Open Access Journal

Journal of Power Technologies 99 (3) (2019) 218–230
journal homepage:papers.itc.pw.edu.pl

A Review of the Behavior of Fuel Drops in a Fuel Spray in the Context of Biofuels
Riho Kägo, Risto Ilves∗, Arne Küüt, Jüri Olt
Estonian University of Life Sciences, Institute of Technology, Kreutzwaldi 56, Tartu, 51006, Estonia

Abstract
In addition to gasoline and diesel fuel, the biofuels HVO and FAME have been taken into wide use during the last decades.
The properties of gasoline and diesel fuel and their effect on the combustion process have been studied for a long time, but
studies on HVO and FAME are still are very much work-in-progress. Existing studies show that the use of biodiesels reduces
the level of several exhaust gas emissions (like soot) in engine exhaust gases. At the same time, the reasons for the reduction
of emission compounds remain unclear. The motivation behind determining drop size and behavior is to aid assessment of
the quality of the air-fuel mixture with a view to explaining the reduction in soot emission when biodiesels are used. The aim
of this review paper is to provide an overview of the behavior of fuel drops and their size in fuel injectors when using different
biofuels by giving a theoretical background based on literature, on the basis of which the calculations give an opportunity to
evaluate experimental results of the behavior of different biofuels in the fuel spray. This study compares four different fuel
types according to the WAVE-RT model. In addition, the collision mechanisms of drops (reflexive and stretching separation)
are presented and these shall be compared for the fuel types. The results show that during the use of biofuels, the drop size
is somewhat larger compared to diesel fuel.
Keywords: biodiesel, fuel drop size, FAME, HVO, diesel engine

1. Introduction
The use of biofuels is growing in the world. An EU directive
prescribes that by 2020 biofuels must make up 10% of the
energy used in the transport sector [1]. The Paris Agreement
aims to further increase the share of biofuels in the transport sector. Several studies have been performed on the use
of biofuels in internal combustion engines. The main focus
has been on the effects of biofuels on engine exhaust gases,
work surfaces, fuel preservation, blending with fossil fuels
etc. The results show that when, for example, biodiesel (for
example, FAME or RME) is used as engine fuel, the level of
soot in exhaust gases decreases. At this point, the decrease
in the level of soot in exhaust gases is explained by more
efficient combustion, as biodiesel contains oxygen [2–58].
At the same time, when HVO is used, the level of soot
in engine exhaust gas is also reduced [59, 60]. Therefore,
the oxygen content in the fuel cannot be used as the actual
reason for explaining the reduction in soot levels.
In order to provide a better overview, a theoretical analysis
of the injection of biofuels into engines must be performed.
There is currently no summary available on injection mechanisms in respect of biofuels, the behavior of fuel drops in fuel
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sprays and the distinctive features of the behavior of biofuels
compared to regular fuels. As drop size is an important factor
in determining fuel evaporation and combustion in the engine
cylinder, this analysis may provide some explanations about
the formation of biofuel sprays and about the characteristics
of the combustion of biofuels.
Therefore, the aim of the article is to provide an overview
of the behavior of fuel drops and their size in fuel sprays
when various biodiesels (hereinafter “biofuels”) are used.
The motivation behind determining drop size and behavior
is to aid assessment of the quality of the air-fuel mixture in
order to explain the reduction in soot emission when biofuels
are used. The theoretical part is based on the fuel drop formation models, which are used to perform the calculations
to describe the behavior of various biofuels in the fuel spray.
The article describes the formation of fuel drops, points out
their impact parameters and analyzes the behavior of biofuel
drops in the fuel spray.
The main theoretical assumptions on which this paper is
based:

1. Sprayed fuel drops are considered as (symmetrical)
physical bodies, with the ability to bounce, coalesce and
separate from each other [61–65].
2. The ability to bounce, coalesce and separate from each
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other is dependent on intrinsic and environmental physical properties (pressure, temperature, etc.) [66–68].
3. The spraying process is considered as a two-phase
event: primary breakout of the fluid and the formation of
droplets. Several theories describe this event: WAVERT, WAVE-TAB, WAVE-KH, etc., each with a respective
mathematical interpretation [69–71].
The detailed mathematical background will be discussed in
Sections 3 (Parameters describing fuel drop formation and
collision), 4 (Fuel drop size after leaving the injector), 5 (Hybrid breakout model) and 6 (Mathematical representation of
reflexive and stretching separation).
The topic of the article is related to the scope of the Journal of the Power and Technologies through the theme of
renewable energy. The article provides an overview of the
behavior of biofuel drops in the spray and supplements the
database of the journal with explanations of biofuel spray issues.
2. Problem description
When biofuels, for example, FAME, are used as fuel in
a diesel engine, generally the soot level in the exhaust
gas decreases but there are increases in the number of
soot particles and the emission of carbon dioxide and nitrogen compounds in the exhaust gas. The increased level
of nitrogen compounds and CO2 and the reduction in soot
level is caused by the more efficient combustion of biofuels (HVO, FAME) in the engine. The more efficient combustion has been explained by the biofuel’s oxygen content, which improves the combustion of the fuel. In addition,
sources discuss in great detail the carbon-hydrogen ratio in
the fuel [20, 31, 32, 39, 58–60].
Unfortunately, the reasons given in these scientific
sources are not in conformity with generally known theories,
because, for example, the diesel engine always works with a
lean mixture, where the value of the air-fuel equivalent ratio
is usually greater than 1.25. For turbo engines, this value
is greater than ∼4 [72]. Therefore, the cylinder of a diesel
engine contains a theoretically sufficient amount of oxygen
for the complete combustion of fuel. In addition, the engine
tests of HVO fuel run contrary to the FAME results. HVO
fuel does not contain oxygen, but the soot level in the emission gas is reduced. It is also questionable how the carbonhydrogen ratio affects the emission gas. If we presume that
for the engine to work on the same load, the same amount
of energy must be added and this is derived from the fuel
carbon-hydrogen ratio; then the fuel added to the engine always has the same magnitude of carbon-hydrogen atoms.
Further, the test results show a contradiction in fuel properties and fuel behavior during injection.
Table 1 compares the physical properties of diesel fuel
(DF), HVO and FAME obtained by testing according to the
EN-590 standard. The properties of gasoline are obtained
from source [73]. To avoid possibly misleading fuel properties as listed in sources, the data listed in the table above

was obtained by testing. In the table, gasoline is given as
reference fuel for comparing low viscosity fuels with high viscosity fuel. Table 1 shows, for example, that HVO and FAME
have greater viscosity than diesel fuel. According to general
knowledge, as the viscosity of the fuel increases, so does the
size of fuel drops in the fuel spray, which also increases the
combustion time. The longer combustion time prevents large
fuel drops from combusting completely, which increases the
level of soot in the emission gas. In our case, this is in contradiction with the results given in previous studies. When
comparing fuel weight fractions, HVO fuel contains lighter
fractions compared to diesel fuel. It can be said about FAME
fuel that this fuel contains significantly more heavy fractions
compared to diesel fuel (when the temperatures of the evaporated parts (10%–90%) of fuel are compared). Likewise,
the heavy fractions of fuel need more time for combustion.
Therefore, the soot level in the emission gas of FAME fuel
must be at least of the same magnitude as diesel fuel. The
following chapters provide an overview of the behavior of fuel
drops in the fuel spray and describe the effect of the properties of biofuels on fuel drop size.
The method of literature overview and the modeling of fuel
drop behavior in the spray were chosen with this issue in
mind. Theoretical calculations give an opportunity to evaluate experimental results of the behavior of different biofuels
in the fuel spray and explain the reasons for the problem.

3. Parameters describing fuel drop formation and collision
When fuel is sprayed, the fuel spray breaks down into
drops. As the fuel drops move in the fuel spray, the drops are
broken down by air resistance and collisions take place between drops, which changes the drop size dc (Sauter Mean
Diameter, SMD -d 32 ).
Three dimensionless parameters are used to model the
decomposition of fuel drops:
Weber number We

We =

ρ · |v1 + v2 |2 · (D1 − D2 )
σ

(1)

where ρ is the fluid’s density (kg/m3 ), v1 and v2 are the
respective speeds of smaller and bigger drops (m/s), D 1 and
D 2 are the respective diameters of the drops (m) and σ is
the fluid’s surface tension factor (N/m).
Impact parameter B

B=

2b
(D1 + D2 )

(2)

where b is the distance from the center of one drop to the
relative velocity vector placed to the center of the other drop
(m). B = 0 corresponds to the frontal impact of the drops and
B = 1 corresponds to the situation in which the drops graze
each other (Fig. 1).
Drop size ratio γ
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Table 1: Properties of diesel fuel and biofuels used in diesel engines
Parameter

Unit

Method

GAS

DF

HVO

FAME

Density (15°C)
Fractional distillation
Initial boiling point (IBP)
BP 10%
BP 20%
BP 30%
BP 50%
BP 60%
BP 70%
BP 80%
BP 90%
BP 95%
Evaporated at temperature (180°C)
Evaporated at temperature (250°C)
Evaporated at temperature (350°C)
Final boiling point (FBP)
Recovery
Residue
Loss
Kinematic viscosity (40°C)
Dynamic viscosity (40°C)
Sulfur content
Kinematic viscosity (90°C)
Dynamic viscosity (90°C)
Surface tension (90°C)
Density (90°C)

kg/m³

EN ISO 12185

703

837

781

885

150
205
222
236
260
275
292
310
332
346
4
42.5
96
352
98.0
1.8
0.2
2.827
2.32
6.7
1.31
0.107
0.020
820

170
252
265
270
276
278
280
283
288
292
3
10.0
305
98.5
1.5
0
3.039
2.30
0.5
1.36
0.104
0.023
762

280
330
332
333
334
334
334
334
334
334
0
0
334
99.0
1.0
0
4.573
3.93
7.3
1.98
0.171
0.021
867

°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
vol%
vol%
vol%
°C
vol%
vol %
vol %
mm2/s
mPa·s
mg/kg
mm²/s
mPa·s
N/m
kg/m³

EN ISO 3104
EN ISO 3104
EN ISO 20846

1.223
0.86
0.53
0.038
0.018
709

Figure 2: Drop-drop collision mechanisms [81]

Figure 1: An explanation of impact parameter B , where b is the distance
from the center of one drop to the relative velocity vector placed to the center
of the other drop (m), v1 and v2 are the respective speeds of smaller and
bigger drops (m/s) and D 1 and D 2 are the respective diameters of the drops
(m).

γ=

D2
D1

(3)

D1
(4)
D2
Depending on these three parameters, the collision of two
drops may have five possible results [61–63, 74–80]:
∆=

1.
2.
3.
4.

slow coalescence,
bounce,
coalescence,
reflexive separation,

5. stretching separation.
The possible results of collision of drops are given in
Fig. 2 [81].
In the case of reflexive and stretching separation, satellite
drops are formed in addition to daughter drops. The mechanism of satellite drop formation is described by PlateauRayleigh instability [82, 83]. The diameter dsat and number N sat of satellite drops can be modelled using the
Munnannur-Reitz model [84], whereby both of these depend on the Weber number. Fig. 3 depicts the possibilities
B = f (We) as a diagram [66].
Situation B = 0 corresponds to the frontal impact of two
drops. The colliding drop size ratio in this diagram is γ =
1, which corresponds to the situation in which the colliding
drops have equal diameters. If γ is increased to values of
100 and more, then cohesion forces increase the probability
of coalescence of the drops. If the ambient pressure p is
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Figure 3: Possible results of the collision of two drops at ambient temperature T = 300 K and pressure p = 1 atm [66].

Table 2: Values of SMD from chosen authors
Author

[66]

[66]

[87]

Environment
Pressure p (atm)
Temperature T (K)
Environment (gas) density ρg
(kg/m3 )
Spray diameter d0 (µm)
Fuel

Nitrogen
1.0
300
-

Nitrogen
2.4
300
-

1000
14.8

246
Tertadecane
(DF)
763
2.18·10-2

246
Tertadecane
(DF)
763
2.18·10-2

-

9.5

4.1

0.84

Fuel density ρl (kg/m³)
Surface tension factor σ
(N/m)
SMD (µm)

S MD = 4, 12dRe0,12 We−0,54

S MD = 0, 38dRe

4. Fuel drop size after leaving the injector
The size of the fuel drop after leaving the injector can be
expressed as follows [85]:

2πBd σλm
ρa UT2

0,25

We

−0,32

µf
µg

µf
µg

!0,37

S MD = 8, 7 (Rel Wel )−0,28 d0

increased, then the slow coalescence area disappears, as it
becomes harder during collision to squeeze out the gas (air)
between the drops.
From the point of view of biofuels, it is important to note
that the size of drops during spraying depends mostly on
their physical and chemical properties, density, surface tension, viscosity. These properties of fuels are the main causes
why different fuels form different properties of air-fuel mixtures in the engine cylinder and why the combustion properties are different. Fuel drop size is crucial during combustion
of the air-fuel mixture, as it directly affects combustion efficiency and engine exhaust gas.

dc =

It is possible to obtain the mean diameter of drops leaving
the injector or Sauter mean diameter (SMD ) by using equation (5) and data listed in sources [66, 87]. Table 2 presents
some illustrative SMD values according to various authors.
Here it should be pointed out that in addition to SMD,
other parameters are used to describe the drops, for example, d10, d20, d30, d43 (Herdan Mean Diameter or HMD ),
etc. [88, 89]. SMD is related to the volume-area ratio and describes the mean size of fuel drops in the fuel spray. Therefore, this parameter is used in most of the equations related
to the formation of air-fuel mixtures and the combustion of
fuel sprays and air-fuel mixtures.
Sources [90–92] point out several methods for determining
the SMD of drops leaving the injector. The following equations are common for diesel engines:

(5)

where Bd is a parameter that depends on the injector nozzle’s geometry. In previous works [86] the value of Bd was
chosen Bd = 0.62, σ – fluid’s (gasoline, DF, HVO, FAME)
surface tension factor (N/m), λm – fluid’s Taylor viscosity parameter, ρa – density of outer or gas environment (kg/m3 ),
UT – velocity of the fastest unstable wave of the spray (m/s),
whereby UT is in linear correlation with the initial velocity of
the injected spray. Here U T = 0,25 U 0 , where U0 is the initial
velocity of the spray (m/s).

!0,54
(6)

ρf
ρg

!−0,47
(7)

(8)

where Re and We are respective Reynolds and Weber
numbers, µ – fuel dynamic viscosity (Pa·s), ρ – density
(kg/m3 ), d 0 is the diameter of injector’s opening (m). Index “f
“ denotes “fluid” and “g” denotes “gas”.
In addition to the abovementioned sources there are other
authors [81, 93–96], who give a theoretical and experimental assessment of SMD in their work. Results are mostly
given as functions of time and distance S MD = f (t) and
S MD = f (x) as the sprayed fuel drops constantly change
their size (coalescence, reflexive separation and stretching
separation with satellite drops). The SMD values of these
works remain in the range of 40–100 µm.

5. Hybrid breakout model (WAVE)
The size of fuel drops changes continuously after leaving
the injector, depending on ambient temperature, drop velocity, distance etc. The size and change can be described using WAVE (hybrid breakout) models. WAVE models can be
used to describe breakout of various biofuels (HVO, FAME)
and the size of their drops in fuel spray.
The breakout of fuel spray that has left the injector takes
place in two stages. First, the fuel is sprayed into drops
(primary breakout). Then, the drops break out once again
due to aerodynamic forces (secondary breakout) [97–101].
This dual-stage process can be described according to hybrid breakout model of drops (Fig. 4).
There are several hybrid breakout models: WAVE-RT [69,
70, 102–105], WAVE-TAB [71, 106–108], WAVE-DDB [109,
110], WAVE-ACT [111], etc. Various models were compared in overview article [112]. The relations used in this
study are given according to the WAVE-RT model, which has
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Figure 5: Dependency between the diameterdc of the drop leaving the injector and fluid’s dynamic viscosity µ at two different velocitiesv of the spray
(v 1 = 200 m/s, v 2 = 400 m/s), for four different fuel types. The x-axis value
range 0-3600 µPa·s corresponds to typical viscosities of fuels at temperatures 40°C and 90°C (Table 1)

Figure 4: Schematic drawing of hybrid breakout model [81]

Re f =

been most widely used in research. According to the original WAVE model, the surface of the fluid leaving the injector develops Kelvin-Helmholtz instability, which leads to the
emerging of sinusoidal surface waves. These waves lead to
the separation of the unstable part of fluid from the spray,
which in turn leads to the generation of drops. According
to the WAVE model [71, 109], drop growth speed ΩKH and
corresponding wavelength ΛKH are represented as follows:




1 + 0, 45Z 0,5 1 + 0, 4T 0,7
ΛKH
= 9, 02
0,6

r
1 + 0.87We1,67
g
ΩKH

ρ f r3
σf

!0.5
=

(0, 34 + 0, 38We1,5
g )

(1 + Z) 1 + 1, 4T 0,6

(9)

(10)

The relations (9) and (10) contain members which are expressed as follows:

dc = 2B0 ΛKH
τKH

3, 726B1 r
=
ΩKH ΛKH

p
Z=
T =Z

We f

Re f

(12)

(13)

q
Weg

(14)

(15)

where ρ f and ρg are the densities of fluid and gas (kg/m3 );
v – fluid velocity (m/s). In this context, the value of v can be
considered equal to velocity of the spray leaving the injector,
r – radius of fluid spray leaving the injector (m), µ f – dynamic
viscosity of fluid (Pa·s), σ f and σg – surface tension of fluid
and gas (N/m).
The physical and chemical properties of the fuel affect the
fuel drop size in the fuel spray. Thus, their influence is described in detail in the following Fig. 5–8. In this research,
the range of variated parameters is chosen accordingly to
describe the diesel engine work mode. The values of the
fuel parameters, by example dynamic viscosity µ f , density
etc. are used based on the condition of the engine.
The following relations are for finding the diameterdc of
the drop leaving the injector’s spray and drop breakout time
τKH [71, 109]:

(11)

where We and Re are the Weber number and Reynolds
number. While the Weber number determines the nature
of drops after the possible coalescence of drops, then the
Reynolds number characterizes the distribution of drops in a
gas environment.

ρ f vr
µf

We f =

ρ f v2 r
σf

(16)

Weg =

ρg v2 r
σf

(17)

where B0 and B1 are empirical constants with values B0 =
4.5 and B1 = 40. Various sources [71, 113, 114] give different
values to the constants B0 and B1 . The values of B1 are usually within the range 1-60 depending on the characteristics
of the injector.
Equation (11) contains the member ΛKH , which contains
the fluid’s dynamic viscosity µ f . Therefore, it is possible to
represent graphically the dependencydc of the drop leaving
the injector and fluid’s dynamic viscosity µ f for various fuels
(Fig. 5). The diagrams of Fig. 5 presume that the surface
tension and density of fuel does not change. The density of
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Figure 6: The dependency between the diameter dcof of the drop leaving
the injector and fluid’s initial velocity v in the case of two different diameters
d of injector’s opening (d2 = 100µm, d2 = 300 µm) in the case of four different fuel types. The x-axis value range 150-400 m/s corresponds to typical
velocities of fuel drops in engine practice

the gas environment is 17kg/m3 , injector’s opening’s diameter 100 µm. According to sources [115–121], the physical
parameters of the fuels correspond to the temperature 90°C.
Fig. 5 shows that as the dynamic viscosity increases, the
drop size in the air-fuel mixture also increases. An important
factor impacting drop size is the velocity of the fuel spray.
The higher the velocity of the fuel spray, the smaller the diameter of the drop. Dynamic viscosity has a bigger effect on
the change of fuel drop size in the case of lower velocity fuel
spray. For example, the change of fuel drop size (any fuel) at
the velocity of 400 m/s is smaller than at 200 m/s. Likewise,
the physical and chemical properties of fuels have an effect on drop size mostly at lower velocity spray v 1 = 200 m/s.
When we compare the fuel spray of gasoline and HVO fuel at
spray velocity of 200 m/s, then, for example, we can see that
at the dynamic viscosity value of 1600 µPa the difference of
drop size is ~1 µm (25%). At drop velocity of v2 = 400 m/s
the change of drop size is 0.2 µm (16%).
The dependency between the diameter d c of the drop
leaving the injector and fluid’s initial velocity v is given in
Fig. 6 and the diameter d c of the drop leaving the injector
and injector’s diameter d is given in Fig. 7. Here the density of the gas environment was 17 kg/m3 and the physical
parameters of the fuels correspond to the temperature 90°C.
Fig. 6 shows that as the drop’s velocity increases, the
drop’s size decreases. Here it is important to point out that
the diameter of the injector’s opening does not have a significant effect on the drop’s size. As the drop’s velocity is
doubled, its size decreases ∼3 times. Physical and chemical
properties have an effect on the fuel drop’s size. For example, as the fuel’s kinematic viscosity increases, the drop size
increases (starting from gasoline to FAME or HVO fuel). It is
important that no drop size difference is evident in the case
of FAME and HVO fuels. This might be caused by the difference between dynamic viscosities and surface tensions.
The dynamic viscosity of the FAME fuel is greater than that
of the HVO fuel, but the surface tension of HVO is greater

Figure 7: Dependency between diameter dc of the drop leaving the injector and injector’s diameter d at two spray velocities v (v1 = 200 m/s, v2 =
400 m/s) with four different fuel types. The x-axis value range 100-300 µm
corresponds to typical fuel injector diameters

Figure 8: Dependency between diameter dc of the drop leaving the injector
and fluid’s surface tension σ at two spray velocities v (v1 = 200 m/s, v2
= 400 m/s). The x-axis value range 15-30 mN/m corresponds to typical
surface tensions of fuels at temperatures 90°C (Table 1).

than that of FAME. Therefore, the change of the drop size is
within the same magnitude. Fig. 7 shows that the diameter
of the injector’s opening does not have a significant effect on
drop size in the spray regardless of spray velocity.
Fig. 8 shows the fuel drop size according to the surface
tensions of fuels at various spray velocities. The figure
shows that as the surface tension increases, the drop size
also increases. It is important that the fuel’s surface tension
has a greater effect on drop size at lower velocities (v1 =
200 m/s) than at higher velocities (v2 = 400 m/s).
In conclusion, it can be claimed that the fuel drop’s size
is significantly influenced by the velocity v of the fuel spray,
dynamic viscosity µ, density ρ and surface tension factor σ.
In order to characterize the drops formed during the preparation of the air-fuel mixture, these parameters must be viewed
separately and the physical and chemical properties of each
fuel shall be taken into account and projected into the working conditions of a real engine.
The data in Table 3 takes into account that the temperature
of the sprayed fuel and the density of the spraying environment are comparable to the actual environment in the en-

— 223 —

Journal of Power Technologies 99 (3) (2019) 218–230
Table 3: The calculated values of the Weber numbers We (equations (18)
and (19)) in the case of the different diameters d 1 , d 2 of the colliding drops
and impact parameter B
1

2

3

4

5

6

Diameter d 1 (µm)
Diameter d 2 (µm)
Drop size ratio γ
Drop size ratio ∆
Distance b (µm)
(Fig. 1)
Impact parameter B

5
5
1.0
1.0
0

5
5
1.0
1.0
100

5
5
1.0
1.0
400

5
10
2.0
0.5
0

5
10
2.0
0.5
150

5
10
2.0
0.5
600

η1

0
1

0.20
0.25

0
1.00

0.20
0.43

η2

1

0.25

0.13

0

0.80
0.74
-

ξ
λ
ϕ1
ϕ2

0
2
1
1
4.9

0.20
1.60
0.90
0.90
19.3

0.80
0.95
0.95
0.80
0.40
0.10
0.10
-

0
1.50
0
0.84
30.8

0.15
1.20
0.86
0.65
-

0.60
0.30
0.22
0.06
-

-

167.8

4.2

38.7

153.4

5.4

Wereflection
(eq. (18))
Westretching
(eq. (19))

which applies to stretching separation. The dimensionless
constants η1 , η2 and ξ (Table 3) are used to simplify the calculations and these are obtained as follows:


1
η1 = 2 (1 − ξ)2 1 − ξ2 2 − 1

(20)


1
η2 = 2 (∆ − ξ)2 ∆ − ξ2 2 − ∆3

(21)

ξ=

1
B (1 + ∆)
2

(22)

The dimensionless values of ϕ1 and ϕ2 are used to describe the stretching separation and these values denote the
respective proportions of spatial areas in joined drops. The
values of ϕ1 and ϕ2 , parts of interaction volumes V1i , V2i and
interaction volume Vi can be represented as follows:

(
ϕ1 =

gine cylinder. Here, 90°C was the chosen temperature of the
sprayed fuel [122], which corresponds to the temperature of
the working engine. The density of the spraying environment
was 17 kg/m3 .

1−

(
ϕ2 =

1
43

(2∆ − λ)2 (∆ + λ)
λ2
(3∆ − λ)
43

1 − 14 (2 − λ)2 (1 + λ)
λ2
(3 − λ)
4

(23)

(24)

6. Mathematical representation of reflexive and stretching separation

Vji = ϕ j V j

(25)

The description of the collision of fuel drops is based on
the assumption that the drops move confluently and collisions only take place when one fuel drop catches up with
another one in the fuel spray. The movement, collision and
separation of drops is described in Fig. 9 [123]. The calculations are based on the assumption that after the collision
of drops in the fuel spray, reflexive and stretching separation
occur.
Reflexive separation occurs in the case of large Weber
numbers We and low values of impact parameter B. This
means either frontal impact or a similar situation. If the
Weber number is large (<100) and the impact parameter is
growing, then stretching separation becomes dominant after
the collision of the drops. Impact parameter B also determines the number of collisions [124].
In order to describe these two processes, the kinetic energy of two colliding drops and the law of conservation of
the surface energy of the temporarily joined drops shall be
used. The Weber number for separation of drops for the two
processes can be described as follows [123]:

Vi = V1i + V2i

(26)

Wereflection >

 
1

 
2
3 7 1 + ∆3 3 − 4 1 + ∆2 ∆ 1 + ∆3
∆6 η1 + η2

(18)

which applies to reflexive separation; and

Westretching


2 h

i 1
4 1 + ∆3 3 (1 + ∆) (1 − B) ∆3 ϕ1 + ϕ2 2
>




∆2 1 + ∆3 − 1 − B2 ϕ1 + ∆3 ϕ2

(19)

The dimensionless value of λ is expressed as follows:

λ = (1 − B) (1 + ∆)

(27)

The selection criterion for the value of ϕ1 is h > r1 and
h < r1 respectively and the selection criterion for the value of
ϕ2 is h > r2 and h < r2 respectively. The value h marks the
interaction height and is expressed as follows:

h=

1
(D1 + D2 ) (1 − B)
2

(28)

The values of r 1 and r 2 express the radii of drops. In order
to understand better the equations (18)-(27), several numeric
examples have been given in Table 3.
Situation 1 describes the frontal impact ( B = 0) of two
drops with equal diameters. The Weber number values calculated according to equations 18 and 19 show that if Wereflection > 4.9, then reflexing separation takes place with no
stretching separation occurring. If none of the separations
occur according to the calculations of Table 3, then it must
be either bouncing or coalescence of the drops. This model
does not discuss these cases further.
If the value of the impact parameter B is greater ( B =
0.20), then it corresponds to a situation in which two drops
collide under conditions similar to a frontal impact. In
such cases reflexive separation starts to occur from the
value Wereflection > 19.3 onwards and stretching separation Westretching >167.8.
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In situation 3 the drops nearly graze each other ( B = 0.80).
Reflexive separation does not occur in this situation. Stretching separation will occur already with smaller Weber numbers (Westretching > 4.2).
Situation 4 constitutes a frontal impact of two drops ( B =
0), whereby one of the drops has twice the diameter of the
other one (size ratio of colliding drops is γ = 0.5). Reflexive separation will occur starting from the value Wereflection >30.8 and stretching separation Westretching > 38.7.
In comparison to situation 1, the greater values of the Weber
numbers are caused by the fact that the larger drop swallows
the smaller one. In case of lower We values; surface tension
causes the domination of coalescence.
In situations 5 and 6 the size ratio of colliding drops is
still γ = 0.5, but the impact parameter has been increased
to B = 0.20 and B = 0.80 respectively. Reflexive separation
does not occur in any of the situations. In situation 5, stretching separation will start occurring from Westretching > 153.4
onwards and in situation 6 Westretching > 5.4.
It should be noted that in the case of stretching separation, the interaction height h and interaction volumeVi are
much smaller than in the case of reflexive separation. With
reflexive separation, the total volume of joined drops is equal
to the interaction volume.
The separation volume coefficient C v is introduced to determine the volume of the fluid separating from two colliding drops and it is defined as the ratio of the volume separating from the two drops and the interaction volume. It is
presumed [125] that C v is equal to the energy needed for
separation and the total energy of the two colliding drops:

Cv =

KEseparation − PEcoalescence

(29)

KEseparation + PEcoalescence

KEseparation describes the separation kinetic energy and
PEcoalescence the surface tension energy which is needed
to sustain the coalescence of the two drops. In the case
of reflexive separation, the KEseparationand PEcoalescence
can be presented as follows:
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 32
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Taking into account the separation volume coefficient in
equation (29) and the values of ϕ1 in equation (23) and ϕ2 in
equation (24), the diameters dc of the drops after the collision can be calculated as follows:

(30)

In the case of stretching separation KEseparation and
PEcoalescence can be presented as follows:

(

Figure 9: Schematic representation of (a) reflexive and (b) stretching separation [123]

i 21

(32)

(33)

V 2 in equations (32) and (33) marks the volume of the
second drop before the collision.

(34)
(35)

where d 1 and d 2 are the respective diameters of the first
and second drop before the collision, d c1 and d c2 are the
respective diameters of the first and second drop after the
collision.
Fig. 10 shows the relative diameters of drops for different impact parameters. This illustrates the change of size
of the drops breaking out and colliding. Calculations have
been performed for four fuel types. In the case of the relation
∆1 = 0.5, the ratio of the sizes of the formed drop and the
collided drop changes. This means that with a small impact
parameter, the size of the drop formed after the collision is a
smaller percentage of the drop size before collision in com-
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Figure 10: The dependency of the relative diameter d c /d of a drop that
formed after the collision and the impact parameter B at two different colliding drop diameter ratios 4 (equation 4) (41 = −0.5, ∆2 = 1.0) in the case of
four different fuel types

parison to the values of greater impact parameters. In simpler terms this means that small values of impact parameter
result in smaller drops after the collision than when there are
greater values of the impact parameter. It is important feature about the relation of d c /d for various fuels that the ratio
of change of drop size does not change significantly for the
value ∆1. Here we can conclude that the injection of fuels
with different physical and chemical properties into the engine cylinder does not result in a significant difference in the
quality of the air-fuel mixture.
In a situation where ∆2 = 1, the influence of the impact
parameter on the relative drop diameter in the fuel spray
changes significantly. It can be seen from the figure that at
the impact parameter’s values B = 0–0.15 the drop size ratio
increases as the impact parameter increases. At the values
B = 0.15 − 1 the relative diameter of the drops increases as
the value of the impact parameter increases. It can be further seen from the graph that at the impact diameter value of
B = 0.22, the fuel properties have an influence on drop size.
For example, at the value of B = 0.15 the drop of gasoline
after breakout is ∼ 2.5% smaller compared to the HVO fuel.
The comparison of FAME fuel and diesel fuel does not reveal
a significant change in drop size ratio. The drop size ratio of
diesel fuel remains at the same level as gasoline and FAME
fuel.
Fig. 10 was obtained with the parameters v1 = v2 =
200 m/s and the physical parameters of the fuels correspond
to the temperature of 90°C. Fig. 10 shows that drop size can
differ in the air-fuel mixture at various values of ∆. It can
be concluded that the air-fuel mixture of fuels with high viscosity (for example, HVO) contains somewhat larger drops
than the mixture of low viscosity fuel. At the same time, the
drops of FAME fuel are in the same magnitude as gasoline
and diesel fuel. In addition to viscosity, another important
influencing factor is surface tension. At low values of B, the
ratio d c /d is mostly determined by the fuel’s surface tension
forces. If the value of B is greater, then the interaction vol-

ume remains smaller, which means that the ratio d c /d is also
greater.
Table 4 was prepared to illustrate better the breakout of
fuel drops. The table gives the drop sizes of various fuels
at various values of the impact parameter B. Table 4 exemplifies also a situation in which the colliding drops are equal.
The physical parameters of fuels in Table 4 correspond to
the temperature of 90°C. In the first case (1), the value of
C v is negative for stretching separation, which means that
stretching separation does not occur. The positive value of
C v shows that reflexive separation takes place.
In the other cases (2-4) reflexive and stretching separation of drops occur. The main difference between the different cases is that when the impact parameter’s value is
B = 0.1, then the drop size of diesel fuel and gasoline is
∼5 % smaller than that of HVO and FAME fuels. It can be
deduced from here that the drop size in the air-fuel mixture
of HVO and FAME fuels is somewhat greater than that of
diesel fuel. Here the air-fuel mixture corresponds to general
knowledge, according to which the drop size in air-fuel mixtures of high viscosity fuels is greater. At the same time, it
is not clear why the soot level in emission gas of biofuels is
lower. If we presume that the use of FAME fuels results in
lower soot levels in the exhaust gas mostly due to the oxygen
content in the fuel, then what is the reason for the lower soot
level of HVO fuel? In conclusion, it can be claimed that the
drop size of biofuels in air-fuel mixture is somewhat larger.
The approach of this article does not give the answer why
the soot level in the engine’s emission gas decreases when
HVO and FAME fuels are used. At the same time, the results
illustrate that there are no important differences in the quality
of air-fuel mixture. In order to account for the reduced soot
level, it is necessary to study experimentally the breakout of
drops in the fuel spray, the effect of oxygen content on the
combustion of fuel and the effect of various fuel fractions on
the combustion process.
7. Summary
We investigated the physical parameters of four different types of fuels (gasoline, diesel fuel, HVO, FAME) and
phenomena related to these parameters, which include the
spraying of fuel drops and the coalescence and collision of
these drops. The fuel drop sizes after leaving the injector
and after mutual collisions were calculated.
The results can be summarized as follows:
1. In the hybrid breakout model, spray velocity has a significant effect on drop size. As the spray velocity increases, drop size in the fuel spray decreases. When
considering the conditions under which fuel is sprayed
in a working engine, viscosity and surface tension are
factors that have a significant effect mostly at low spraying velocities. The higher the velocity of fuel spray, the
lower the effect that viscosity and surface tension have
on drop size in the fuel spray. According to the model
used, the diameter of the injection opening does not
have an effect on drop size in the fuel spray.
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Table 4: Drop diameter d c after collision and the value of separation coefficient Cv in the case of collision of two drops of equal diameter.
Diameter d1 (µm)

5.0

5.0

5.0

5.0

Diameter d2 (µm)
Velocity v1 (m/s)
Velocity v2 (m/s)
Impact parameter B
Interaction volume to volume ratio Vi /V
Gasoline (GAS)
Weber number We
Separation volume coefficient Cv (eq (29)) (reflexing)
Separation volume coefficient Cv (eq (29)) (stretching)
Drop size dc after separation (µm)
Diesel Fuel (DF)
Weber number We
Separation volume coefficient Cv (eq (29)) (reflexing)
Separation volume coefficient Cv (eq (29)) (stretching)
Drop size dc after separation (µm)
HVO
Weber number We
Separation volume coefficient Cv (eq (29)) (reflexing)
Separation volume coefficient Cv (eq (29)) (stretching)
Drop size dc after separation (µm)
FAME
Weber number We
Separation volume coefficient Cv (eq (29)) (reflexing)
Separation volume coefficient Cv (eq (29)) (stretching)
Drop size dc after separation (µm)

5.0
100
100
0
1.00
Gasoline (GAS)
7878
0.99
-1.00
5.0
Diesel Fuel (DF)
9111
0.99
-1.00
5.0
HVO
4762
0.99
-1.00
5.0
FAME
5780
0.99
-1.00
5.0

5.0
100
100
0.10
0.97
Gasoline (GAS)
7878
0.99
0.84
2.8
Diesel Fuel (DF)
9111
0.99
0.86
2.7
HVO
4762
0.99
0.75
3.2
FAME
5780
0.99
0.79
3.1

5.0
100
100
0.20
0.90
Gasoline (GAS)
7878
0.99
0.96
2.6
Diesel Fuel (DF)
9111
0.99
0.96
2.6
HVO
4762
0.99
0.93
2.7
FAME
5780
0.99
0.94
2.7

5.0
100
100
0.80
0.10
Gasoline (GAS)
7878
1.00
1.00
4.8
Diesel Fuel (DF)
9111
1.00
1.00
4.8
HVO
4762
1.00
1.00
4.8
FAME
5780
1.00
1.00
4.8

2. When biodiesel fuel is used, according to the hybrid
breakout model drop size in the fuel spray is somewhat
greater (∼12%). As the fuel spray velocity increases,
the size ratio of drop increases.
3. When drops collide in the fuel spray, generally the
drop size increases as the value of impact parameter
B increases if the drop size ratio of colliding drops is
∆ = 0.5. If the drop size ratio of colliding drops is ∆ = 1,
then at the impact parameter’s value of B = 0.1, the
size of drops after breakout is the smallest. As impact
parameter B increases or decreases, drop size in the
fuel spray starts to increase. The physical and chemical properties of fuels do not have a significant effect
on drop size. Minor differences occur when drops of the
same size collide at the impact parameter value range
of B = 0.5..1.5.
4. The biodiesel air-fuel mixture contains somewhat larger
drops than the air-fuel mixture of diesel fuel. The results show that the model used in the study cannot be
used to account for the reduction in the soot level of
biodiesel fuel. This is due to the fact that the quality of
the biodiesel air-fuel mixture is not significantly different
from diesel fuel.
There are several further questions that need to be addressed:

1. How does the oxygen contained in the fuel influence the
soot level of the combustion of the fuel?
2. How do the fuel drop sizes change in the injection chamber for the four types of fuel (gasoline, diesel fuel, HVO,
FAME) both temporally and spatially?
The topic of this article is related to the scope of
the Journal of the Power and Technologies by the
theme of renewable energy. The article provides

an overview of the behavior of biofuel drops in
fuel spray and supplements the knowledge base of
the journal with explanations of issues relating to
sprays of biofuels.
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