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Abstract: Fuel spray characteristics influence combustion, which in turn has a direct impact on
engine performance and emissions. Recently, there has been an increasing interest in novel castor
oil biodiesel. However, few investigations have been performed that combine both numerical and
experimental biodiesel spray analyses. Hence, in this paper, we aim to explore the spray behavior
of castor and jatropha biodiesel by employing numerical and experimental methods under non-
evaporating, varying injection, and ambient conditions. The experimental study was carried out
in a control volume vessel (CVV) at high injection and ambient pressures. The fuel atomization
was modelled in ANSYS Fluent using a Lagrangian/Eulerian multiphase formulation. The results
revealed that the Kelvin–Helmholtz and Rayleigh–Taylor (KHRT) model coupled with the Taylor
Analogy Breakup (TAB) model provide a better estimation of the penetration length (PL) and spray
cone angle (SCA) compared to the KH and TAB models. On average, Jatropha biodiesel (JB-20) and
castor biodiesel (CB-20) showed a 10% to 22% longer PL, 8% to 10.6% narrower spray cone angles,
and 3% to 6% less spray area, respectively, compared to diesel. The numerical predictions showed
that JB-20 and CB-20 had an around 24.7–48.3% larger Sauter mean diameter (SMD) and a 38.6–73.3%
average mean diameter (AMD).

Keywords: spray characteristics; castor biodiesel; jatropha biodiesel; ANSYS Fluent; penetration
length; spray cone angle; Sauter mean diameter

1. Introduction

The world has seen rapid population growth in recent years that has led to the highest
recorded rate of energy consumption, especially in the transportation sector. The major
source of energy in the transportation sector is fossil fuels. Fossil fuels are depleting at a
faster rate than ever before, which is a real threat to our energy security. In addition, they
are a major source of air pollution and environmental degradation on a global level. It
is due to these reasons that researchers are in search of alternative fuels that can reduce
our reliance on petroleum-based fuels and reduce exhaust emissions. Biodiesel fuels are a
renewable source of energy that have become quite popular in recent years because they
do not require any engine modification. Biodiesels are oxygenated fat mono-alkanoic acids
with long chains that can be extracted from various sources such as animal fats, waste oils,
and vegetable oils [1]. Recent studies have revealed that biodiesel can reduce particulate
matter (PM), carbon monoxide (CO), and unburned hydrocarbons (UHC); however, the
number of nitrogen oxides (NOx) are increased slightly [2–5].

Biodiesels have varying physiochemical properties compared to diesel that influence
their spray behavior [6–9]. These properties affect fuel atomization, which is a critical
process that affects fuel–air mixing, combustion, and emissions. Hence, it is imperative
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to study the fuel spray characteristics of any renewable fuel prior to its use in a diesel
engine. Several authors have experimentally investigated the spray behavior in a constant
volume vessel using different flow visualization methods [10–14]. Gao et al. [1] revealed the
spray properties of jatropha, palm, and waste cooking oil biodiesel and observed a smaller
SMD and narrower SCA owing to the higher viscosity and surface tension. Yu et al. [7]
showed similar results using various nozzle geometries. Das et al. [9] studied the effect
of surface tension and viscosity on the spray behavior of castor, neem oil, and sunflower
oil. Mohan et al. [12] investigated the fuel spray properties of waste cooking oil biodiesel
with diesel fuel. Their results showed that the PL and momentum flux were greater for the
biodiesel and both properties increased with the enhancement of the injection pressure (IP).
Agarwal et al. [15] analyzed the spray properties of karanja and jatropha biodiesel. They
concluded that diesel had better atomization and evaporation behaviors than biodiesel. Ulu
et al. [11] investigated the fuel spray properties of canola, corn, cottonseed, and sunflower
biodiesel. They observed a higher PL and SMD and a reduced SCA and spray area for
biodiesel compared to diesel. The spray characteristics of palmorsa biodiesel blends with
diesel fuel were studied by Ramlingam et al. [16], and they found the shortest PL for
neat biodiesel and diesel. The SMD decreased while the spray area was increased with
the enhancement of the IP. The fuel spray behaviors of palm, soybean, used cooking oil
biodiesel, and hydrogenated vegetable oil were revealed by Bohl et al. [17]. They concluded
that the denser and more viscous fuels had a longer PL. the effect of fuel properties on
spray behavior has also been studied in the literature [18–21]. There is a variation in the
flow patterns of biodiesel and diesel for both in-nozzle flow and spray behavior. It has
been reported that biodiesel showed poor atomization quality as it has a longer PL, narrow
SCA, and larger SMD compared to diesel.

The biofuels extracted from nonedible sources have gained much more attention
recently because they do not pose any threat to food security. The castor bean plant is
poisonous for both humans and animals [22]. It has a low production cost and grows
easily under tough climates. Castor Methyl Esters (CaME) have a high flash point, density,
viscosity, and lubricity. They have gained significant attention recently because of their high
oxygen content and cetane number, which improve ignition quality and help to achieve
complete combustion [23]. The literature available on the engine performance, emissions,
and spray properties for castor biodiesel is quite scant. Further research related to spray
properties and engine performance when using castor oil biodiesel is required before
producing it on a commercial scale [24].

Fuel spray dynamics include several physical processes such as in-nozzle cavitation,
turbulence, liquid breakup, coalescence, collision, and evaporation on micro time and
length scales. The injection conditions have a strong influence on the processes carried out
in an engine cylinder, such as fuel breakup, atomization, mixture formation, evaporation,
combustion, and soot emissions in diesel engines [25–27]. A schematic of the fuel injection
process is shown in Figure 1. As the fuel is injected from the nozzle, it disintegrates into
droplets and ligaments known as the primary breakup, while the further breakup into
smaller droplets is known as secondary breakup. Such a rapid and instantaneous process
of high energy droplet disintegration, the formation of jet vortices, and air fuel mixing
shows the complexity of the process [28].

Several authors have studied these phenomena and their effects on external
flow [8,29,30]. Fuel spray is also greatly affected by the conditions in an engine cylin-
der, such as the pressure [31], temperature [32], and flow field patterns [33]. The literature
shows various schemes to model spray behavior and spray properties such as the Eulerian–
Eulerian approach [34] and Lagrangian–Eulerian approach [35]. The first approach proved
quite effective in capturing the near nozzle flow and the primary breakup of the liquid jet.
However, its computational cost was high. On the other hand, the Lagrangian–Eulerian
method is not very computationally intensive and predicts spray behavior with high
accuracy [36,37].
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Several breakup models for modelling fuel spray have been proposed, such as the
Blob, Taylor Analogy Breakup (TAB), WAVE or Kelvin–Helmholtz (KH), Kelvin–Helmholtz
and Rayleigh–Taylor (KH–RT), linearized instability sheet atomization (LISA), Kelvin–
Helmholtz aerodynamic cavitation turbulence (KHACT), and enhanced aerodynamic
cavitation turbulence (EACT) models in an internal combustion engine [38–41]. Ghasemi
et al. [42] employed the Wave and KHRT models for analyzing the spray behavior of
biodiesel and diesel. The results for the KHRT model were closer to the experimental results
because of additional Rayleigh–Taylor (RT) instabilities with respect to incorporating the
secondary breakup. Jing et al. [40] investigated the spray behavior of dieseline fuel using
the KHRT, KHACT, and EACT models. Both the KHACT and EACT models incorporate
the effects of in-nozzle turbulence and cavitation into the fuel spray. However, EACT also
controlled the influence of in-nozzle flow on atomization and due to which it showed better
agreement with the experimental results.

It was observed from the literature that few researchers have revealed the spray
properties of various biodiesels employing both numerical and experimental techniques as
well as the coupling of various sub models and the tuning of model constants to provide
better estimation of fuel spray behavior. According to our survey, no comparative study
related to the fuel spray characteristics of castor oil biodiesel with other second-generation
biofuels and diesel has been performed.

Hence, in this study, we have explored the spray characteristics of castor oil biodiesel
compared to jatropha biodiesel and diesel. A unique combination of the KHRT and TAB
models along with various sub models for modelling fuel atomization, droplet drag, drop
collision, coalescence, and turbulence were adopted using Lagrangian–Eulerian multiphase
formulation. The fuel spray characteristics were observed using different breakup models.
The results were also compared with the experiments and the most suited model was
further used for the estimation of the SMD and AMD. The PL, SCA, and spray area were
investigated under various injection and ambient conditions in a CVV.

2. Numerical Methodology

Lagrangian particle-tracking approach was used for spray simulation in ANSYS Fluent.
Eulerian scheme was used to determine gas phase while the parcels of droplets were tracked
using Lagrangian methodology [43]. Lagrangian–Eulerian multiphase formulation was
employed to model the discrete and continuous phase interaction. Flow characteristics
such as velocity, pressure, density, and temperature for the entire 3D domain were defined
using Eulerian approach. In Lagrangian framework, each particle was tracked individually
as it moved across a continuous gas phase. Both the phases continuously exchanged
momentum, energy, and mass, and were affected by each other. The extent of the effect
was calculated by solving the continuous and discrete phase equations. The drops were
decelerated, and the mass was reduced due to breakup and evaporation. The discrete phase
model (DPM) assumes that the volume fraction of the discrete phase in each computational
cell is less than 0.4. If the value was greater than 0.4, then the software itself assumed it
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to be 0.4 and carried on with further calculation. This problem usually occurs close to the
nozzle and, therefore, the Eulerian approach is more suited to the near nozzle flow.

2.1. Injection Model

Cone injection model was used to inject fuel into the cylinder. First, the injection
coordinates and the direction were given. Afterwards, the properties such as flow velocity,
flow duration, mass flow rate, half cone angle, and temperature were provided. Velocity
vector of the particles was directed according to the SCA defined by the user. The particles
were distributed randomly for solid cone injection of the stream; thus, the same injection
conditions did not necessarily yield the same particle distribution at the same location.

2.2. Primary Atomization Model (Wave Model)

Wave model, also known as Kelvin–Helmholtz (KH) model, presents KH instabilities
to the blob model, and the liquid breakup is mostly induced by aerodynamic forces [44].
The KH model assumes that KH instabilities grow on the surface of the liquid and cause
the droplets to shear off from the surface. Figure 2 shows the schematic of the wave model.
Rate of reduction of the parent drop radius and the size of the new child droplet formed
are related to maximum wavelength (ΛKH) and growth rate (ΩKH) of the fastest-growing
wave on the liquid’s surface, as given below [44]:

ΩKH =
0.34 + 0.38(Weg)

1.5

(1 + Z)(1 + 1.4(T)0.6)

√
σ

ρl(r)3 (1)

ΛKH =
9.02r(1 + 0.45

(
Z)1/2

)(
1 + 1.4(T)0.7)(

1 + 0.865(We1.67
g
)0.6 (2)

Energies 2022, 15, x FOR PEER REVIEW 4 of 19 
 

 

tracked using Lagrangian methodology [43]. Lagrangian–Eulerian multiphase formula-
tion was employed to model the discrete and continuous phase interaction. Flow charac-
teristics such as velocity, pressure, density, and temperature for the entire 3D domain 
were defined using Eulerian approach. In Lagrangian framework, each particle was 
tracked individually as it moved across a continuous gas phase. Both the phases continu-
ously exchanged momentum, energy, and mass, and were affected by each other. The ex-
tent of the effect was calculated by solving the continuous and discrete phase equations. 
The drops were decelerated, and the mass was reduced due to breakup and evaporation. 
The discrete phase model (DPM) assumes that the volume fraction of the discrete phase 
in each computational cell is less than 0.4. If the value was greater than 0.4, then the soft-
ware itself assumed it to be 0.4 and carried on with further calculation. This problem usu-
ally occurs close to the nozzle and, therefore, the Eulerian approach is more suited to the 
near nozzle flow. 

2.1. Injection Model 
Cone injection model was used to inject fuel into the cylinder. First, the injection co-

ordinates and the direction were given. Afterwards, the properties such as flow velocity, 
flow duration, mass flow rate, half cone angle, and temperature were provided. Velocity 
vector of the particles was directed according to the SCA defined by the user. The particles 
were distributed randomly for solid cone injection of the stream; thus, the same injection 
conditions did not necessarily yield the same particle distribution at the same location. 

2.2. Primary Atomization Model (Wave Model) 
Wave model, also known as Kelvin–Helmholtz (KH) model, presents KH instabilities 

to the blob model, and the liquid breakup is mostly induced by aerodynamic forces [44]. 
The KH model assumes that KH instabilities grow on the surface of the liquid and cause 
the droplets to shear off from the surface. Figure 2 shows the schematic of the wave model. 
Rate of reduction of the parent drop radius and the size of the new child droplet formed 
are related to maximum wavelength (ΛKH) and growth rate (ΩKH) of the fastest-growing 
wave on the liquid’s surface, as given below [44]: 

 
Figure 2. Schematic of KH instabilities. 

𝛺 = 0.34 + 0.38(𝑊𝑒 ) .(1 + 𝑍)(1 + 1.4(𝑇) . ) 𝜎𝜌 (𝑟)  (1) 

∧ = 9.02𝑟(1 + 0.45(𝑍) / )(1 + 1.4(𝑇) . )(1 + 0.865(𝑊𝑒 . ) .  (2) 

“r” is the radius of the parent drop, “𝜌 ” is the liquid density, “σ” is the surface ten-
sion of liquid, the gas’ Weber number is denoted as “W𝑒 ”, the Ohnesorge number is given 
as “Z”, and the Taylor number is denoted as “T”. 𝑊𝑒 = 𝜌 𝑉  𝑟𝜎    , 𝑂ℎ = 𝜇 √𝜌 𝜎𝑟  , 𝑇 = 𝑍 𝑊𝑒   

Figure 2. Schematic of KH instabilities.

“r” is the radius of the parent drop, “ρl” is the liquid density, “σ” is the surface tension
of liquid, the gas’ Weber number is denoted as “Weg”, the Ohnesorge number is given as
“Z”, and the Taylor number is denoted as “T”.

Weg =
ρlVrel

2r
σ

, Oh =
µ l√
ρlσr

, T = Z
√

Weg

Size reduction rate of the parent drop is given by:

dr
dt

=
r− rKH

τKH
, rKH ≤ r (3)

The size of the parent droplet will reduce continuously until it meets the criteria of the
KH breakup according to Equation (3) [43]. The size of the daughter drop rKH and time for
breakup τKH are given by [44]:

τKH =
3.276B1

ΩKH ΛKH
(4)

rKH = B0ΛKH (5)
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B0 and B1 are the model constants.
A new droplet parcel with a drop radius rKH is formed when 5% of the mass is shed

from the initial parcel mass. This is known as KH breakup.

2.3. Secondary Breakup Model (KH–RT)

The KH–RT hybrid model [45,46] was presented by Baele and Reitz. This model
combines the effect of KH instabilities with the Rayleigh–Taylor instability. The KH model
governs the primary breakup while the KH–RT model predicts the secondary breakup
of the liquid jet. “Rayleigh–Taylor instability” was introduced by Su et al. [47]. These
instabilities are generated when a fluid of high density accelerates into the medium with
less density like fuel penetrating into air inside the chamber. The breakup of droplets is
related to the instabilities of the fastest-growing wavelengths. The frequency of such a
fastest-growing wavelength is given by:

ΩRT =

√√√√2
[
gt
(
ρl − ρg

)]3/2

3
√

3σ
(
ρl − ρg

) (6)

with corresponding wavelength:

λ =

√
3σ

gt
(
ρl − ρg

) (7)

Here, gt is the acceleration along the direction of drop motion, and it is defined as:

gt = g·j + a·j (8)

Here, the drop acceleration is a and j is the unit vector tangent to drop trajectory. The
model is called “RT Model” after the Rayleigh–Taylor instability theory. The RT breakup
time is given by:

tRT =
1

ΩRT
(9)

Whilst for predicting the diameter of the droplets produced by this process, a statistical
approach is applied based on Gaussian distributions centered upon values proportional to
the wavelength responsible for the breakup. Therefore, if the RT perturbations have been
developing for a time longer than the breakup time, the disaggregation of the droplets is
imposed, and the radius of the droplets so produced is given by:

rRT = CRTλ (10)

Both KH and RT models are inter-related, thus yielding a critical improvement in the
detailed description of atomization processes.

2.4. TAB Breakup Model

This model is mostly used for low Weber number flows as it is established on an
analogy between a deforming droplet and spring mass-damping system. The drop breakup
equation is analogous to the spring mass-damping system:

..
y =

2ρw2

3ρlr2 −
8σ

ρlr3 y− 5µ l
ρlr2

.
y (11)

The deformation parameter y is then correlated both with the breakup of the droplet
and with the drag force due to the droplet’s shape in a streaming air flow. When, for a
single droplet, the distortion parameter reached the critical value 1, the drop was assumed
to breakup, forming a cloud of smaller droplets. The new droplet radii were sampled from
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a normal distribution, the mean value was calculated by superficial energy consideration,
and the number of new droplets was simply derived from the law of conservation of mass.

2.5. O’Rourke Collision Model

This approach is more of a statistical approach than deterministic. The number, nature
of collisions, and coalescence in the flow field are governed by a probability density function.
The only parcels that can collide are those present in the same computational cell. This
reduces the computational time, but grid dependency is increased. A Poisson distribution
predicts whether a collision of drops is within the same parcel or between different parcels.
If several collisions occurred in droplets from different parcels, then another random
number was compared with a parameter containing droplet diameters. The nature of the
collision was identified with the help of relative velocity between the colliding droplets.
Coalescence occurred when these parameters were greater than that of the random number.
If it was lower, then grazing collision [48] would occur, after which droplets only undergo
velocity change but maintain their sizes and temperature. When collision occurred between
different parcels, droplets that underwent collision were removed from the parcels and
the properties of remaining droplets were modified on the basis of conservation of mass,
momentum, and energy.

2.6. Drag Model

It is necessary to determine droplets’ drag coefficients for modelling sprays. ANSYS
Fluent calculates the drag coefficient considering the deformation of droplets. Droplets
prior to breakup took a disc-like shape, which changed the drag coefficient significantly.
Liu et al. [49] proposed a dynamic drag model that replicates the drag coefficient for the
deformed droplet using TAB or WAVE models. If both the collision model and the drag
model are turned on, then drop distortion and distortion velocities are reset after collision.
Mostly, drag model assumes that all the drops are spherical, and the drag for a spherical
object, Cd,sph, is calculated by [49]:

Cd,sph =

{
0.424 Re > 1000

24
Re

(
1 + 1

6 Re0.6
)

Re ≤ 1000
(12)

However, at higher Weber numbers, the droplet profile will resemble that of a disk
and the drag associated with the disk is much higher than the drag of a sphere. So, the
assumption of all the droplets being spherical is unsatisfactory. Droplet distortion effects
were included in the dynamic drag model, whereby the drag force intermediates between
the drag of a disk and a sphere. The coefficient of drag, Cd, was given by

Cd = Cd,sph(1 + 2.63y) (13)

Here, y is the droplet distortion from the TAB model, as determined by the solution of
Equation (10).

2.7. Governing Equations

Incompressible continuity equation was used for mass exchange between the discrete
and the gas phases.

∂ρ

∂t
+

∂(ρui)

∂xi
= 0 (14)

Momentum equation deals with the exchange of momentum among two phases. Left-
hand side of the equation shows the rate of change of momentum and the convective
transport of momentum, while on the other side we have the pressure force, shear force,
and the body force.

∂ρ
→
v

∂t
+
→
∇·
(

ρ
→
v
→
v
)
= −

→
∇(p) +

→
∇·(τ) +

→
F (15)
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Exchange of energy between the two faces was governed by the energy equation. On
the left-hand side, we have the rate of change of energy along with the convective transport
of energy. On the right side, we have the energy transfer terms due to conduction, viscous
dissipation, mass diffusion, and the pressure force.

∂ρE
∂t

+
→
∇·
[→

v (ρE)
]
=
→
∇·
[
(k + kt)

→
∇T +

(
τ·→v

)
−∑

j
hj
→
J j −

(→
v·p
)]

+ Se (16)

There were two species in our flow: one was the discrete phase or fuel droplets and
the other was the continuous phase or the gas phase. For N number of species (N-1), the
equation regarding the number of species was solved. Hence, the one-species transport
equation. On the left-hand side of Equation (17), we have the rate of change of species i
and the convective transport of that species. On the other side, we have the diffusion flux
of species i, which is further determined by Fick’s law.

∂ρYi
∂t

+
→
∇·
(

ρ
→
v Yi

)
= −

→
∇·
(→

J i

)
(17)

Realizable k-ε model [50] was used for modelling turbulence. It is a modified form of
standard k-ε model that was focused to overcome its shortcomings. Several researchers
have applied this model to a variety of flow regimes, particularly jet sprays at high pressure
gradients [51–53]. The performance of realizable k-ε model is much better compared to the
standard k-ε model when dealing with high pressure gradients such as those in jet sprays.

∂(ρk)
∂t

+
∂
(
ρkuj

)
∂xi

=
∂

∂xi

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Gk − ρε−YM + Sk (18)

∂(ρk)
∂t

+
∂
(
ρkuj

)
∂xj

=
∂

∂xj

[(
µ +

µt

σε

)
∂(k)
∂xj

]
+ ρC1Sε − ρC2

ε2

k + (εν)0.5 + Sε (19)

3. Simulation Setup

The droplets are injected using the cone injection model, employing the user-defined
injection properties such as the droplet size, velocity, distribution, and spray cone angle.
The injected droplets are then influenced by the drag, collision, and the breakup models, as
shown in Figure 3. The spray characteristics are dependent on the accuracy of these sub-
models and the injection properties. The drops injected then interact with the turbulence
model of the continuous gas phase, which causes the exchange of mass, momentum, and
energy. At the same time, the relative velocity between the two fluids causes the breakup
model to reduce the drop size. The two-way interaction changes the drops’ direction and
enhances the collision rate, which further affects the droplet drag and breakup phenomena.
The collision model works until the droplet density is high and the velocity of the droplet
is significant. The drag model operates until there is a finite velocity difference between the
droplets and the gas, and the breakup model will continue to simulate the drop breakup
until the Weber number is almost 12. Fluent computes the particle trajectory and keeps track
of its mass, momentum, and heat lost or gained as the particle moves across the continuous
phase. These quantities were incorporated into the calculations of the continuous phase. In
the two-way coupling, both the discrete and the continuous phase equations were solved
alternatively until the solution was converged. The discrete phase possesses significant
momentum at the beginning of injection, so it affects the continuous phase considerably.
That is the reason for using two-way coupling for numerical simulations.
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Mesh Study

Structured mesh was used, which becomes finer as we move from the periphery to
the center of the cylinder. The injection takes place in the center of the left face marked by
the red dot in Figure 4a. Only one jet of the spray is simulated, which is sufficient to study
the spray characteristics and simplifies the modelling process. Five different mesh sizes
were used for the mesh study. Figure 4b,c show that the results were independent of mesh
size after M3, which has 0.753 million cells; hence, it was used for the spray simulations.
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4. Experimental Setup

The experimental setup consists of the spray visualization and fuel injection schemes,
as seen in Figure 5. The spray visualization setup consists of a control volume vessel
(CVV) with three windows for flow illumination and visualization. A pressure gauge
and two valves are mounted on top for the pressurizing and draining of the CVV. Side
windows were used for illuminating the spray field using two led lights of 100 W each, and
the images were captured from the bottom window with a high-speed camera capable of
capturing 1000 frames per second. The fuel was injected at high pressure with the help of an
injection pump through a common rail injection system. The IP was varied by controlling
the motor speed that drives the fuel injection pump.
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for fuel spray visualization.

A six-hole Denso injector was used to study the fuel spray characteristics with hole
diameters of 0.25 mm each. The injector was controlled by the injector driver CR 1000, the
width of the pulse was 600, and the frequency was 10 Hz. The operating conditions for the
numerical and experimental investigations are detailed in Table 1. The spray characteristics
at room temperature were observed at three different injection and ambient pressures.

Table 1. Injection parameters for spray analysis.

Parameter Quantity

Injection pressure (bar) 250, 500, 750
Injection temperature (K) 300

Back pressure (bar) 2, 5, 8
Nozzle diameter (mm) 0.290

Nozzle length (mm) 1.8
Mass flow rate (g/s) 4, 5, 6

Injection duration (ms) 1.5, 2, 2.5
Chamber length (mm) 180

Chamber diameter (mm) 150
Chamber temperature (K) 300

The fuel properties and blending ratios of diesel (D100), jatropha, and castor biodiesel
are shown in Table 2. The diesel was purchased from Pakistan State Oil (2022), Rawalpindi,
with a Euro 5 standard. The castor oil was purchased from a local oil mill in Multan,
Pakistan. The Jatropha oil was extracted using mechanical pressing. The biodiesel was
produced using transesterification. The spray characteristics of the JB-20 and CB-20 biofuels
were then compared to diesel. Among the three fuels, CB-20 had the highest viscosity,
density, and surface tension followed by JB-20 and diesel fuel.

Table 2. Fuel properties of diesel, jatropha and castor biodiesel.

Property Castor Biodiesel
(CB-100)

Jatropha
Biodiesel (JB-100) Diesel D100

20% Jatropha
Biodiesel & 80%

Diesel (JB-20)

20% Castor
Biodiesel & 80%
Diesel (CB-20)

Density (kg/m3) 915.7 881 828 841.6 858.2
Viscosity (mPa.s) 14.72 6.89 2.60 3.47 3.86

Surface tension (mN/m) 34.10 31.2 27.80 28.7 29.11
Calorific value (MJ/kg) 38.262 40.07 [13] 45.796 42.47 [13] 43.89
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Image Processing

The fuel spray was captured in the CVV. To analyze the captured raw images, it
is necessary to separate the spray area using image processing. The sequence of steps
for image processing are detailed in Figure 6. The raw images were captured by the
camera and analyzed by ImageJ software in three stages to quantify the macroscopic spray
characteristics. First, the background was removed, and the figure was cropped and rotated
(Figure 6b). It was then converted to grayscale and a binary image, as shown in Figure 6c,d,
respectively. The spray outline (edge) was determined from the binary image (Figure 6d,e)
using edge detection to obtain the final image used to measure the spray properties. Finally,
the pixels at the edge of this image were identified to quantify spray characteristics such as
the PL and SCA.
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and (e) measurement of image after edge detection.

5. Results
5.1. Comparison of Breakup Models

Three different breakup models were used for analyzing the fuel spray behavior of
diesel. Figure 7a,b demonstrate that the greatest PL was for the KH model as it did not
include the effect of secondary breakup. The KHRT–TAB model showed a reduced PL
compared to the KH model due to the inclusion of Rayleigh–Taylor (RT) instabilities, which
are induced when one fluid accelerates into another fluid causing the generation of waves
in the interface. This led to liquid breakup producing more child droplets with smaller
diameters. The droplet distortion leading up to the breakup is mediated by the TAB model.
However, the TAB model alone showed the lowest PL because of the wide cone angle and
small droplet size that reduced the penetration into the ambient atmosphere.

Figure 7c shows the comparison of the drop diameters for various breakup models
with the Hiroyasu and Arai Model [54]. The smallest drop size was observed for the TAB
model followed by the KHRT–TAB and KH models. Greater drop diameters for the KH
model were observed because it only catered to the primary breakup and, hence, over
predicted the droplet sizes. The TAB model showed the smallest drop sizes as the mode of
breakup for the TAB model was uniform near and far from the nozzle unlike the KHRT
and KH models. The TAB model only mediated the single mode of oscillation, with no
other mode to counter that breakup phenomenon. The greatest spray cone angle (SCA)
was observed for the TAB model, which was almost 24.6◦ as shown in Figure 7d, while the
lowest SCA was observed for the KH model. Finally, the KHRT–TAB model showed good
agreement between the SCA and SMD as compared to the experimental results and the
analytical model [54], respectively. Hence, it was used for the simulations in the subsequent
sections to compare microscopic properties.
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cone angle and its comparison with experimental observations.

5.2. Penetration Length

Figure 8 shows the comparison of the simulated and experimental results for three
different injection and 2-bar ambient pressures. As observed, the simulation accurately
matches the experimental data. The effect of the injection and ambient pressure on the PL
is depicted in Figure 9a–c. Increasing the ambient pressure had a negligible effect on the PL
at the initial stages of the spray. This is because the spray is quite dense in the beginning
and the IPs are much higher in comparison to the ambient pressure. Thus, the effect of
ambient pressure may be neglected. After the initial stage, however, the spray becomes
thinner and dilutes because of the liquid breakup. The effects of the aerodynamic forces
and the ambient condition then increase gradually. The incoming fuel experiences higher
drag at this stage because of the increased probability of drop collision in the diluted region
of the spray. The higher ambient pressure yielded higher ambient densities that led to
greater drag force. Hence, the penetration length decreased remarkably after the initial
stage. Under similar operating conditions, CB-20 showed the greatest PL because of its
higher density and viscosity compared to JB-20 and diesel. The viscous fuels were less
affected by the drag force, whereby the breakup process was reduced. Moreover, the higher
density caused greater momentum, allowing the fuel to penetrate farther. Among both
biodiesels, the PL for JB-20 was closer to diesel because the differences among the viscosity
and density were less in comparison to CB-20.

Increasing the mass flow rate and injection duration increased the momentum of the
fuel that was injected from the nozzle hole, which in turn increased the PL. Figure 9d shows
the penetration length at 500-bar IP and 2-bar ambient pressures at three different injection
durations and mass flow rates for diesel fuel. It was observed that the injection duration
had a negligible effect on the PL at the start of injection until 0.25 ms. This is because at
the initial stage, the PL entirely depends upon the velocity at the exit of the nozzle and the
same IP yields the same jet velocity. After the initial stage, the injection duration started
to affect the PL, as a longer injection duration caused more fuel to exit the nozzle and the
higher momentum of the fuel caused the jet to penetrate further. For the shorter injection
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durations, the spray momentum was not enough to assist the further penetration of fuel.
Thus, longer penetrations were observed for 2.5 ms, followed by 2 ms and 1.5 ms. For much
shorter injection durations, the aerodynamic resistance is much more significant, which
caused shorter penetration lengths.
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5.3. Drop Diameter

The Sauter mean diameter is the most critical parameter used to assess the quality of
spray. It gives a global description of the drop diameter in terms of the drop volume and
surface area. Figure 10a,b reveal that increasing the IP and ambient pressure decreased
the SMD and AMD. A high IP led to a higher injection velocity and greater turbulence,
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while the higher ambient densities offered greater drag towards the incoming fuel. Both
cases enhanced the liquid breakup process and yielded smaller droplet diameters for the
biodiesel and diesel fuels. This caused improved atomization and evaporation, which are
favorable for combustion. CB-20 showed the largest SMD and AMD among the three fuels
owing to its higher viscosity and surface tension in comparison to the other fuels. Higher
viscosity retards the drop breakup phenomenon and decreases the atomization quality.
The drop diameter for JB-20 was almost mid-way between CB-20 and diesel, which is in
accordance with the physical properties of the tested fuels. At IPs of 250 and 500 bar, the
droplet size variation was more prominent. However, at an IP of 750 bar, the variation in the
droplet diameters was greatly reduced in terms of both the ambient pressure and fuel type.
Hence, the mean diameter was less affected by the individual large droplets. The SMD
was not greatly affected by the individual droplets compared to the AMD. That is why it is
mostly used to assess atomization performance. The comparison of these droplets provides
a better understanding of the drop size distribution within the computational domain.
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Figure 10c,d show the SMD and AMD at various axial locations in the spray regime.
Greater drop diameters were observed closer to the nozzle at the axial distance of 5 mm
because the spray was dense at this distance and the effect of ambient pressure was not
significant. Afterwards, as the drops moved further, the spray became less dense, and
the drops were influenced by the ambient pressure. Hence, the drop diameter decreased
and almost remained constant up to 40 mm. At the farthest position, a slight increase was
observed because of the large droplets present at the tip of the spray. They possessed higher
mass to surface area ratios and were more resistant to drag force. Thus, the large droplets
readily penetrate the gas phase.

5.4. Spray Cone Angle

A greater SCA was observed at higher ambient pressure, as seen in Figure 11a, because
of the greater drag offered to the fuel jet. This slows the axial movement of the jet and causes
it to spread radially. A wider SCA was observed for diesel followed by JB-20 and CB-20.
Owing to the reduced viscosity and density of diesel, it was more affected by the drag
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force. Hence, the drop spread in the radial direction was more than that of the biodiesels.
Figure 11b shows the variation in the cone angle with respect to time after the start of
injection at a 500-bar IP. As the injection started, the cone angle increased rapidly and
reached its maximum value and then dropped and became stable after a slight variation at
the start of the injection. The SCA was almost insensitive to the change in the IP. However,
the ambient pressure, nozzle geometry, and in-nozzle flow parameters had a prominent
effect compared to the IP and physical properties of the fuel.
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5.5. Spray Area

Figure 12a,b show the spray area with respect to time after start of injection at 500-
and 750-bar Ips, respectively. It was observed that higher injection and ambient pressures
caused greater spray areas because a higher amount of drag was offered in the case of each
fuel. The exchange of momentum between the droplets and compressed air was more
intense. This enhanced the disintegration process and a greater number of droplets was
formed; hence, the spray area was increased.

CB-20, with the highest viscosity and surface tension, underwent the least amount of
drop disintegration and thus showed the smallest spray area for every tested condition.
The spray area for JB-20 was in between diesel and CB-20. Diesel showed the maximum
spray area because of the wider SCA and smaller drop sizes owing to its lowest viscosity
and density among the tested fuels. The differences among the spray areas for the three
fuels reduced at a 750-bar IP. The effect of the injection and ambient pressures was more
prominent for the spray area than the fuel type.
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6. Conclusions

An integrated numerical and experimental study was carried out to analyze the
macroscopic and microscopic spray characteristics of diesel, castor, and jatropha biodiesels
for a single-hole nozzle with a common rail injection system. The DPM model along with
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various sub models were used to ensure realistic spray simulations. The effects of various
injection and ambient conditions on the fuel spray characteristics were studied. The results
revealed that a longer penetration length was obtained with the KH breakup model as it did
not correspond to the secondary breakup of the liquid jet. The KH’s breakup occurred close
to the nozzle that governs the primary breakup while the RT’s breakup corresponded to the
secondary breakup and caused a reduction in the PL for the KHRT–TAB model. Moreover,
the fuel PL was dependent on the initial IP and the back pressure in an engine cylinder.
Higher injection velocities were induced because of higher Ips; however, at a higher back
pressure, the deceleration rate was higher, and the fuel penetration was reduced. Increasing
the mass flow rate and injection duration had a positive effect on the penetration length,
while increasing the cone angle decreased the penetration length. Increasing the ambient
pressure had a pronounced effect by decreasing the SMD and AMD due to the increased
drag faced by the incoming fuel jet. Finally, the smallest droplet sizes were obtained
using the KHRT–TAB model because of the additional effect of RT instabilities and the
drop distortion parameter as it provided a better estimation of the fuel spray properties
compared to the other models.

Hence, the physical properties of fuel produce a significant effect on spray behavior.
The higher viscosity, surface tension, and density of CB-20 and JB-20 caused longer PL,
larger drop diameters, narrower SCA, and reduced spray areas compared to diesel.

This study could be beneficial to researchers simulating spray behavior including
the effect of in-nozzle flow and nozzle geometry to account for the swirling action of air
and the piston dynamics at high ambient temperatures using novel biodiesel fuel blends
and additives.
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Nomenclature

IP Injection pressure
TAB Taylor Analogy Breakup
KHRT Kelvin–Helmholtz and Rayleigh–Taylor
AMD Average mean diameter
SMD Sauter mean diameter
PM Particulate matter
UHC Unburned hydrocarbons
CO Carbon monoxide
NOx Nitrogen oxides
PL Penetration length
SCA Spray cone angle
CVV Control volume vessel
JB-100 100% Jatropha biodiesel
CB-100 100% Castor biodiesel
JB-20 20% Jatropha biodiesel and 80% diesel
CB-20 20% Castor biodiesel & 80% diesel
CaME Castor methyl esters
KHACT Kelvin–Helmholtz aerodynamic cavitation turbulence
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EACT Enhanced aerodynamic cavitation turbulence
LISA Linearized instability sheet atomization
ΛKH Maximum wavelength
ΩKH Growth rate
ΩRT Frequency of the fastest growing wave
ρ Density
ui Velocity in i direction
τ Shear Stresses
→
F Body Force
E Total energy
k Rate of production of kinetic energy
kt Kinetic energy production rate due to turbulence
hj Enthalpy
→
J j Diffusion Flux
µ Viscosity
µt Turbulent Viscosity
σk ,σε Prandtl numbers for k and ε

Gk Production of kt because of mean velocity gradients
Se, Sk, Sε User-defined source terms
YM Fluctuating dilation factor
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