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ARTICLE INFO  Due to unique properties, production and operation features, water-fuel emulsion (WFE) could be consid-

ered as one of the most promising type of alternative fuels for diesel engines. Experimental research showed that 

compared to traditional diesel fuel, application of water-fuel emulsion allows to reduce nitrogen oxides and soot 
emissions, which is due primarily to a decrease in the level of maximum temperatures in the engine cylinder, as 

well as a more uniform distribution of fuel over the combustion chamber volume thanks to its secondary disper-

sion (micro-explosion phenomena). To control the stability of water-fuel emulsion properties during engine 
operation it is recommended to install water content sensor in the fuel supply system.  
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1. Introduction 
Over a long period of time, internal combustion engines 

have become widespread in all spheres of human activity, 

which is explained by their numerous advantages. Howev-

er, it is the extremely wide application of ICE has caused  

a number of global problems, related to the depletion of 

world oil reserves, atmospheric pollution with toxic sub-

stances, global warming etc. There is a solution that allows 

to partially solve the mentioned problems through applica-

tion of alternative fuels in internal combustion engines [3, 

7, 10, 13, 15]. In this content a water-fuel emulsion (WFE) 

could be treated as one of the most promising type of alter-

native fuels due to the combination of the unique proper-

ties, characteristics, production and operation features [1, 2, 

5, 14]. The main advantages of WFE are as follows: reduc-

tion of average effective fuel consumption, a significant 

reduction in emissions of soot and nitrogen oxides in ex-

haust gases of diesel engines [2, 4, 5, 14], the absence of 

the need to make changes in the engine design, the possibil-

ity of large-scale fuel production and relative simplicity of 

its production [9, 14]. 

There is a number of theoretical research on numerical 

simulations of spark ignition and diesel engines fueled with 

water-fuel emulsion using AVL Boost simulation software 

that are shown in [6, 11, 12]. According to numerous stud-

ies, the use of WFE makes it possible to reduce emissions 

of nitrogen oxides by up to 50...80%, reduce soot emissions 

by up to 35%, and improve diesel fuel efficiency by 3...5% 

[1, 2, 5]. 

Experimental studies indicate a noticeable decrease in 

the temperature of exhaust gases when water-fuel emulsion 

is used [4, 14]. This is mainly due to additional heat con-

sumed for heating and evaporation of water contained in the 

WFE (compared to original diesel fuel), as well as an in-

crease in the mass and specific heat capacity of the combus-

tible fluid inside of the cylinder. Decrease in the exhaust 

gas temperature at the inlet to the turbine of the turbo-

charger can potentially cause a drop in air pressure in the 

intake manifold of the diesel engine. As a result, the air 

excess factor should decrease as well, which in turn has  

 

a strong influence on the combustion process. However, 

experimental studies showed improvement in fuel combus-

tion characteristics when WFE with a moderate water con-

tent (no more than 20...25%) is used. Thus, the potential 

reduction in the amount of fresh air delivered (due to the 

decrease in boost pressure) is fully compensated by the 

improvement in uniformity of liquid fuel distribution over 

the volume of the combustion chamber thanks to the micro-

explosion phenomenon [8]. 

2. The influence of the properties of the water-fuel 

emulsion on the performance of the diesel engine 
To determine the effect of WFE on diesel engine per-

formance, experiments were conducted on compression 

ignition engine fueled with standard diesel fuel and water-

fuel emulsions. WFE was characterized by 15 % of water 

content (by mass units). The specification of the experi-

mental diesel engine is given in Table 1. The properties of 

diesel fuel and WFE, that were used in the study, are shown 

in Table 2. 

 
Table 1. Technical characteristics of the experimental engine 

Engine parameter Value 

Number of cylinders 4 (in-line) 

Cylinder diameter, mm 120 

Piston stroke, mm 140 

Compression ratio 15.5 

Nominal power, kW 100 

Nominal crankshaft rotational speed, rpm 2000 

Maximum torque, N·m 632 

 
Table 2. Physical, chemical properties of DF and WFE used in the study 

Parameter Diesel 

Fuel 

Water-fuel 

emulsion 

Density at temperature of 15ºС, kg/m3  829 857 

Heat capacity, kJ/kg·K 2.02 2.37 

Low calorific value of the fuel, kJ/kg 42,500 35,100 

The ignition temperature in a closed crucible 

(no lower than), ºС  70.5 

ignition is 

missing 

Water content by mass, % 0 15 

Kinematic viscosity at temperature  

of 20ºС, mm2/s 5.15 6.19 
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The results of experimental study where the effect of us-

ing WFE on fuel efficiency and toxic substances emissions 

were established are given in Table 3 and Table 4. Effective 

efficiency of the engine was chosen as a criterion of fuel 

efficiency in this study. 

 
Table 3. Indices of the CI engine fueled with a standard diesel fuel  

n, 

rpm 

Pe, 

MPa 
ηе 

WNOx, 

ppm 

WCO, 

ppm 

WCH, 

ppm 

Soot, 

opacity 
in % 

2
0
0
0
 

0.95 0.3873 850 260 90 16.90 

0.7 0.3687 520 240 100 13.7 

0.474 0.3359 350 250 120 10.8 

0.24 0.2611 210 300 135 5.5 

0.099 0.1541 145 430 170 3.4 

1
5
0
0
 

1.076 0.4117 1380 300 90 24.2 

0.809 0.4088 1255 170 115 13.8 

0.544 0.3791 840 130 140 9.4 

0.279 0.3099 365 200 175 5.1 

0.14 0.2223 190 320 210 2.6 

1
0
0
0
 

0.752 0.3962 1410 620 105 40 

0.558 0.3892 1180 430 120 27.5 

0.377 0.3642 940 330 150 11 

0.181 0.291 305 440 195 4.5 

0.098 0.2138 175 570 240 2.2 

 
Table 4. Indices of the CI engine fueled with WFE  

n, 

rpm 

Pe, 

MPa 
ηе 

WNOx, 

ppm 

WCO, 

ppm 

WCH, 

ppm 

Soot, 
opacity 

in % 

2
0
0
0
 

0.95 0.4072 725 180 100 11.9 

0.7 0.4025 425 150 105 7.7 

0.474 0.3615 270 170 120 5.1 

0.24 0.2731 120 240 140 2.6 

0.099 0.1611 70 330 180 1.5 

1
5
0
0
 

1.076 0.4414 1145 220 90 16.1 

0.809 0.433 995 140 100 10.1 

0.544 0.4108 697 110 135 5.2 

0.279 0.3393 257 160 175 1.9 

0.14 0.2416 128 250 200 1.2 

1
0
0
0
 

0.752 0.4188 845 490 125 29.5 

0.558 0.4168 690 350 135 16.5 

0.377 0.3906 514 250 160 8.4 

0.181 0.3105 160 400 210 3.6 

0.098 0.218 60 490 265 1.8 

 

As it can be seen from Table 3 and Table 4 application 

of WFE makes it possible to reduce soot from exhaust gas-

es by 18...56%. Moreover, at a high crankshaft rotation 

speed, the positive effect of WFE application on soot emis-

sion is greater than at a low crankshaft rotation speed.  

At all investigated modes, the concentration of nitrogen 

oxides decreased by 14...66% when WFE was used. The 

maximum reduction in nitrogen oxide emissions refers to 

low-load modes. It can be also seen that the use of water-

fuel emulsion helps to increase the effective efficiency from 

0,7 to 3,4% depending on the load and crankshaft rotation 

speed. 

3. The influence of the application of the water-fuel 

emulsion on mixture formation and combustion 

process in diesel engine 
The influence of application of WFE on the processes of 

mixture formation, combustion and exploitation of the 

diesel engine was evaluated by comparing a number of 

indicators of the engine cycle in ICE running on WFE and 

traditional diesel fuel at the same operating modes. 

As it can be seen from the indicator diagrams (Fig. 1) 

the maximum pressure in the cycle is greater for diesel 

running on traditional DF when compared to WFE. At the 

same time, there are differences in pressure increase rate 

that could be observed from the moment of the start of 

combustion till the moment of reaching the maximum pres-

sure. To identify the reasons for these differences, the pro-

cesses of fuel injection and combustion were analyzed. 

From the given dependences of the change in fuel pressure 

at the injector inlet on the crankshaft rotation angle (Fig. 2), 

it can be seen that the start of injection for WFE and DF is 

almost the same. A little earlier start of DF injection could 

be explained by its lower compressibility. Injection of WFE 

lasts longer for 3…5 degrees of crank angle. It could be 

explained by increased fuel supply per cycle for the same 

power. As a result of increased fuel supply in one cycle and 

higher fuel viscosity, the maximum injection pressure of 

WFE increases by 14–18%, which can lead to an improve-

ment in the fuel atomization process. 

In-cylinder temperature dependences for diesel engine 

running on DF and WFE are shown in Fig. 3. It can be seen 

that the maximum temperature in the cylinder decreases by 

15–30 K when WFE is used. The specified decrease in 

temperature level is explained by the increased heat capaci-

ty of the water-fuel emulsion (Table 2) which will be re-

sulted in the increased amount of heat consumed for fuel 

heating and its evaporation. Reduction in the maximum 

temperature of the cycle has a positive effect on nitrogen 

oxide emissions that was confirmed by the previous exper-

imental studies where WFE was used as a fuel for diesel 

engines. 

Further analysis was conducted based on heat release 

rate dependences that are shown in Fig. 4. As it can be seen 

from the Fig, the release of heat in the engine cylinder starts 

with a 3..5 crank angle delay when WFE is used. Taking 

into account the almost identical moment of the start of 

injection for both types of fuels, the increase in the ignition 

delay period by 2…4 crank angles can be explained by an 

increase in activation energy of fuel combustion and a de-

crease in temperature and pressure inside of the cylinder at 

the beginning of fuel injection process when WFE is used. 

According to Fig. 4, the heat release rate as well as the 

area under the heat release curve at the second combustion 

phase (premixed combustion) is greater for WFE. It can be 

explained by the fact that a larger amount of diesel-water 

emulsion fuel will evaporate during a comparatively longer 

ignition delay period. Accordingly, the share of fuel burn-

ing during the second combustion phase and the rate of heat 

release during this phase increases. 
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a)                 b) 

 
c)              d) 

Fig. 1. Indicator diagrams of a diesel engine running on DF and WFE: a) n = 1500 rpm, Pe = 0.809 MPa; b) n = 1500 rpm, Pe = 1.076 MPa; c) n = 2000 rpm,  

Pe = 0.71 MPa; d) n = 2000 rpm, Pe = 0.95 MPa 

 

a) b) 

 
c)     d) 

Fig. 2. Fuel pressure at the injector inlet for diesel engine running on DF and WFE: a) n = 1500 rpm, Pe = 0.809 MPa; b) n = 1500 rpm, Pe = 1.076 MPa;  
c) n = 2000 rpm, Pe = 0.71 MPa; d) n = 2000 rpm, Pe = 0.95 MPa 
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a)      b) 

 
c)      d) 

Fig. 3. In-cylinder temperature for diesel engine running on DF and WFE: a) n = 1500 rpm, Pe = 0.809 MPa; b) n = 1500 rpm, Pe = 1.076 MPa;  

c) n = 2000 rpm, Pe = 0.71 MPa; d) n = 2000 rpm, Pe = 0.95 MPa 

 

a)             b) 

 
c)              d) 

Fig. 4. Dependences of heat release rate on crank angle for diesel engine running on DF and WFE: a) n = 1500 rpm, Pe = 0.809 MPa; b) n = 1500 rpm,  

Pe = 1.076 MPa; c) n = 2000 rpm, Pe = 0.71 MPa; d) n = 2000 rpm, Pe = 0.95 MPa 

 

 
, 
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The analysis of the mixing-controlled combustion phase 

shows that the rate of heat release during the combustion of 

WFE is greater than during the DF combustion in this phase 

and it is evident for the higher crankshaft rotation speeds.  

The moment of the end of combustion (the moment when 

the rate of heat release is equal to zero) for DF and WFE is 

approximately the same. Taking into account the later start of 

heat release in the premixed combustion phase (for WFE), it 

can be concluded that the duration of the combustion of WFE 

is shorter than the diesel fuel combustion duration despite the 

fact that the heat capacity of WFE is greater than that of DF. 

Thus, an increased combustion rate of WFE could be ob-

served compared to DF combustion. 

There are several theories that explain the influence of 

WFE on combustion processes in compression ignition 

engines. For example, in one theory the influence of WFE 

is primarily explained by the catalytic effect of water disso-

ciation products on the fuel combustion process. Under 

high temperature conditions in the combustion chamber of 

a diesel engine, water vapor dissociates into hydrogen and 

oxygen, as well as into hydrogen radicals and hydroxyl 

groups. The presence of hydrogen radicals in the combus-

tion chamber accelerates chemical reactions and results in  

a more complete combustion of hydrocarbons. 

Another theory suggests that there is a secondary atomi-

zation of fuel in the combustion chamber due to the boiling 

of water (micro-explosions phenomena) stored inside  

a water-fuel emulsion droplet. 

Based on analysis of heat release rate dependences 

shown in Fig.4 it could be assumed that both mechanisms 

occur during water-fuel emulsion combustion in CI engine. 

Thus, the micro-explosion phenomenon can have a signifi-

cant impact on the combustion processes at its initial stage 

because the high dispersity of fuel atomization has the 

greatest positive effect on the initiation of the combustion 

process, and secondary atomization of fuel due to the mi-

cro-explosion phenomenon can contribute to the improve-

ment of fuel atomization characteristics. From another 

point, the catalytic effect of hydrogen radicals and hydroxyl 

groups (water dissociation products) presented in WFE 

allows to increase in combustion rate during the mixing-

controlled combustion phase and even in the late combus-

tion phase. During these combustion stages, the local con-

centration of active radicals is significant in the immediate 

vicinity to unburned fuel droplets and it contributes to its 

rapid combustion. Thus, application of WFE in diesel en-

gines makes it possible to simultaneously improve fuel 

efficiency and environmental characteristics of the ICE.  

Considering the above-mentioned differences in the 

combustion process for CI engine running on diesel fuel 

and water-fuel emulsion, and in order to achieve maximum 

efficiency when WFE is used, special attention should be 

paid to the stability of water-fuel emulsion. In order to 

ensure the reliable operation of the diesel engine fueled 

with WFE, a study on the stability behavior of WFE sam-

ples with different water content was conducted. The Zeta-

Sizer device was used to determine the size of water parti-

cles in the water-fuel emulsion. For this experiment,  

a number of WFE samples were produced with the water 

content from 0 to 15% (by mass). 

4. Study on the stability behavior of water-fuel 

emulsion  
To study the stability behavior of the WFE, a number of 

measurements of the size distribution of water particles in 

the fuel for specified time intervals were performed. Based 

on the results of these measurements, the relative change in 

the average size of water particles as a function of time was 

plotted (Fig. 5). 

 
Fig. 5. The relative change in the average size of water particles depending 

on the time since the sample was made 

 

It can be seen from the chart that the size of water parti-

cles increases during the first 200 hours after WFE produc-

tion, and then it stabilizes. The size distribution of water 

particles in WFE with different water content is shown in 

Fig. 6. It can be seen from the Fig.6 that the size of water 

particles in the emulsified fuel increases with an increase in 

water content. In this content the risk of loss of WFE stabil-

ity increases and fuel stratification problems could arise as 

well.  

 

Fig. 6. Size distribution of water particles in water-fuel emulsion for 

 samples with different water contents 

 

The currently mentioned problem is mostly solved 

through the proper manufacturing technology and specified 

storage conditions applied to emulsified fuels. But, in order 

to minimize the risk of WFE stratification during engine 

exploitation it is recommended to introduce a water content 

sensor in the fuel delivery system for real-time control of 

water-fuel emulsion stability. The main requirements for 

the sensor are sufficiently high precision, high response, 

compactness, reliability, and relatively low price. Sensors 

based on absorption spectroscopy meet these requirements 

to the greatest extent. Such a sensor was used in the re-

search. The results of the study of WFE samples with dif-

ferent water content are shown in Fig. 7. It can be seen 
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from Fig.7 that in several wavelength ranges, the correla-

tion between absorption by the WFE sample and water 

content in it is clearly traced. Thus, the specified regularity 

can be used to determine the water content in WFE. In 

commercial applications, the sensor must determine absorp-

tion in one or several relatively narrow wavelength ranges. 

This will help to simplify and reduce the price of solution 

without any loss of accuracy of the obtained data on the 

emulsified fuel composition. 

 

Fig. 7. Results of the study with WFE samples at different water content 

using absorption spectroscopy method 

  

The use of a water content sensor in the fuel delivery 

system will make it possible to increase the reliability of 

operation in diesel engines running on WFE. It can be 

achieved by analyzing the dynamics of changes in the fuel 

absorption characteristic over time. Laboratory tests 

showed that water-fuel emulsion with high homogeneity of 

the volume structure is characterized by high stability of 

absorption in each range of wavelength. In the event of  

a loss of WFE stability (fuel stratification), the absorption 

value will change rapidly that will be detected by the sen-

sor. Thus, it is possible to implement an algorithm where in 

emergency mode fuel delivery system will be switched 

from WFE fuel supply to the traditional diesel fuel supply. 

The engine should have the reserve fuel tank filled with 

traditional diesel fuel in this case. 

Thus, the implementation of the above-mentioned con-

cept of the adaptive management system with the water 

content sensor for diesel engine running on WFE would 

improve not only its reliability but also increase its fuel and 

environmental performance. 

5. Conclusion 
1.  Application of water-fuel emulsion in diesel engines 

is a promising solution that could accelerate transformation 

from traditional fuels to alternative ones accompanied by 

reduction in engine NOx and soot emissions. 

2.  Experimental studies on the influence of the physical 

and chemical properties of water-fuel emulsions on the 

environmental and fuel performance of diesel engine were 

carried out. It was established that concentration of `nitro-

gen oxides decreased by 14...66% when WFE was used. 

The maximum reduction in nitrogen oxide emissions refers 

to low-load modes. At the same time, application of WFE 

makes it possible to reduce soot formation in exhaust gases 

by 18...56%. Moreover, at high crankshaft rotation speed, 

the positive effect of WFE application on soot is greater 

than at a low crankshaft rotation speeds. The use of water-

fuel emulsion helps to increase the effective efficiency from 

0.7 to 3.4% depending on the load and crankshaft rotation 

speed as well. 

3.  The maximum temperature in the cylinder decreases 

by 15–30 K when WFE is used. The specified decrease in 

temperature level is explained by the increased heat capaci-

ty of the water-fuel emulsion that will be resulted in in-

creased amount of heat consumed for fuel heating and its 

evaporation during the combustion process. Reduction in 

the maximum temperature of the cycle has a positive effect 

on nitrogen oxide emissions. 

4.  Based on experimental research results it was estab-

lished that the ignition delay period and the intensity of 

combustion during the premixed combustion phase slightly 

increase for CI engine running on WFE (compare to diesel 

fuel). At the same time, the moment of the end of the com-

bustion for both types of fuel is the same, despite the longer 

duration of the water-fuel emulsion fuel supply and in-

creased ignition delay period. It can be explained by the 

intensification of combustion in mixing-controlled phase 

when WFE is used. 

5.  Based on analysis of heat release rate dependences it 

could assumed that the micro-explosion phenomenon can 

have a significant impact on the combustion processes at its 

initial stage when WFE is used. In this case, a high dispersi-

ty of fuel atomization has the greatest positive effect on the 

initiation of combustion, and secondary atomization of fuel 

due to the micro-explosion phenomenon can contribute to 

the improvement of fuel atomization characteristics. From 

another point, the catalytic effect of hydrogen radicals and 

hydroxyl groups (water dissociation products) presented in 

WFE allows to increase in combustion rate during mixing-

controlled combustion phase and even in the late combus-

tion phase. During these combustion stages, the local con-

centration of active radicals in the immediate vicinity to 

unburned fuel droplets is significant and it contributes to its 

rapid combustion. Thus, the application of WFE in diesel 

engines makes it possible to simultaneously improve fuel 

efficiency and environmental characteristics of the ICE. 

6.  In order to ensure the reliable operation of the diesel 

engine running on WFE, a study on the stability behavior of 

WFE samples with different water content (from 0 to 15% 

by mass) was conducted. It was established that the size of 

water particles gradually increasing during the first 200 

hours after WFE production, and then it stabilizes. Moreo-

ver, the size of water particles in the emulsified fuel in-

creases with an increase in water content. 

7.  It is recommended to use a water content sensor in 

the fuel delivery system of CI engines running on WFE 

because it will increase the reliability of its operation. The 

sensor should analyze the dynamics of changes in the fuel 

absorption characteristic over time. In the scenario of fuel 

stratification, the absorption value will change rapidly. In 

this case, it will be possible to implement an algorithm 

where fuel delivery system is switched from WFE fuel 

supply to the traditional diesel fuel supply. 
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Nomenclature 

CI compression ignition 

DF diesel fuel 

ICE internal combustion engine 

WFE water-fuel emulsion 
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