuel
consumption compared to other water percentages. Moreover, E6.5 emulsion had the highest
emission reduction on the smoke number and NOx emission compared to other fraction emulsion
fuels and diesel fuel. However, those authors did not mention and consider the attached device or
system as a load in their research. From the literature review [15, 17-18], this system consists of
various electrical components such as water pump, solenoid valve, controller, ultrasonic driver,
ultrasonic transducer and dc motor which this system might consumed a lot of electrical energy. Plus,
there is no research conducted to measure the electrical load of RTES system which this system will
affecting on the fuel consumption due to attached RTES system on the vehicle.

Recently, the study of static mixers intrigued many researchers because static mixers are widely
used in various industry especially in mixing and preparation of a mixture [19]. The integration of the
static mixer in the inline mixing system seems very promising and interesting because the static mixer
is @ motionless mixer with no electrical or other energy to move that part. Moreover, there is a lack
of study on the emulsification of W/D emulsion by using a static mixer. Therefore, this paper was
bringing the idea of how much electrical consumed in RTES system that effecting fuel consumption
and application of static mixer in RTES system. Thus, this study will focus on the effect of electrical
load on the emulsification methods of inline mixing system RTES produced by the static mixer and
ultrasonic on fuel consumption and emission characteristics.

2. Experiment setup and procedure
2.1 Fuel Preparation

In this study, the main fuel used was standard commercialized diesel fuel in Malaysia (Petron
Diesel Max) which is known as Euro 2M with 10% of biodiesel POME (Palm oil Methyl Ester). In this
research, this diesel fuel will be classified as B10 diesel fuel. On the other hand, the emulsion fuel
was made up of B10 diesel fuel and Malaysia tap water. Table 1 showed the specification of tap water
while Table 2 showed the specification of Malaysia B10 diesel fuel. For emulsion fuel, each fuel has
the same water content for stability test and engine testing which is 7% of water content. The
emulsion was produced using the RTES device equipped with a static mixer. Table 3 showed the
specification of the static mixer.
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Table 1
Characteristics of tap water [20]
Specification Tap water
Density, g/cm3, 25 °C 1.02412
Specific conductivity, uS/cm, 25 °C 0.0532
Viscosity, milipoise, 25 °C 9.02
Vapour pressure, mm Hg, 20 °C 17.4
Isothermal compressibility, vol/atm, 0 °C 46.4 E-6
Surface tension, dyne/cm, 0 °C 72.74
Specific heat, J/g °C, 17.5 °C 3.898
The temperature of Maximum Density, °C -3.25 -3.25
Freezing point, °C -1.91
Table 2
Specification of Petron Diesel Max Malaysia [21]
Properties Value
Density at 15°C, kg/I 0.8372
Kinematic Viscosity at 40°C, cSt 3.400
Flash Point, °C, PMCC 68
Sulfur, ppm 320
Cetane Number 62.5
Distillation: °C 95% Recovery 370.0
FAME content, % vol. 10.0
Cloud Point, °C 13
Table 3
Specification of the static mixer
Parameters Value
Model MAS5.4-17S
Material Polypropylene (PP)
Length 103 mm
Inner diameter size 54 mm
Feature Spiral helix structure with high degree mixing

2.2 Stability Measurement

The emulsion produced from the motor and static mixer (EMS) and the emulsion from the motor,
ultrasonic and static mixer (EMUS) underwent the stability test before being tested on the engine.
The purpose of this test is to study the stability of the non-surfactant emulsions made by different
methods. Figure 1 showed the arrangement of stability test and Figure 2 showed the RTES system
equipped with static mixer. In this testing, the Start/ Stop controller was set to produce the same
amount of water in both emulsions. The diesel and water were introduced in the RTES and the mixing
time for emulsion was 1 minute. After the emulsion was mixed, a sample of emulsion produced was
collected by using a 50ml test tube with 0.1ml, 0.5ml, 1.0ml and 1.5ml of the graduation mark. As
soon as the sample was collected, the time taken was recorded by using a time stopwatch while the
separation video was recorded by using the digital camera. This process was repeated three times
for each type of emulsion and the average value was calculated.
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Fig. 1. Configuration of stability test set up

Fig. 2. RTES with static mixer

2.3 Engine Testing Set Up

The experimental investigation was carried out using Malaysia standard Diesel fuel and the
emulsion produced from difference method EMS and EMUS with the same amount of water which
about 7% water content. The test was carried out on a light-duty lorry Isuzu NHR 55E (4JB1) with
parameters showed in Table 4. Some arrangement of the experiment set up was made to increase
the accuracy of the experiment conducted. In this testing, the main source to operate the RTES was
from the battery installed in the lorry. Figure 3 showed the experiment set up for this study. The
experiment was conducted with an engine speed of 2200rpm for 5 minutes and the gas analyser was
used to measure NOy, CO and HC emission for diesel, EMS and EMUS. The gas analyser used in this
study was ECOM J2KN Pro portable gas analyser. Table 5 showed the specification of ECOM J2KN Pro
portable gas analyser. Two tanks for diesel fuel were prepared to measure fuel consumption. The
weight of the second diesel tank was measured by using a digital weight scale with 1 g accuracy.
Before the testing started, the diesel fuel was supplied from the first tank. After the engine has
stabilized with a constant speed of 2200rpm, the valve for the second tank was opened and the data
measurements started to be recorded. The test was repeated 3 times for each type of fuel and the
average measurement for all tested was recorded.
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Table 4

Test Vehicle specification

Parameter Specification

Model Isuzu NHR 55E (4JB1)

Fuel injection system Direct injection

Cylinder 4 cylinder in-line

Cooling system Water-cooled

Displacement (L) 2.8

Bore x stroke (mm) 93 x 102
Table 5
Specification of ECOM J2KN pro portable gas analyser [22]
Measurement Range Accuracy Resolution
Oxygen 0-21 vol% + 0.3 vol% 0.1vol%
Carbon Monoxide 0-40,000 ppm + 2% Measured* 5 ppm
Nitric Oxide 0-4,000 ppm + 2% Measured* 1 ppm
Nitrogen Dioxide 0-500 ppm + 2% Measured* 1 ppm
Combustibles 0-6.00 vol% + 2% Measured* 0.01 vol%
Gas Temperature 32-1800 F + 2% Measured* 1ldegF
Ambient Temperature 0-250 F + 2% Measured* 1degF
Draft / Pressure +40* H20 + 2% Measured* 0.1% H20
02 Correction 0-20% Oxygen Calculated
Carbon Dioxide 0-CO2 max of fuel Calculated
Efficiency (Eta) 0-99.9% Calculated
Excess Air (Lambda) 1-infinity Calculated

*Accuracy: When calibrated prior to use per ECOM America, Ltd specifications.

Static Mixer in RTES
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{ Start/ stop Controller /

S—

Water Tank Water | ______|
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Fig. 3. Experiment set up on the test vehicle

3. Result and Discussion
3.1 Emulsion Stability

Figure 3 showed the stability of emulsion to reach 0.1ml water separation. It can be observed
that EMUS - has the longest stability time compare to EMS. Figure 4 and Figure 5, it shows that EMUS
emulsion started to destabilize after 143 seconds whereby EMS is only 52 seconds. This is because
the presence of ultrasonic in emulsification of EMUS helps prolong the stability of emulsion
compared to EMS.

Although both EMUS and EMS emulsion were made from the same amount of water, however,
the EMUS emulsion was creamier and more whitish compared to EMS emulsion. During the
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formation of these emulsions, the water droplet size could be different because the ultrasonic
supplied more energy to produce smaller water droplet sizes compared to static mixer and motor.
The absence of surfactant enhancing the rate of emulsion to destabilize. From Figure 5, the
translucent layer seen is the water layer that had been separated from the emulsion and sedimented
at the bottom of the emulsion. The occurrence of this phenomenon was related to the coalescence
process and Ostwald ripening.

Stability of emulsion to reach 0.1ml
water separation in second

200
150

100

Time (s)

50

0

B EMUS Emulsion (motor, ultrasonic and static mixer)

EMS Emulsion (motor and static mixer)

Fig. 4. Stability of emulsion to reach 0.1 water separation in
seconds

condition/
ml

Emulsion
produced
by motor,
ultrasonic
and static
mixer

2 min 38s 5 min 13s 7 min 21s 11min 43s
(EMUS)

Emulsion
produced
by motor
and static
mixer

52s 2min 48s 3min 57s 5min 17s
(EMS)

Fig. 5. Stability of emulsion produced
3.2 Fuel Consumption
Figure 6 showed the fuel consumption for B10 fuel, B10 with electrical load, EMS and EMUS
emulsion. When the electrical load was attached to the system, the fuel consumption of B10 fuel

with electrical load increased slightly by 1.0% compared to B10 fuel. This is because the electrical
load from the RTES system gives additional loading to the engine which causes the engine to consume
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more fuel to support the system [23]. Plus, the RTES system is connected in parallel connection to
battery lorry and alternator.

Generally, when the engine is not running, the energy from the vehicle system is obtained from
the battery. After the engine has started, the alternator will take place to supply the current to the
devices and charge the battery inside the vehicle. The alternator supplied the electrical energy to the
RTES system caused the torque of the engine to increase which causes higher additional work to the
engine [24]. Thus, the fuel consumption increased because of the additional load to the engine due
to the demand to power up the RTES system from the alternator (ancillary load connected by a pulley
attached to the engine).

Meanwhile, comparing the B10 and emulsion fuel, both emulsion fuels showed lower fuel
consumption by 1.5% from EMS and 0.4% from EMUS. The reduction of fuel consumption was mainly
believed to be caused by the micro-explosion phenomenon [20]. The micro explosion further the
breakdown of water droplets in EMUS and EMS into smaller droplets to enhance more evaporation
in surface area of fuel droplets which resulting better air-fuel mixing in combustion fuel [14-15]. Thus,
itis resulting in better fuel consumption compared to B10 fuel. Although the emulsified fuel has lower
calorific value and energy content compared to B10, however, the effect of micro explosion more
dominant compared to effect of calorific value on fuel consumption [18]. This result in line with
observation reported by Khan et al., [11], Ramlan et al., [18], and Shyam et al., [25].

Fuel consumption (kg/h)

1.95 -
19
1.85
1.8

1.75

1.7

HB1l0
B10 with electrical load (Ultrasonic and motor)
EMS Emulsion {motor and static mixer)

EMUS Emulsion (motor, ultrasonic and static mixer)

Fig. 6. Fuel consumption

3.3 Emission Characteristics
3.3.1 NOyx emission

Figure 7 showed the NOyemission. Compared to B10 fuel, the NOyx emission was reduced by 7.4 %
from emulsion fuel. Meanwhile, the NOx emission for both emulsions was almost similar because of
the same water content. However, compared to the B10 fuel, the emulsion had lower NOy
concentration because of the presence of water. The presence of water in fuel causes the peak
temperature in the combustion chamber lower and contributes to the reduction of thermal NOx
during combustion [6,26]. This result similar to studies reported by Badran et al., [27], Syu et al., [28]
and Maji et al., [29].
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Fig. 7. NOx emission
3.3.2 CO emission

Figure 8 revealed the CO emission under the engine condition of 2200rpm for 5 minutes. The
emulsion fuel recorded an increase in the CO emission by 20.5 % from EMS and 16.5% from EMUS,
compared to the B10 fuel. The formation of CO and CO2 is interconnected because if CO2 is
increased, the CO formation will naturally decrease. The main reason the CO emission increases for
emulsified fuel was due to water, which reduced the temperature inside the combustion chamber,
limiting the formation of CO. Therefore, decreasing CO2 emission. Furthermore, the temperature in
the combustion chamber needs to be above 1400K to initiate the conversion of CO to CO2 species
[10]. If the temperature below that 1400K, the oxidation of CO to CO2 will freeze[9]. The OH radicals
from the water cause EMS and EMUS high in CO emission because OH radicals promoting oxidation
carbon to CO [13,30]. This result parallel with the observation reported by Mondal and Mandal [12]
and Maji et al., [29].

CO emission (ppm)
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HB10
m B10 with electrical load (Ultrasonic and motor)
® EMS Emulsion (motor and static mixer)

EMUS Emulsion (motor, ultrasonic and static mixer)

Fig. 8. CO emission
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3.3.3 Hydrocarbon emission

The formation of hydrocarbon depends on the ignition delay, micro-explosion, and relative
impact of the combustion chamber. Figure 9 showed the formation of unburnt hydrocarbon of diesel
fuel, and emulsion from 2 different conditions. Its crystal clear that the emulsion fuel produced more
HC emission compared to diesel by 16.9% for EMS and 9.7% for EMUS, respectively. This is attributed
to incomplete combustion of emulsified fuel EMS and EMUS compared to B10. The water particles
inside the EMS and EMUS fuel are in closed contact with diesel fuel thus resulting the combustion
process inside the combustion chamber is quenched [12]. This situation thwarted the atomization of
the fuel and increased the HC emission. Furthermore, the EMS had higher production of HC emission
compared to EMUS. This could be the formation of EMS emulsion was quite unstable compare to
EMUS emulsion. Meanwhile, the presence of ultrasonic in EMUS emulsion could be reason the
emulsion produced more stable compared to EMS because emulsion from EMUS more uniform in
term water particle distribution compared to EMS which resulting difference HC formation when
comparing both emulsion.

Hydrocarbon emission (ppm)
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EMS Emulsion (motor and static mixer)

EMUS Emulsion (motor, ultrasonic and static mixer)

Fig. 9. HC emission
4. Conclusion

Based on this experimental investigation, the conclusions that can be drawn in this research are
i.  The fuel consumption for B10 with electrical load increased slightly compared to the B10
fuel but reduced slightly when compared to emulsion fuel.
ii.  NOxemission by both Emulsion fuels showed a significant reduction of approximately 7%
compared to B10 diesel fuel on NOx emission.
iii.  CO emission for emulsified fuel increased drastically by 20% for EMS and 16% for EMUS
respectively, when compared to B10 diesel fuel.
iv.  The Hydrocarbon emission increased by 16.9% for EMS emulsion and 9.7% for EMUS
compared to the B10 diesel fuel.

Overall, this study had shown that any additional electrical load does increase fuel consumption
by 1.0%. Furthermore, the introduction of the static mixer in RTES showed a promising result in
emulsification which showed better fuel consumption and exhaust emission reduction even without
the presence of ultrasonic transducer during the mixing period.
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