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Abstract: In this paper, the discrete phase model (DPM) was introduced to study the fuel injector
cavitations process and the macro spray characteristic of three different types of nozzle spray shape
with diesel and hybrid biofuel blend for several injection pressures and backpressures. The three types
of nozzle spray shapes used were circle, elliptical A type, and elliptical B type. The cavitations’ flows
inside the injector nozzles were simulated with Computer Fluid Dynamics (CFD) simulations using
the cavitations mixture approach. The effect of nozzle spray shape towards the spray characteristic of
hybrid biofuel blends is analyzed and compared with the standard diesel. Furthermore, a verification
and validation from both the experimental results and numerical results are also presented. The
nozzle flow simulation results indicated that the fuel type did not affect the cavitation area vastly, but
were more dependent on the nozzle spray shape. In addition, the spray width of the elliptical nozzle
shape was higher as compared to the circular spray. Moreover, as the backpressure increased, the
spray width downstream increased as well. The spray tip penetration for the elliptical nozzle shape
was shorter than the circular nozzle shape due to circular nozzles having smaller nozzle widths and
lesser spray cone angles. Thus, this resulted in smaller aerodynamic drag.

Keywords: circular nozzle; aspect ratio; hybrid biofuel spray; diesel nozzle flow

1. Introduction

The atomization and fuel spray characteristics play a vital part in direct injection diesel engines
especially for gas emissions and combustion efficiency [1]. In recent years, the fuel injection system
shows development toward high injection pressure with a small hole injector in order to follow the
requirements of Europe 6 and the regulations of low emissions. Hence, the turbulence intensity
and velocity of the fuel injection system becomes greater and the fuel and air interaction is more
complicated when compared with traditional system. Furthermore, straight vegetable oils (SVOs)
have received considerable attention as alternative energy sources for engines. This popularity is
based on its identical material characteristics to diesel fuel and it is also biodegradable, non-toxic,
renewable, and has lower sulphur production [2]. The biodiesel is usually used as a renewable clean
source due to its promising ability to reduce the soot emission in diesel engines. Thus, it is crucial to
investigate the fuel injector nozzle effect and the mechanism of spray characteristics with different
types of fuel. Furthermore, the fuel injector experiences energy loss and leakage under extreme high
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injection pressure [3]. In another preliminary study, Hussain et al. [4] proposed that the elliptic jets of
different aspect ratios changed the entrainment and other turbulence phenomena, which is useful in
increasing the diesel engine performance. The biodiesel can be used as an alternative fuel due to it
having lower volatility, a higher oxygen percentage, and a narrow boiling point [5,6].

There are several techniques that are used to produce biodiesel, such as preheating, blending,
micro-emulsion, and trans-esterification. Currently, the trans-esterification is the most widely utilized
method due to its capability to decrease the viscosity and change the triglycerides into glycerol and
fatty acid methyl ester [7–9]. However, the trans-esterification method is very costly and is coupled
with a complex process that requires specific instruments and equipment. Moreover, crude glycerol
also produces by-products during the process. Hence, a costly purification mechanism is required to
yield pure glycerol, which has superior product properties than the crude glycerol [10]. Furthermore,
the viscosity of SVO can be reduced effectively and economically by blending the SVO with other
lower viscosity fuels. In general, biodiesel has a greater viscosity and density than fossil diesel [11].
Furthermore, the cavitations and evaporation properties of biodiesel are dissimilar as compared to
diesel due to its high molecular mass properties [10,12,13]. It was found that the mixed fuel has nearly
the same operation qualities with diesel fuel but a high consumption of brake-specific fuel. They
have claimed that this is mainly caused by low calorific value (CV) of the blend, which leads to a
drop in engine performance. However, the emission of NOx was identified to be smaller compared to
the diesel.

Various studies have been reported on emissions and combustion when biodiesel is used,
especially from the experimental perspective. Desantes et al. [14] provided an in-depth analysis
of the influence of using biodiesel blended fuels in a standard injection system using experimental
work. The long injection test results showed that the biodiesel spray pattern was affected by longer
spray tip penetration and a smaller spray cone angle. For short injection periods, they observed a
decrease in fuel mass injection because of the high fuel viscosity. Nearly identical results were also
reported by Priesching et al. [15] in their study of the influence of biodiesel blends on the mixture
formation. They identified that the same mass flow was produced by the temperatures of diesel and
biodiesel at high engine loads. Allocca et al. [16] studied various biofuel performance characteristics,
which focused on the temperature effect. The experimental results indicated that a lower cone angle and
tip penetration were achieved at ambient temperature; meanwhile, the respective simulation results
showed better performances compared to the experimental observations. Thomas [17] conducted a
study on the effect of a biodiesel fuel injector to the tip deposits on transport refrigeration units (TRU).
He found that the injector tip deposit of biodiesel was not affected by the conventional fuel detergent
additive. Furthermore, Ramadhas et al. [18] carried out engine tests with biodiesel and highlighted the
modification on diesel engine is not needed to operate biodiesel-blended fuels.

Numerical studies on the nozzle spray behaviors of biofuel are rarely found in previous research,
which focuses on the experimental works. Mohan et al. [19] reported the spray characteristics of
ether fuels by using a new hybrid spray model in KIVA4 CFD code. They found that ether fuels
required more fuel amount to attain similar power output compared to diesel fuel. The simulation
result shows that the atomization’s of ether fuels are greater than diesel due to a high Reynolds
number and low Ohnesorge number of ether fuel. Another report on a numerical study of spray
and combustion characteristics of diesel was conducted by Lee and Huh [20], who have been using a
Conditional Moment Closure Incompletely Stirred Reactor (CMC-ISR) model to capture the chemistry
coupling between with turbulence flow. The analysis of hydro grinding effects and hole shapes
on biodiesel spray using experiments and simulation was studied by Som et al. [21]. The study
provides readers some understanding on the turbulence levels inside the nozzle orifice when the
orifice geometry is changed. The fuel primary breakup, spray penetration, and dispersion are strongly
influenced by hydro grinding and conicity behaviors. Similarly, Mohan et al. [22] investigated the
spray characteristics of dimethyl ether (DME) and diethyl ether (DEE) by using KIVA-4 CFD software.
The study proved that the spray tip penetration of ether fuel was shorter than diesel due to the low
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viscosity and density of ether fuel. However, the diesel fuel characterized by a high Ohnesorge number
and low Reynolds number exhibited poor atomization behavior compared to the ether fuel. Recently,
Zhou et al. [23] performed a numerical study on the spray of R404A by using the OPENFOAM software.
Their results showed that the droplet diameter and spray morphology were nearly identical with
those done in the experiment. Furthermore, the spray profile, penetration distance, and velocity were
significantly affected by the ambient pressure. In addition, a study on characteristic of diesel and
biodiesel with effect on spray angle had been undertaken by Kegl et al. [24]. Their results demonstrated
that cavitations in the nozzle hole and chamber pressures affected the fuel spray properties.

Numerous numerical methods have been utilized to simulate fuel spray characteristics, for
example, the finite volume method (FVM) [19,22,25] and finite element method (FEM) [26,27]. In this
study, the discrete phase method (DPM) with FVM was utilized to capture the motion of the fuel
droplet particle. By using the DPM, this study will offer a powerful tool for upcoming investigations
that establishes simulations of spray characteristics regarding the effect of nozzle spray shape and
fuel properties. Recent studies by researchers [28–31] suggest that DPM has the potential to simulate
particle trajectory in a continuous phase.

Generally, it can be observed that the fuel spray characteristics of hybrid biofuel and elliptical
orifice jets have still not been fully explored, particularly for spray behavior and performance as
stated in this brief literature review. The elliptical nozzle is promising and beneficial in enhancing
the performance of sprays. Moreover, there is less literature on the comparative investigation of the
mechanism of injector and spray atomization behavior with a standard diesel and hybrid biofuel
under realistic diesel engine and high-pressure conditions. Furthermore, previous studies used the
nozzle shape size with diameters (0.3–3 mm) that were relatively larger from the standard diesel nozzle
(0.1–0.2 mm). This research aims to analyze and compare the fuel injector and spray characteristics
of three different types of nozzle spray shape, which are circle, elliptical A type, and elliptical B type
using diesel and hybrid biofuel under various injection pressures (50 MPa, 1000 MPa, 180 MPa) and
backpressures (1 MPa, 3 MPa). Both numerical and experimental studies will be compared in order to
enhance the validity of the current research work.

2. Mathematical Model

2.1. Injector Flow Phase

The numerical calculations in this research were performed using Fluent version 18 CFD software.
The bidirectional interactions among multi-phase flow and particle are used for the 3-D simulation of
spray characteristics. The multiphase flow was described using the mixture model, which considered
that vapor and liquid phases were mixed uniformly. The governing equations for the continuous flow
of the fuel in the injector consist of the continuity, momentum, and energy equation that solved the
Navier–Stokes equations. The equations are listed as follow:

Continuity equation:
∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (1)

The conservation of momentum is described using:

∂

∂t
(ρui) +

∂

∂xi
(ρui) = −

∂P
∂xi

+
∂πij

∂xj
+ ρgi + Fi (2)

The conservation of energy can be expressed as:

∂

∂t
(ρh) +

∂

∂xi
(ρuih) =

∂

∂xj

(
k

∂πij

∂xi

)
+ η

.
γ (3)
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Where ρ is the fluid density, ui is the fluid velocity,
.
γ is the shear stress, and gi = −9.81 m/s is the

gravitational acceleration at the earth’s surface.
The shear–stress transport (SST) k-ω solver was utilized for the entire turbulence model

investigations described in this work. The model was chosen because it has advantages for boundary
layer problems, plus it is more accurate and robust compared to other turbulence models [32]. The
shear–stress transport (SST) k-ω model solves the turbulence kinetic energy (k) and the dissipation
rate (ω), respectively. They are obtained from the transport equation and given as follows:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj

(
Γk

∂k
∂xj

)
+ Gk −Yk + Sk (4)

∂

∂t
(ρω) +

∂

∂xi
(ρωui) =

∂

∂xj

(
Γω

∂ω

∂xj

)
+ Gω −Yω + Dω + Sω (5)

In this study, the enhanced wall treatment model approach was used to capture the behavior of
flow near the wall, which had a no-slip condition. This effect had a significant impact on the fidelity of
the numerical simulation.

2.2. Discrete Particle Phase

For the spray development simulation, DPM was used to capture the flow of vapour formation
and the atomization phase. The Navier–Stokes equations and continuity equation were solved to
compute the continuous phase, whereas the force balance on the particle was integrated into the solver
to calculate the trajectories of particles. For a two-way interaction, the continuous phase was calculated
based on the Eulerian model, whereas the particle trajectories were calculated based on the result of
the continuous flow. The two-way coupling of process scheme is shown in Figure 1.
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The particle force balance, which is related to inertia and additional forces, can be expressed as:
Particle force balance:

∂up

∂t
= FD

(
u− up

)
+ gx

∂
(
ρp − ρ

)
ρp

+ Fx (6)

where, p is the particle density and pp is the fluid density; u is the velocity of the particle and up

is the velocity of the fluid phase; Fx is the other forces that interact with the particles due to mass,
acceleration, and pressure; and FD (u − up) is the drag force that equates to each of the particles, where
FD is defined as:

FD =
18µ

ρpdp2

(
CDRe

24

)
(7)
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where µ is the fluid molecular viscosity, ρp is the particle density, CD is the particles drag coefficient,
Re is the Reynolds number, and dp is the particle diameter of the droplets that are assumed as spheres
in this study. The equation for CD is given as:

CD = α1 +
α2

Re
+

α3

Re2 (8)

where α1, α2, and α3 are constants based on the ranges of Reynolds number.
In the two-way coupling, the momentum, heat, and mass can be transferred during continuous

and discrete phase. The momentum exchanged from the continuous phase to the discrete phase is
calculated by computing the momentum difference when the particle enters the control volume. The
change in momentum equation can be expressed as:

F = ∑
(

18µCDRe
ρρd2

ρ24
(
up − u

)
+ Fother

)
.

mp∆t (9)

where Fother is the additional interaction forces, ∆t is the time step, and ṁp is the particle mass flow
rates. The particle trajectory can be calculated using:

dx
dt

= up (10)

The droplet experiences the thermophoresis force when it is heated. Thermophoresis is the
phenomena where a small particle of gas experiences a force in the direction opposite to temperature
gradient. Equation (8), using the change of temperature, is given as:

Fx = −DT
1

mpT

(
∂T
∂x

)
(11)

where DT is the thermophoric coefficient, which use the form suggested by Talbot [33]:

DT =
6πdpµ

2Cs

(
Tc
kp

+ CtKn
)

ρ(1 + 3CmKn)(1 + 2K + 2CtKn)
(12)

Where Kn is the Knudsen number, Tc is the fluid thermal conductivity based on translational
energy only, kp is the particle thermal conductivity, mp is the particle mass, µ is the fluid viscosity, Cs =
1.17, Ct = 2.18, and Cm = 1.14.

2.3. Spray Simulations

The spray behaviour is simulated by the DPM where droplets were grouped into packages where
individual droplets were defined by same velocity, diameter, pressure, etc. The momentum exchange
between continuous flow and DPM was allowed to track each parcel trajectory tracking. A majority of
the studies on spray development were focused on evaporation and droplet collision only, whereas
the breakup process is acknowledged as one of the important factors. However, it has not been fully
solved until today.

The whole breakup process is divided into two processes, which are primary breakup and the
secondary breakup. The whole breakup process is handled in two processes due to the diesel engine
having a high injection pressure. The primary breakup model is accounted for when the breakup
phenomena happens at the nozzle exit where the initial fuel is falling apart into small droplets.
Meanwhile, the secondary breakup model is handled from the initial drops until the further breakup
process [34]. The whole breakup process is shown in Figure 2. The whole breakup model was
calculated using three breakup models. For the primary area, the Kelvin–Helmholtz (KH) model
is utilized at the nozzle exit area where the liquid breakup happened, whereas the Taylor analogy
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breakup (TAB) model is applied to the area beyond the initial primary breakup area. In this study
we suggested a third model to be used that combines both KH and TAB model which is called the
KH-TAB model.Energies 2018, 11, x  6 of 26 
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2.3.1. Primary Breakup Modeling

The model for the primary breakup is established according to the combination effects of
Kelvin–Helmholtz (KH) waves directed by aerodynamic forces with Rayleigh–Taylor (RT) instabilities
that caused secondary breakup [35], as shown in Figure 3. In region A, the KH instability caused the
droplet to break from the liquid phase; meanwhile, in region B, the RT instability caused the secondary
breakup to happen.
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In the KH breakup model, the frequency (ΩKH) and corresponding wavelength (ΛKH) according
to Reitz [36] is calculated using:

ΩKH =
0.34 + 0.38We1.5

g

(1 + z)(1 + 1.4T0.6)

√
σ

ρpr3 (13)

ΛKH =
9.02r

(
1 + 0.45

√
Z
)(

1 + 1.4T0.7)(
1 + 0.865We1.67

g
)0.6 (14)

where
Z =

√
Wel

Rel
, Wel =

ρlU2
r r

σ ,
Rel =

Urr
vl

, T = Z
√

Weg,

Weg =
ρgU2

r r
σ

(15)

with ρg denoting the gas density, ρl is the liquid density, σ is surface tension, Ur is the magnitude of
velocity between two phases, and vl is the liquid viscosity.
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During the breakup process, the critical droplet radius rKH occurred due to a decrease in the
droplet radius. Hence, the breakup time τKH and the critical droplet radius rKH are calculated by:

τKH =
3.726Blr

ΩKHΛKH
(16)

rKH = B0ΛKH (17)

with B0 = 0.61 and Bl = 20.
In the RT model, the frequency of the fastest growing wave (ΩRT) is given by:

ΩKH =

√√√√2
(
−gt

(
ρp − ρg

)) 3
2

3
√

σ
(
ρp + ρg

) (18)

where gt is the droplet acceleration. The wave number is computed using:

KRT =

√
−gt

(
ρp − ρg

)
3σ

(19)

When the RT waves were propagating, the time becoming larger than the breakup time τRT
breakup will occur. The τRT is calculated using:

τRT =
Cτ

ΩRT
(20)

where Cτ is the Rayleigh–Taylor breakup time constant. Then, the radius of the smaller droplets is
given using:

rc =
πCRT
KRT

(21)

where CRT is the breakup radius constant.

2.3.2. Secondary Breakup Modeling

The model for the secondary breakup is established for the purposes of capturing the mixture
of the aerodynamic mechanism during a spray process. In a continuous–phase medium, one of the
influential parameters that influences the discrete particles’ behaviour is the Stokes number. The
Stokes number is a dimensionless number that indicates the behaviour of discrete particles. The Stokes
number equation is defined as:

Stk =
t0u0

l0
(22)

where u0 is the initial flow velocity, l0 is the characteristic diameter of the obstacle, and t0 is the particle
relaxation time.

The discrete particles were kept on track using the fluid streamlines when the Stokes number was
low, whereas the discrete particles followed along their initial trajectories when the Stokes number
was high. Thus, more particles will be generated with lower Stokes numbers during the breakup
process. In this study, the widely used Taylor analogy breakup (TAB) model was used to account for
these breakup forces. The TAB model is based upon Taylor’s [37] analogy between an oscillating and
distorting droplet and a spring mass system, as seen in Figure 4.
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In this model, the equation of droplet motion is given using:

.
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5µp

ρpr2 ŷ +
8σ

ρpr2 y−
2ρ f u2

r

3ρpr2 = 0 (23)

where y is defined using the following:

y(t) =
we
12

(1− cos pt) (24)

dy
dt

=
we
12

p sin pt (25)

where:
we
12

=
ρ f u2

r r
σ

, p =

√
8σ

ρpr3 (26)

The mean size of the product droplet is calculated based on the energy conversation of a parent
and child droplet analysis. The equation is derived to be:

r32 =
r

1 + 8z
20 +

30kρpr3

120σ y2
(27)

where the constant z is 10/3.

3. Experimental Procedures

3.1. Fuel Preparation

A blend at mixing ratios of 68% (RP032MC068) of refined palm oil (RPO) with Melaleuca cajuput
oil (MCO) was prepared. The emulsifier or surfactant was not used during the blending process. Each
mix of RPO with MCO was blended with a stirrer to ensure homogeneity between RPO and MCO.
The blends were kept in a glass bottle, stored at ambient temperature and monitored for a phase
separation. A Brookfield DV-III Rheometer was used to measure the dynamic viscosity of RPO-MCO
blend. The test was done at a maintained temperature of 40 ◦C. The measured value was taken five
times and the mean was calculated. The spray performance, volatility, and quality of fuel atomization
were determined using the viscosity properties. A Gay-Lussac pycnometer was used to determine the
density of fuel samples. The reading was taken at room temperature (≈27 ◦C).

3.2. Fuel Properties

For the aim of investigating the effects of nozzle shape on the spray characteristics of diesel and
hybrid biofuel, the hybrid biofuel was blended between Melaleuca cajuput oil (MCO) and refined palm
oil (RPO) in order to reduce its viscosity, hence improving the atomization of the fuels. The material
properties of the diesel and RP032MC068 blends (hybrid biofuel) are listed in Table 1. These results
were obtained from tests done at the Faculty of Chemical Engineering, Universiti Sains Malaysia.
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Table 1. Material properties of the diesel and RP032MC068 blends.

Types of Fuel Density
(kg/m3)

Surface
Tension (N/m)

Dynamic
Viscosity

(mPas)

Kinematic
Viscosity (mm2/s)

(40 ◦C)
Vapor Pressure

Diesel 830 0.0273 2.7 2.57 0.1 kPa at 40 ◦C
RP032MC068

(hybrid biofuel) 882 0.032 5.2 5.9 1 hPa at 133 ◦C

3.3. Experiment Setup

The spray visualization system experiment was done to prove the feasibility of the simulation
results. The current experimental work was executed with a circular nozzle of diameter equal to
0.16 mm under 50 MPa of pressure and 3 MPa of backpressure. Ambient temperature was established
as 27 ◦C in this study.

Figure 5 depicts the spray test platform diagram for investigating the diesel and hybrid biofuel
spray characteristics. The spray test platform consisted of Chevrolet Captiva common rail injection
system and an Olympus high speed video camera system. The common rail injection system
consisted of a high-pressure pump, pipes, electromotor, and a solenoid type six-hole nozzle (Siemens
A2C2002584). Different high injection pressures were achieved at the pump by using the electromotor.
A solenoid type six-hole nozzle was mounted at the middle of the injection chamber with a dimension
of 30 cm × 30 cm. The images of the spraying moment were recorded using Olympus i-SPEED 2 high
speed video camera.
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The injection duration or time and the injection pressure were set on the controller unit. In this
research, the injection time was fixed at 1 ms and the injection pressure was set at 50 MPa. The motor
was turned on and then the spraying of hybrid biofuel started by passing through the injector. Images
of the spraying moment were recorded using a high-speed video camera system. The experiment was
repeated 10 times for each injection pressure to reduce the fluctuation error. The measurement of the
average spray’s penetration length, spray width, and spray angle were obtained and calculated using
ImageJ software. Certain images presented in the experiment works were processed with MATLAB to
acquire the spray boundary images.
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4. Simulation Methodology

A six-hole diesel fuel injector (Siemens A2C2002584) was chosen with nozzle angle of 150◦. In
order to save computation time, only a single nozzle out of six nozzles was modeled from the evenly
distributed injector. The injector diagram and geometry of the nozzle model is shown in Figure 6. In
this study, three types of nozzle shape—circle, elliptical A, and elliptical B—were evaluated. The type
of injector spray nozzle shape used in this study and the dimensions are summarized in Table 2.Energies 2018, 11, x  10 of 26 
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Elliptical B

Major Axis (M) (mm) 0.160 0.170 0.189
Minor Axis (m) (mm) 0.160 0.142 0.135
Aspect ratio (M/m) 1 1.2 1.4
Area (mm2) 0.02 0.019 0.02
Orifice length (mm) 1.23 1.23 1.23

In the present study the aspect ratio 1.2 and 1.4 is chosen based on recommendations and works
by Lee and Baek [39]. They suggested that the elliptic jets with a small aspect ratio of 2 and lower can
be used effectively as a passive control device in engineering applications that need strong mixing and
thrust augmentation. The comparison of injector nozzle hole diameters for a commercial diesel engine
is shown in Table 3.

Table 3. Comparison of injector nozzle hole diameter of commercial diesel engine.

Engine Type 2.2-L Turbocharged DI Diesel
Engine

In-line, Turbocharged,
Intercooled

Cylinder number-Bore × Stroke (mm) 4-86 × 94.6 6-110 × 115
Rated Power/Speed (kW/r/min) 155/3800 155/2300
Maximum Torque/Speed (N·m/r/min) 360/1500 680/1400
Minimum brake specific fuel consumption
BSFC (g/kW·h) 222 205

The nozzle hole diameter of injectors (mm) 0.12 0.17
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The injector model was meshed using a path-conforming meshing method in all the simulation
works presented here. This method was selected because of its capability to capture structural
complexity with relative ease and creates a very fine mesh to reduce discrete errors. Figure 6 presents
the whole mesh produced from the injector model. The hole was meshed with 1,000,000 elements
based on the optimum grid independence test result. An interface was created between the mesh hole
and the domain volume in order to reduce discrete errors.

The interaction between two phases (air and fuel) was modelled using the DPM. The Euler
method was utilized to study the flow field factors such as temperature, pressure, density, and velocity.
The shape of spray chosen was the cone model due to its similarity with the real shape of spray in the
nozzle. The drag and collision of the particle effect was described via selection of the wave model as
the secondary atomization model and was embedded with the O’Rourke collision model and dynamic
drag model.

In the analysis, the fuel and air were considered as a different phase. The volume of fluid (VOF)
method was used to track the fuel interface during the liquid/vapor phase transition. The SST k-ε
turbulence model was chosen because it has been found to provide accurate outcomes for the nozzle
cavitations flow and spray characteristics [40]. Moreover, a continuum surface force (CSF) model was
utilized to incorporate surface tension in the interaction between fuel and air phases. The surface
tension was fixed to a first-degree polynomial that depended on the temperature. An implicit solver
was applied for solving the momentum and pressure equations together with the phase continuity
equation. The second-order upwind discretization and SIMPLE scheme were used for pressure-velocity
coupling. A time-dependent formula was implemented for the phase transition in each time step. The
residual error and convergence ratio were set to be in the order of 10−3 to 10−4. The range of time step
was set between 1.0 × 10−6 s to 1.0 × 10−8 s. The fuels used for this study are listed in Table 1.

The boundary condition for the injector wall was set as reflective and the domain inside the injector
was selected as a no-slip boundary condition. Table 4 shows the additional boundary conditions used
during the simulations.

Table 4. Operating boundary conditions.

Boundary Boundary Conditions

Injection pressure 50 MPa, 100 MPa, 180 MPa
Backpressure 1 MPa, 3 MPa

Ambient air temperature T = 300 K
After start of injection (ASOI) 0–1 ms

Grid Independence Tests

A grid independence test was carried out to examine the stability of the mesh resolution used in
the simulation and recognize the optimum mesh condition for a precise computational result. This
test is typically performed for the simulation analysis in order to find the adequate number of mesh
elements. The simulation was evaluated through the range of meshes from low to extra fine. From
the data analysis, the optimum mesh was the mesh resolution that was comprised of an error within
a 5% limit. As Figure 7 shows, the optimum mesh utilized during the simulation was the mesh that
contains a total number of 1,010,836 cells. Furthermore, the graph illustrates that when the mesh size
increased from 1 million to 3.19 million, the discrete error was 1.56%, which was small and well within
the 5% standard limit. This 3.19 million mesh grid was chosen in all simulations due to the optimal
simulation’s accuracy and low execution time.
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5. Result and Discussion

5.1. Model Validation

The experimental data obtained from the 3-D injector flow and spray simulation were limited
due to the cover inside the injector and dense spray cloud formations. Hence, based on the method
presented above, a simulation system was developed with ANSYS Fluent. For verification purposes,
the experimental results of Yu et al. [41], which used diesel fuel with the same material properties and
operating conditions as in the present numerical study, were compared with the simulation results.
Furthermore, our experimental results were also included in the results. The operating conditions for
the setup were 50 MPa and a backpressure of 3 MPa with 0.16 mm of circular nozzle shape. In this
research, the method to calculate spray cone angle was proposed by Pastor et al. [42]. The MATLAB
software was used to process the captured spray images from both experiment and simulation and the
images were converted into boundary lines as shown in Figure 8, where θ is the spray cone angle, L is
the spray tip penetration, and Ws is the widths of the spray cloud, which were denoted as a length
between the spray cloud borders.
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Figure 9 presents the simulation and experimental spray characteristic of a 50 MPa injection
pressure and 3 MPa backpressure with a 0.16 mm circular nozzle shape. As shown in Figure 9, the
spray characteristic between experiment and simulation were nearly identical at the same ASOI.
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However, our experimental work has a small deviation between simulation and the experiment from
Yu et al. [41] due to the poor resolution of the high-speed camera. Furthermore, it can be found that
the experimental spray characteristic shows a coarse pattern at the nozzle exit due to difficulty for the
experimental work to capture the small structure in the spray. Nevertheless, the numerical technique
was useful to replicate the macro scale characteristics of the spray. Additionally, the quantitative results
of spray performances are analyzed in the next section.
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Figure 9. Comparison of the spray characteristic between simulation and experimental results.

Figure 10 presents the spray tip penetration for a circular nozzle shape with 50 MPa of pressure
and 3 MPa of backpressure for both the experiment and simulation. Based on the comparison results
displayed in Figure 10, the result shows that almost identical results were obtained between the
experiment and numerical simulations for spray tip penetration. Furthermore, the spray tip penetration
average error between the experiment by Yu et al. [41], and current experiment and simulations, were
5.16% and 6.33%, respectively.
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Figure 10. Spray tip penetration growth for a circular nozzle shape with 50 MPa of pressure and 3 MPa
of backpressure for the experiments and simulation.

Figure 11 depicts the spray cone angle for a circular nozzle shape with 50 MPa of pressure and
3 MPa of backpressure for the experiments and simulation. It can be seen from the graph in Figure 11
that the simulation results are quantitatively consistent with the experimental results, and the average
discrepancy between experiment by Yu et al. [41], and the current experiment and simulations was
within about 3.8% and 7.1%, respectively. Based on the assessment, the advantage of the simulation
with Fluent was verified for sufficiently handling the spray formation behaviour. Thus, the present
modelling methodology gave reliable predictions for the spray formation behaviour.
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5.2. Nozzle Flow Simulations

Figure 12 shows the cavitations flow in the diesel nozzle for three different nozzle shapes (circle,
elliptical A, elliptical B) and two different fuel (diesel, hybrid biofuel) with the same injection pressure
(180 MPa) over a different time. In the figure, the red regions contain 100% of liquid fuel and the
blue regions contain pure gaseous fuel. It is apparent from Figure 12 that the cavitations intensity
was more intensive for elliptical A and elliptical B as compared to the circle nozzle shape at the same
injection time. Furthermore, the volume fraction of gas was comparatively bigger for elliptical A and
elliptical B at the same injection time as compared to the circle nozzle shape. In this study, the aspect
ratio of the elliptical nozzle shape was found to affect the cavitations flow. The elliptical B cavitations
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intensity was more intensive than the elliptical A nozzle shape. This discrepancy could be attributed
to the cavitations region that developed near the zone where the fuel flowed back into the nozzle bore.
The elliptical nozzle shape decreased significantly compared to the initial vapor production due to
aerodynamic effects and greater local pressure, thus leading to greater cavitations flow. From the data
in Figure 12, it can also be seen that diesel gave only marginally wider regions of vapour formation.
The cavitations zones were small because of the injector experiencing a very high range of pressure.
Generally, in terms of the cavitations flow perspectives, the diesel and hybrid biofuel acted in the
same way.Energies 2018, 11, x  16 of 26 
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In order to compare and get a better understanding of the injection cavitations evolution, the
transient average liquid velocity in the nozzle for the two fuels and the three nozzle shapes at the
outlet plane is shown in Figure 13. From the graph in Figure 13, it can be seen that the average velocity
for both elliptical A and elliptical B were higher than that of a circular. This is because the elliptical
nozzle shape can hold larger droplets, which contributes to the higher starting momentum when
compared to circular nozzle shape. In addition, the average velocity was increased as the aspect ratio
of the elliptical nozzle shape increased. Despite that, the average velocity for diesel was higher than
that of hybrid biofuel under the same nozzle shape. It seems possible that these results were obtained
due to diesel having much lower viscosity as compared to the hybrid biofuel. Thus, this increased the
coefficient of discharge, and consequently the exit velocity.Energies 2018, 11, x  17 of 26 

 

. 

Figure 13. Outlet Average liquid velocity under 180 MPa pressure for different type of nozzle shape 

and fuel. 

5.3. Spray Simulation Results 

5.3.1. Spray Images Growth 

Figure 14 illustrates the spray images for circular, elliptical A, and elliptical B nozzle types at 

different injection pressures (50 MPa, 100 MPa, 180 MPa) and a backpressure of 3 MPa at 0.9 ms ASOI 

for diesel and hybrid biofuel (RP032MC068). Based on the obtained results, it was shown that diesel 

produced smaller cone angles compared to the hybrid biofuel blend, which yielded a bigger cloud 

after the secondary breakup for both the circular and elliptical nozzle shape. Smaller droplets and 

increased spray angles were discovered when the elliptical nozzle shape was utilized compared to 

the circular shape. This was mainly due to higher aerodynamic effects for the elliptical B nozzle 

shape, which could reduce the droplets size and thus lead to a bigger cloud after the secondary 

breakup. The droplets became smaller when the pressure was increased for both diesel and hybrid 

biofuel. From the observation of the spray characteristic result, the elliptical A and elliptical B nozzle 

shape yielded a larger cloud and slower spray characteristics for the hybrid biofuel blend, whereas a 

thicker and faster spray was produced for diesel fuel. Furthermore, the droplets became smaller when 

the pressure was increased for both diesel and the hybrid biofuel. The capability of the simulation to 

anticipate such occurrences was caused by the comprehensive modelling in the thick main area where 

the primary breakup happened. 
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and fuel.

5.3. Spray Simulation Results

5.3.1. Spray Images Growth

Figure 14 illustrates the spray images for circular, elliptical A, and elliptical B nozzle types at
different injection pressures (50 MPa, 100 MPa, 180 MPa) and a backpressure of 3 MPa at 0.9 ms ASOI
for diesel and hybrid biofuel (RP032MC068). Based on the obtained results, it was shown that diesel
produced smaller cone angles compared to the hybrid biofuel blend, which yielded a bigger cloud
after the secondary breakup for both the circular and elliptical nozzle shape. Smaller droplets and
increased spray angles were discovered when the elliptical nozzle shape was utilized compared to the
circular shape. This was mainly due to higher aerodynamic effects for the elliptical B nozzle shape,
which could reduce the droplets size and thus lead to a bigger cloud after the secondary breakup. The
droplets became smaller when the pressure was increased for both diesel and hybrid biofuel. From the
observation of the spray characteristic result, the elliptical A and elliptical B nozzle shape yielded a
larger cloud and slower spray characteristics for the hybrid biofuel blend, whereas a thicker and faster
spray was produced for diesel fuel. Furthermore, the droplets became smaller when the pressure was
increased for both diesel and the hybrid biofuel. The capability of the simulation to anticipate such
occurrences was caused by the comprehensive modelling in the thick main area where the primary
breakup happened.
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Figure 14. Fuel spray images at 0.9 ms ASOI for elliptical and circular nozzle types: (a) 50 MPa pressure
injection, (b) 100 MPa pressure injection, and (c) 180 MPa pressure injection.

5.3.2. Spray Tip Penetration

Figure 15 provides the spray tip penetration under different injection conditions for the different
types of nozzle shapes at a 3 MPa backpressure. It can be seen from the data in Figure 15 that the spray
tip penetration for the elliptical A and elliptical B was always shorter than that of the circular nozzle
shape. This was due to circular sprays having both smaller spray cloud widths and spray cone angles.
The circular nozzle shape experienced lower aerodynamic drag as compared to the elliptical nozzle
shape and consequently it produced longer penetration. As the injection pressure was increased, the
spray tip penetration turned out to be longer for the similar nozzle shape and backpressure. Further
analysis showed that the type of fuel had a small effect on the different nozzle shape with regard to the
spray tip penetration, although the diesel fuel gave a slightly higher spray tip penetration as compared
to hybrid biofuel blends. Although the nozzle shape had different spray tip penetration values, the
trend was clearly similar for all the curves, where all of them kept increasing.
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5.3.3. Spray Cone Angle

The spray cone angles were plotted versus ASOI in Figure 16 in order to give a better
understanding and compare the performance of different nozzle geometry on spray cone angle
under real engine conditions and high-pressure circumstances. Figure 16 illustrates that when the
backpressure was increased, the spray cone angle also increased for all nozzle spray shapes. For the
elliptical nozzle shape, the aspect ratio of the elliptical nozzle shape was found to influence the spray
cone angle. The spray cone angle for elliptical B was found to be much higher than that of the elliptical
A. However, the elliptical A spray cone angle was greater than that of elliptical B for the initial process.
Later, the spray cone angle for elliptical B increased to be identical or lower for the end process of the
spray. From these results, it appears that the elliptical nozzle shape experienced an axis-switching
phenomenon in a diesel engine with high pressure conditions. These results obtained from the current
investigation are consistent with the spray width results below. Furthermore, it can be seen in Figure 16
that the spray cone angle of the circular nozzle shape was smaller than that of the elliptical nozzle
shape. This discrepancy could be attributed to aerodynamic effects of the elliptical nozzle shape, which
had a bigger cross section and spray surface area than the circular nozzle shape. Another possible
explanation for this is that the elliptical nozzle shape experienced an axis-switching phenomenon,
which is crucial to boost the ratio of the air entrainment [43] and consequently leading to larger spray
cone angle. In addition, the type of fuel on the different nozzle shape has a small effect to the spray
cone angle although the diesel fuel gives a slightly higher spray cone angle than of hybrid biofuel
blends. Based from the obtained results, it was shown that diesel produced smaller cone angles as
compared to a hybrid biofuel blend, which yielded a bigger cloud after the secondary breakup than all
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the nozzle shapes. This happened due to the larger viscosity of hybrid biofuel as compared to diesel,
which caused unstable spray and droplets that effects the production of the spray characteristic.
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5.3.4. Spray Width

The ratio of spray width (WS) over the nozzle hydraulic diameters (D) has been used to compare
the data of spray width. The spray widths were taken into account to compare the spray characteristics
of different nozzle shapes under the real diesel engine and high-pressure conditions. Figure 17 displays
the results of spray width (WS/D) along the spray axis length. As can be seen from Figure 17, the spray
width of the elliptical A and elliptical B nozzle shapes was much larger than that of the circle shape
for all pressure conditions. Furthermore, the spray width of elliptical B was much bigger than the
elliptical A nozzle shape. These results showed that the superior spray atomization and bigger spray
cone angle could be achieved by using elliptical A and elliptical B nozzle shape compared to a circular
nozzle shape. From the graph in Figure 17, it is apparent that the elliptical A and B spray widths
were fluctuating along the spray axis length. This investigation shows that elliptical A and elliptical B
experienced an axis-switching phenomenon under the real diesel engine and high-pressure conditions.
What is interesting in this data is that as the backpressure was increased with the same injection
pressure, the axis-switching phenomenon of the spray width decreased. The current study found that
the aerodynamic effects could be boosted by increasing the backpressure. Another important finding
was that the high-pressure conditions were useful to reduce the axis-switching phenomenon. All the
nozzle shapes demonstrated higher spray width when the injection pressure was increased. It seems
possible that these results were due to a higher difference between inlet and outlet velocity and steady
air and fuel interaction were achieved when the spray velocity became greater under a higher injection
pressure. These findings of the current study were consistent with those of Abramovich [44] who
found that axis-switching was due to pressure differentials in the plane of the vortex ring.
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In this study, the aspect ratio of the elliptical nozzle shape was found to affect the spray width.
The spray width for elliptical B was found to be higher than that of elliptical A. This result may have
been caused by the higher inertia, viscous forces, and rapid changes in pressure for elliptical B as
compared to elliptical A. In addition, the type of fuel in the different nozzle shape had a small effect on
the spray width, although the diesel fuel gave a slightly higher spray width than that of the hybrid
biofuel blends.

6. Conclusions

This study presented a numerical investigation about flow in the nozzle and spray performances
in a standard diesel injector, drawing comparison between the usage of diesel and hybrid biofuel
blends with three different nozzle geometries, which were circle, elliptical A, and elliptical B under
different pressures and backpressures. Some of the most critical findings are summarized below:

1. The nozzle flow simulation results indicated that the fuel type had little effect on the cavitation
area and it is dependence on the nozzle spray shape. The diesel delivered slightly a higher average
velocity than hybrid biofuel under high injection pressure (180 MPa). These behaviors were
generally caused by viscosity and density properties. The cavitations intensity was more intensive
for elliptical A and elliptical B as compared to the circle nozzle shape for the same injection time.
The aspect ratio of the elliptical nozzle shape was found to affect the cavitations flow, where the
elliptical B cavitations intensity was more intensive than the elliptical A nozzle shape.

2. The droplet size of the elliptical nozzle shape was smaller compared to the circular shape due to
higher aerodynamic effects found in the elliptical nozzle shape that could reduce the droplets
size, and thus leading to a bigger cloud formation after the secondary breakup. The evidence
from this study suggests that the droplet size became smaller when the pressure was increased
for both diesel and hybrid biofuel

3. The spray tip penetration of the elliptical nozzle shape was smaller than the circular nozzle shape.
This was due to the circular nozzle having smaller spray widths and cone angles. Further analysis
showed that the type of fuel on the different nozzle shape had a small effect towards the spray
tip penetration, although diesel fuel gave a slightly higher spray tip penetration compared to
hybrid biofuel blends. In addition, the spray tip penetration was affected by the aspect ratio of
the elliptical nozzle shape.

4. The elliptical nozzle shape was larger compared to the circular nozzle shape in terms of spray
cone angles. The spray cone angle for elliptical B was found to be much higher than that of
elliptical A. This indicated that the aspect ratio of the elliptical nozzle shape was found to affect
the spray cone angles. Moreover, the type of fuel on the different nozzle shape had a minor
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influence to the spray cone angles. The results show that diesel produced smaller cone angles
compared to the biofuel blend.

5. The spray widths of the circular nozzle shape were smaller than those of the elliptical A and
elliptical B under all injection pressures and backpressures. However, the fuel type had little
effect on the spray widths for all the nozzle shape. Furthermore, the aspect ratio of the elliptical
nozzle shape was found to affect the spray width.

Further work needs to be done to establish whether the length of the orifice under an ultra-high
injection pressure may contribute to affect the cavitations flow and thus affecting the spray performance
of the diesel injector.
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