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Abstract: To investigate primary breakup close to an injector, this paper presents both experimental
and numerical research on high-pressure common-rail diesel injection. We propose a new method
named SD-ELSA model to realize automatically identifying droplet features for high-pressure diesel
spray based on the classic ELSA (Eulerian Lagrangian Spray Atomization) model; this method is
suitable for varied injection operation conditions. The SD-ELSA first identifies the liquid bulk due
to breakup of the continuous phase in near field, and then converts the Eulerian liquid bulk into
Lagrangian particles to complete the calculation of the total spray atomization. The SD-ELSA model
adopts two key criteria, i.e., the sphericity (S) and the particle diameter (D); the qualified liquid mass
is transformed into Lagrangian particle, realizing the coupling of the Eulerian–Lagrangian model.
The SD-ELSA model illustrates the total diesel spray atomization process from the breakup liquid
column to the droplets.

Keywords: spray atomization; breakup model; sphericity; particle diameter; ELSA; diesel

1. Introduction

Diesel fuel spray has been a research hotspot because the fuel injection and spray
characteristics directly act on the air–fuel mixing and the subsequent combustion process.
Most research focuses on the macroscopic fuel spray characteristics for better understanding
the fuel injection penetration and spray process. Hiroyasu et al. [1] investigated high-speed
diesel injection through a injector into a chamber by testing the fuel spray progression
and measuring the breakup length, and they reported that the spray structure had two
categories: incomplete and complete sprays. Our research team observed a completely high-
pressure diesel spray process in a constant-volume bomb system by using a schlieren system
together with a digital high-speed camera, and found that the diesel spray was a dynamic
process and the spray penetration has a two-period feature [2]. Gad et al. [3] measured
the diesel fuel spray characteristics using a digital camera of particle image velocimetry
(PIV), and the images revealed that there was bulk liquid fuel in the spray as the spray was
not stabilized or formed. Si et al. [4] observed the near-field diesel spray obtained by a
high-speed video camera and a continuous wave laser sheet, and they reported that the
diesel spray experienced the liquid, large droplets and numerous tiny droplets. Nygard
et al. [5] analyzed the generation and transport of vortices in the jet process, and through
simulation and experimental studies, found that intermittent injection strategy had good
effects on the formation of mixture and entrainment of environmental gas.

The macroscopic fuel spray characteristics reveal that liquid diesel fuel expresses
continuous liquid phase and liquid droplets. For the diesel fuel injection, in chronological
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order, at first the liquid column jets out of the nozzle, as shown in Figure 1a, and this liquid
column is a continuous liquid jet. Then, due to the background air friction, a liquid film
forms at the liquid column head, and the liquid column has a mushroom head, as shown in
Figure 1b. With the continuous jetting, the balance between the surface tension and the air
friction on the liquid film is disturbed to break up, as shown in Figure 1c. Surface waves
appear on the liquid film surface. With the enhanced surface wave, the liquid column splits
to form liquid sheets and large droplets, which is primary breakup, as shown in Figure 1d.
The liquid column becomes slim and the mushroom head deforms. Anez et al. [6] reported
the deforming process of the mushroom liquid head by simulating the fuel spray based
on different turbulence models. As the large droplet diameter is above the critical value,
it breaks up to small liquid droplets, which is the second breakup, as shown in Figure 1e.
Then, the liquid column has broken to droplets stable in the spray.

Figure 1. Liquid fuel spray breakup. (a) liquid column; (b) mushroom head occurs; (c) liquid film
broken up; (d) large droplets occur; (e) small droplets.

More and more researchers are paying attention to the microcosmic characteristics of
fuel spray. Many optical observations have revealed that at the very beginning of diesel
spray, first jets out of the nozzle is actually a liquid column that is a continuous liquid
jet. Lai et al. [7] examined the diesel spray by a phase-Doppler particle analyzer (PDPA)
system, and the optical images clearly showed liquid bulks existed during the early start
of the injection, and many droplets appeared in the far field of the spray. Miesse [8] com-
mitted experimental test and verified the liquid column and its breaking up process under
condition of varied Weber number. With the continuous developing fuel spray, the liquid
column breaks up into numerous droplets. Therefore, both continuous liquid and disperse
droplets exist in the fuel spray. There are numerical droplets that appear in the spray due
to breakup, and it is not easy to obtain all details in the spray only by optical test. Even
now, the diesel fuel spray processes including such phenomena as primary atomization
and nozzle cavitation, are not fully clear; moreover, the full set of equations for the fuel
spray are known [9]. The computational fluid dynamics (CFD) simulation of fuel spray has
become one of the most useful methods for modern diesel engine. Many researchers are
devoted to achieving accurate modelling of the spray atomization phenomena.

Moreover, most liquid column and films are within the near field, but these liquids
in the near field spray are quite different with those in far field. Crua et al. [10] used an
ultra-high-speed camera to observe the dynamics of the early spray formation and primary
breakup of diesel injection, and succeeded in capturing the breakup images including the
first emerging liquid fuel with the shape of an undisrupted oblate spheroid, and dispersed
tiny bubbles and droplets in the far field. Since there are continuous liquid phases in the
near field, the continuous Eulerian model with the volume of fluid method (VOF) is suitable
for near-field spray. Grosshans et al. [11] proved that the VOF/DAC/DAN method can
accurately and efficiently simulate the primary crushing process of liquid jet. Ghiji et al. [12]
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modelled the diesel spray dynamics by using a compressible Eulerian/VOF/LES model
together with optical experiment, and succeeded in capturing an umbrella-shaped leading
edge and the early stages of shedding of droplets. Guo et al. [13] used a VOF model to
simulate the diesel spray including the flow inside the nozzle, and found that the stagnant
air bubbles inside the nozzle caused a great influence on the near-nozzle spray patterns
through the mechanisms of the mushroom-like structure and tail. The Eulerian method can
predict the changing of the liquid–gas interface. However, it increases the requirement on
the strong hardware source for supporting the heavy calculation burden due to the huge
grids number for better accuracy.

Generally, the ELSA (i.e.: Eulerian Lagrangian Spray Atomization) model has been de-
voted to modeling the spray for high-pressure diesel fuel injection, to realistically illustrate
the spray zone and its atomization. Blokkeel et al. [14] developed a 3D numerical model
to simulate the primary breakup of diesel spray based on KIVA II, and they adopted an
Eulerian formulation for spray near the nozzle and a Lagrangian formulation for diluted
spray. Vallet et al. [15] proposed an Eulerian model to investigate the atomization of a
liquid injection, and this model included the liquid dispersion in the gas phase, defined as
the ELSA model. Belhadef et al. [16] proposed an Eulerian model to simulate the liquid
sheet atomization, and used the mean liquid–gas interface density balance equation to
derive the parameter SMD, i.e., the Sauter Mean Diameter of droplets. Lebas et al. [9]
compared the modelling of primary breakup between the ELSA model and DNS (Direct
Numerical Simulations) model based on fixed modelling parameters and constants, and
they reported that the ELSA model can reduce the effect of gas temperature changes. For
most CFD simulations of diesel spray, the ELSA model utilizes the Eulerian method of the
near-field flow, and adopts the discrete droplet method (DDM) of the far-field flow [17].
However, there are great differences between the near-field and far-field spray, and the
DDM method shows strong limitations. The DDM method assumes that the particle group
enters into the calculation domain from the inlet boundary for injection. Som et al. [18]
used the Kelvin–Helmholtz (KH) model based on the DDM method to investigate the
primary breakup, and reported that the KH model over-predicted the spray velocity com-
pared with the experimental data. Patterson et al. [19] modelled the diesel spray using the
Kelvin–Helmholtz wave model based on the KIVA-Il CFD code, and the results showed
that the model predicting spray penetration still had a few differences compared with the
test results. In practical diesel injection, in the near field of the injector nozzle outlet, the
first diesel fuel appears as a continuous liquid phase, which experiences the interaction
with the background air. There are few droplets in the near field of fuel spray, which is not
the same situation as the particle inlet boundary of the DDM model. Thus, the breakup
model of DDM method has a biggish difference with the practical diesel spray. The DDM
method works well only when the volume fraction of the liquid phase is small within the
model grids and when the droplets locate evenly inside the model space; however, it is not
easy to meet these two requirements for the near-field spray [20]. The DDM method is not
able to describe the liquid film breakup process on the interface between the near field and
far field.

Nowadays, the research on the ELSA model calculates the Eulerian model and La-
grangian model based on the space partition meshes, which need to revise every calculation
condition to identify the Eulerian continuous phase interface. The coupling of Euler to
Lagrange is critical for the ELSA model accuracy. Furthermore, the ELSA method needs
to revise the meshes and the model boundary setting to identify the continuous phase
interface, once the spray operation conditions such as the fuel injection pressure or the
background pressure change. This method shows bad adaptability for varied injection
operation conditions.

To better understand the primary breakup of diesel spray, this paper presents both
experimental and numerical investigations. An optical test rig of high-pressure common-
rail injector is designed and the fuel injection characteristic is tested. Furthermore, based
on the commercial code FLUENT, this work develops a numerical method to model the
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high-pressure diesel spray with more attention on the primary breakup, and the model is
verified by the optical test results. The proposed new numerical method is based on the
ELSA model to realize automatic identifying of droplet features for high-pressure diesel
spray, and this improved method is suitable for varied injection operation conditions. This
new method uses two key criterions, i.e., the sphericity (S) and the particle diameter (D);
the qualified liquid mass is transformed into Lagrangian particle, and the coupling of
Eulerian–Lagrangian models is realized. This new method is named the SD-ELSA model.
The SD-ELSA first identifies the liquid bulk due to breakup of the continuous phase in near
field, and then converts the Eulerian liquid bulk into Lagrangian particle to complete the
calculation of the total spray atomization.

2. SD-ELSA Model Analysis

During the primary breakup process, there are two zones: one is the liquid column
zone and the other is droplet zone, which may be simulated by the ELSA model. In
the context of the ELSA model for two-phase flows, an Eulerian approach is adopted to
describe the spray dense zone and it also uses a standard Lagrangian approach. For the
ELSA model simulation, first the gird partition is done to define the liquid phase domain for
Eulerian model, and then the disperse phase domain for Lagrangian model. The Eulerian
model calculates the total field until the liquid phase is within the Lagrangian domain. In
the Lagrangian domain, the Lagrangian model continues calculating the disperse phase
until the end of the simulation. For the ELSA model, the pre-set grid partition (Eulerian
domain and Lagrangian domain) is constant for one given operation condition (i.e., the
inlet pressure or back pressure). Once the operation boundaries change (such as the inlet
pressure or back pressure), the grid needs to be reconstructed for new grid partition. Thus,
this method is not convenient.

To realize the effective convergence between the Eulerian approach and Lagrangian
approach, in this work, an improved under so-called SD-ELSA model is developed. This
SD-ELSA model adopts two key parameters, i.e., the sphericity and the average stochastic
particle diameter, as the transition criteria between the Eulerian and Lagrangian parts.
According to the SD-ELSA model, liquid droplets of both primary and secondary breakups
transfer from Eulerian liquid-phase block to dispersed phase particles, which realizes
the dynamic convergence between Eulerian and Lagrangian equations. The simulation
procedure of the SD-ELSA model is illustrated in Figure 2. This SD-ELSA model may
be flexible in identifying the phase interface due to these two criteria. Similar to the
ELSA simulation procedure, at first the model calculation is based on the Eulerian model
and adopts the Volume of Fluid (VOF) model to calculate the liquid droplets. Once the
dispersed particles meet the two criteria, the SD-ELSA model uses Lagrangian method
i.e., DDM model to calculate those disperse phase domain. For this SD-ELSA method, the
Lagrangian domain is dynamic not constant as ELSA model. Thus, the SD-ELSA method
realizes the automatic identification of the phase interface even the operation boundary
condition changes.

2.1. Turbulence Model

For the high-pressure diesel injection, the diesel spray is transient flow and the tur-
bulence phase interface is unstable, which results in strong anisotropy during the total
spray breakup process. This work adopts the large eddy simulation (LES) approach as
the turbulence model. Eulerian gas phase is described by compressible Navier–Stokes
equations. The Favre-filtered LES formulation for the continuity, momentum, species and
energy equations is the following:

∂ρ

∂t
+

∂
(
ρuj
)

∂xj
= 0, (1)
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∂
(
ρuj
)

∂t
+

∂
(
ρuiuj

)
∂xj

=
∂p
∂xi

+
∂Γij

∂xi
(2)

∂ρẽ
∂t

+
∂
[
(ρe + p)uj

]
∂xj

=
∂
(
Θj + Γij

)
∂xi

, (3)

Here
ẽ = p/ρ(γ− 1) +

1
2

ũiũj , p = ρPT̃, Γij = σ̃ij + τij ,

Θj = q̃j + q′j, σ̃ij = µ
(

T̃
)(∂ũi

∂xj
+

∂ũj

∂xi
− 2

3
σij

∂ũk
∂xk

)

q̃j = k
(

T̃
) ∂T̃

∂xj
, τij = −ρ

(
ũiuj − ũiũj

)
, q′j = −ρcp

(
ũiT − ũiT

)
where f is the spatial filtered variation, f̃ is the Favre filtered scalar, and f̃ = f ρ/ρ.

In the filtered momentum and energy equations, τij denotes the conventional viscous
stress tensor and q′j is thermal flux.

Figure 2. Simulation procedure of SD-ELSA model.

2.2. Spray Model

For the spray model, the SD-ELSA model takes advantages of the Eulerian description
on the near nozzle flow. For each phase in the two-phase flow near nozzle zone, the
Eulerian method is adopted to solve the mass, momentum and energy equations. The
governing equations refer to Reference [21]. For the dispersed particles, the Lagrangian
method is used to solve the mass, momentum and energy equations. The breakup model is
set as KH-RT model.
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2.3. Transition of Phase Interface

To converge the Eulerian model to the Lagarangian model, in this work based on the
spray transient process we adopt two key parameters as the critical criteria: the sphericity
of the breakup droplet and the particle average diameter. Sphericity (S) is used to judge
whether the phase interface is a sphere. The model has greater accuracy for the particle
transition to disperse phase in the sphere phase interface. Average particle diameter (D) is
used to judge the size of the transited disperse particle, which is ready for the secondary
breakup model.

2.3.1. Sphericity S

The sphericity is defined as the following.

S =
4π

2/3
√

3Vp
4π

Sp
, (4)

where Vp is the volume of the particle, and Sp is the surface area of the particle. Because
the sphericity of the particle varies under different conditions, the criterion S should be set
based on the practical real operation conditions.

2.3.2. Average Particle Diameter D

At present, all the equations of average particle diameter (D) are deduced based on
the disturbance breakup theory of liquid volume surface wave. Classic liquid droplet
breakup models include TAB, WAVE and KH_RT models. The TAB model builds the liquid
droplet deform equation based on analogy analysis in the vibration of the droplet to the
spring, and it judges the breakup according to the deformation. Both WAVE and KH-RT
models consider that the droplet peels of the spray surface due to the enhance of unsteady
surface wave.

The liquid breaks up first from the film breaking up [22]. On time scale, the first
formed large droplet is induced by the instability of the liquid film breakup that the air
resistance becomes greater than the surface tension, as illustrated in following equation.

pl − pgj − 2µl
∂vl
∂y
± σl

∂2ξ j

∂x2 < 0, (5)

where pl and pgj, respectively, are the liquid pressure and gas pressure due to the distur-
bance, vl is the tangential velocity along the liquid jet direction, and x is the displacement
of the liquid film along the jet direction.

The amplitude of the surface wave increases with the increase in time and film expan-
sion, and it is described by the following equation.

ξ = ξ0 exp(ωt), (6)

Under the action of gravity, the droplet diameter deriving from a static liquid film is
described as Equation (7) [19].

D = 3.3
√

σl
ρl g

, (7)

Here, σl is the liquid surface tension, and ρl is the liquid density.
When the liquid film breaks up during the high-speed flow, the liquid droplet has a

diameter as following.

Dm = 3

√
qmσl√

ρg
2/3
√

∆p
, (8)
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Considering the interaction among the surface tension, the air resistance and the
gravity, Equation (8) changes to:

Dm1 =

√√√√ σl

ρ
(

v2

3.78D − g
) , (9)

Here, D is the nozzle diameter, and v is the film velocity.
The converging between Eulerian and Lagrangian parts may be done based on the

above transition method.

3. SD-ELSA Numerical Model Building and Validation
3.1. Geometry and Mesh Modelling

The high-pressure diesel spray is tested based on a constant volume bomb (CVB)
test rig under the condition of varied injection pressure and back pressure, as shown in
Figure 3a. The CVB is a cuboid with size of 330 mm × 300 mm ×300 mm, and it has a
cylinder core chamber. A high-pressure diesel multi-hole injector is located on the top
center of the CVB. To realize the single-hole injection, a matching nozzle cover is designed
which has a vertical hole with a diameter of 0.3 mm. This work constructs the geometry
CVB model and its grids by using ICEM CFD code. Figure 3b shows the 3D model mesh
based on the diesel injection prototype CVB system. The practical CVB large size requires
huge numbers of the grid that requires a lot of consuming computing resources. This
work optimizes the diesel fuel spray model mesh which is generated based on a geometry
model of a cylinder with size of diameter × length = 60 mm × 120 mm. In this CVB
model, an orifice with the diameter of 0.3 mm and the length/diameter ratio of 5 mm is in
the middle. The CVB model adopts an O-block grid, and it is set as a four-layer refined
gird from the injector to the CVB wall. Furthermore, the variable sections, such as orifice
zone including its entrance/outlet corners are critical because the inner flows inside the
variable-section zones are complicated. Therefore, the local mesh encryption of these zones
are adopted. The total number of the CVB model cells is 33,026,604 with 33,275,416 nodes.
The total number of the CVB model cells is 33,026,604 with 33,275,416 nodes and in total,
99,273,135 quadrilateral interior faces.

Figure 3. Numerical model of diesel spray in CVB.
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3.2. Physical Setups

To complete the model simulation, we use the ICEM CFD code to construct the
geometry CVB model and its grids, and the solution of the model is based on FLUENT.
The viscous model is set as large eddy simulation (LES) model together with Subgrid-Scale
Model of WMLES S-Omega. Under the condition of high Reynolds number, WMLES (Wall-
Modeling LES) S-Omega model is selected for the sublattice scale model of LARGE eddy
simulation [23]. This model makes up for the disadvantages of high resolution requirement
of Wall boundary layer in large eddy simulation, very dense computing grid and small
time step. LES method has been widely applied in the academic research, and it requires
excessively high for wall boundary layers. In this case, the WMLES (Wall-Modeling LES)
S-Omega model computes Wall bounded flows at high Reynolds numbers, without the
need to significantly improve grid resolution at high Reynolds numbers like traditional
LES. This makes up for the shortcomings of large eddy simulation.

The near nozzle zone is set to VOF model and the Explicit is set. The far zone is set to
DDM model and KH-RT breakup model is adopted. For the far field part of diesel atomiza-
tion, The Discrete Droplet Model is adopted for simulation based on the calculation amount
and calculation accuracy requirement. DDM Model can track the movement of injection
droplets in constant volume projectile, including evaporation, crushing, polymerization,
turbulent deformation and other physical processes. In the DDM model, each discrete
particle package also follows three conservation equations. In the continuity equation
of the discrete phase, ΓE, ΓB, and ΓC represent the source terms resulting from droplet
evaporation, fragmentation, and final collision polymerization, respectively [17,24].

dmd
dt

= −ΓE − ΓB − ΓC (10)

The KH-RT model is developed from the WAVE model, which takes into account the
competing effects of instability caused by aerodynamic rupture and droplet acceleration.
KH-RT breakup model combines the effects of Kelvin–Helmholtz waves driven by aero-
dynamic forces with Rayleigh–Taylor instabilities. For both the KH and RT mechanism
to be suitable for high speed liquid jet and rapid deceleration process of the droplet, the
model introduced the KH and RT wave in the process of atomization broken competition to
determine the main parameters in the process of crushing, based on the working condition
of diesel spray in this paper for the high-pressure jet, so for the liquid mass into discrete
particle and the diesel dual fuel jet, the KH-RT crushing model was used to calculate the
atomization crushing process [19,25]. Table 1 presents the details of the boundaries and the
model parameters.

Table 1. Model physical parameters setup.

Parameter Specification

Injection pressure/MPa 100
Back pressure/MPa 1

Nozzle diameter/mm 0.3
Length/diameter ratio 5
Wall temperature/K 298.15

Fluid diesel
Fluid temperature/K 298.15

Fluid density/(kg/m3) 850
surface tension coefficient/(N/M) 0.031

Air Compressible gas
Air temperature/K 298.15

Sphericity S 0.5
Average particle diameter D/mm 0.05
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3.3. Solver

For the solver used in this method, the Solution Methods is set as the pressure–velocity
coupling with PISO scheme which is good for the simulation of high-speed incompressible
diesel and compressible background gas environment. For the spatial discretization, the
gradient is set as Least Squares Cell Based together with pressure of PRESTO! algorithm.
To improve the solution accuracy, the Momentum is set as Bounded Central Differencing.

3.4. Grid Independence Analysis

It is critical for a numerical model to set suitable grids This work completed different
simulations based on varied model grid numbers. Figure 4 gives the simulation results
of varied grids under condition of the injection pressure pinjection = 100 MPa and the back
pressure pb = 1 MPa. It shows that the liquid column length increases and then becomes
stable. During the stable stage, it slightly decreases when the grid number increases, and
this liquid column length curve remains constant after the grid number is ≥30 million as
shown in Figure 4a, proving the grid independence of this CVB spray model. Hence, for
better simulation accuracy, this work adopts the model grid of about 30 million. Figure 4b
also gives discretization error [26] of a 30 million grid. It shows that the model with the
grid of totally 30 million is suitable.

3.5. Model Validation

To validate the numerical CVB model, the diesel injector is tested under the condition
of varied injection pressure and back pressure. More details of the test rig, test devices
and the experimental procedures are presented in our previously published research [2].
Figure 5 presents the comparison of the model and the test results under the condition
of varied injection pressures. Under conditions of different injection pressures, the diesel
spray penetration distance increases as the injection develops. The results show that the SD-
ELSA results have good agreement with the optical experimental data for each operation
condition. The SD-ELSA model error is illustrated in Figure 5b. It reveals that for varied
injection pressure conditions, this SD-ELSA model has a relative low error, no more than
5% as the injection time is above 0.1 ms, and it is a little bit higher (no more than 20%)
during the very early injection stage (time < 0.1 ms).

Figure 6 shows both the optical test results and the SD-ELSA model three-dimensional
simulation results of the diesel fuel spray under condition of pinjection = 100 MPa and
pb = 1 MPa. The SD-ELSA model is solved based on two critical transition criteria (S and
D) between the Eulerian and Lagrangian parts, and realizes the dynamic convergence
between Eulerian and Lagrangian equations. The optical experimental images show that
the diesel fuel penetrates rapidly inside the CVB. At the beginning of the injection, the
spray shape is quite tiny and thin. Then it forms a cone shape, and the cone shape becomes
longer and wider as the injection time increases. The SD-ELSA model results have good
agreement with the optical test results, not only the spray penetration distance but also the
spray shape.
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Figure 4. Grid independency result.
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Figure 5. Model validation.
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Figure 6. Diesel spray process. (pinjection = 100 MPa, pb = 1 MPa).

4. Results Analysis

The diesel fuel spray process shows good similarity under conditions of varied in-
jection pressures either for the optical test or the model simulation result. Here we only
present the SD-ELSA simulation result under condition of pinjection = 100 MPa and the back
pressure pb = 1 MPa to analyze the details of the spray. Figure 7 shows the diesel liquid
volume fraction of the spray developing process just in the center plane. It clearly shows
the phase transformation of the diesel fuel breakup process. During the early injection
stage (within 0.01 ms), the diesel fuel is maintained as a liquid and a liquid column appears.
Then (about 0.05 ms), the front of the liquid column breaks up and the liquid column splits
to form liquid sheets and large droplets which surround the center liquid column. During
this stage (<0.1 ms), the primary breakup occurs, and many droplets appear. After that
(0.2–0.4 ms), more vapor appears and the spray becomes stable. At last, the diesel fuel
continues spray with a stable cone, and the vapor surrounds the liquid center.

Figure 7. Diesel spray process of SD-ELSA model. (pinjection = 100 MPa, pb = 1 MPa).
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Figure 8 gives the comparison results of the calculation time between the SD-ELSA
method and VOF model. Both models are used to simulate the diesel fuel spray during
the early breakup stage within 0.4 ms. The results show that the calculation time of VOF
model linearly increases for this total simulation duration. The calculation time curve of
SD-ELSA method first coincides with that of VOF model, but after primary breakup occurs
at time = 0.1 ms, which is also illustrated in Figure 7, the SD-ELSA curve separates from
the VOF curve. The calculation time of SD-ELSA model continues increasing but by a
smaller margin than that of the VOF curve. This is because before 0.1 ms, the diesel fuel
is still liquid, and maintains a shape of liquid column which splits to form liquid sheets
and large droplets surrounding the center liquid column within 0.1 ms. During the early
stage, the SD-ELSA method adopts VOF model to calculate the fuel spray. Once the liquid
droplet meets the requirement of these two critical criterions, the SD-ELSA method adopts
DDM model to transfer the droplet into dispersed particle, which requires 10 h to complete
the calculation for each 0.02 ms. The calculation time of VOF at 0.4 ms is twice of that of
SD-ELSA method.

Figure 8. Comparison of calculation time between SD-ELSA and VOF model. (pinjection = 100 MPa,
pb = 1 MPa).

Figure 9 gives the details of the primary breakup of the SD-ELSA model. To clearly
illustrate the exterior shape of the spray, here it is the three-dimensional contour of the fuel
spray. At the very beginning (0.01 ms), the diesel spray is almost a liquid column and it is
the continuous phase. Moreover, a film on the liquid column head forms with a mushroom
shape. At time = 0.02 ms, the liquid column film becomes unstable and begins to break up
into primary large droplets at the film edge, and the liquid column shrinks. After that, with
the continuous spray (from 0.03 ms ~ 0.05 ms), due to the further breakup of the transition
model, those primary large droplets transfer into disperse particles. Meanwhile, the results
reveal that the atomization particles not only penetrate along the vertical spray direction,
but also expand to the horizon direction, which means the phase interface changes with
the developing of the spray. The shape of the spray becomes long in vertical direction and
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wide in horizon direction, thus it has a semi cone profile. As the film front meets the liquid
column, the column breaks up to produce transition particles around the liquid column.
With the further breakup of the liquid column, more particle droplets dramatically appear
with decreasing diameter. It is notable that the liquid column always exists during the total
spray breakup process. Then, many tiny particles appear and surround the fuel spray core.
This reveals that the SD-ELSA model effectively captures the dynamic phase interface.

Figure 9. Primary breakup of SD-ELSA model. (pinjection = 100 MPa, pb = 1 MPa).

Figure 10 is the fuel spray just in the center plane of the nozzle of early spray stage. It
clearly shows the developing process of the droplets. During the primary breakup stage
(<0.06 ms), there is mainly liquid phase in the spray. From 0.06 ms, vapors appear just
surrounding the liquid phase in the middle of spray. With the developing of the spray, there
are more and more vapors (the discrete phase), and the liquid diesel gradually disappears
(the continuous phase). At 0.2 ms, the discrete vapor phase dominates.

Figure 11 presents the formation process of droplets during the primary breakup stage
based on the SD-ELSA model. At the very beginning of diesel fuel injection (0.002 ms),
the diesel maintains continuous liquid column which has a mushroom head. With the
continuous injection (0.01 ms), the liquid column shrinks and the liquid film has a rough
and uneven surface due the enhanced surface wave. Soon (0.02 ms), the liquid shrinks
further and many droplets occur with different sizes and shapes. For this SD-ELSA model,
the two parameters average droplet diameter D and sphericity S are crucial. The droplets
in the close zone have varied sphericities.

Figure 12 shows the droplets from the close-nozzle spray, exactly the same as Figure 11.
The sphericity S of the droplet is derived by Equation (1) once the volume and the surface
area of the droplet are obtained based on the model result. Figure 13 gives the calculated
sphericity S under condition of varied injection pressures. It reveals that most droplets
have sphericity range in 0.3~0.5. Especially, as S = 0.5, the droplets number are over 2000
to 6000 for different pressure conditions. Thus, for this SD-ELSA model simulation, the
threshold sphericity S is set to 0.5.
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Figure 10. Fuel spray process in center plane. (pinjection = 100 MPa, pb = 1 MPa).

Figure 11. Formation process of droplets. (pinjection = 100 MPa, pb = 1 MPa).

Figure 14 presents the average droplet diameter D under condition of varied injection
pressure. It shows that the droplet average diameter D decreases with the continuous
developing of the fuel spray. However, since the primary breakup occurs in the early
injection stage and in the close nozzle zone, i.e., 0.2~0.4 ms, the average droplet diameter
ranges from 0.046 mm to 0.054 mm (marked by red dash rectangle) for different injection
pressure conditions. Therefore, for this SD-ELSA model simulation, the threshold average
droplet diameter D is set to 0.05 mm. This reveals that the high-pressure diesel fuel spray
experiences the liquid column and the atomizing droplet, and the liquid column gradually
transfers to the droplet. During the diesel spray atomization and breakup process, the
liquid column still exists, and the simulation results of SD-ELSA model clearly show the
liquid column breakup process. The SD-ELSA model illustrates the total diesel spray
atomization process from the breakup of liquid column to the droplets.
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Figure 12. Droplets. (pinjection = 100 MPa, pb = 1 MPa).

Figure 13. Sphericity of droplets. I: pinjection = 80 MPa, pb = 1 MPa; II: pinjection = 100 MPa, pb = 1 MPa;
III: pinjection = 120 MPa, pb = 1 MPa.
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Figure 14. Average droplet diameter D. I: pinjection = 80 MPa, pb = 1 MPa; II: pinjection = 100 MPa,
pb = 1 MPa; III: pinjection = 120 MPa, pb = 1 MPa.

5. Conclusions

This study proposed an improved model method of diesel fuel spray based on a classic
ELSA model. A three-dimensional model of high-pressure diesel injection was built and
verified by experimental results based on optical tests in a constant volume bomb. The
main conclusions are summarized as the following.

The SD-ELSA model was developed based on the classic ELSA model. It adopts two
key parameters as the critical criteria, the sphericity (S) of the breakup droplet and the
particle average diameter (D), to converge a dynamically Eulerian model to a Lagarangian
model. The sphericity (S) is used to judge whether the phase interface is a sphere, and the
average particle diameter (D) is used to judge the size of the transited disperse particle. The
SD-ELSA model has good agreement with the optical experimental results. The SD-ELSA
model illustrates the total diesel spray atomization process from the breakup of liquid
column to the droplets. The simulation results of SD-ELSA model clearly present the liquid
column breakup process. The results demonstrate that the SD-ELSA method is effective for
automatically identifying the computing zone of the Eulerian–Lagrangian model, and it
predicts the diesel spray with good accuracy.
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