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Abstract Marine diesel engines (MDEs) are interested due to their ability to generate high power and fuel
economy. Nowadays, researchers are seeking different methods to develop the performance of MDEs. Fuels spray
behavior has key role to improve of MDEs. Therefore, in the present paper, fundamental of non-reacting and nonevaporating fuel spray simulation are reviewed. For this purpose, recent works in this context are presented and after
that, microscopic and macroscopic characteristics of non-reacting spray are described. Finally, the basic
formulations of Eulerian-Lagrangian multiphase and different breakup models are presented.
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1. Introduction
Internal combustion engines (ICEs) are the main engines
in different industries, i.e., maritime, railway, power plant.
Main reason for attention to ICEs is depended on their
capability to generate high power associated with fuel
economy. In example, nowadays, a large number of ships
engine have large marine diesel engines due to their
proper performance and an appropriate lifetime. Future
perspective of ICEs and especially marine diesel
engines (MDEs) is dependent to enhancement of their
performance and diminish of their pollutions. For this purpose,
various solutions such as using bio-fuels, different
injection methods (e.g. direct injection) and improve of
ambient condition (e.g. backpressure and ambient
temperature) are suggested. So, various researches are
done to show the effects of bio-fuels and alcohols based
fuel [1-15], injection methods and ambient condition
[16-25] on the behavior of fuel spray as main affective
parameter on the non-reacting performance in MDEs. For
example, Nowruzi et al. [1] shows that the one of the
solutions to increase the quality of Heavy fuel (HF) and
reduce of their emissions is addition of alcohols including
ethanol, methanol, and butanol to the reference fuels.
They found the higher comparative advantage of butanol
relative to ethanol and methanol in combination with
diesel fuels [2]. Miers et al. [3] investigated the effects
of blending 20% and 40% by volume of butanol with
ultra-low-sulfur diesel fuel on efficiency and pollution of a
Mercedes-Benz C220 turbo diesel vehicle. Rakopoulos et
al. [4] studied the influences of using ethanol or n-butanol
diesel fuel blend on diesel engine emission. They
indicated that, 5% and 10% of ethanol blended with diesel
fuel resulted to decrease of smoke density. Other
experimental studies on alcohol based fuels are conducted
by Rakopoulos et al. [5,6]. Dogan et al. [7] studied the

impression of alternative fuels on smoke, CO and NOx.
They indicated that using alcohol based fuels will be
resulted to decrease of CO and NOx. Zhang et al. [8] also
investigated a major reduction of PM by using 5%, 10%,
15% and 20% of butanol blend with ultra low sulfur diesel
in a non-road diesel engine. In addition, the combustion
effects of blend of 80% butanol with 20% low sulfur
diesel at two stroke single cylinder is studied by Tornatore
et al. [9]. Biao et al. [10] showed that 30% butanol-diesel
fuels significantly reduce the soot emission in high speed
heavy duty diesel engine. Adding water into combustion
chamber is another strategy for emission control with
respect to low-temperature diesel combustion (LTC)
technique by impression on high temperature zone (See
Figure 1) [11]. Recently, the effects of different bio-fuel
such as micro-algae and alcohol based fuels on non-reacting
spray are also studied by Nowruzi el al. [12,13,14,15].

Figure 1. High temperature zone formation in injection of fuel [11]

On the other hands, a comprehensive study related to
study of spray behavior under different injection and
conditions are done by researchers. It’s notable that,
improve of spray under non-reacting condition is easier
and more operational with lower computational cost
compared to the reacting conditions. Injection pressure is
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one of the most important parameter. Level of atomization
will be increased by an enhancement of injection pressure.
As a result, upper level of atomization will be cause to
formation of further homogeneous mixture [16,17,18,19].
Nishida et al. [20] experimentally studied the effects
of high and ultra-high injection pressures of 100, 200,
and 300 MPa on the spray penetration and sauter
mean diameter (SMD) for diesel fuel. Non-evaporating
properties of bio-diesels and diesel at ultra-high injection
pressures of 100, upto 300 MPa are investigated by Wang
et al. [21]. Spray-induced air flow under high injection
pressure up to 300MPa is evaluated by Ghasemi et al. [22].
Moreover, Fink et al. [23] evaluated the HFO, diesel
fuel, and fuel-water emulsion on spray characteristics,
experimentally. In this research, three injection pressures
of 60, 100 and 140 MPa are considered. They indicated
that the spray tip penetration for HFO is approximately
similar to diesel fuel, while, spray cone angle and spray
volume are decreased in case of HFO. Fluid flow of
liquid swirl from injector at different range of chamber
backpressures is numerically studied by Chen et al. [24].
Park et al.[25] showed that by enhancement of ambient
gas temperature to the boiling point, SMD will be
increased. Roisman et al. [26] proposed a predictive
equation to determine spray tip penetration based on
experimental study.
Recently, Yousefifard et al. [27,28] studied the effects
of different ambient pressure and temperatures on the
on-reacting spray behavior by CFD simulation via open
source software of OpenFOAM. Nowadays, artificial
neural networks are also presented to prediction of
physical phenomenon by reference numerical and
experimental data [29,30,31]. In example, Nowruzi et al.
[32] Prediction of impinging sprays penetration and cone
angle under different injection and ambient conditions by
means of CFD and ANNs.
Based on cited works, one can be concluded the
significant role of physical parameters such as injected
fuels, ambient temperature, and ambient backpressure and
injection characteristics on the spray behavior. Consequently,
importance of non-reacting spray simulation to investigate
the effects of fuel spray on the efficiency and emission of
ICEs is obvious. Therefore, the microscopic and macroscopic
characteristics of non-reacting spray are described in
following sections and after that the basic formulations of
Eulerian-Lagrangian multiphase are presented.

2. Macroscopic and Microscopic
Characteristics of Fuel Spray
Different macroscopic and microscopic characteristics
of fuel spray are effective on atomization, breakup procedure
and on the level of air-fuel mixture as significant effective
parameter on engine efficiency before the combustion
procedure. So, well-know investigation on non-reacting
fuel spray (i.e., liquid spray) behavior by study of
macroscopic and microscopic characteristics is necessary

2.1. Liquid Spray
Two major regions of liquid and gaseous are visible
for injected fuel spray in the combustion chamber. Under

non-reacting condition, liquid zone is detectable. Schematic
of liquid structure of fuel spray during breakup procedure
is illustrated in Figure 2.

Figure 2. Schematic of breakup of liquid fuel spray [33]

Figure 3 is presented for detail investigation on liquid
spray region of injected fuel spray. As may be seen in
Figure 3, injected fuel spray is divided into three major
zones liquid core, dispersed region and evaporated region.
Remarkable breakup of the liquid fuel will be occur
nearby the hole injector in the liquid core region.
Moreover, gas penetration into the injection area for
generation of air-fuel mixture is visible in the dispersed
region. In this region, fuel particles are also broken to
smaller sizes. After that, vaporization of fuel under
ignition procedure will be start in the evaporated region.
In the current study, we focused on liquid core region [34].

Figure 3. Different zones of spray under non-reacting condition [34]

Figure 4 is presented to show the different regions in
the liquid spray. Liquid spray will be injected into the
gaseous environment by injection velocity. Gaseous
medium is a composition of air and hot gases (from
combustion or recirculation gas). As may be seen in Fig.4,
atomization region is the first region after the nozzle.
Liquid fuel core decomposition into the blobs, ligaments
and droplets is visible in this region. Blobs are capable to
become ligaments and ligaments are also able to breakup
into droplets. Primary breakup is the procedure of liquid
fuel transition in the atomization region. Usually, primary
breakup will be neglected due to high pressure and
some uncertainty in this region. Under this condition,
injected droplets intended for secondary breakup [1,18,34].
In dense spray (second zone in Figure 4) is the region
where secondary breakup will be occurring for drops
and ligaments. According to aerodynamic interaction of
gaseous medium and fuel droplets, numerous ligaments
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are detectable in this region. Third region is spray
region where numerous spherical droplets will be formed
in this region. Different parameters of injector size,
thermophysical characteristics of fuel and physical
parameters of combustion chamber (i.e., backpressure) are
impressive on behavior of liquid spray [35].

Figure 4. Schematic of liquid spray [1]

2.2. Liquid Spray Characteristics
Four different microscopic and macroscopic characteristics
will be evaluated for investigation of non-reacting fuel
spray. Three macroscopic properties are liquid spray
penetration length, spray cone angle and spray volume.
Moreover, microscopic characteristics of sauter mean
diameter (SMD) will be used for evaluation of breakup
procedure.
Macroscopic criteria of penetration length are the
length of the continuous liquid phase. For this purpose, as
may be seen in Figure 5, we measure the axial distance of
fuel from the injector up to the farthest axial location
(ratio of air-fuel volume lower than 0.1%). Moreover,
angle among the two lines from the injector’s nozzle to the
two points of maxima radial distance of the liquid parcels
will be used for determination of spray cone angle
(See Figure 5).

3

CFD simulation of non-Reacting spray and mathematical
formulation of primary and secondary breakup are
presented and discussed.

3. Mathematical Modeling and Numerical
Procedure
Phenomenon of fuel spray and its breakup have
two-phase regime. In the current section, we described the
physic of the problem and governing equation related
to injected fuel behavior and the breakup procedure.
Eulerian–Lagrangian multiphase scheme is the selected
approach to solve of two-phase flow of injected fuel
[12,13,14,15,16]. In this approach, continuous fuel flow
will be simulated by Navier-Stokes equations, while, fuel
particles are modeled via Lagrangian scheme and based
on the Newton's laws of motion. The interactions of
these two schemes are considered as source term on the
governing equations. So that, impression of discrete phase
of fuel will be intended as source term in the conservation
equation of gaseous medium, while, the effects of gaseous
phase on the dispersion of the liquid fuel will be applied
via local value of gaseous temperature and velocity at the
grid cell, where liquid droplets are passing inside them
under each time step [34].
In Eulerian–Lagrangian multiphase scheme, we considered
five equations such as conservation of mass, energy, and
the components of the momentum. Turbulence modeling
is also applied by Reynolds averaged Navier Stokes
simulation (RANS). Lagrangian particle tracking (LPT)
method is another approach that is useful to model of
discrete phase of the fuels. As stated before, breakup and
mass and heat transfer will be applied as source term in
the equations to make a relation between the Eulerian
scheme and Lagrangian approach.
Four different regimes are observable for liquid spray.
Rayleigh assumption, primary wave, secondary wave and
very small particle are these four regimes, which are
depended on SMD and three non-dimensional numbers of
Reynolds, Weber and Ohnesorge number as follows:
Rel 

Figure 5. Spray penetration length and half spray cone angle [1,34]

On the other hand, to more detail investigation on
air-fuel mixture, volume of fuel spray will be evaluated.
The exact value of liquid volume is not feasible in
experiment [36], while, in CFD analysis, spray volume
based on spray penetration length and cone angle, has
following form:
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here, the cone angle is shown by θ and spray penetration
length is presented by S. Microscopic characteristics of
SMD is the average diameter of all droplets. Continued,
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where, hole diameter is shown by d and relative velocity
between the fuel and air is ur . Moreover, kinematic
viscosity and surface tension are presented by l and  .
Also, liquid fuel and gaseous phase are indexed by the
subscript of l and g , respectively. Two others parameter
to investigate of fuel particle are volume fraction of
particle per fluid and Stokes number. Volume fraction of
particle per fluid has following form:
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Vp

c

(6)

Vf

where, V p and V f are volume fraction of particle and
fluid, respectively. In addition, Stokes number can be
express as follows:
St 

p
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18 g

where, particle diameter is shown by d and in case of
St 1 turbulence will be amplified, however, in case of
St 1 , damping of turbulence is visible.

Continuous phase of fluid will be modeled by
conservative equations of mass, momentum and energy
[37,38] as follows:
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here, fluid density is  and jth fluid velocity component
is shown by u j . In this condition, momentum equation
has following form:
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where, Favre averaging of velocity is
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Moreover,

as Reynolds averaging variables is:
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where, C1=1.44, C2=1.92, C3=-0.33, αk=1, αϵ=0.76923
and Pk  t S

2

and S  2Sij Sij [39]. Another turbulence

model that is efficient for non-reacting fuel spray is large
eddy simulation (LES) [17]. In this mode, sub-grid stress
tensor  ijsgs is:
2

1

 ijsgs  k sgsij  2t (Sij  Skk ij )
3
3

(19)

here, turbulent kinematic viscosity is presented by
t  Ck  k sgs , where, characteristic grid length is 
and sub-grid scale kinetic energy is k sgs . In Continuous

phase modeling, combined scheme of SIMPLE (semi-implicit
method for pressure-linked equations) and PISO (pressure
implicit with splitting of operator) will be utilized for
couple of velocity-pressure [40].

3.2. Dispersed Fluid Simulation

here, total energy per volume unite and i th vector of
energy flow are shown by E and qi . For turbulence
modeling, averaged of Navier-Stokes equations can be
used as follows:


(15)

j

where, pressure and stress tensor are p and  ij , respectively.
Based on the first law of thermodynamic, conservation
equations of energy can be expressed as:
 E
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3.1. Continuous Phase Modeling



k
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here, momentum relaxation time is shown by  p as follows:

p 

Reynolds tensor stress determines impression of
turbulence oscillation. To solve of unknowns equations,
different models in RANS are suggested. One of an
efficient model is k   [39]. In this model, kinematic
energy (Eq.15) and energy dissipation (Eq.16) are as
follows:

(14)

Main purpose of dispersed fluid modeling is determination
of location, diameter, temperature and velocity of particles.
Lagrangian particle tracking (LPT) approach is used to
determine the rate of rotation of particles [35]. To this
accomplishment, stochastically spray is shown in Eq.(20),
where impression of collision of the droplets and breakup
procedure is presented by source term as follows:
f

  x .  fV   v .  fF    fR 
t
r
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(20)

where, probable number of droplets per unit volume at
position of x, time t and radius from r to r+dr, temperature
form T to T+dT and velocity change from u into the u+du
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and according to distortion of y into the y+dy up to
y  dy is determined by f  X, V, r, Td , T, y, y, t  dVdrdTd dydy .
In this condition, acting force on the fuel droplet is:

du p 1
1
d2
 p d 3
 u g  u p u g  u p  g CD
(21)
6
dt
2
4
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here, Reynolds number and gas kinematic viscosity is
shown by Re  urel Dd  g and  g , respectively.

where, particle velocity is u p , and gas velocity is shown
by u g . Droplet drag coefficient is also presented by CD
as follows:
 24

CD   Re p



 1 23 
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Re p  1000.

0.424,

In Eq. (22), droplet Reynolds number is defined
by Re p  u g  u p d  g . Up to now, different breakup
model are suggested by scholars that the more efficient
model are presented.

3.3. Breakup Procedure
Simulation of primary and secondary breakups is an
important step in non-reacting spray modeling. Investigation
of primary breakup is complicated due to ultra high
pressure of liquid fuel near the nozzle of injector. Therefore,
initial radius of the fuel droplets and spray angle will be
used as initial condition of secondary breakup. Blob
method is the interested approach to primary breakup that
is suggested by Reitz and Diwakar [41,42] as may be seen
in Figure 6. In this method, atomization is assumed for
droplets breakup and large droplets are considered for
secondary breakup.

Figure 7. Schematic of bag breakup and stripping breakup in RD model
[34]

Another secondary breakup model is wave model
(Kelvin–Helmholtz (KH)) that presented by Reitz [43]. In
this model, instability will be growth on the liquid jet
surface via radius of r0 and the main assumption is the
spectrum of sinusoidal wave on the surface on liquid fuel
that is formed by aerodynamic force. In this model,
wavelength and growth rate of instability wave are  KH
and  KH that are as follows:
0.5
 r 3
0.34  0.38  We1.5 g
l
0


 KH

  
(1  Oh)(1  1.4  T0.6 )



 KH
r0

 9.02

(1  0.45  Oh0.5 )(1  0.4  T 0.7 )
0.6
(1  0.865  We1.67
g )

(25)

(26)

here,

Figure 6. Schematic of Blob method [41,42]

Secondary breakup is the main step in numerical
simulation of high injection pressure non-reacting spray.
In secondary breakup, velocity among the fuel droplets
and ambient gas (i.e., urel ) is the reason of breakup due to
aerodynamic force. Aerodynamic force will be resulted to
amplify of instabilities on the fuel surface and surface
tension overcomes the deformation forces. Ratio between
the aerodynamic force and surface tension is defined by
Weber number. Different secondary breakup models are
presented. Among them, RD model as combination of Bag
breakup and stripping breakup (See Figure 7) is one of the
interested model that presented by Reitz and Diwakar
[41,42]. In this model, Bag Breakup is visible in case of:
Weg 

 g urel 2 Dd


 12

(23)

And stripping breakup is happen in the condition of:

 T  Oh We
g


 g urel 2 r0

Weg 



 u 2r
 We  l rel 0
 l


(27)

here, T is Taylor Number, respectively. Change of
droplet radius has following form in KH model:

r r
dr
 0 c
dt
 bu

(28)

here, new droplet radius and dimensionless time of the
breakup are as follows:

rc  B0   KH

(29)

r0

(30)

 bu  3.788  B1

 KH   KH

where, B1 will be determined experimentally. The KH
breakup model is valid in case of:
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B0   KH  r0 .

(31)

Rayleigh–Taylor (RT) instability is another breakup
model that is depended on velocity reduction of fuel spray.
This model is able to couple with KH model. Schematic of
secondary breakup based in KH and RT instabilities are
shown in Figure 8.

Figure 10. Applying hybrid model of KH-RT

As may be seen in Figure 10, the breakup length ( Lbu )
can be defined as follows:
Lbu  C  Dnozzle

Figure 8. Schematic of secondary breakup based on (a): Kelvin-Helmholtz
and (b): Rayleigh-Taylor [44]

l
.
g

(35)

To numerical simulation of fuel spray, different commercial
CFD packages such as KIVA, STAR-CCM and AVL
FIRE and open source CFD software such as OpenFOAM
are introduced and the ability of each other are shown by
scholars. The main computational procedure algorithm in
these CFD packages indicated in Figure 11.

In RT model, growth rate of the instability wave (  RT )
and its corresponding wavelength (  RT ) are defined by
Bellman and Pennington [45] as follows:
 RT

 a( l   g ) 






2 3
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3
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where, a as acceleration of the droplet is:
2
 g urel
3
a  CD
.
8
l r

(34)

As one breakup model is unable to simulate the breakup
accurately, hybrid breakup models are presented. One of
these hybrid models is KH-RT model (See Figure 9),
where KH model will be used nearby the injector nozzle
and RT will be used in certain distance from the nozzle
(See Figure 10).

Figure 11. Computational procedure algorithm to study of non-reacting
spray

Finally, nowadays, due to complicated behavior of nonreacting spray, several numerical and experimental
investigations are in progress under different injection
pressure, ambient conditions and for different fuels.

4. Conclusion
Figure 9. Schematic of KH-RT Breakup model [46]

Physical characteristics of Non-reacting and
non-evaporating fuel spray has significant role on the
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reacting condition, air-fuel mixture and efficiency of internal
combustion engines such as marine diesel engines (MDEs).
So, different numerical and experimental researches are
done to understand the behavior and physical morphology
of non-reacting spray. For CFD simulation of non-reacting
spray, different numerical procedure and physical model
are tested that in the current paper, more interested ones
are discussed. To this accomplishment, after comprehensive
literature review study, the morphology of non-reacting
spray is described and the microscopic and macroscopic
characteristics of non-reacting spray are defined. Finally,
the basic of Eulerian-Lagrangian multiphase and different
primary and secondary breakup models are presented
and discussed. Assessment of the ability of different
Multiscale modeling, for comprehensive investigation of
non-reacting fuel spray under different injection and
ambient conditions can be considered in future works.
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