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Residual fuel atomization process simulation 
 

The process of atomization of fuel in engines with compression ignition is determining in organization of the combustion process, the 

result of which are the economic and environmental performance of the engine. One of the main parameters of the spray jet fuel is the 

mean droplet diameter. The article presents the results of analytical and experimental studies by the definition of mean diameter of Sau-

ter droplet of atomized residual fuel IFO380. 

Key words: diesel engines, residual fuel, mean diameter of Sauter 

 
 
1. Introduction 

The decision to reduce the emission of toxic compo-
nents in the exhaust gases of internal combustion engines 
can be considered in three stages depending on each other: 
the introduction of carbohydrate fuels into the combustion 
chamber, their burning out with the formation of incom-
plete combustion products, nitrogen and sulfur oxides, as 
well as their reduction and oxidation in the exhaust system. 
The main stage is the combustion process, which is deter-
mined by the fuel supply characteristic and the design pa-
rameters of the combustion chamber and the intake path. 
When the organization of a low-toxicity work process de-
pends on the spraying of hydrocarbon fuels. Especially it 
concerns for heavy fuel grades used in low-speed marine 
diesel engines, the physical parameters of which are differ-
ent from distilled fuels used in medium- and high-speed 
diesel engines. In the literature of the subject of research 
there are no results of scientific and experimental design 
work in this direction, so modeling the process of spraying 
heavy fuel is a very urgent task.  

2. Fuel atomization in the diesel engines 
As is known, the combustion of hydrocarbon fuel in 

compression-ignition engines is preceded by physical and 
chemical processes that can be represented in the following 
sequence: a volume of fuel is injected, jet break up into 
droplets, fuel droplets evaporate, fuel vapor mixes with hot 
air in cylinder, fuel molecules forms free radicals, ignition 
and combustion. It should be noted that each element in the 
presented sequence is determined by the specific physical 
parameters of the fuel: jet break up into droplets depend 
from fuel viscosity and surface tension; fuel droplets evapo-
rate – from fuel specific heat; vapor pressure, heat of vapor-
ization, and fuel vapor mixes with hot air in cylinder – from 
fuel vapor diffusivity [12, 15]. 

The main criterion for the quality of the atomized fuel is 
the droplet diameter. By spraying, the surface of the cyclic 
portion increases, thereby increasing the amount of per-
ceived heat and the rate of evaporation of the droplets. 
When the diameter of the droplet determines the macro-
structure (the opening angle and the range) and the micro-
structure (size and distribution of droplets) of the jet. In 
practice, a theoretical jet consisting of droplets of the same 
size is used to determine the quality of spraying and which 
has characteristics similar to the actual jet, for example the 

total number of drops, the sum of their surface, volume or 
diameter [5, 6].  

For the conditions of heat exchange, evaporation and 
combustion of a drop corresponding to the conditions of the 
combustion chamber of diesel engines, the average diame-
ter of the Sauter (D32 or SMD) is taken as the criterion for 
the quality of spraying, expressing the ratio of the volume 
to the surface of the drop in the theoretical jet [3, 15]: 
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In the literature of the subject of research, it is possible 
to find the equations determining the average droplet diam-
eter according to Sauter (Table 1). 

 
Table 1. Calculation formulas for determining the mean diameter of a drop 
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Listed in the Table 1 equations, show a different ap-

proach of the authors to a mathematical description of the 
fuel atomization process. So, for example, in the equations 
there is a significant difference in the magnitude of the 
constant coefficients and the exponents for the same physi-
cal parameters – by equation 2, an increase in the surface 
tension leads to an increase in the SMD, according to equa-
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tions 4 and 6, higher counterpressure values contribute to 
better sputtering, according to equation 7 – this relationship 
has the opposite meaning. Equations 6 and 7 do not take 
into account the effect of surface tension on SMD, although 
at spraying the fragmentation of droplets continues until the 
surface tension forces become larger than the total forces 
causing the jet to decay. 

Constant coefficients and exponents in the above equa-
tions, taking into account the effect of various physical fuel 
parameters on the average droplet diameter, were obtained 
experimentally by various methods and means of measure-
ment and indicate the depth of the processes that require 
further research. Especially this applies to heavy grades of 
fuel used in marine diesel engines and differing in physical 
parameters from light grades. 

3. Experimental installation 
Determination of the quality of the sprayed fuel was 

carried out on an experimental test bench consisting of 
three main elements (Fig. 1): Nozzle attachment unit, with 
the ability to move it vertically and horizontally, the Spray-
tec STP 5000 apparatus from Malvern Instruments and the 
EPS 200 installations from Bosch and PRW-3 fuel injector 
adjustment. 
 

 

Fig. 1. Scheme of the experimental device for determining the quality of 
the atomized fuel: 1 – nozzle, 2 – nozzle attachment point, 3 – Spraytec 
STP 5000 device, 4 – EPS 200 installation, 5 – personal computer, 6 – 

spray catchers, 7 – fume hood, 8, 9 – thermocouples 
 
The nozzle attachment unit was equipped with micro-

metric screws to control the position of a single fuel jet 
directed to the measurement zone, as well as traps of the 
remaining jets of sprayed fuel. Thus, it was possible to 
measure the parameters of the sprayed fuel only from one 
nozzle opening, and the remaining fuel jets did not affect 
the accuracy of the results obtained (Fig. 2). 

To determine the distribution of the droplet size in a jet 
of sprayed fuel, an apparatus of the Spraytec STP 5000 type 
was used whose operation is based on the measurement of 
the scattering of the He-Ne laser beam (Fig. 3). The system 
consists of 30 detectors which detects light scattering on the 
drops and converts it into an electrical signal. The angle at 
which the drop disperses the light is inversely proportional 
to its diameter – while smaller droplets correspond to a 
larger angle. Each detector senses a light signal in a certain 

range of scattering angles. At present, the method of laser 
diffraction is the most accurate method for determining the 
droplet size in aerosols and liquids, which makes it possible 
to use it to determine the quality of spraying of diesel fuel. 

 

 
Fig. 2. Experimental installation with traps of separate jets of sprayed fuel 

 

 

Fig. 3. Scattering beam light on fuel droplets 

The main technical characteristics of the device Spray-
tec STP 5000 firm Malvern Instruments are listed in the 
Table 2 [9]. 

 
Table 2. Basic technical data of the Spraytec STP 5000 

Method of measurement Laser-diffraction (small-angle scatte-
ring) 

Range of measured drops 0.1–900 μm, Dx(50): 0.5–600 μm 
Optical model The Mie theory and the Fraunhofer 

approximation 
Aerosol concentration range Multiple Dispersion Correction 

System 
Light source  Laser type He-Ne, 2 mW, 632.8 nm 
Measurement error Does not exceed ±1% for Dx(50) 

3. Results and Discussions 
An important point in preparing fuel for combustion is 

to provide the necessary viscosity. If for diesel fuels the 
need for heating to reduce the viscosity is eliminated, then 
for heavy fuels, preheating in steam or electric heaters is a 
prerequisite for their preparation, since only this way it is 
possible to achieve the required viscosity. The effect of 
viscosity and compressibility on the injection characteristic, 
depending on the design of the fuel equipment, is different, 
but in all cases it affects to some extent the quality of 
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spraying and subsequent combustion of fuel. The viscosity, 
determined by the forces of the internal cohesion of the 
fuel, and the forces of its surface tension, have a direct 
effect on the decay of the jet of fuel flowing from the noz-
zle [10, 11, 13]. Before the test, heavy fuel was heated, 
during the experiment it gradually cooled down (Fig. 4). 
The temperature in the tank and the fuel trap was constantly 
measured by thermocouples of the Fluke 52II type.  

 

 
Fig. 4. Change in fuel temperature during the experiment. 

The parameters of the test fuel that directly affect the 
average droplet diameter, such as density, viscosity and 
surface tension, as well as the characteristics of the injector 
and the injection conditions are shown in Table 3. 

 
Table 3. Characteristics of the injector, fuel, environment. 

Parameter Unit Value 
Nozzle Tipe D1LMK 148/1 
Nozzle hole diameter mm 0.34 
Axial length of nozzle mm 1.2 
Pressure difference MPa 20 
Air density, 20 °C kg/m3 1.16 
Fuel density, 15 °C kg/m3 986 
Fuel kinematic viscosity, 50 °C cSt 380 
Fuel surface tension, 20 °C N/m 0.0369 

 
Surface tension is an unregulated in the standards physi-

cal parameter of fuel, which affects the fineness of the 
spraying, thereby the combustion efficiency and the envi-
ronmental performance of the engine. The smaller the sur-
face tension of the fuel, the lower the resistance is to the 
forces that cause the jet to decay. During the experiment, 
the temperature of the fuel was constantly changing, along 
with its physical parameters. The change in surface tension 
from temperature is shown in Fig. 5. 

As described above, many mathematical models of cal-
culating SMD have been proposed in the literature. Figure 6 
shows the curves for calculating the SMD from the temper-
ature for fuel IFO-380 according to the equations of differ-
ent authors and data on the Spraytec experiment. As can be 
seen from the figure, the calculation results range from 10 
to 80 μm. In the temperature range from 68 to 72, the result 
is closer to the experiment by the Hansmana equation, but 
from 74°C the curves diverge, which means that the SMD 
dependences on temperature are different. SMD by Hiroya-
su and Katoda as the temperature decreases, though slight-
ly, but reduced, which contradicts the theory and other 
calculations. It should also be noted that the Hiroyasu and 

Katoda equation does not take into account such a parame-
ter as the surface tension of the fuel. The results for the 
Elkotb and Mochida equations are close to each other, but 
they are very far from the results of the experiment. The 
equation of Tanasawa and Toyoda displays an almost paral-
lel curve to the results of the experiment. According to the 
Kuleshov equation, the SMD coincides at a temperature of 
68°C. 

 

 
Fig. 5. Dependence of surface tension of fuel IFO-380 on temperature 

 

 
Fig. 6. Calculation of the SMD for mathematical models and the result of 

the experiment at different temperatures 
 
Since there is an empirical coefficient in the Kuleshov 

equations, the value of which depends on the experimental 
conditions, we assume that it has a temperature dependence 
(Fig. 7). 

 

 
Fig. 7. The change in E32 from temperature 
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Calculation by the Kuleshov equation with a varying 
coefficient E32 shows good agreement with the result of the 
experiment. Also, when the coefficient of 1.83 is added to 
the Tanasawa and Toyoda equation, the calculation result is 
close to the experimental (Fig. 8). 

 

 
Fig. 8. SMD on experiment and on corrected mathematical models 

Thus, for heavy fuel grades, we can recommend the de-
termination of the mean Sauter diameter by the Kuleshov 
equation with the introduction of the correction E32(fT), 
taking into account the temperature dependence: 
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At the same time, in the Tanasawa and Toyoda equa-
tions, a correction factor of 1.83 should be used. The use of 
these corrections leads to an approximation of the analytical 
dependences to the experimental data with a correlation 
coefficient of 0.99. 

4. Conclusions 
The process of fuel atomization is one of the most im-

portant stages in the complex of physical and chemical 
processes preceding the combustion and heat generation in 
the combustion chamber of compression-ignition engines. It 
is this stage that affects the magnitude of the ignition delay, 
the degree of buildup of pressure and temperature in the 
cylinder, thereby determining the economic and environ-
mental parameters of the engine. The quality of fuel atomi-
zation is conveniently represented by the average diameter 
of droplet in the jet (SMD), and although this parameter is 
conditional, nevertheless its quantitative characteristic can 
be used in modeling the fuel delivery process in diesel 
engines. In recent years, instead of a full experimental 
study, modeling is becoming an attractive alternative for 
analyzing engine performance. This is especially true for 
heavy fuel grades, for which the results of calculations 
should be sufficiently detailed for the purpose of their sub-
sequent comparison with experimental data and data from 
other calculation methods. 

The equations of SMD calculation presented in the pa-
per, which were encountered in the literature, were obtained 
for a specific type of liquid with certain physical parame-
ters, but not all are suitable for heavy types of fuel. When 
choosing a mathematical model for heavy fuel, the Ta-
nasawa and Toyoda and Kuleshov equations were chosen, 
since the results for the Tanasawa and Toyoda equation lie 
on the graph almost parallel to the experimental results, and 
in the Kuleshov equation there is a separate empirical coef-
ficient, the value of which can be selected for heavy fuel. 
The corrected Tanasawa and Toyoda equation by a factor of 
1.83 and calculation by the Kuleshov equation with a varia-
ble coefficient E32(fT) showed good agreement with the 
results of the experiment. 

 

Nomenclature 

SMD Sauter mean diameter, μm 
Oh Ohnesorge number 
Re Reynolds number 
We Weber number 
C0 discharge coefficient of the nozzle 
Ni number of drops with a given outer diameter 
Di diameter of droplets of a given size, μm 
d0 initial jet diameter, m 
μL liquid dynamic viscosity, Pa·s 
ρL liquid density, kg/m3 

σ surface tension, N/m 

νL liquid kinematic viscosity, m2/s 
UL liquid velocity, m/s 
ΔPL pressure differential across nozzle, Pa 
QL mass flow rate, kg/s 
μG gas dynamic viscosity, Pa·s 
ρG gas density, kg/m3 

ρ ρG/ρL 

M μL
2/(d0ρLσ) 

E32 empirical coefficient 
E32(fT) temperature dependence empirical coefficient 
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