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Abstract 
One of the modern ways to reduce the technogenic impact of the transport sector on the environment is the expansion of the 
use of biofuels. The article discusses computational studies of the flow of these fuels in a sprayer using the Ansys Fluent software 
package. The stationary flow of the specified fuels into the sprayer of a diesel nozzle of the FDM-22 type Plant was simulated 
which was manufactured by the Noginsk Fuel Equipment Plant with a sprayer of the Altai Precision Products Plant was simulated. 
The sprayer had five spraying holes with a diameter of 0.35 mm. At the same time, the pressure at the entrance to the design area 
was 51.5 MPa, and the back pressures were 0.1 and 8.9 MPa. While comparing the flow of rapeseed oil, to the flow of the emulsion 
of rapeseed oil and ethanol has a higher injection rate. However, compared with the flow of petroleum diesel fuel, it has a lower 
injection rate. At a back pressure of 0.1 MPa, the greatest kinetic energy of turbulence at the outlet of the atomizing hole was 
observed during the flow of the emulsified fuel under study, and at a back pressure of 8.9 MPa – during the flow of diesel fuel. 
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1. Introduction
The deepening energy crisis and the need to reduce the 
emission of harmful substances into the atmosphere 
with exhaust gases (EG) of internal combustion engines 
necessitate a wider use of alternative fuels [1,2]. According 
to a number of their properties, these biofuels differ from the 
properties of petroleum diesel fuel (DF), so it is advisable to 
use them in mixtures with diesel fuel or other alternative 
fuels. These mixtures also include emulsified fuels [3, 4]. At 
the same time, the problem of determining the parameters of 
the flow of such fuels in atomizers of diesel injectors remains 
insufficiently studied. These parameters have a significant 
impact on the quality of the processes of fuel supply, fuel 
atomization and mixture formation. The objectives of the 
study were to simulate the fuel supply of a diesel engine 
when it is fed with diesel fuel and biofuels, as well as a 
comparative analysis of the parameters of the flow of mixed 
and emulsified fuels in atomizers of diesel injectors.

1.1. Properties of Fuels and the Object of Study
The flow parameters at the outlet of the spray holes differ 
significantly for mixed biofuels (mixtures of vegetable oils 
with petroleum diesel fuel) and for emulsified biofuels 
(mixtures of vegetable oils with alternative fuels that do not 
mix with vegetable oils, in particular with ethyl alcohol). 
During the calculations, oil diesel fuel of brand L according to 
GOST 305-2013, rapeseed oil (RM) and an emulsion of 70% 
by weight of RM and 30% ethyl alcohol (EA) were studied. 
In table. Table 1 shows data on some properties of the 
studied fuels [5]. In the simulation, an FDM-22 type injector 
manufactured by the Noginsk Fuel Equipment Plant with an 
atomizer type 171 of the Altai Plant of Precision Products 
(APPP) was studied. This atomizer had five spray holes with 
a diameter of 0.35 mm and a length of 1.1 mm. The maximum 
stroke of the atomizer needle was 0.32 mm.

Fuel Fuel properties 
Density, kg/m3

Fuel properties 
Kinematic viscosity, 
mm2/s

Fuel properties Surface 
tension coefficient, 
mN/m

Fuel properties Saturated 
steam pressure, kPa

DF 822.7 2.4 26.4 4.8
RO 914.6 36.0 32.3 0
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EA 782.2 1.1 20.6 18.0
70% RO and 
30% EA

883.2 45.0 28.8 5.4

Table 1: Properties of Diesel Fuel, Rapeseed Oil and Ethyl Alcohol at a Temperature of 40°C

1.2. Modeling
When carrying out computational studies of the parameters 
of the flow of various fuels, the symmetrical geometry of the 

element of the flow part of the atomizer with one spraying 
hole was considered (Figure 1).

2 Properties of fuels and the object of study
The flow parameters at the outlet of the spray holes differ significantly for mixed biofuels 
(mixtures of vegetable oils with petroleum diesel fuel) and for emulsified biofuels 
(mixtures of vegetable oils with alternative fuels that do not mix with vegetable oils, in 
particular with ethyl alcohol). During the calculations, oil diesel fuel of brand L according 
to GOST 305-2013, rapeseed oil (RM) and an emulsion of 70% by weight of RM and 30% 
ethyl alcohol (EA) were studied. In table. Table 1 shows data on some properties of the 
studied fuels [5].

In the simulation, an FDM-22 type injector manufactured by the Noginsk Fuel 
Equipment Plant with an atomizer type 171 of the Altai Plant of Precision Products (APPP) 
was studied. This atomizer had five spray holes with a diameter of 0.35 mm and a length of 
1.1 mm. The maximum stroke of the atomizer needle was 0.32 mm.

table 1. Properties of diesel fuel, rapeseed oil and ethyl alcohol at a temperature of 40°C
Fuel Fuel properties

Density,
kg/m

Kinematic 
viscosity, mm3 2

Surface tension 
coefficient, mN/m/s

Saturated steam 
pressure, kPa

DF 822.7 2.4 26.4 4.8
RO 914.6 36.0 32.3 0
EA 782.2 1.1 20.6 18.0

70% RO and
30% EA

883.2 45.0 28.8 5.4

3 Modeling
When carrying out computational studies of the parameters of the flow of various fuels, the 
symmetrical geometry of the element of the flow part of the atomizer with one spraying 
hole was considered (Figure 1).

Fig.1. Model of the computational grid of the studied nozzle sprayer
The stationary flow of the oil DF, RO and emulsions 70% RO and 30% EA n the flow 

part of the atomizer at the maximum lift of the nozzle needle. Emulsion considered EA in 
RO with an ethanol droplet diameter of 50 mcm. The fuel was considered incompressible.

Figure 1: Model of the Computational Grid of the Studied Nozzle Sprayer

The stationary flow of the oil DF, RO and emulsions 70% RO 
and 30% EA n the flow part of the atomizer at the maximum 
lift of the nozzle needle. Emulsion considered EA in RO 
with an ethanol droplet diameter of 50 mcm. The fuel was 
considered incompressible. Computational studies of the 
flow of fuels in the flow part of the atomizer were carried 
out in the software package Ansys Fluent [6]. The flow in 
the atomizer was modeled using a multiphase equilibrium 
model (mixed fuel model).

2. Results
To analyze the characteristics of the flow of these fuels 
through the spray hole, a uniaxial reporting system was used, 
the starting point of which coincides with the center of the 
inlet section of the hole, and the coordinate axis is directed 
along the axis of the hole. The distance from the specified 

point to the current cross section of the hole is denoted as lр. 
Meaning lр = 0 mm corresponds to the inlet, and the value 
lр = 1.1 mm – outlet. The calculated values of the mass flow 
rate and the flow rate coefficient for the flow of fuels are 
given in the table 2. These data show that compared to RO 
use of emulsion RO and EA reduces mass fuel consumption 
mainly due to a decrease in emulsion density. At the same 
time, due to the high saturation vapor pressure of ethanol, 
cavitation inside the spray hole increases, which reduces the 
flow coefficient. Compared to oil DF emulsion flow RO and 
EA characterized by higher fuel consumption and a lower 
consumption coefficient. This is mainly due to the relatively 
high density and viscosity of the emulsion. At back pressures 
8.9 and 0.1 MPa and transition from DF on the emulsion, the 
consumption coefficient decreases, respectively, by 8.8% 
and 7.3%.

Back pressure, MPa Type of fuel Consumption, g/s Flow rate
0.1 DF 14.42 0.52
0.1 RO 16.58 0.56
0.1 Emulsion RO and EA 14.58 0.51
8.9 DF 14.39 0.57
8.9 RO 14.96 0.56
8.9 Emulsion RO and EA 14.56 0.55

Table 2: Calculated Values of Fuel Flow Parameters

https://www.wecmelive.com/
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Computational studies of the flow of fuels in the flow part of the atomizer were carried 
out in the software package Ansys Fluent [6]. The flow in the atomizer was modeled using 
a multiphase equilibrium model (mixed fuel model).

4 Results
To analyze the characteristics of the flow of these fuels through the spray hole, a 

uniaxial reporting system was used, the starting point of which coincides with the center of 
the inlet section of the hole, and the coordinate axis is directed along the axis of the hole. 
The distance from the specified point to the current cross section of the hole is denoted as 
lр. Meaning lр = 0 mm corresponds to the inlet, and the value lр = 1.1 mm – outlet. The 
calculated values of the mass flow rate and the flow rate coefficient for the flow of fuels are 
given in the table 2. These data show that compared to RO use of emulsion RO and EA 
reduces mass fuel consumption mainly due to a decrease in emulsion density. At the same 
time, due to the high saturation vapor pressure of ethanol, cavitation inside the spray hole 
increases, which reduces the flow coefficient. Compared to oil DF emulsion flow RO and 
EA characterized by higher fuel consumption and a lower consumption coefficient. This is 
mainly due to the relatively high density and viscosity of the emulsion. At back pressures 
8.9 and 0.1 MPa and transition from DF on the emulsion, the consumption coefficient 
decreases, respectively, by 8.8% and 7.3%.

table 2. Calculated values of fuel flow parameters
Back pressure, MPa Type of fuel Consumption, g/s Flow rate

0.1
DF 14.42 0.52
RO 16.58 0.56

Emulsion 14.58RO and EA 0.51

8.9
DF 14.39 0.57
RO 14.96 0.56

Emulsion 14.56RO and EA 0.55

Fig. 2 The values of the axial flow velocity (a) and the volume fraction of vapors (b) averaged over 
the cross section of the hole for the studied fuels at various counter-pressures [MPa]: 1 – DF; 0.1; 2 –
emulsion; 0.1; 3 – RO; 0.1; 4 – DF; 8.9; 2 – emulsion; 8.9; 3 – RO; 8.9

Presented in Figure 2(а). The calculated characteristics show that the fuel flow rate 
increases significantly when entering the atomizer orifice, which is explained by the 
formation of a low pressure area as a result of a sharp change in the flow direction (Figure 

Figure 2: The Values of the Axial Flow Velocity (A) and the Volume Fraction of Vapors (B) Averaged Over the Cross 
Section of the Hole for the Studied Fuels at Various Counter-Pressures [Mpa]: 1 – Df; 0.1; 2 – Emulsion; 0.1; 3 – Ro; 
0.1; 4 – Df; 8.9; 2 – Emulsion; 8.9; 3 – Ro; 8.9.

Presented in Figure 2(а). The calculated characteristics show 
that the fuel flow rate increases significantly when entering 
the atomizer orifice, which is explained by the formation of 
a low-pressure area as a result of a sharp change in the flow 
direction (Figure 3) and the occurrence of cavitation. Its 
appearance is confirmed by data on the volume fraction of 
fuel vapors in the cross section of the atomizer hole (Figure 

2b) and the distribution of these vapors in the longitudinal 
section of the hole (Figure 4). From Figure 2, and it is also 
seen that in each cross section of the hole DF has the highest 
average axial velocity under all conditions studied. In this 
case, the emulsion flow rate is always greater than that of 
RO, and has the highest flow velocity DF [7].

3) and the occurrence of cavitation. Its appearance is confirmed by data on the volume 
fraction of fuel vapors in the cross section of the atomizer hole (Figure 2b) and the 
distribution of these vapors in the longitudinal section of the hole (Figure 4). From Figure 
2, and it is also seen that in each cross section of the hole DF has the highest average axial 
velocity under all conditions studied. In this case, the emulsion flow rate is always greater 
than that of RO, and has the highest flow velocity DF [7].

Fig. 3 Velocity vector distribution Vа flow in the longitudinal section of the spray hole at back 
pressure 8.9 MPa

Figure 3: Velocity Vector Distribution Vа Flow in the Longitudinal Section of the Spray Hole at Back Pressure 8.9 
Mpa.

3) and the occurrence of cavitation. Its appearance is confirmed by data on the volume 
fraction of fuel vapors in the cross section of the atomizer hole (Figure 2b) and the 
distribution of these vapors in the longitudinal section of the hole (Figure 4). From Figure 
2, and it is also seen that in each cross section of the hole DF has the highest average axial 
velocity under all conditions studied. In this case, the emulsion flow rate is always greater 
than that of RO, and has the highest flow velocity DF [7].

Fig. 3 Velocity vector distribution Vа flow in the longitudinal section of the spray hole at back 
pressure 8.9 MPa
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3) and the occurrence of cavitation. Its appearance is confirmed by data on the volume 
fraction of fuel vapors in the cross section of the atomizer hole (Figure 2b) and the 
distribution of these vapors in the longitudinal section of the hole (Figure 4). From Figure 
2, and it is also seen that in each cross section of the hole DF has the highest average axial 
velocity under all conditions studied. In this case, the emulsion flow rate is always greater 
than that of RO, and has the highest flow velocity DF [7].

Fig. 3 Velocity vector distribution Vа flow in the longitudinal section of the spray hole at back 
pressure 8.9 MPa

Figure 4: Distribution of the Volume Fraction of Fuel Vapors in the Longitudinal Section of the Nozzle Opening at 
Back Pressures 0.1 Mpa (А) and 8.9 Mpa (B), Turbulence Kinetic Energy Distribution (M2/S2) at Back Pressure 8.9 
Mpa (C)

The high turbulence of the fuel flow at the outlet of the spray 
hole accelerates the disintegration of the jet and improves 
the quality of mixture formation. With back pressure 8.9 
MPa the entry of fuel into the hole is characterized by a sharp 
increase in the kinetic energy of turbulence (Figure 5) due to 
a change in the direction of the flow, a sharp narrowing of the 
flow area, the appearance of vortices and the generation of 
cavitation bubbles. Then, as the fuel flows through the spray 
hole, this energy is gradually dissipated. With the flow DF and 
backpressure (8.9 MPa) close to exit (lр = 0.8…1.1) due to the 
condensation of vapors in cavitation bubbles, vortices are 
formed that increase the kinetic energy of turbulence (Figure 
2 (b), 4 (b), 4 (c)). As the emulsion flows through the hole, this 
energy is dissipated [1-8]. In the presence of backpressure, 
the highest value of the kinetic energy of turbulence at the 
exit from the hole is typical for DF, but the magnitude of this 
energy is commensurate with the analogous energy of the 

emulsion. With counterpressure, the value of this energy 
is commensurate with the similar energy of the emulsion. 
With back pressure 0.1 MPa the maximum kinetic energy of 
turbulence at the outlet of the hole is noted for RO, and the 
minimum for DF (Figure 5). In general, during the flow of 
the emulsion RO and EA the fuel flow rate in the spray holes 
decreases compared to the flow DF (Figure 2.а). But the 
lower flow rate of the emulsion is partially compensated by 
additional turbulence. In the combustion chamber of a diesel 
engine, there is a sharp evaporation of ethanol droplets, and 
better spraying of biofuels [9]. The results of computational 
studies of the flow of the considered fuels in the nozzle 
sprayer suggest the processes of fuel decomposition, mixing 
and combustion. These biofuels will also have an impact on 
the fuel efficiency and toxicity of the exhaust gas running on 
the studied fuels.

Fig. 4 Distribution of the volume fraction of fuel vapors in the longitudinal section of the nozzle 
opening at back pressures 0.1 MPa (а) and 8.9 MPa (b), turbulence kinetic energy distribution (m2/s2

The high turbulence of the fuel flow at the outlet of the spray hole accelerates the 
disintegration of the jet and improves the quality of mixture formation. With back pressure 
8.9 MPa the entry of fuel into the hole is characterized by a sharp increase in the kinetic 
energy of turbulence (Figure 5) due to a change in the direction of the flow, a sharp 
narrowing of the flow area, the appearance of vortices and the generation of cavitation 
bubbles. Then, as the fuel flows through the spray hole, this energy is gradually dissipated. 
With the flow DF and backpressure (8.9 MPa) close to exit (lр = 0.8…1.1) due to the 
condensation of vapors in cavitation bubbles, vortices are formed that increase the kinetic 
energy of turbulence (Figure 2 (b), 4 (b), 4 (c)). As the emulsion flows through the hole, 
this energy is dissipated [1, 8]. In the presence of backpressure, the highest value of the 
kinetic energy of turbulence at the exit from the hole is typical for DF, but the magnitude of 
this energy is commensurate with the analogous energy of the emulsion. With 
counterpressure, the value of this energy is commensurate with the similar energy of the 
emulsion. With back pressure 0.1 MPa the maximum kinetic energy of turbulence at the 
outlet of the hole is noted for RO, and the minimum for DF (Figure 5).

)
at back pressure 8.9 MPa (c)

In general, during the flow of the emulsion RO and EA the fuel flow rate in the spray 
holes decreases compared to the flow DF (Figure 2.а). But the lower flow rate of the 
emulsion is partially compensated by additional turbulence. In the combustion chamber of a 
diesel engine, there is a sharp evaporation of ethanol droplets, and better spraying of 
biofuels [9].

The results of computational studies of the flow of the considered fuels in the nozzle 
sprayer suggest the processes of fuel decomposition, mixing and combustion. These 
biofuels will also have an impact on the fuel efficiency and toxicity of the exhaust gas 
running on the studied fuels.

Fig. 5 The values of the kinetic energy of turbulence averaged over the cross section of the hole for 
the studied biofuels at different pressures [MPa]: 1 – DF; 0.1; 2 – emulsion; 0.1; 3 – RO; 0.1; 4 – DF; 
8.9; 2 – emulsion; 8.9; 3 – RO; 8.9

5 Conclusion
The obtained result of computational studies

- Computational studies of the flow parameters of the investigated fuels like - petroleum 
diesel fuel (DF), rapeseed oil (RO), emulsions 70% RO and 30% ethyl alcohol (EA) 

Figure 5: The Values of the Kinetic Energy of Turbulence Averaged Over the Cross Section of the Hole for the Studied 
Biofuels at Different Pressures [Mpa]: 1 – Df; 0.1; 2 – Emulsion; 0.1; 3 – Ro; 0.1; 4 – Df; 8.9; 2 – Emulsion; 8.9; 3 – Ro; 
8.9

3. Conclusion 
The obtained result of computational studies
• Computational studies of the flow parameters of the 
investigated fuels like - petroleum diesel fuel (DF), rapeseed 
oil (RO), emulsions 70% RO and 30% ethyl alcohol (EA) 
confirmed the influence of the properties of these fuels on 
the parameters of the fuel flow in the nozzle atomizer.

• Emulsification RO ethanol significantly affects the flow 
parameters in the nebulizer. Compared with RO the 
emulsion has a higher flow rate but a lower fuel mass flow 
rate. Compared to oil DF the emulsion has a higher mass fuel 
consumption, but a lower flow rate.
• With back pressure 0.1 MPa the kinetic energy of 
turbulence at the outlet of the emulsion hole is higher than 

https://www.wecmelive.com/
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that of DF. With back pressure 8.9 MPa the largest value of 
the kinetic energy of turbulence at the outlet of the hole has 
DF, but the magnitude of this energy is commensurate with 
the analogous energy of the emulsion.
• The lower flow rate of the emulsion is partially compensated 
by additional turbulence, while a sharp evaporation of 
ethanol droplets is observed in the combustion chamber of 
the diesel engine, which contributes to a more qualitative 
mixing.
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