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ABSTRACT

The liquid fuel breakup mechanism in spray injection with ambient air for diesel and biodiesel at
different fuel temperatures is studied numerically. We find that biodiesel fuel type injection with
low fuel temperature induces more air entrainment volume to the boundary of the spray than die-
sel fuel injection and higher fuel temperature. Meanwhile, the normalized parcel density for bio-
diesel is 12% larger than that of diesel and peaks at a shorter distance along the spray line from
the injection point (42 vs. 46 mm). Biodiesel fuel demonstrates a maximum 0.395 mg/s of air mass
flow while diesel max mass flow is 0.279 mg/s. As a result, the air entrainment volume of biodiesel
to the moving spray area at 1.4ms reaches 3723.98mm° while for diesel the amount is
3151.27 mm>. However, the absorbed y-direction air velocity into the spray core for diesel fuel is
dominant. The results give new insights into air exchange to spray boundary in the near nozzle
and spray tip area: towards the tip of spray the air pushout is remarkable. Higher fuel temperature
leads to slightly lower air exchange flow and entrainment (5.2%), cone angle reduction from 300
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to 325K fuel temperature, and increased surface area:volume ratio for diesel.

Introduction

The prime societal and environmental concerns over the
ongoing climate change stemming from the combustion
aftermath of fossil fuels are not yet fully resolved. The main
challenge is to convert as much as possible of the chemical
potential of fuel with an oxidizer, which is achievable by an
ideal fuel jet atomization that allows the surrounding air to
access the droplets. The stoichiometric air-fuel mixture in
the chamber allows the utmost energy output and ultimate
low gas emission from the exhaust valve [1]. Renewable
fuels are known as a potential alternative for conventional
fossil fuels since they originate from plants in nature and
have alcohol content, which has proven to be more envir-
onmentally friendly. As a result, the spray and injection
characteristics of such fuels (e.g. biodiesel) have been in
the spotlight in recent relevant studies [2, 3]. The use of
biodiesel fuels has been highly promoted, as it helps with
low-emission combustion [4, 5].

The liquid breakup process in fuel sprays is of great
importance. Several studies have examined the penetration,
breakup length and characteristics of the fuel spray consid-
ering liquid and gas properties [6-12]. Fuel spray and com-
bustion characteristics have been studied under different
breakup models and mostly indicate similar patterns, with
slight differences [13, 14]. Spray breakup length and time
can be affected by several factors. Higher injection pressure
and smaller nozzle diameter lead to shorter breakup length
[15]. Liquid surface tension plays an important role in slow-
ing droplets’ breakup [16]. Gao et al. [17] studied the

evaporating fuel spray breakup under the wave breakup
model, considering different breakup constant values.
Having formulated a model coefficient based on ambient
temperature, their new results gave better accuracy in com-
parison to the resuts with a constant value of the coefficient.

Fuel injection temperature can affect nozzle flow cavita-
tion and also the spray atomization process inside the
chamber [18]. It has been found that the injection rate at
different pressures is decreased by an increase in fuel tem-
perature, and the resulting spray penetration length grows
slowly in comparison to the fuel of ambient temperature
[19]. The spray droplet’'s diameter at selected distances
from the nozzle tip in the radial direction decreases with
increasing temperature of the fuel. The discharge coeffi-
cient and droplet velocity are also decreased with an
increase in the fuel temperature [20].

Spray characteristics of gasoline-diesel blends showed
longer penetration length and higher average droplet diam-
eter for neat diesel, and the shortest penetration and lowest
value of droplet diameter for the fuel with the maximum
gasoline fraction. The opposite trend was observed in spray
cone angle [21]. Alternative fuels and biodiesels and their
blends with diesel fuel were investigated in several studies
[22, 23]. Blending pine oil biodiesel with diesel fuel to
reduce soot emissions from combustion was reported to be
beneficial, and it also increased the penetration length and
spray angle to enhance the atomization process [24].

Methyl ester biodiesels have been studied as an alterna-
tive to fossil fuels [25, 26]. It has been shown that the
ambient temperature, compared to the fuel temperature,
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has a larger effect on soybean methyl ester (SME) fuel
Sauter mean diameter (SMD) and penetration length, which
were slightly different at higher fuel temperatures [27]. The
effects of methyl ester biodiesels on internal flow and
injection rate were numerically investigated by Mohan
et al. [28]. Park et al. [29] studied spray and combustion
characteristics of SME biodiesel and diesel fuels. Their
results revealed a serious difference in terms of soot and
CO emissions between the two fuels. Diesel fuel spray
showed a larger cone angle in comparison to biodiesel. It
was also found that the two fuels’ sprays have penetration
lengths in the same range, fluctuating with the energizing
time. In an experimental investigation of soybean biodiesel
and n-butanol spray and their combustion characteristics,
Liu et al. [4] reported that biodiesel had a longer penetra-
tion length in the same injection conditions and n-butanol
had a lower soot concentration.

However, there is a lack of numerical studies that have
investigated microscopic characteristics and properties of
fuel sprays to provide a more precise insight into the fuel
breakup and atomization process. The present study
explores the airflow field and spray-air interaction for diesel
and SME biodiesel with different fuel temperatures and
breakup methods. The distinctive feature of this investiga-
tion is that the air entrainment and pushout from the spray
zone are determined for both fuels. Unlike other studies that
focused on the fuel spraying, this work presents the hydro-
dynamic spray and air interface flow exchange in two frame-
works of moving/adaptable control volume and fixed
boundary encompassing the fully developed spray. To this
end, the transient and cumulative air volume and air mass
flow exchange as the spray evolves are considered, and it is
discovered that in different zones of spray coordinates, we
can observe the dominant entrainment and gas pushout.

The y-component air velocity to spray at different layers
along the spray developed segment is investigated;
research on this topic is scarce in the literature. Different
fuels, fuel temperatures and breakup models are chosen
for the liquid spray-air interaction and spray structure ana-
lysis in the current work. The air y-velocity corresponding
to diesel spray is comparatively higher than that of bio-
diesel. In addition, the spray cone angles for diesel and bio-
diesel are compared as a result of air entrainment and air
mass flow to boundary of the spray.

Mathematical modeling
Spray modeling

The Eulerian-Lagrangian approach was used to evaluate the
gas/liquid momentum exchange inside the combustion cham-
ber. Simulations were carried out employing the AVL FIRE
computational fluid dynamics (CFD) code. The drag function,
as the most important component of the momentum equa-
tion, is defined by the drag coefficient equation [30]:

24
(14 0.15Re,%%7) Rey < 103
CD _ Rede (1)
% Rey > 103
Cp -

Parameters in the nozzle discharge are the initial condi-
tions for in-chamber spray simulation. The initial perturba-
tions on the fuel/gas interface, induced by the cavitation

Table 1. Simulation parameters.

Simulation item Comments/values

Breakup model WAVE, KH-RT
Primary breakup Core injection
Turbulence model K-epsilon

Differencing scheme
Breakup length coefficient
Primary breakup coefficient

Upwind, central difference
C2 =10 (for both models)
C1=10

KH-RT: Kelvin Helmholtz-Rayleigh-Taylor

phenomenon and the shear stress on the orifice internal
wall, facilitate primary breakup and are the main reason for
it [31]. This in turn generates fluctuations on the liquid sur-
face, which grow until the liquid core detachment. The tur-
bulent length scale, which is calculated by the local values
of turbulent kinetic energy and turbulent dispersions,
defines the primary breakup rate of the liquid jet [32].

Wave and Kelvin-Helmholtz and Rayleigh-Taylor (KH-RT)
breakup models were used in this study to predict the
atomization process and droplet diameters. The wave or
KH model [33] in high-velocity liquid jets results in the
child droplets having a diameter lower than that of parent
droplets and equal to the wavelength of the most unstable
surface wave or the fastest growing one. In this model the
surface wavelength is multiplied by the constant C;, corre-
sponding to 0.61, to match the resulting stable radius of
the droplet. In the dominant stripping breakup mechanism
of diesel sprays, the Webber number (We) and Ohnesorge
number (Oh) are of great importance.

The characteristic breakup time for this model is calcu-
lated by:

3.726C,r
Ko @

which is corrected by setting the constant C, according to dif-
ferent injector nozzles. Different values for this constant may
lead to totally different results in atomization length or droplet
diameters [34]. In fact, this constant determines the breakup
length for the liquid jet. The smaller the aforesaid constant, the
shorter the penetration length and the breakup length. The
recommended range for the constant is between 5 and 60.

The wavelength (A) and the wave growth rate (Q) are
defined as follows:

(1 +0.45.0h%)(1 4 0.4.7%7)

A =9.02r
(14 0.87.We,"%7)%°

3)

and

—-0.5
r 0.34 + (0.38.We, '
Q- (/’g ) +( e ”) @)

o (1+ Oh)(1 + 1.4.706)

In the KH-RT model the Kelvin-Helmholtz surface instabil-
ity is accompanied by Rayleigh-Taylor disturbances that
break up the liquid jet. The RT mechanism is characterized
by the growth of surface waves on the droplet under rapid
deceleration, mainly under resistant drag forces. In penetra-
tion lengths with higher values compared to the breakup
length, liquid jet breaks up under the effect of both mecha-
nisms, whereas with lower values the KH mechanism is dom-
inant. The breakup length is given as follows:

Ly = Gdo, /& (5)
Pc

Employing the RT breakup model for the nozzle inlet area
will result in a rapid breakup as this type is suitable for
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Figure 1. Air volume entrainment computations by subdivided conical segments.
r(i): integral element’s inner radius: r(i+1): integral element’s outer radius: AX: integral element’s thickness.

Figure 2. A schematic of the air mass flow exchange from the cone surface area.

] H =100 mm

i
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Figure 3. Discretized geometry of the combustion chamber.

relatively low velocities [35]. Liquid droplets undergoing
drag forces on their trajectory after decreasing of velocities
fit within the range of the RT-type breakup mechanism,
which may result in droplets with relatively larger size. The
simulation approaches and parameters are presented in
Table 1.

Air entrainment into the spray plume

The spray volume and consequent air entrainment can be
interpreted according to the schematic given in Figure 1. To
calculate the spray plume volume, the spray plume is sup-
posed to have been formed from consecutive cone sections
with a precision of 0.5 mm. The cumulative air entrainment
was obtained using the values of cone volumes.

Surface volume

Table 2. Numerical simulation conditions.

Simulation parameter Value
Chamber pressure (MPa) 4
Injection pressure (MPa) 80
Ambient gas temperature (K) 293.15
Fuel Diesel, biodiesel
Energizing time (ms) 1.2

ASOI (ms) 14
Nozzle orifice diameter (mm) 0.3
Nozzle orifice length (mm) 0.8

Fuel temperatures (K) 293, 325, 350, 400
Chamber diameter (mm) 100
Chamber height (mm) 100

The air entrainment is calculated by spray volume
evaluation:

L(t)
1
V(t) = ZgnAX(fiz + Fipa? rifi) (6)
s

where L is the spray length.
The entrainment rate is calculated using the spray vol-
ume values of the two consecutive instances [36]:
. V(t)—V(t—1
vy YOV
At
The spray air entrainment is an underlying characteristic
that defines the air mass flow rate across the spray plane
boundary. This air is then mixed with spray droplets to
form the air-fuel mixture.

(7)

Air mass exchange computation across the
conical surface

In addition, for a better understanding of the considered
research variables’ effect on the flow condition within the
spray chamber, a circumferential cone covering the spray
at its largest evolution is taken to analyze the mass flow
across the cone segment. This parameter computes the
mass flow across those faces within the specified cell
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Figure 4. Comparison of experimental [37] and calculated results for (a) biodiesel penetration length and (b) biodiesel SMD.

Table 3. Fuel properties of diesel and SME biodiesel in a continuous phase
spray simulation [38].

Fuel properties Diesel Biodiesel
Heating value (MJ/kg) 42.126 36.92
Dynamic viscosity (Pa-s @ 20°C) 0.00322 0.00605
Kinematic viscosity (mm?/s) 3.917 6.954
Surface tension (N/m) 314 344
Flash point (°C) 71 160
Cetane number 449 50
Specific gravity (g/mL @ 15°C) 0.848 0.883

selection that corresponds to the surface of a cone given
by two axis points and corresponding radii.

In this context, to quantify the air mass flow across the
conical surface volume, the schematic of the enclosed
spray surface and airflow is depicted in Figure 2. To this
end, the surface plane enclosing the spray is defined, then
the air mass across the plane is calculated using the for-
mula development section of the numerical tool. The air
mass flow crossing the surface boundary is estimated using
the following equation:

x=/

mg = J Paln(X)27x sin (g) dx (8)

x=0

where up(x) indicates the normal air velocity to a surface
plane covering the spray, p, is the ambient air density and
0/2 is the half spray cone angle.

Geometrical modeling and numerical
implementation

Numerical simulation for a non-reacting fuel spray was car-
ried out in a constant volume combustion chamber (CVCC).
The computational volume was discretized and the cell num-
ber was increased to 108,000 cells to acquire grid independ-
ence. The cylinder is 100 x 100 mm? in diameter in height
where the spray is injected via an injector with a 0.3 mm ori-
fice and 0.8 mm in length. The discretized (meshed) domain
used for the spray simulation and subsequent airflow calcu-
lations is illustrated in Figure 3. The simulation properties
applied for the numerical investigation are listed in Table 2.

To ensure the reliability of the numerical setup and
modeling procedure by AVL FIRE and its respective compu-
tational codes, the validation is implemented using experi-
mental data available in the literature. The penetration of
both fuels (diesel and biodiesel; in the numerical frame)
and the experimental data (in the marked lines) are plotted
in Figure 4 during the injection time.
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Figure 5. SMD vs. liquid mass evaporation for different fuels at 293, 350 and 400K fuel temperatures.

The figure shows that the trend of higher biodiesel
penetration compared to diesel is accurately predicted and
the numerical lines follow the experimentally measured
penetration values, particularly in the late injection process.
The slight discrepancy of data in penetration is attributed
to initial breakup model coefficient adjustment and air
drag resistance with jet momentum uncertainty. As seen in
the SMD results, the stabilized simulation data fall within
+2% standard deviation of the experimentally measured
data, which is an acceptable range to confirm the robust-
ness of the numerical model.

Diesel and biodiesel (SME) fuels were used in this study,
and the properties of both fuels are defined in Table 3.
These properties are especially significant in liquid dynam-
ics and hydrodynamics in the breakup process and spray
structure in later evaluations.

Results and discussion

The factors that mostly affect the spray structure are the
liquid specification of the spray such as cohesion force (We
number: wavelength that led to liquid film rupture), dens-
ity, fuel temperature, and viscosity, which contribute to the
spray breakup mechanism. On the other hand, the ambient
air mass flow and entrainment were also found to be influ-
ential in the spray shape and morphology in the big pic-
ture. The increase in the entrainment rate leads to better
provision of the combustion air and affects the air/fuel
ratio. Also, the distinctive findings in terms of ambient air
velocity to the spray plume can specify the locations where
the best mixture is provided before combustion. The drop-
let distribution is also of great importance when investigat-
ing the wall impingement probability and liquid diffusion
inside the chamber. Air entrainment and fluid velocity into
the spray plume at spray borders are two prime factors
that account for the spray atomization quality and can be
used to evaluate the penetration length and the resisting
drag forces across the spray flow.

Figure 5 demonstrates the developed initial spray phase
SMD against the spray liquid evaporation for different fuels
at the considered temperature levels. Smaller spray droplets
tend to be evaporated faster. The rate of primary spray
breakup is intensified at the higher temperature of 400K for

both fuels, since the high-temperature fuel can be disinte-
grated easily with low surface tension and molecular bonds.
Moreover, the SMD-liquid spray follows a logarithmic trend
with R2=0.92, and the approximate equation is as follows:
SMD = —2 x 107° In(liquid evaporation). Due to SME bio-
diesel’s higher viscosity and density, the droplet defragmen-
tation is implemented more slowly than that of diesel; as a
result, its evaporation is sluggish. Figure 5 shows SMD versus
the evaporated mass of the spray (not the injection time). As
a result, according to the different evaporation rates of the
spray, the corresponding droplet size is demonstrated.

Air entrainment parameters

In the current investigation, the airflow has been measured
using two methods to capture the flow field when different
fuels at different temperatures are injected into the cylin-
drical spray chamber. The first parameter is the air entrain-
ment into the spray boundary in volume in either an
instantaneous or an accumulative manner.

Entrained air values for diesel and biodiesel fuels relative
to time are shown in Figure 6a. The spray volume for bio-
diesel fuel is larger than that of diesel fuel. After 0.5ms
from injection initiation, the air entrainment for biodiesel
starts to grow higher than the values for diesel fuel. It is
found that the fuel temperature does not have a major
effect on air entrainment as the values for the two temper-
atures are barely different from each other. However, a
slightly higher air entrainment volume is detected for
colder fuel (293K), which is attributed to the larger spray
droplet size in the low-temperature fuel. When the fuel
temperature increases, the viscosity decreases, and subse-
quently, the surface tension also decreases and the
breakup process generates smaller spray droplets/parcels.
The higher accumulated air entrainment volume for bio-
diesel stems from its higher biodiesel density which gains
momentum as it is injected downstream and the denser
droplets take in more ambient air towards the spray central
axis. The divergence between the air volumes entrained
into the spray cone of diesel and biodiesel increases with
the spray evolution, and at 1.4s after start of injection
(ASOQI), there is a 13.5% gap.
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Figure 6. (a) Accumulated air entrainment for biodiesel and diesel fuels; (b) air entrainment rate for different breakup models; (c) air entrainment rates for bio-

diesel and diesel fuels.

The entrainment rate has also been calculated from two
consecutive plumes of spray. Results show that for the first
0.6ms of spray evolution, the entrainment rate increases
over time; after 0.6 ms of injection it starts to fluctuate and
does not follow a specific trend. Figure 6b shows the ambi-
ent airflow rates into the spray plume. To investigate the

effect of atomization on spray volume and air entrainment,
two breakup models (wave and KH-RT) were used. Figure
6c shows the results of air entrainment from two different
breakup models. It can be seen that there is no major dif-
ference in total entrained air, although during the primary
breakup, the wave model causes higher air entrainment. In
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Figure 7. Average normal velocity of entrained air, for biodiesel and diesel fuels.
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Figure 8. (a) Two-dimentional spray plume and Y-velocity component of local entrained air, at spray plume surface at 1.4 ASOI; (b) Y-velocity component of
instantaneous entrained air, for biodiesel and diesel fuels, with respect to the distance from nozzle tip.

the KH-RT model, two factors - surface waves (KH) and dis-
turbances (RT) - compete for the breakup, while in the
wave model the initial growth perturbation and wave-
length effects are set for surface liquid disintegration.
Figure 7 illustrates the average magnitude of the
entrained air velocity, normal to the spray surface. It is
seen that the overall trend is the same for different cases,
i.e. at the beginning of injection, the average velocity has
the highest value. As the spray evolution continues, the
spray surface area grows and the entrainment velocity
decreases. The velocity magnitudes for diesel fuel have
relatively higher values in comparison to biodiesel fuel until
1ms ASOIl. After this time, the values for diesel and bio-
diesel fuel lie within a similar range. The fuel temperature
has no significant effect on the overall velocity of the
entrained air to the spray area. However, at the initial

injection period, the entrained air velocity for the high-tem-
perature fuel is higher. The higher temperature fuel is dis-
integrated easily due to low viscosity and density.
Therefore, the surface of the spray is porous and lets the
air enter with higher velocity.

Increasing the fuel temperature decreases the fuel dens-
ity and also viscosity in both diesel and biodiesel, and the
two fuels show similar reactions to ambient air entrainment
values by decreasing the ambient airflow into the spray.
However, this trend is not the same in terms of the aver-
age ambient air velocity into the spray, and this may vary
according to different surface tensions and viscosities.

Figure 8a shows the spray plume and the local velocity
component of Y normal to the spray boundary at 1.4ms
ASOL. The air output from the spray plume is obvious in
the last part of the spray. This is the pushout zone for the
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Figure 9. Y-velocity component of locally entrained air, for biodiesel and diesel, in different surfaces corresponding to different liquid densities.
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Figure 10. Temporal variation in the air exchange rate for (a) different fuels and temperatures, and (b) breakup models.
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Figure 11. Scaled instantaneous air mass flow to spray boundary corresponding to p; = 3.0 kg/m? for diesel and biodiesel at different fuel temperatures of

293 and 350K.

spray characterized by the head vortex leading to the out-
ward velocity vectors [39]. Figure 8b illustrates the velocity
magnitudes for the upper half of the spray plume consider-
ing that the positive values are the air velocity for the air
output region of the spray.

Figure 9 shows the Y component of local air velocity
which is calculated considering two different surfaces that
surround the spray plume. The two surfaces correspond to
different liquid droplet densities. The velocity magnitude in
the region with higher liquid density is an important factor
for better atomization, as it penetrates directly to the liquid
core. The values of velocity for the diesel fuel are higher
than the values for biodiesel, which facilitates better atom-
ization in diesel fuel.

Air mass exchange values across the conical surface

The second parameter of interest is the air mass flow
across the conical fixed boundary, which encloses the spray
at its final developed status. In this way, the air fluctuation
or air recirculation can be determined in the area close to
the spray as an indication of hydrodynamic turbulence
induced by the spray injection. The difference between the
two methods is that the air entrainment just shows the
amount of air that is sucked into the spray boundary as it
grows, but the second exhibits the air exchange from a
fixed boundary around the spray that is the best outlet for
transient flow field variation.

The temporal mass flow rate of air across the conical
surface is plotted for different cases under investigation.
During an interval of 0.4-0.7 ms, an average outflow of air

from the conical surface can be observed, and after 0.7 ms
onwards, the growing average air mass flow to spray is
noticeable according to Figure 10a. The SME biodiesel
spray at a subsequent stage of spray evolution absorbs
more air mass than diesel, because of its denser liquid
droplets with higher momentum that take in more air. The
high-temperature fuel (either diesel or biodiesel), at the
late injection period, has lower air mass flow and air vel-
ocity (see Figure 7). It can be inferred that at T=350K the
spray has a smaller droplet size and a larger spray outer
dimension since the fuel breakup occurs at a higher rate
due to the lower viscosity and surface tension at a higher
temperature. Figure 10b compares the wave and KH-RT
breakup modeling effect on air mass across the boundary
zone prediction. As shown, the wave model overestimates
the air mass flow entrained towards the spray. Since, in the
KH-RT model, the secondary breakup or atomization is
taken into account (leading to tiny droplets), the liquid
momentum causes less air to be taken inside the
spray cone.

To determine the spray boundary region, the liquid
droplets’ density contour is employed and the light blue
region around the outer spray in Figure 11 with p =
3.0kg/m? is set for the ambient spray in calculations. To
study the effect of ambient airflow inside the spray on the
droplet atomization and the local dispersion, the air mass
flow exchange across the control surface surrounding the
plume, which corresponds to the contour of the fluid dens-
ity of 3.0kg/m>, was calculated. The instantaneous local air-
flow, across the control surface, is shown in Figure 11. As
Figure 11 clearly shows, from the start of the injection until
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Figure 12. Normalized parcel density distribution along spray plume axis: (a) fuel type effect; (b) fuel temperature effect; (c) breakup model effect.

0.8ms ASOI, sprays with higher injected fuel temperature higher fuel injection temperatures. At the early stages of
have greater entrainment values and let relatively higher injection, the air pushout rate, which corresponds to the
magnitudes of air into the spray plume. This can be negative values, is relatively higher in the case of the fuel
accounted for by the lower diameters of spray droplets at temperature of 293K, which conforms to the fact that the
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spray cone angle is larger for lower fuel temperature in
both fuels under investigation. Diesel fuel spray has com-
paratively more zero airflow points, which show the ten-
dency to push the air out of the plume surface which leads
to better spreading of droplets in the ambient and larger
cone angle. That is to say, biodiesel has more air entrain-
ment than air outflow to the spray boundary, which implies
a larger spray volume for biodiesel.

At T=350K, diesel has reached its flash point (see Table
3), while for biodiesel a higher temperature is required for
the flash point. As a result, the diesel evaporated region
covers the spray circumference and provides resistance to
air penetration. This is the reason that more air mass flow
to the spray of biodiesel is observed in Figure 11.

Spray characteristics

The parcel density distribution along the spray cone axis is
shown in Figure 12a for different fuel types, liquid fuel
temperatures, and breakup models. Since two different
fuels with different physiochemical characteristics are
applied for testing, ten the spray parcel density should be
distinguishable and the fuel with a denser specification
demonstrates a lagged trend in parcel density distribution
since it takes more effort to cope with the atomization of
this fuel. Once the injection has started, the initial droplet
at the size of the nozzle hole diameter will be generated

and the following droplets will be smaller. The maximum
parcel density for SME biodiesel is delayed, and it has a
lower density compared to its diesel counterpart. Biodiesel
is a denser and more viscous liquid, hence its atomization
and liquid jet disintegration are more difficult. As a result,
the spray tip penetration is longer for the SME biodiesel
and the peak normalized parcel density reaches its peak at
0.046 m, while this happens for diesel at 0.042m.

The effect of fuel temperature on parcel density along
the spray for SME biodiesel is shown in Figure 12b. The
high-temperature fuel has a lower surface force and is ther-
fore prone to easier breakup with RT instability. As fuel
temperature increases, shorter penetration of the spray and
a lower breakup time is expected. According to Figure 12c,
the wave breakup model significantly underestimates the
normalized parcel density compared to the KH-RT model
(about 50% at x =0.049 m).

Figure 13a displays the spray penetration variation with
fuel temperature for diesel and SME biodiesel. The bio-
diesel is denser than diesel, and thus the injected fuel from
the injector gains more momentum under the same oper-
ational conditions; this trend is observed in all tempera-
tures of fuel. Increasing the fuel temperature, however,
caused a consistent penetration length. Increasing the fuel
temperature leads to better breakup and atomization since
the viscosity would decrease and the surface tension and
We., would also subsequently decrease. As temperature
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Figure 14. Volume-weighted cumulative size distribution of (a) biodiesel and (b) diesel.

increases from 293K to 400K, the penetration of spray
declines by 6.1% and 59% for biodiesel and diesel,
respectively.

Figure 13b shows the SMD of the spray droplet with the
fuel temperature for both diesel and biodiesel, where the
mean droplet diameter consistently decreases with tem-
perature. Since biodiesel has a higher density and viscosity
than diesel, the breakup process of biodiesel is lengthier
and it is more difficult to disrupt the surface cohesion of
the liquid [40, 41]. As a result, the biodiesel showcases
higher droplet size characterized by higher SMD parame-
ters for all fuel temperature cases. On the other hand,
increasing the fuel temperature from 293 to 400K leads to
SMD reduction by as much as 37.2% for biodiesel and
36.7% for diesel. This is due to the weakened surface ten-
sion of the fuel liquid and the viscosity reduction that hap-
pens with fuel temperature and the subsequent loss of
resistance against the flow oscillation.

Spray droplet size distribution is illustrated in Figure 14a
for the biodiesel fuel and in Figure 14b for diesel fuel. The
figure shows that the volumetric diameter of spray droplets
based on the time ASOI for biodiesel is relatively larger.

The Dv parameter represents the volume-weighted cumula-
tive size distribution below which the specified percentage
of parcels are found.

The spray cone angle trend with fuel temperature for
the two fuels (diesel and biodiesel) is shown in Figure 15a.
The cone angle of biodiesel is comparatively lower than
that of diesel, and both fuels show no sensitivity to fuel
temperature after 325K of fuel temperature. Biodiesel
resists breakup due to its higher viscosity, and droplets
that are accelerated axially have less deviation radially. The
findings show that diesel has greater spray angle reduction
(10.5%) compared to biodiesel (5.9%) during the initial fuel
temperature increase, i.e. from 300 to 325K. Further fuel
temperature increase from 325K onwards causes no
change in spray cone angle variation since this is the tem-
perature that produces weakened viscosity of the fuel and
extra fuel temperature increase does not affect spray cone
angle. The critical We number is a criterion for the surface
tension and liquid breakup threshold; the variation of this
parameter with time is displayed in Figure 15b. As seen,
the critical We of biodiesel is lower than that of diesel fuel;
accordingly, diesel undergoes higher hydrodynamic
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instability and therefrom it is atomized more easily [42].
This is why the SMD of diesel is lower than that of bio-
diesel. The results are also consistent with the cone angle
difference between the two fuels, since the higher breakup
rate of diesel results in higher droplet scattering and higher

spray cone angle. It can be argued that biodiesel shows
greater resistance against surface disturbances induced by
the drag force of ambient air, which comes from the higher
density and viscosity of biodiesel. According to the liquid
fuel Weber number (We,), equal to We, = M’, the lower
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surface tension (o) leads to a higher We number. Diesel
fuel, with its low surface tension, has a higher We number
and the liquid structure disintegrates against air drag force
more easily [43].

The ratio of the outer surface area to the entrained air
volume of the spray is an indication of spray inflammation,
which is shown with respect to fuel temperature in Figure
16. This ratio follows a certain trend and decreases with
the spray evolution. It is observed that by increasing the
fuel temperature the ratio shows different behavior for die-
sel and biodiesel. Diesel fuel, due to its better atomization
process and wider droplet scattering, has a higher spray-
enclosed surface than biodiesel, while, on the other hand,
biodiesel, because of its higher density compared to diesel,
entrains more ambient air to the spray core. As a result,
the ratio for diesel fuel is higher than that of biodiesel. In
the biodiesel fuel, the higher temperature fuel has a
slightly lower ratio since the effect of air entrainment is
dominating the spray enlargement, so this causes spray
deflation with the fuel temperature. The opposite pattern
is noticed for diesel fuel, where lower air volume is
entrained when the spray outer surface has been stretched
with temperature.

Conclusion

A numerical investigation is carried out to analyze the
spray and the entrained air for two fuels, diesel and bio-
diesel, at different temperatures. The air mass flow and
entrained air are measured in two distinctive ways, i.e. the
fixed conical volume around the fully evolved spray and
the moving adaptable volume as the spray grows. The fol-
lowing are the highlights of our research findings:

e [t is determined that there is a logarithmic trend/
approximation between the SMD of liquid droplets and
the spray mass evaporation, with a confidence coeffi-
cient of R* = 0.927, where the high-temperature fuels’
(400 K) gradient is stronger which means high-tempera-
ture fuel SMD decreases rapidly as evaporation occurs.

e The biodiesel air entrainment and mass flow
exchange in this work present new findings. The air
mass instantaneous fluctuations around 0.4-0.6 are
severe, and later on (towards the final spray evolu-
tion at 1.4 ms) they decrease. Biodiesel, compared to
diesel, has larger peak and temporally averaged val-
ues since biodiesel’s denser droplets induce stronger
momentum flow to entrain the surrounded air.

e The entrainment volume rate and cumulative volume
corresponding to biodiesel fuel in the low-tempera-
ture (293 K) case (4902mm3/ms and 725mm?,
respectively) are the highest, and this means that
denser, larger ligaments of spray allow more air to
penetrate the spray cone, which can be interpreted
as the permeable surface of the biodiesel spray area.

e The entrained air mass flow contributes to the spray
penetration length, and it takes more time when the
air drag decelerates against larger biodiesel droplets.

Nomenclature

ASOI
Cias

After start of injection
Breakup coefficients

Cp Drag coefficient
G Cunningham correction factor
CFD Computational fluid dynamics

CvCC Constant volume combustion chamber
do Droplets’ initial diameter
Dy Particle diameter

KH Kelvin Helmholtz

Ly Breakup length

L(t) Spray plume length

my Particle mass

Oh Ohnesorge number

r Droplet radius

Req Particle Reynolds diameter
RT Rayleigh-Taylor

SMD Sauter mean diameter
SME Soybean methyl ester

u Ambient flow velocity

v Parcel velocity

Vv Spray volume

V(t) Entrainment rate

We Weber number

0 Spray angle

Ta Breakup time

Pd Droplet density

Pe Gas density

A Wavelength

Q Wave growth rate
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