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A device known as Real-Time Non-Surfactant Emulsion 
Fuel Supply System (RTES) was developed to eliminate 
the dependency of surfactant by rapidly supply the water 
in diesel (W/D) emulsion into the engine. The objective of 
this research is to run RTES under long term of operation. 
A new RTES was fabricated using ultrasonic transducer 
frequency is 50 kHz and speed of rotor is 1400 rpm. The 
amount of water injected into the system was constantly 
at 6.5 vol%. At the end of the test, temperature 
measurement and observation of RTES component were 
recorded and droplet size before and during the durability 
test was measured. It can be concluded that RTES can only 
withstand the long-term operation for total 26 hours. On 
the droplet size measurement, initial droplet size is 
1.441µm, as the temperature of ultrasonic transducer 
increase, the droplet size also increases. 
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1.0 INTRODUCTION 
Water-in-diesel (W/D) emulsion is known as an alternative fuel that can replace conventional 

diesel fuel. An emulsion can be defined as a dispersion of one immiscible liquid into another with 
or without emulsifier. Numerous studies have shown that W/D emulsion fuel has a great impact 
on reducing harmful exhaust emission, nitrogen oxides (NOx) and particulate matter (PM) 
simultaneously due to the presence of water within the combustion system (Ithnin et al. 2018). 
Introduction of W/D emulsion to diesel engine applications also shows significant improvement 
in combustion efficiency and tribology (Hasannuddin et al. 2016; Hasannuddin et al. 2018). A 
special phenomena of W/D emulsion fuel, called micro-explosion phenomena that occur during 
combustion has led to secondary atomization where rapid evaporation rate of water in diesel fuel 
causes oil droplet to be finest and making the combustion more efficient. Thus, W/D emulsion fuel 
are recognized as a great potential to be an alternative fuel for low-grade diesel fuel, either for 
economical purpose or environmental motivations.  

Commercialization of W/D emulsion fuel has yet established. Main constrain is due to the 
stability issue of emulsified fuel, which make it dependent on surfactant to prolong it stability. 
SPAN 80 and TWEEN 80 are the most preferred lipophilic and hydrophilic surfactants used by 
researchers (Norazni et al. 2016). However, dependency on surfactant cause the emulsion fuel to 
become pricy compare to low sulphur diesel, as result, it restricts commercialization of emulsion 
fuel. Eliminate dependency of surfactant in W/D emulsion fuel has been a motivation to develop 
a mechanical mixing that can mix fuel and water without the existence of surfactant to become a 
homogenous fluid; emulsion fuel. This mixing device is known as Real-Time Non-Surfactant 
Emulsion Fuel Supply System, RTES. This mechanical approach combines high shear mixing, 
ultrasonic agitation and water mist injection. It is located near the injector nozzle so that the 
injected emulsion fuel will long-last and stable until it reaches the combustion chamber. 

W/D emulsion is considered as an alternative fuel that have significant potential as it can 
reduce harmful exhaust emission especially NOx and PM and at the same time improve the 
combustion efficiency of a diesel engine. However, utilizing W/D emulsion clearly bring the 
stability issue, as known that the immiscible liquids will separate after exceeding certain period 
of stability. The stability of emulsion mainly influenced by few factors, one of it is emulsification 
technique. From previous research, usually mechanical homogenizer or ultrasonic vibration was 
used to produce the said fuel. A development of combination both mechanical and vibration 
mixing system, known as RTES to supply W/D emulsion fuel to diesel engine directly to the engine 
has successfully proved significant result in reducing harmful exhaust emissions; NOx and PM 
simultaneously and improve combustion efficiency in electric generator testing and light-duty 
vehicle test (Mazlan et al. 2018; Ramlan et al. 2018; Ramlan et al. 2016; Ahmad et al. 2018).  

Since RTES use both combination of high shear mixer and ultrasonic agitation, therefore the 
usage of ultrasonic transducer in long term duration is still unknown. The tribology study on the 
fuel and lubricant oil is important criteria to make sure the operation of engine for long run (Siti 
et al. 2018; Nantha et al. 2018; Farhanah et al. 2016). Therefore, in this study, the concept of RTES 
is applied to determine maximum condition of RTES for long term operation and to observe water 
droplet size, temperature changes on the ultrasonic circuit board and other RTES components. 
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2.0 EXPERIMENTAL PROCEDURE 
The same design and technical specification of RTES as previous was used to fabricate new 

RTES. The material used to construct stator, rotor and body mixer is stainless steel 304 (SUS304). 
This is due to the characteristic of stainless steel that has high strength and high resistant to 
corrosive environment.  

 
2.1 DC Motor 

Technically, combination of DC motor with rotor represent the mechanical homogenizer for 
producing W/D emulsion while the stator and rotor are designed with high sheer mixer concept 
to ensure that finer emulsion can be supplied. The DC motor used for RTES is planetary-type 
motor known as IG-42 geared motor series with 0.215Nm torque and constant speed at 1400 rpm. 
The advantage of using this type of motor is firstly due to its size. The DC motor size is fit with the 
size of RTES motor shaft, moreover, the overall size make it suitable for installation at electric 
generator and light duty vehicle. Secondly, it only consume minor power usage but can produced 
high torque. In this experiment, the same DC motor is installed. Figure 1 shows the planetary IG-
42 DC motor. 

 

 
Figure 1: IG-42 geared DC motor. 

 
2.2 Ultrasonic System 

Ultrasonic system in RTES consist of ultrasonic transducer and ultrasonic circuit board. Both 
components are important as it function to produce emulsion with finer droplet size. In this 
experiment, the frequency of the ultrasonic system is 50 kHz with 120W power was selected. The 
ultrasonic transducer is welded together with the body mixer. In this experiment, the 
temperature measurement by infrared thermography (IRT) was done at ultrasonic circuit board, 
where observation done to the electronic parts of the board. Meanwhile, direct temperature was 
measured at ultrasonic transducer using K-type thermocouple. Figure 2 shows the top view of 
ultrasonic circuit board.  
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Figure 2: Ultrasonic system: i.e. transducer and circuit board. 

 
2.3 Water Injection System 

Another important system in RTES is water injection system which consist of few components 
such as water pump, water controller, solenoid, and water injector. A set of COOLING MIST water 
injection system comes with water pump, solenoid and water injector. This high-pressure water 
pump capable to generate pressure up to 1378kPa and can inject water at flowrate of 0.082L/s. 
Therefore, this high-pressure water pump is selected due to its characteristic that can overcome 
the pressure inside body mixer. In addition to that, due to high pressure inside the water pump, 
water is injected in mist-form. The position of solenoid is located near the injector. This is to 
ensure that correct amount of water is injected into the RTES mixing chamber. Figure 3 below 
shows the selected COOLING MIST water pump and solenoid. 
 

 
Figure 3: COOLING MIST water injection set. 

 
2.4 Test Fuel 

In this study, the test fuel used is emulsion fuel with 6.5% volume of water content, which is 
labelled as E6.5. Throughout the experiment, emulsion fuel E6.5 was constantly used. The 
emulsion was prepared using RTES where diesel Euro 2M (DE2M) was mixed together with 
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injected water in the mixing chamber. DE2 diesel is commonly used in Malaysia, thus it can be 
obtained from a commercial petrol station. The fuel properties of DE2 are shown in Table 1. 

 
Table 1: Test fuel properties. 

Properties Unit DE2M 

Calorific Value MJ/kg 45.280 
Density @ 15 °C kg/L 0.8538 
Viscosity @ 40 °C mm2/s 4.642 
Flash Point °C 93.0 
Cetane Number - 54.6 
Sulphur content ppm 500 

 
2.5 Flir i7 Infrared Thermal Imaging Camera 

The infrared thermography measurement is performed in a temperature and humidity-
controlled room. It has been reported that variation in ambient room temperature can affect the 
accuracy of temperature measurement, hence the room temperature is maintained throughout 
the experiments. The infrared image is taken using FLIR i7 infrared thermal camera. The 
operating spectral range of the thermal camera is given with 7.5μm up to 13μm. Temperature 
range is from -20oC to 250oC while thermal sensitivity is less than 0.1oC at 25oC with focal plane 
array uncooled microbolometer of 140 x 140 pixels. The acquire images are stored in a removable 
storage memory and later will be analysed in personal computer using FLIR Tools software. Table 
2 below shows the technical specification of said thermal camera. The IR camera is placed in front 
of the RTES and the image captured can be viewed in the monitor. Environmental factors such as 
ambient air temperature, humidity, rain, wind-flow and direct solar radiation affect IRT 
measurement.  

 
Table 2: Technical specification of Flir i7 infrared thermal camera. 

Measurement Details 

Object temp range 0oC to +250 oC 
Accuracy ±2oC or ±2% of reading 
Measurement 
functions 

Spotmeter, correction for emissivity and reflected temp, emissivity 
table 

Emissivity Table 0.1 to 1.0 adjustable 
Area (Max/Min) Isotherm (above/below selected temperature interval) 

 
2.6 K-Type Thermocouple and Dickson Digital Temperature Data Logger 

K-type thermocouple is installed directly at ultrasonic transducer to record continuous 
temperature measurement during the durability testing. The temperature of ultrasonic 
transducer and DC motor are observed specifically to detect any changes that can cause both 
components from failure. The temperature reading is recorded every hour. The test was run about 
four hours continuously per session, and two sessions per day. The K-type thermocouple was 
connected to the temperature data logger to display the measured temperature 

 
2.7 Experimental Setup 

As shown in the Figure 4 the fuel flow from the fuel tank is controlled by the one way valve. 
Amount of water injected is measured manually to obtain water content of 6.5%, therefore water 
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controller setting is constant throughout the experiment. The experiment starts when both water 
from water tank and fuel flow inside the RTES mixing chamber. There are two output valves at 
the body mixer, one is kept closed while the other is functioned to transfer the emulsion processed 
inside the chamber into second fuel tank. As the test requires a long duration of time, therefore 
the emulsion produced is circulated from second fuel tank to the first fuel tank thru a fuel pump. 
Since there is no engine to feed the emulsion fuel, thus the amount of fuel with water content that 
released from the RTES is the same as the amount of liquids when flow in. For droplet size 
measurement, the same setup as shown in Figure 4 is used, the difference is that there is an 
additional fuel tank to store new diesel fuel. 

 

 
Figure 4: Experimental setup. 

 
2.8 Durability Test 

RTES durability test was conducted using test-to-failure method (Lee et al. 2015). In this 
experiment, the RTES is tested until it fails to function. Since RTES was developed   for road 
transport, thus the test program was followed the driving hours regulation. The RTES has to 
operate continuously five hours per session, and two sessions per day. There is 30 minutes break 
in between both sessions. The test is repeated until the RTES fail to function. 

 
2.9 Particle Size Analyzer Shimadzu SALD-2300 

For droplet size measurement, an advance machine to observe the water droplet size is used. 
The can measure particles from 17 nm up to 2500 μm which is a wide measurement range to 
observe the water droplet in the emulsion produced from RTES. In sampling process, initially the 
W/D emulsion was prepared with 1% of SPAN 80 surfactant. This is to ensure the emulsion 
stability in order to measure the droplet size when 6.5% volume of water was injected into the 
system. After the production of E6.5 emulsion fuel, the sample was directly transferred into the 
culture tube. A small portion of the aforementioned fuel was placed into a small SALD glass 
container for observation and measurement. This machine is very sensitive, especially the glass 
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container that use to put samples. It even can detect an error if the specimen container is not fully 
clean. Therefore, before starting the measurement, it needs to be carefully clean using spirit to 
remove the dust or small debris.  

 
2.10 Digital Microscope KEYENCE VHX-200E   

During the experiment, a few non-surfactant W/D emulsion samples was transferred into 
graduated beaker and a small portion of the said fuel was placed into the petri dish for droplet 
size observation and measurement using high resolution microscope. The behavior of the said 
fuel were recorded through microscope. To get a clearer sample image, the lens of the microscope 
was adjusted. The video of destabilized emulsion process was documented in one-minute 
duration, therefore the destabilized period of the said fuel can be monitored when two distinct 
layers of water and diesel were formed. A super resolution digital microscope with magnification 
range from 100 to 1000 times was used in this experiment. The microscope is capable to capture 
micro-sized object in real time and the behaviour of emulsion fuel is displayed on the monitor. 
The specifications of the microscope are as listed in Table 3. 

 
Table 3 Specifications of the digital microscope. 

Properties Value 

Model 
KEYENCE VHX-200E digital 
microscope, equip with VH-Z100R 
zoom lens 

Magnification range 100 to 1000 times 
Image size (pixels per 
image) 

1600 x 1200 

Video size (frames per 
second) 

15 

 
 
3.0 RESULTS AND DISCUSSION 
 
3.1 Effect of Temperature on RTES Components 

In this durability study, technically RTES system was operated for total duration of 30 hours. 
The test was run for about five hours per session, and there are two sessions per day. This test 
session is named as cycle, where the first cycle (1C) consist of two sessions (equal to ten hours of 
RTES operation), followed by second cycle (2C) and third cycle (3C) respectively for the 
arrangement purpose. The temperature measurement on RTES components specifically DC motor 
and ultrasonic transducer has been measured for 1C cycle. As stated in previous chapter, K-type 
thermocouple was used to measure, and the data was recorded every hour until the test was 
completed.  

Based on Figure 5, the graph shows three different temperature variation measured from 
ultrasonic transducer, DC motor and room temperature. As shown, the room temperature 
measured averagely about 27.5°C thru the 1C cycle. It is important to ensure that the room 
temperature is maintained because rise in ambient temperature will affect the IRT observation. 
From the graph, initial temperature of DC motor and ultrasonic transducer in which recorded at 
room temperature are 26.7°C and 26.2°C respectively. After continuously one hour of RTES 
operation, there is drastic increment in temperature measured for both components. The 
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temperature of DC motor is 58.8°C while the temperature of ultrasonic transducer is 75.0°C, this 
indicate an increment about 120% and 186% respectively. At the second and third hours, 
temperature of both components increases about 1.3% and 1.0% respectively. This indicates that 
both DC motor and ultrasonic transducer achieved the operating temperature averagely at 61.5°C 
and 76.7°C accordingly. However, at fourth hours, DC motor temperature drop about 3.7% 
compare to previous reading, meanwhile temperature of ultrasonic decrease about 5.2% compare 
to previous data. The temperature drops for both components is an indicator that the component 
has started to deteriorate (May and Almubarak, 2017). Based on the operating temperature for 
both components, it has exceeded the optimal operating temperature for the majority of electrical 
equipment.    

 

 
Figure 5 Variation of RTES components temperature profile for the first 10 hours of operation. i.e. 
1C cycle. 
 

At fifth hours, both temperatures show an increase in temperature before the RTES system is 
shut down for 30 minutes. Later, the test was continued for the next session which include five 
hours continuous operation. The trend of graph shows about the same trend as previous, where 
the temperature rise drastically until a certain temperature before it starts to have minor 
increment and achieve the working temperature. Average temperature of DC motor for this 
session is 58°C while ultrasonic transducer is 74.0°C. Compare to the first session, the current 
temperature for DC motor drop significantly 3.5°C and temperature of ultrasonic transducer 
decrease about 4.6%. As continuation of durability testing, the RTES system was run for another 
ten hours of continuous operation. It is termed as second cycle (2C cycle). Based on the Figure 6, 
the same graph trend as the graph in Figure 5 is observed. From the said figure, the temperature 
data for DC motor, ultrasonic transducer and room are more consistent compared to graph in 
Figure 5. The average temperature of DC motor and transducer are 60.1°C and 71.1°C 
respectively. After second session (six to ten hours operation), the average temperature of DC 
motor and transducer are 58.6°C and 71.2°C respectively. 
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Figure 6: Variation of RTES components temperature profile for the second cycle (2C cycle). 
 
Since there is no components failure observed now the test was further done with another ten 

hours continuously. As shown in Figure 7 the average temperature of DC motor and transducer 
are 61.2°C and 66.0°C respectively. By average, the temperature of DC motor during the first 
session (from 1C to 3C cycle) is 60.0°C, whereas average temperature of ultrasonic transducer is 
71.3°C. From Figure 4.3, the temperature of transducer is 66.0°C, which is the lowest value 
compare to 71.1°C and 76.7°C. At sixth hour (total operating hours is 26 hours), the temperature 
reading for ultrasonic transducer rise to maximum reading of 78.5°C, however at seventh hour 
onward the data shows a significant reduction in temperature. This data indicates that the 
ultrasonic system fails to function after total of 26 hours of operation. Generally, electrical 
component is designed to operate effectively and achieve normal life expectancy under ambient 
air temperature range from 40°C to 50°C. Yet, the life span can be reduced when the components 
are exposed to overheating for a long duration of time. After sixth hour, the DC motor is still 
functioning until the end of the session operation. 
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Figure 7: Variation of RTES components temperature profile for the third cycle (3C cycle). 
 
In this experiment, infrared thermography (IRT) based condition monitoring approach is used 

to observe heat distribution and monitoring of RTES components. The IRT image of three main 
RTES components; DC motor, ultrasonic circuit board and ultrasonic transducer are shown in 
Table 4. The images were taken during the first five hours of continuous RTES operation. Based 
on the images, heat distribution of each components is clearly seen. For DC motor, the maximum 
heat detected on the top of the motor where the electric circuit is located. High heat distribution 
also seen at water and fuel injector, this is due to the heat absorb by the silicon sealant. In addition 
to that, IRT images captured for ultrasonic board show a distinguish heat distribution on few 
electronic components such as transformer, capacitor and diode. As can see, during the test, there 
are electronic components that are exposed to overheat which reduce the components life span. 
Table 5 shows the image of RTES components after the ultrasonic system fails to function. From 
the ultrasonic circuit board image, it is obviously revealed that the failure starts from the circuit 
board. This is due to the inner temperature of electronic components exceed the normal working 
temperature which make the life span become shorter. 
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Table 4: IRT image of RTES components. 

 
 

Table 5: IRT image of RTES components when the ultrasonic system fails 
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3.2 Effect of Temperature on Droplet Size 
The initial condition of water droplet size of E6.5 emulsion fuel produced by RTES was 

measured before the durability test done. Surfactant SPAN 80 was used in this test for stability 
purpose. The emulsion sample was produced at room temperature and the sample was 
transferred in the culture tube. The initial water droplet size diameter measured by SALD 
Shimadzu Particle Analyser is 1.441µm. During the durability test, emulsion temperature 
increases due to increase of ultrasonic transducer temperature.  

As shown in Figure 8, three samples of E6.5 emulsion fuel with different temperature was 
collected. It is observed that when RTES is working for a longer period, emulsion temperature will 
increase proportionally to the temperature of RTES components. Temperature is one of the 
factors that affect emulsion stability; in order word the water droplet size is differ compare to the 
initial droplet size which is 1.441µm. At temperature 37°C, the droplet size is measured as 24 µm. 
Meanwhile at temperature 42°C, the droplet size is increased to 47.8 µm. Lastly, when emulsion 
temperature increases to 44°C, bigger droplet size is measured which is 56 µm. This show that 
increases in emulsion temperature has weaken the interfacial tension between droplet and 
consequently formed bigger droplet size. The effect of temperature toward water droplet fasten 
the destabilization process of W/D emulsion (Binks and Rocher 2009).   

Based on Figure 8, average mean diameter of water droplet (dispersed phase) was presented 
in graph above. At 20 seconds, the emulsion with highest temperature of 44°C show the average 
droplet size of 56 µm, meanwhile at 60 seconds the average droplet measured is 141 µm which is 
152% increase in droplet size. As time increase and emulsion temperature increase, it shows that 
the emulsion has started to destabilize. Effect of heat dissipates from RTES components especially 
ultrasonic transducer has weaken the interfacial tension and affect the droplet size produced. 
Moreover, droplet size plays an important role in micro-explosion phenomenon; either way too 
small droplet has only weak micro-explosion occurred or bigger droplet size cause too much 
water to evaporate thus the strength of micro-explosion also weakened. 
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Figure 8: Mean diameter of water droplet at various emulsion temperature. 

 
 
4.0 CONCLUSION 

From this study, the maximum condition of RTES after a long term of operation is 26 hours. 
The test is running for continuously ten hours per day. During the test, it is observed that heat 
dissipates from ultrasonic transducer affect the dispersed droplet size. Elapse with time, the 
emulsion temperature increases consequently increase the droplet size. For temperature 
measurement, the operating temperature of DC motor is 60°C and ultrasonic transducer is 71.3°C. 
In addition, for temperature observation, the IRT based condition monitoring is reliable for 
monitoring heat distribution and monitoring the components of ultrasonic transducer circuit 
board. Three main electronic components; transformer, diode and capacitor significantly have 
highest heat distribution. Component failure was observed after 26 hours of operation where the 
ultrasonic system fail to function. The components of ultrasonic circuit board cannot withstand 
overheating which cause the system to fail. Meanwhile, both DC motor and water injection system 
were still functioning after 26 hours of operation. 
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