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Biodiesel Spray Characteristics
and Their Effect on Engine
Combustion and Particulate
Emissions
Spray analysis is used to characterize the fuel spray evolution and spray shape, which
affects in-cylinder combustion and particulate emission characteristics of compression
ignition (CI) engines. In this study, spray evolution of biodiesel blends and mineral
diesel was captured using a high-speed charge coupled device (CCD) camera at different
fuel injection pressures (FIPs) and ambient pressures (APs) in a constant volume spray
chamber (CVSC). Results showed that spray parameters were significantly affected by
FIP and AP. Higher FIPs resulted in longer fuel spray penetration length (Ls) and
reduced spray cone angle (As). However, AP variation showed an exactly opposite trend
of Ls and As. Increasing AP resulted in shorter Ls and increased As. Fuel properties also
affected the spray characteristics, which slightly improved for lower biodiesel blends
(B20: 20% v/v blend of biodiesel with mineral diesel) and then degraded for higher biodie-
sel blends (B40: 40% v/v blend of biodiesel with mineral diesel) with respect to baseline
mineral diesel. The effects of these findings of fuel spray analysis were validated using
engine experiments, which were performed in a single-cylinder research engine using iden-
tical test fuels and fuel injection parameters. Relatively superior combustion of B20-fueled
engine and lower particulate emissions at higher FIPs showed good agreement with spray
results. [DOI: 10.1115/1.4045923]

Keywords: spray characteristics, fuel atomization, biodiesel, spray evolution, combustion,
particulates, renewable energy

1 Introduction
The homogeneity in fuel–air mixture in the engine cylinder

directly affects combustion, performance, and emission characteris-
tics of diesel engines [1,2]. For diesel engines, it is desirable that
fuel spray jet should enter the combustion chamber with high veloc-
ity and fuel spray should atomize into fine droplets. Smaller fuel
droplets enable rapid vaporization of fuel, promoting fuel–air
mixing [3]. Therefore, it becomes necessary to study spray charac-
teristics such as spray evolution, spray breakup, and fuel atomiza-
tion in the engine combustion chamber. However, this is very
challenging due to intense and continuously changing in-cylinder
conditions. For such investigations, the availability of optical
access is the most critical requirement. Therefore, many researchers
performed experiments in a constant volume spray chamber
(CVSC), where actual engine combustion chamber conditions
were created, except temperature and turbulence. Such experiments
are termed as “cold chamber experiments,” and spray investigations
are performed in the absence of combustion. Visualization of spray
in the CVSC shows the liquid fuel distribution, which provides
useful information about spray evolution and macroscopic spray
parameters such as spray penetration length (Ls), spray cone angle
(θs), and spray area (As). These macroscopic spray parameters are
determined by using segmentation processing of the images cap-
tured by high-speed CCD camera. Ls represents the longitudinal
limit of fuel spray droplet distribution inside the combustion
chamber, which can be measured as the distance between the
tip of the injector nozzle to the farthest point, where the spray
diminishes. θs represents the width of the spray, which is defined

as the angle created by the tip of the injector nozzle and tangents
drawn on the spray boundary. As is defined as the area covered
by fuel spray droplets within the spray regime, which can be calcu-
lated as the sum total of the image pixels captured by the CCD
camera [3,4].
In CVSC experiments, fuel is injected in the pressurized chamber

through an injector nozzle at constant fuel injection pressure (FIP).
The ambient pressure (AP) inside the CVSC can be taken as the
in-cylinder pressure at the time of fuel injection for better accuracy
of the results. Both parameters, FIP and AP, are important for diesel
engines, which should be optimized according to engine operating
conditions [5]. Several researchers carried out spray investigations
in the CVSC to assess the effect of FIP and AP on macroscopic
spray characteristics. Roy [6] reported that the combination of opti-
mized start of injection (SoI) timing and FIP resulted in less odorous
emissions from diesel engines. Li et al. [7] performed spray exper-
iments using blends of oxygenated additives with mineral diesel at
different FIPs and reported that Ls increased with increasing FIP.
They also investigated the effect of AP on fuel’s macroscopic
spray characteristics. It was found that increasing AP of CVSC
reduced Ls; however, spray plume became wider compared with
lower AP conditions. At higher AP, increased ambient air density
played an important role and enhanced ambient resistance, which
reduced the axial momentum of the fuel spray. Mohan et al. [8]
reported that θs was not affected significantly by FIP; however,
AP variations showed a significant effect on θs. Agarwal et al. [9]
also reported that increasing FIP was beneficial for spray optimiza-
tion and resulted in lower emissions compared with engines operat-
ing at lower FIPs. Variations in AP became more critical for
advanced combustion techniques, where fuel was injected very
early (in presence of low in-cylinder temperature and pressure con-
ditions) in the compression stroke for improving the fuel–air
mixing. Agarwal et al. [10] critically reviewed the spray character-
istics of common rail direct injection (CRDI) diesel engines and
reported that FIP and SoI timings should be optimized according
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to engine operating conditions, in order to avoid fuel spray impinge-
ment on the cylinder walls and also to enhance fuel–air mixing.
In the last few decades, researchers have also focused on the

development of technologies for the utilization of alternative fuels
such as biodiesel, alcohols, etc. in diesel engines. Among different
alternative fuels, oxygenated fuels are preferred due to their higher
fuel oxygen content, which reduces particulate formation during
combustion [11–13]. However, these alternative fuels have different
properties such as density, kinematic viscosity, volatility, surface
tension, boiling temperature, etc. which also play an important
role in spray formation, spray evolution, and spray atomization
[4,14–16]. Hence, it becomes necessary to explore the effects of
these alternative fuels on the spray characteristics. Kegl and
Lesnik [17] compared the macroscopic spray characteristics of bio-
diesel and mineral diesel, and they reported that biodiesel had a
longer Ls compared with baseline mineral diesel. Yu et al. [18]
also performed spray experiments using biodiesel and baseline
mineral diesel and the results showed relatively lower θs and As

for biodiesel compared with baseline mineral diesel. These
studies suggested that biodiesel has relatively inferior spray atomi-
zation characteristics compared with baseline mineral diesel, which
adversely affects fuel–air mixing, leading to inferior engine perfor-
mance and emission characteristics. Therefore, researchers sug-
gested that if mineral diesel is to be replaced by biodiesel, then it
becomes essential to optimize the fuel injection parameters accord-
ing to the properties of new test fuel [5,19–22]. Tat and Van Gerpen
[19] reported that the use of biofuels in diesel engines require
advanced fuel injection timing due to relatively higher bulk
modulus of ethyl and methyl esters of soy oil compared with base-
line mineral diesel. Sayin et al. [20] also reported that methyl esters
required advanced fuel injection timings for reducing hydrocarbon
(HC), carbon monoxide, and particulate emissions. Few researchers
suggested that biodiesel spray characteristics can be improved by
using second-generation biodiesel [23]. Pachiannan et al. [24]
reported that hydrogenated catalytic biodiesel showed relatively
shorter spray liquid length compared with mineral diesel, which
resulted in relatively superior fuel atomization and reduced possibil-
ity of spray wall impingement.
Most studies in the open literature focused either on fuel spray

characterization or on the engine combustion and emission charac-
teristics. Very few studies are available, which validated the find-
ings of spray investigations through the combustion and emission
results of engine experiments. In this study, spray investigations
have been carried out in a CVSC using three test fuels, namely,
B20 (20% v/v blend of biodiesel with mineral diesel) and B40
(40% v/v blend of biodiesel with mineral diesel) and baseline
mineral diesel at different FIPs (400, 700, and 100 bars) and APs
(10, 20 and 30 bars). Spray evolution images were captured by a
high-speed CCD camera and images were analyzed for understand-
ing spray evolution and calculation of macroscopic spray parame-
ters, namely, spray penetration length (Ls), spray cone angle (θs),
and spray area (As). The findings of these spray investigations
were validated through engine experiments using similar FIPs and
ambient conditions. Engine experiments were performed in a
single cylinder research engine fueled by all three test fuels. Fuel
injection parameters such as FIP and SoI timings were selected
according to the in-cylinder conditions of the spray experiments,
in order to minimize the experimental errors. Results of spray exper-
iments were compared with the in-cylinder combustion and partic-
ulate emission characteristics of the test engine, which were
expected to be significantly affected by fuel’s spray characteristics
in a diesel engine. A qualitative correlation between the fuel’s spray
parameters and engine’s combustion and emission characteristics
remain a novel and innovative aspect of this study.

2 Experimental Setup and Methodology
For this study, an experimental setup was designed to investigate

the spray characteristics in a cold, non-reacting environment

of a CVSC. In this setup, spray experiments were performed
under similar conditions as that of the engine combustion
chamber, but without the turbulence and heat release conditions.
This experimental setup consisted of four sub-systems, namely,
CVSC, fuel injection system, chamber pressurization system, and
image acquisition system. The schematic of the experimental
setup is given in Fig. 1.
To investigate the spray characteristics, a cubical shaped constant

volume spray visualization chamber (CVSC) was designed at the
Engine Research Laboratory, IIT Kanpur [25]. This cubical spray
chamber had four side flanges for optical access (for illuminating
the chamber using an intense, flicker-free white light source and
for capturing spray evolution images using a high-speed CCD
camera), one flange at the top (for mounting the solenoid fuel injec-
tor) and one flange at the bottom (for N2 inlet, N2 outlet, and for
mounting a pressure gauge). The chamber was pressurized by
using nitrogen gas and the chamber pressure was controlled by a
pressure regulator, which was fitted on to the nitrogen bottle con-
nected to the spray chamber. A pneumatic high-pressure fuel
pump (Maximator; G300 LVE) was used for supplying the fuel to
the solenoid injector (Bosch; CP3 VCO) through a common rail.
This pneumatic pump works on the principle of “pressure intensi-
fier.” The outlet pressure was calculated by the transmission ratio
between an air piston and plunger, multiplied by the drive ratio.
A custom-built injector driver (NI; 780718-01) was used to
control the injection parameters of the peak and hold type solenoid
injector. The injector driver system had a reverse polarity circuit,
integrated controller and chassis (NI; CompactRIO-9022), direct
injector driver modules (Drivven; D000020), and digital input
module (NI; NI-9411). Triggering of fuel injector was synchronized
with the CCD camera in order to eliminate the delay between the
fuel injection and the captured images.
A high-speedCCD camera (Photron; Fastcam 675K-C1)was used

to capture the spray images. Two mirror stands were fabricated and
used, which provided the desired view for capturing the spray evolu-
tion images. To illuminate the spray in the CVSC, a flicker-freewhite
light source (NaBa Green; 24W) was used. This white light source
was capable of producing high-intensity light (36,078 lux, 10 cm
from the source and 1523 lux, 50 cm from the source). Captured
images were processed using a MATLAB code, in which the original
spray image was transformed into a binary image, wherein the
pixel representation for the background (dark region) was “0,”
while the pixel representation for spray (bright region) was “1.”
The intensity of the image was varied using the Gaussian threshold
factor multiplied to the original spray image, which provided the
boundary of the spray. After imposing the injector tip details in the
binary image, various macroscopic spray parameters were calcula-
ted. For validation of spray results, engine experiments were carried
out in a single-cylinder diesel engine. This enginewas equippedwith
a common rail direct injection (CRDI) system, which injected fuel
upto 1600 bar FIP. Fuel injection parameters of this engine were
controlled by an electronic control unit (ETAS; ETK 7.1), through
which, upto four injections could be done in a single-engine cycle.
Other details of the test engine could be seen in our previous publica-
tions [26,27]. For combustion analysis, a dedicated high-speed data
acquisition (DAQ) system (AVL; Indimicro) was used, which
acquires data from the piezoelectric pressure transducer (Kistler;
6013) synchronised with the angle encoder (AVL; 365). This DAQ
systemwas capable of acquiring, storing, and analyzing the combus-
tion data simultaneously [26]. Particulates emitted in the engine
exhaust were measured using an engine exhaust particle sizer (TSI;
EEPS 3090), which was capable of measuring particles in the size
range of 5.6 nm to 560 nm. EEPS is suitable for internal combustion
(IC) engines because it can measure up to #108 particles/cm3 of the
exhaust gas. The working principle and detailed technical specifica-
tions of EEPS can be seen in our previous publications [28,29].
Table 1 shows the comparative properties of various test fuels.
Table 1 shows that increasing biodiesel content in the test fuel

increased the viscosity and density. These two properties are very
important for spray characteristics [19,20].
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3 Results and Discussion
Results of this experimental study are divided into five sub-

sections, namely, effect of FIP on spray development, effect of
AP on spray development, effect of fuel composition on spray
development, comparison of macroscopic spray parameters of dif-
ferent fuels at different FIPs and APs, and experimental validation
of the spray results using engine experiments. To investigate the
effects of FIP and AP, spray experiments were performed using
mineral diesel only; however, all three test fuels were used for
investigating the effect of fuel properties.

3.1 Effect of Fuel Injection Pressure. Figure 2 shows the
spray images of mineral diesel captured by a high speed camera
(frame rate= 10,000 fps) at three different FIPs (400, 700, and
1000 bars). During this experiment, AP was kept constant at
20 bar. All experiments were carried out for fixed fuel injection
quantity (10 mg/cycle).
Figure 2 shows that higher FIP resulted in a relatively smaller

fuel droplet size due to improved fuel atomization, which leads to
a quicker evolution of spray structure compared with lower FIPs.
At higher FIPs, relatively shorter injection duration for the same

Table 1 Comparison of test fuel properties

Property
Mineral
diesel B20 B40

Composition (v/v) 100%
diesel

20% biodiesel
and 80% diesel

40% biodiesel
and 60% diesel

Calorific value (MJ/kg) 43.54 42.63 41.16
Viscosity (cSt) @ 40 °C 2.82 3.17 3.34
Density (g/cm3) @ 30 °C 0.831 0.846 0.857
Cetane number ∼47 ∼48 ∼49
Flash point (°C) (min) ∼54 ∼71 ∼103

Fig. 1 Schematic of the experimental setup for spray characterization

Fig. 2 Effect of FIP onmineral diesel spray evolution at constant
AP (20 bar) in the CVSC

Journal of Energy Resources Technology AUGUST 2020, Vol. 142 / 082303-3



fuel injection quantity might be another reason for a quicker evolu-
tion of the fuel spray. Shortly after the fuel spray was fully evolved,
slight fluctuation in the spray profile was observed (at t= 1.2 s) due
to breaking of fuel droplet clusters around the periphery of the fuel
spray, which was more dominant on the leading edge of the spray
tip (Fig. 2). Ejim et al. [30] also reported that increasing FIP
improved the evaporation of spray droplets due to smaller Sauter
mean diameter (SMD). Figure 2 shows relatively longer Ls at
higher FIPs, which was mainly due to higher momentum of
fuel spray droplets, which penetrate quickly in the CVSC.
Higher FIPs resulted in a higher velocity of liquid fuel in the
injector orifice, leading to improved fuel atomization at the exit
from the nozzle. Higher cavitation might be another important
reason for longer Ls at higher FIPs. Cavitation happens due to
fluid acceleration, directional changes in the fluid flow and pressure
difference between the FIP and AP. Increasing FIP results in rela-
tively longer Ls due to collapse of these cavitation bubbles in the
nozzle orifice, leading to severe perturbations downstream.
Figure 2 shows that the tendency of cavitation diminishes with
reducing FIP and consequently Ls decreases as well. At 400 bar
FIP, cavitation occurs in a very small region, therefore the effect
of cavitation is not significant, which leads to shorter Ls at lower
FIP. For diesel engines, higher Ls is desirable for improving the
fuel–air mixing, which results in superior combustion and lower
particulate emissions. However, too high FIP leads to spray
impingement at the piston bowl lip and the cylinder liner, which
in-turn deteriorates the engine performance, resulting in higher
HC emissions. Therefore, the selection of suitable FIP for diesel
engines is essential for satisfactory engine performance and emis-
sions characteristics. Figure 2 shows that the spray plumes
become narrower at higher FIPs, i.e., smaller θs. Reduction in θs
was mainly due to quicker fuel atomization and greater vaporization
compared with lower FIPs.

3.2 Effect of Ambient Pressure. Figure 3 shows the spray
images of mineral diesel captured by high-speed CCD camera
(frame rate= 10,000 fps) at different APs (10, 20, and 30 bars).
APs were selected on the basis of in-cylinder pressures at different
SoI timings (pilot and main) in motoring conditions. During the
experiment, FIP was kept constant at 700 bar. All experiments
were carried out for fixed fuel injection quantity (10 mg/cycle).
Figure 3 shows that Ls was dominantly affected by the AP. At

low AP (10 bar), Ls was long enough for spray impingement at
piston bowl lip and cylinder liner, which was highly undesirable.
Increasing AP resulted in shorter Ls due to increased ambient air
density, which offered greater resistance to the spray leaving the
injector nozzle. This resulted in slower spray evolution and
reduced axial momentum of spray droplets, leading to relatively
shorter Ls at the same time after the start of injection. This could
be seen in all spray images at the same time frame, especially at t
= 0.1 ms, where spray plumes were not visible at AP= 30 bar.
Higher air resistance caused faster dispersion of spray plumes and
prevented them from reaching their maximum tip penetration
point, which resulted in shorter Ls. Figure 3 showed that θs
became larger with increasing AP. The resistance offered by
dense air was the main reason for this behavior. Overall, this exper-
iment showed that the spray evolution was superior at higher AP,
which promoted quicker dispersion of fuel spray droplets. This
finding emphasized on suitable fuel injection timing of diesel
engines to improve fuel–air mixing for better engine performance
and lower emissions. This can also be related to the engines
running at higher compression ratios, where fuel is directly injected
in higher AP environment, leading to higher thermal efficiency.

3.3 Effect of Fuel Composition. Figure 4 shows the spray
images of mineral diesel, B20 and B40 captured by high-speed
CCD camera (frame rate= 10,000 fps) at constant AP (20 bar)
and FIP (700 bar). All experiments were carried out for fixed fuel
injection quantity (10 mg/cycle).

Fig. 4 Comparative spray evolution of mineral diesel, B20 and
B40 at constant AP and FIP in the CVSC

Fig. 3 Effect of AP onmineral diesel spray evolution at constant
FIP (700 bar) in the CVSC

082303-4 / Vol. 142, AUGUST 2020 Transactions of the ASME



Figure 4 shows that fuel properties such as kinematic viscosity,
density and surface tension, etc. play an important role in spray evo-
lution and spray atomization. From Fig. 4, it can be seen that atom-
ization of biodiesel blends was relatively inferior compared with
baseline mineral diesel. Relatively higher viscosity and surface
tension of biodiesel might be a possible reason for this trend,
which prevents spray breakup into small droplets. Few researchers
suggested that the atomization of biodiesel blends can be improved
by increasing the FIP (Fig. 2) [10]. Figure 4 showed that θs of
mineral diesel was the highest amongst all test fuels, which
decreased slightly with increasing biodiesel fraction in the test
fuels. It was evident from Fig. 4 that mineral diesel had relatively
shorter Ls compared with biodiesel blends.
Spray images showed that fuel with higher biodiesel fraction

(B40) exhibited a longer, denser spray core pattern. This was visu-
alized in the spray development as spray images of B40 exhibited
relatively more whitish color and longer spray plumes compared
with mineral diesel and B20. This might be due to relatively
higher viscosity of biodiesel, which resulted in larger SMD of
spray droplets compared with lower blends of biodiesel (B20)
and baseline mineral diesel [10]. Vortex shape spray of B20 and
B40 with higher viscosity was denser compared with mineral
diesel, which may be due to lower breakup frequency of viscous
fuels. Lower breakup rate of B20 and B40 produced larger size
droplets and caused the spray pattern to become denser compared
with baseline mineral diesel. Comparison of spray images also
revealed that for the same instant after the start of injection, B20
and B40 showed slightly retarded spray evolution compared with
mineral diesel. This may be due to delayed response of injector
for viscous fuels such as B20 and B40. Patel et al. [3] also reported
similar behavior of biodiesel blends.

3.4 Effect of FIP and AP on Spray Parameters. In this
section, spray images of mineral diesel, B20 and B40 captured at
different FIPs (400, 700, and 1000 bars) and APs (1, 10, 20 and
30 bars) were processed in “MATLAB” for calculating macroscopic
spray parameters, namely, spray penetration length (Ls), spray
cone angle (θs), and spray area (As). All experiments were per-
formed thrice and the average of the image post-processing

results was presented. Standard procedure was used to calculate
the measurement errors/instrument errors which were presented as
error bars in the results, in order to take care of experimental uncer-
tainty. For all test fuels, Ls increased with increasing FIP. Increasing
AP resulted in shorter Ls due to resistance offered by the high-
density ambient air. Since the fuel quantity used for spray atomiza-
tion was constant (10 mg/cycle), therefore it was obvious that a
larger area of spray dispersion resulted in shorter Ls. Figure 5
showed that the spray penetration of mineral diesel was the
lowest amongst all test fuels at all APs. This was because of the
lowest density and viscosity of mineral diesel amongst the test
fuels, which resulted in rapid atomization of mineral diesel com-
pared with other test fuels. Atomization was an important phenom-
enon in IC engines because it resulted in breakup of bulk liquid jets
into smaller droplets. Viscosity also affected spray characteristics
because it affected continuous film formation of fuel emerging
out from the injector nozzle, followed by ligament and bag forma-
tion, before disintegration into individual droplets at the time of
spray breakup. Increased viscous forces result in a lower tendency
of liquid distortion, which reduces the rate of disruption of the fuel
packets into tiny fuel droplets. Finally, this produces longer Ls,
which is clearly visible in the results of B20 and B40. Higher fuel
density (specific gravity) and surface tension were the two other
factors contributing to inferior spray characteristics of biodiesel
blends. In general, fuel density affected spray compactness and pen-
etration; however, these effects were not significant in the case of
biodiesel blends (Fig. 5).
Spray parameters showed a strong correlation with surface

tension. Ls increased with increasing biodiesel fraction in the test
fuels, which was due to higher surface tension of B20 and B40.
Higher surface tension forces reduced irregularities on the boundary
of the spray plume, which prevented the formation of spray liga-
ments and disintegration of fuel jet into tiny fuel droplets. From
Fig. 5, it can be observed that increasing FIP resulted in relatively
narrower sprays, which represented smaller θs. Increasing AP
resulted in larger θs compared with lower APs; however, the
effect of AP variation was less significant compared with FIP vari-
ations. For all test fuels, θs increased with increasing AP mainly due
to increased ambient air density, which resulted in inhibitive action
for spray development [31]. Feng et al. [32] also reported similar

Fig. 5 Macroscopic spray parameters at different FIPs and APs for mineral diesel, B20 and B40
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results. Effect of fuel properties was clearly visible on θs. Amongst
all test fuels, mineral diesel exhibited highest θs, which decreased
with increasing biodiesel fraction in the test fuels. Guan et al.
[33] also observed a similar spray pattern for diesel and biodiesel.
During fuel atomization, relatively smaller θs for biodiesel blends
caused spray impingement into high-temperature regions, where
an abundance of oxygen readily oxidized fuel, which resulted in
higher NOx formation.
As is another important macroscopic spray parameter, which

should be larger for diesel engines because it affects the interaction
of fuel spray droplets with the ambient air. Larger As is a qualitative
measure of fuel–air mixture homogeneity [34]. As showed an irreg-
ular behavior at different FIPs and APs. This irregular behavior was
attributed to relatively greater dominance of Ls and θs. At most
experimental conditions, B20 showed the maximum As, and B40
exhibited the minimum As. With increasing FIP, As of all test
fuels decreased, which showed the dominance of Ls over θs.
Increasing AP resulted in higher As of mineral diesel and B20;
however, As of B40 increased at 400 bar and then decreased at
higher FIPs. Higher AP promoted breakup of fuel droplets into
smaller ones, which subsequently produced larger θs and spray
width but shorter Ls with denser spray.

3.5 Combustion and Particulate Emission Characteristics
of Engine for Validation of Spray Results. For validating spray
results, a single-cylinder research engine was used for the experi-
ments using mineral diesel, B20 and B40. All engine experiments
were carried out at constant engine load (3 bar brake mean effective
pressure (BMEP)) and speed (1500 rpm). Experiments were

performed at three FIPs (400, 700, and 1000 bars) and three starts
of the main injection (SoMI) timings (12 deg, 16 deg, and 20 deg
before top dead center (bTDC)). For all experiments, other param-
eters such as the start of pilot injection (SoPI) timing and exhaust
gas recirculation (EGR) were kept constant at 35 deg bTDC and
12%, respectively. These experimental conditions for the engine
were exactly the same, at which the spray experiments were con-
ducted in the CVSC. The engine experimental results are divided
into two sub-sections, namely: (i) effect of FIP and fuel properties
on combustion and particulate emissions (Fig. 6), and (ii) effect
of SoMI timing and fuel properties on combustion and particulate
emissions (Fig. 7). In the second sub-section, the effect of SoMI
timing on combustion and particulate emission characteristics is
an attempt to establish a correlation with the spray experiments per-
formed at different APs. At advanced SoMI timings, relatively
lower in-cylinder pressures correspond to 10 bar and 20 bar AP;
however, SoMI timing near top dead center (TDC) corresponds to
∼30 bar AP.
Figures 6(a)–6(c) show the in-cylinder pressure and heat release

rate (HRR) variations with respect to crank angle position at differ-
ent FIPs using mineral diesel, B20 and B40. Other parameters such
as SoMI timing, SoPI timing, and EGRwere kept constant at 12 deg
bTDC, 35 deg bTDC, and 12%, respectively. Combustion results
showed that increasing FIP resulted in improved combustion,
which was in line with the results of spray experiments in the
CVSC (Fig. 2). At higher FIPs, improved fuel atomization resulted
in homogeneous fuel–air mixing, which was clearly visible in the
in-cylinder pressure curves, where the peak of in-cylinder pressure
curves (Pmax) increased with increasing FIP [35]. This can also be
seen in HRR trends, in which peak HRR increased with increasing

(a) (b) (c)

(d) (e) (f )

(g) (h) (i )

Fig. 6 Combustion and particulate emission characteristics of mineral diesel, B20 and B40
fueled engine at different FIPs

082303-6 / Vol. 142, AUGUST 2020 Transactions of the ASME



FIP. This showed dominance of premixed combustion phase over
the diffusion combustion phase due to improved fuel–air mixing.
Advancement of combustion events with increasing FIP was
another important observation (Figs. 6(a)–6(c)), which showed a
good correlation with the spray results (Fig. 2). At higher FIPs,
shorter injection duration due to high velocity of fuel droplets and
shorter ignition delay due to improved fuel atomization were the
two main reasons for advanced combustion events at higher FIPs.
At 1000 bar FIP, knocking was also observed in the in-cylinder
pressure curves (Fig. 6(c)), which might be due to too short ignition
delay and spray impingement on the cylinder walls (Fig. 2).
The effects of fuel properties were also reflected in the engine’s

combustion characteristics. At lower FIPs, the relative dominance
of chemical and physical delay due to physical and chemical
properties of test fuels was clearly visible on the combustion char-
acteristics. Physical properties of B20 such as higher viscosity,
higher surface tension, and higher diffusion coefficient compared
with mineral diesel affected the physical delay due to inferior fuel
spray atomization, vaporization, and fuel–air mixing, which
resulted in the retarded start of combustion (SoC). However, chem-
ical properties of B40 such as carbon chain length and H/C ratio
resulted in faster fuel–air chemical kinetics, leading to slightly
advanced SoC. Due to improved fuel spray atomization, the relative
dominance of these fuel properties became less effective at higher
FIPs, leading to relatively lower difference between SoC (Figs.
6(b) and 6(c)).
Figures 6(d )–6(i) show the particulate emission characteristics,

namely, particle number-size distribution, number concentration
of nucleation mode particles (NMPs), accumulation mode particles

(AMPs), and count mean diameter (CMD) of particles emitted from
mineral diesel, B20 and B40 fueled engine at different FIPs. Partic-
ulate emission results showed that increasing FIP resulted in a lower
number concentration of particles emitted. Increasing FIP resulted
in improved fuel–air mixing, which prevented formation of fuel-
rich zones in the combustion chamber, where soot formation took
place. With increasing FIP, shifting of peak of particle number-size
distribution curves toward smaller size particles was another impor-
tant finding, which was closely related to the spray characteristics.
Particle number-size distributions showed that engine fueled with
biodiesel blends emitted relatively higher number of particles com-
pared with baseline mineral diesel. This observation also validated
the finding of spray investigations, which showed relatively inferior
spray characteristics of biodiesel blends compared with baseline
mineral diesel. With increasing biodiesel fraction in the test fuels,
peak of particle number-size distribution shifted toward bigger par-
ticles, which indicated relatively bigger nuclei formation from bio-
diesel combustion. This may also be due to greater agglomeration of
particles emitted from biodiesel fueled engines [36]. Figures 6(g)–
6(i) showed that the accumulation mode particles emitted from all
test fuels were higher at all FIPs. This is a typical characteristic of
diesel engines [37]. With increasing FIP, number concentration of
AMPs decreased, however NMPs remained almost the same. At
all FIPs, relatively higher number concentration of NMPs and
AMPs emitted from biodiesel fueled engine was another important
observation, which increased with increasing biodiesel fraction in
the test fuels. Variation in CMD of particles showed good
agreement with the spray characteristics. For all test fuels, CMD
of particles decreased with increasing FIP due to improved fuel

(a) (b) (c)

(d) (e) (f )

(g) (h) (i )

Fig. 7 Combustion and particulate emission characteristics of mineral diesel, B20 and B40
fueled engine at different SoMI timings
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atomization characteristics. At 400 bar FIP, increasing biodiesel
fraction in the test fuel resulted in lower CMD of particles,
however at higher FIPs, this trend reversed and CMD of particles
increased with increasing biodiesel content. This finding exhibited
dominance of fuel properties and FIP on particulate emission char-
acteristics, which was also observed in the spray investigations.
Figures 7(a)–7(c) show the in-cylinder pressure and HRR varia-

tions with respect to crank angle position at different SoMI timings
using mineral diesel, B20 and B40. Other parameters such as FIP,
SoPI timing, and EGR were kept constant at 700 bar, 35 deg
bTDC, and 12%, respectively. Results showed that advancing
SoMI timing provided greater time for fuel–air mixing, which
improved the combustion characteristics and resulted in relatively
more stable combustion compared with retarded SoMI timings.
At advanced SoMI timing, relatively lower in-cylinder pressure
created lower resistance to spray evolution, which can also be
seen in spray results in the CVSC (Fig. 3). Effect of advancing
SoMI timing was also visible in the HRR trends, where peak
HRR slightly decreased with advancing SoMI timings (Figs.
7(a)–7(c)). This may be due to relatively inferior fuel spray atomi-
zation, which resulted in weaker premixed phase combustion com-
pared with retarded SoMI timing. This finding was also in
agreement with the CVSC spray results, where lower AP resulted
in slightly inferior fuel spray characteristics compared with higher
APs (Fig. 3). At all SoMI timings, variations in Pmax were not sig-
nificant; however, advanced SoMI timing resulted in more stable
combustion. Advanced SoMI timing also resulted in relatively
earlier combustion, however the rate of advancement in combustion
events was relatively lesser compared with SoMI timing. Relatively
lower in-cylinder pressure at the time of advanced SoMI timing was
the main reason for this behavior, which resulted in slower combus-
tion event [38,39]. Similar results were also seen in the CVSC spray
investigations, where lower AP degraded the spray quality.
Similar to FIP, fuel properties also affected the combustion char-

acteristics at different SoMI timings. However, the relative domi-
nance of chemical and physical properties of test fuels was not as
strong as in the effect of FIP variation. At retarded SoMI timings,
B20 showed slightly retarded SoC and B40 showed advanced
SoC compared with baseline mineral diesel. At advanced SoMI
timings, all test fuels showed the same SoC. The availability of
more time due to advanced SoMI timing was the main reason for
this trend, which dominated over the effect of fuel properties.
Figures 7(d )–7(i) show the particulate emission characteristics

namely particle number-size distribution, number concentration of
NMPs, and AMPs, and CMD of particles emitted from mineral
diesel, B20 and B40 fueled engine at different SoMI timings.
Results showed that advancing SoMI timing reduced the number
of particles in the exhaust due to more time available for fuel–air
mixing. This prevented the formation of fuel-rich zones, which
was the main source of particulate nuclei formation. With advanc-
ing SoMI timing, the peak of particle number-size distribution
curve shifted towards larger sized particles. This showed the forma-
tion of more agglomerates due to relatively inferior in-cylinder
conditions at the time of fuel injection. In the absence of intense
in-cylinder conditions, incomplete combustion produced several
organic species such as polycyclic aromatic hydrocarbons (PAHs),
secondary aerosols, etc., which promoted particulate agglomeration
during post-combustion processes. Similar to FIP variations, SoMI
variations also exhibited that biodiesel blends have inferior fuel
spray characteristics compared with baseline mineral diesel. With
increasing biodiesel fraction in the test fuels, the peak of num-
ber-size distribution shifted toward larger particles; however, this
tendency reduced at advanced SoMI timings. Figures 7(g)–7(i)
showed that AMPs emitted from the test fuels were higher com-
pared with NMPs at all SoMI timings. With advanced SoMI
timings, number concentrations of both NMPs and AMPs decreased
slightly. CMD of particles emitted from all test fuels showed good
agreement with the spray characteristics in the CVSC. For mineral
diesel and B20, CMD of particles increased with advancing SoMI
timing; however, B40 showed relatively smaller CMD of particles

at very advanced SoMI timings. This trend can be also seen in
number-size distribution of particles, where NMPs became more
dominant comparatively. This was attributed to the combined
effect of inferior fuel properties of B40 and in-cylinder conditions,
which resulted in inferior fuel–air mixing, leading to formation of
higher number of smaller particles.

4 Conclusions
In this study, spray characterization of mineral diesel, B20 and

B40, was done in a CVSC at different FIPs (400, 700, and
1000 bars) and APs (10, 20, and 30 bars). Increasing FIP resulted
in improved spray characteristics such as longer spray penetration
length (Ls); however, this also led to the possibility of spray
impingement on the piston lips and cylinder walls at higher
FIPs. Increasing spray cone angle (θs) at higher APs was
another important observation, which showed superior fuel atom-
ization, leading to improved fuel–air mixing. A comparison of dif-
ferent test fuels showed that fuel spray characteristics of B20 were
close to baseline mineral diesel. However, B40 exhibited relatively
inferior fuel spray characteristics compared with baseline mineral
diesel. Relatively longer Ls and smaller θs of B40 provided
smaller surface spray area for fuel droplet-air interactions, which
resulted in the formation of fuel-rich zones in the engine combus-
tion chamber. Findings of CVSC experiments were validated by
combustion and particulate emission results of the single-cylinder
research engine experiments performed using the same test fuels
and identical experimental conditions. Combustion results
showed that fuel injection parameters such as FIP and SoMI
timing should be optimized for stable combustion. In this study,
intermediate FIP (700 bar) and slightly advanced SoMI timings
were found to be suitable for all test fuels. Among different test
fuels, B20 was found to be more suitable compared with B40
for partial replacement of mineral diesel, which is in line with
the finding of spray investigations. Slightly higher particulate
emissions were observed from the engine fueled with biodiesel
blends, which also showed a good agreement with the findings
of CVSC spray investigations. Increased biodiesel fraction in the
test fuels degraded spray characteristics, which was clearly
visible in the particulate characterisation results. Overall, this
study presented a good correlation between the findings of funda-
mental spray investigations carried out in a CVSC and engine
experiments performed in a state-of-the art single cylinder research
engine.
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