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The global focus in emulsion fuels is due to the advantages over conventional diesel fuels. 
It has the capabilities to simultaneously reduce the emissions of NOx and smoke. It also 
said to reduce the fuel consumption of diesel engine by significant percentages. However, 
due to the interdependency on surfactant, emulsion fuel does not seem to be possible as 
alternative fuel in an economic perspective. This is because of the high market price of 
the commercial surfactant. Therefore, this research focused on non-surfactant W/D that 
produced by a system known as Real-Time Non-Surfactant Emulsion Fuel Supply System 
(RTES). RTES has been applied with the goal of investigating the impact on exhaust 
emissions and fuel consumption of a mechanical pump fuel injection system diesel 
vehicle (MP) and a common rail fuel injection system diesel vehicle (CR). A one-ton truck 
represents as MP (Mechanical Pump) and an SUV represent as CR (Common rail) are the 
test vehicles for the said research. The non-surfactant W/D with 6.5 wt.% of water 
produced by the RTES used as the test fuel and named as E6.5. It has been emulsified in 
the RTES right before being injected into the diesel vehicles. The testing was performed 
on a chassis dynamometer following the West Virginia University 5-peak cycles. The 
findings show that the utilization of non-surfactant W/D has increased the fuel 
consumption by 7.39% for MP and 3.2% for CR respectively as compared with base diesel 
fuel. NOx, smoke emissions and exhaust temperature have significantly reduced by the 
MP relative to CR vehicles. Overall, the concept of non-surfactant W/D seems to have 
implementation potential for reducing harmful emissions from both diesel-powered 
vehicles. 
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1. Introduction 
 

The industries and transport sector are largely dependent on fossil energies for which humanity 
and environmental pressure is extensive. High demand and growing diesel prices have raised 
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concerns about energy and economic security, while pollution has exacerbated environmental 
degradation and health problems [1-3]. Transport contributed to 75% of the world's total fuel 
combustion-based greenhouse gas emissions, and about 25% of those emissions are due to road 
transport [4]. Whereas diesel engines are significantly more compact than gasoline engines, they are 
also more costly to manufacture. The diesel engine will probably last longer and require less routine 
maintenance. Additionally, diesel engines have long been renowned for their dependability and low 
fuel consumption. Even though diesel engines are preferred, they emit harmful exhaust emissions, 
particularly Particulate Matter (PM), Nitrogen Oxides (NOx), Carbon Monoxide (CO), and Carbon 
Dioxide (CO2) [5-8]. It has recently come to light that emulsion fuel from water in-diesel (W/D) is one 
of the alternative fuels which most common with researchers because it offers a solution for the 
worldwide need to minimize NOx and PM emissions while also improving combustion efficiency and 
has received a lot of attention as a potential improvement on the environment and human health 
[9,10]. 

Nazha et al., [11], investigated the W/D on DI Ford diesel engine with EGR on a 2.5 L, 4- cylinder 
water inject on the intake manifold. The results showed that the emissions of NOx were reduced by 
exhaust gas recirculation, but smoke grew. Use of W/D emulsion without any additional cost the 
engine's performance or other pollutant emissions reduced around 60%. It cuts NOx and smoke 
emissions while minimally affecting engine performance. The issue of stability, which can only be 
stable for a given period, is the main weakness in the use of emulsion fuel. Using W/D is very costly 
due to the surfactant and its preparation and which cannot be cost-effective in massive 
commercialization [12]. In the US, the W/D concept was applied to lorries. To conduct the 
experiment, they applied W/D in a ratio of 25 vol% of water. The fuel costs of this system have been 
proved to be 20% savings and the emissions of NOx and PM can be reduced by 55% -80% at the same 
time. However, the use of surfactants was not clearly indicated in this device. Kim et al., [13], 
investigated a 2.0 L 4-cylinder common-rail diesel engine with turbocharger using emulsion fuel and 
demonstrated that fuel consumption decreases at 4.4% to 12.6% and NOx reduced by 30 to 50% and 
smoke emissions decreased by 80%. 

Real-Time Non-Surfactant Emulsion Fuel Supply System (RTES) is the concept, which eliminates 
the dependence on surfactants to produce emulsions with long stability. It focuses primarily on the 
production of W/D by constantly mixing diesel to water in an in-line mixing system, which is quickly 
suppliable to the engine. Ithnin et al., [14], have shown without use of surfactant, emulsion fuel that 
substantially reduced exhaust emissions of both NOx and PM, compared to base diesel fuel the 
average reduction was 31.66% and 16.33% respectively. Ramlan et al., [15], run a 1-ton truck which 
4- stroke and four cylinders, direct injection engine by using non surfactant emulsion fuel, it shows 
the fuel saving up to 7.39%. The NOx emissions are lower by 23%, and CO emissions are slightly higher 
by 41%, compared to the base diesel, with a reduction in smoke emissions at all operating speeds. 
However, no comprehensive assessment was published of such studies and the full impact of the 
non-surfactant emulsion fuel with mechanical and common rail injection of engine emissions has not 
been published. Thus, the aim of the paper, to investigate of comparison between mechanical pump 
fuel injection system (MP) and common rail injection systems (CR) to determine the effect of W/D 
on diesel engine performance and exhaust emission using RTES.  
 
2. Experiment Methodology 
2.1 Test Fuel 
 

The test fuel used in this analysis is emulsion fuel with a quantity of 6.5 wt% water content (E6.5), 
which is classified as E6.5 for both test vehicles. E6.5 was used continuously during the trial. The E6.5 
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was formulated using RTES, in which Euro 2M diesel (DE2) was combined with water injected through 
water injector in the mixing chamber.DE2 fuel is widely used, that can be bought from a commercial 
petrol station. Table 1 shows the fuel properties of DE2. 
 

Table 1 
The fuel properties of DE2  
Properties Unit DE2 

Calorific Value MJ/kg 43.28 
Density @ 15°C kg/L 0.8372 
Flash Point °C 68 
Cetane Number - 62.5 
Sulfur content ppm 320 

 
2.2 Test Vehicles 
2.2.1 Mechanical pump fuel injection diesel powered vehicle 
 

A one-ton NHR Isuzu truck was used as a mechanical pump test vehicle. This vehicle is equipped 
with a four-stroke, four-cylinder, naturally aspirated diesel engine that complies with Euro 2 emission 
standards. Table 2 represent the vehicle specifications. This vehicle was chosen because it is classified 
as a light-duty truck. 
 

Table 2 
Vehicle specifications of MP test vehicle 
Parameter Specification 

Model Isuzu NHR 55E (4JB1) 
Fuel injection system Direct injection 
Cylinder 4 cylinders, in-line 
Cooling system Water-cooled 
Displacement (L) 2.8 
Maximum output (Ps/rpm) 59 (80)/3600 
Maximum torque (kg-m/rpm) 175 (17.8)/2000 

 
2.2.2 Common rail fuel injection diesel powered vehicle 
 

A Sport Utility Vehicle with a commonrail fuel injection diesel engine, features a 4-stroke, four-
cylinder, turbocharged and is designed to fulfil the emission regulations of Euro 2. The details 
specification of the vehicle is given in Table 3. 
 

Table 3 
Vehicle specifications of CR test vehicle 
Parameter Specification  

Model Santa Fe 2009 
Fuel injection system Common Rail Direct Injection 
Engine type 4 Cylinder, water-cooled, inline engine 
Displacement volume(cc) 2200cc 
Maximum output (Ps/rpm) 194.3bhp@3800 rpm 
Maximum torque (N-m/rpm) 420.7N-m@1800-2500 rpm 
Drive Type 4WD 

 
 
 



 Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 91, Issue 2 (2022) 41-50 

44 
 

2.3 Chassis Dynamometer Test 
 

The chassis dynamometer test method traditionally been used to investigate the vehicle’s 
exhaust emissions and performance. The key benefit of the laboratory dynamometer test is the 
ability to monitor test conditions, including temperatures, and driving conditions [16]. The chassis 
dynamometer testing is conducted following SAE J1082 standard. The chassis dynamometer system 
can reproduce current driving conditions, such as conditions of idle, acceleration, cruising, and 
deceleration. The schematic diagram for measuring related data on the chassis dynamometer is 
shown in Figure 1. The rollers can also be programmed to simulate friction loss and aerodynamic 
strength. 
 

 
Fig. 1. Schematic diagram of chassis dynamometer testing 

 
2.4 Fuel Line Configuration 
 

The test vehicle's fuel line must be modified to incorporate RTES. In comparison to a static engine, 
the important issue of vehicles is the engine's fuel return line. The return fuel flows back to the tank 
in the normal operation of a diesel engine. However, return fuel will not be returned to the tank 
when using E6.5 because the separation of diesel and water will cause problems later to the diesel 
engine. Instead, the return E6.5 from the engine was channel back to RTES so that the re-
emulsification process can be done to ensure E6.5 that introduced into the engine is always in a stable 
state. The fuel flow is illustrated in Figure 2. 
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Fig. 2. Configuration of fueling system embedded with RTES 

 
2.5 Testing Cycle 
 

This study follows the test procedure for the chassis dynamometer test of the driving cycle known 
as the West Virginia University (WVU), 5 peak cycles. The cycle is chosen in contrast to other types of 
driving cycles since it was specifically constructed for general light-vehicle chassis testing. This cycle 
includes 5 phases, with acceleration at the peak speed in each section, short stationary service and 
finally a deceleration point back to idle. The five top speeds, called cycle-1,2,3,4,5 is often indicated 
as the number of accelerations. The average length of the cycle is 900s and a distance depends on 
the speed of the vehicle. The used E6.5 compares the CR with the MP and then varies with the peaks 
in WVU's 5-peak driving time. Figure 3 shows the WVU 5 peak cycle for the chassis dynamometer 
test. 
 

 
Fig. 3. Speed profile of modified WVU 5-Peak Cycle 

 
3. Result and Discussion 
3.1 Nitrogen Oxides (NOx) 
 

The main advantage of using E6.5 in diesel engines is a reduction in NOx emissions. Figure 4 
illustrates the variation in NOx emissions over time for DE2 and its E6.5 under the WVU 5 peak cycles. 
The measurements of NOx emissions showed a different compliance with E6.5 and were designed to 
satisfy the emissions demands of Euro 2 for MP and CR. Meanwhile, for all test fuels between Cycle 
1 to 5, cycle 5 shows, the highest values for NOx emissions have been recorded. At that time, the 



 Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 91, Issue 2 (2022) 41-50 

46 
 

peak of NOx is 712 ppm, 529 ppm, and 662 ppm, 619 ppm, respectively for MP and CR DE2, E6.5. All 
emulsions have been found, successfully to reduce NOx emissions with respect to E6.5. The NOx 
fraction of light-duty trucks emits significantly more than that of passenger cars, the measurements 
indicate that the NO2 mass fraction is highly dependent on the absolute level of NOx emissions, with 
a reduction of 29.18% in NOx emissions from light-duty trucks and 18.69% in CR test vehicles when 
using E6.5. This is because water content in the fuel reduces the latent heat of vaporisation, which in 
turn lowers the temperature in the combustion chamber which reduces formation of NOx. Use of 
emulsion fuel the average flame temperature is much lower, resulting in a lower concentration of 
NOx [14,15]. 
 

 
Fig. 4. Variation of NOx emission of vehicle 

 
3.2 Exhaust Temperature 
 

Figure 5 showed under the WVU 5 peak-cycle test the E6.5 used in the engines can slightly reduce 
the exhaust temperature as compared with the DE2 fuel. From the graph, it can be inferred that the 
initial temperature is lower while the vehicle speed is lower, and it rises to its maximum once-stable 
value during the peak of the cycle. In average the use of E6.5 led to lower operating temperatures 
due to combustion heat being absorbed by the water phase [19]. The exhaust temperature with MP 
is lower at low speed vehicle operation and become high at high speed vehicle operation as 
compared with CR. The average exhaust temperature variation in MP and CR with DE2 is 3.65% and 
3% respectively. Due to the better dispersion of the emulsion fuel, a heat sink effect occurs, resulting 
in a lower combustion temperature. As water is used in the combustion, the burning temperature 
will be decreased [20]. 
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Fig. 5. Exhaust temperature of vehicle 

 
3.3 Smoke 
 

An incomplete combustion and the partially reacting carbon content in fuel are the main reasons 
for the smoke produced in diesel engines. Smoke is a solid particle that adheres to exhaust gases and 
separate, obscures, or gets into the light stream of gas. When the fuel supply is rich, or when the air 
intake is limited, grey or black smoke is emitted. Smoke emissions can also be influenced by the 
properties of the fuel [10]. Figure 6 illustrates the relationship between smoke quantity and vehicle 
speed for MP and CR vehicles. However, the smoke measurement for MP vehicle was using Bosch 
smoke meter while for CR vehicle was using opacity meter. Quantitatively it is not possible to 
compare smoke emissions between MP and CR vehicles. Qualitatively, it can clearly observe that E6.5 
can reduce smoke emission significantly. 
 

 
Fig. 6. Smoke emission of vehicles 
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3.4 Fuel Consumption 
 

The difference in fuel consumption caused by E6.5 is depicted in Figure 7. This figure 
demonstrates that E6.5 consumption was lower for both vehicles than base fuel consumption. The 
total fuel consumption of E6.5 fuels was only considering diesel fuel consumption. The reduction in 
fuel consumption associated with E6.5 is due to a micro-explosion caused by the volatility difference 
between water and diesel. It results in secondary atomization because of the water droplets 
evaporating rapidly and violently within the larger diesel droplets. Secondary atomization contributes 
better combustion, resulting in decreased fuel consumption [21]. In contrast to DE2, E6.5 extend the 
ignition delay and permit a larger amount of fuel to burning during combustion process [15,16]. 
Commonrail fuel injection system in CR vehicle injects the test fuel at significantly higher pressure. 
As compared with mechanical injection pump fuel injection system, the atomization of injected fuel 
will be better in CR diesel engine, thus leads to complete combustion and reduced fuel consumption. 
That was the main reason of lower fuel consumption of CR vehicle as compared with MP vehicle of 
using DE2 fuel. The reduction of fuel consumption of using E6.5 for MP and CR vehicles are 7.33% 
and 3.2% respectively. Since the CR vehicle already having a good atomization of injected fuel due to 
its high injection pressure, the secondary atomization affects due to micro-explosion of using E6.5 in 
CR vehicle was not significant. Therefore, MP vehicles fuelled with E6.5 can have higher improvement 
of fuel consumption than CR vehicle fuelled with E6.5. 
 

 
Fig. 7. Fuel consumption of vehicle 

 
4. Conclusions  
 

A study to compare fuel consumption and exhaust emissions of a mechanical pump fuel injection 
diesel vehicle (MP) with a commonrail fuel injection diesel vehicle (CR) fuelled with non-surfactant 
water-in-diesel emulsion fuel (E6.5) has been carried out. The following points can be summarized 
based on the experimental results 

i. E6.5 shows lower fuel consumption as compared with DE2 for both MP and CR vehicles. 
ii. Improvement of fuel consumption for CR vehicle of using E6.5 is lower than MP vehicle due 

to its high-pressure fuel injection effect. 
iii. NOx, smoke, and thermal emissions are lower for both vehicles fuelled with E6.5 as compared 

with DE2 fuel. 
iv. Improvement of all emissions of using E6.5 as compared with base diesel fuel from MP vehicle 

are higher than CR vehicle. 
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