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ABSTRACT
This investigation is focused on the effect of exhaust gas recirculation (EGR) and injection
timing on the performance, combustion and exhaust emission characteristics of common rail
direct injection (CRDI) engine fueled with bioethanol-blended diesel using computational fluid
dynamics (CFD) simulation. Simulation is carried out for various EGR rates (0, 10, 20 and 30%),
two different injection timings, and two different bioethanol–diesel blends (10 and 20%) at
injection pressure. The equivalence ratio is kept constant in all the cases of bioethanol–diesel
blends. The results indicate that the mean CO formation and ignition delay increase, whereas
mean NO formation and in-cylinder temperature decrease, with increase in the EGR rate.
Further, with an increase in percentage of the bioethanol blends, CO and soot formation
decrease as compared to neat diesel. A significant increase in in-cylinder pressure (15%) is
found at 14� before top dead centre (BTDC) compared to 9� BTDC, which leads to an increase
in indicated thermal efficiency of 4% for neat diesel at 30% EGR. In the present study,
maximum indicated thermal efficiency is obtained in the case of 10 and 20% bioethanol–diesel
blend, and remains constant for all EGR rates considered in the study. Obtained results are
validated with the available literature data and indicate good agreement.

KEYWORDS
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Nomenclature

Dt diffusion coefficient
~_E
F!M
Fu unmixed fuel source term

~_E
A!M
O2

unmixed oxygen source term
ATDC After top dead centre
BTDC Before top dead centre

ECFM3Z extended coherent flame model three
zone

EGR exhaust gas recirculation
EVC exhaust valve closing
EVO exhaust valve opening
IMAP intake manifold air pressure
IMAT intake manifold air temperature
IVO inlet valve opening
IVC inlet valve closing
_megr EGR mass flow rate
_mint total intake mass flow rate
_ma mass flow rate of intake air

MFu molar mass of fuel
R universal gas constant

Sc and Sct laminar and turbulent Schmidt numbers
SNO mean nitric oxide source term
~u density-weighted average velocity
_vx average combustion source term

Greek letters

z transformed coordinate system
ruju density of the unburned gases

e dissipation rate
f equivalence ratio
fs soot mass fraction
m dynamic viscosity
td ignition delay
r Reynolds averaged fuel density

~YNO mean mass fraction of NOx

xi Cartesian coordinates
MNO molar mass

dcNO prompt

dt prompt mechanisms
dcNO thermal

dt thermal mechanisms
mt turbulent viscosity
~Yx averaged mass fraction of species x
MM mean molar mass of the gases in the

mixed area
MFu molar mass of fuel

Mair+ EGR mean molar mass of the unmixed air +
EGR gases

r mean density
~Y
1
O2

oxygen mass fraction
tm mixing time

~YTO2 oxygen tracer
~YTFu fuel tracer
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Introduction

Stringent emission regulations, escalation of crude oil
price, and depletion of fossil fuel resources have cre-
ated awareness to find alternate fuels for internal com-
bustion engines. Development of efficient and eco-
friendly combustion systems with available alternative
fuels has become a challenging task for researchers
and automobile manufacturers. Alcohols have been
considered as substitute fuels for diesel engines due to
their high oxygen content, high stoichiometric air-fuel
ratio, high hydrogen-carbon ratio, low sulfur content
and high burning rate, which lead to lower emis-
sions [1–6]. Alcohol has a high laminar flame propaga-
tion speed, which helps to complete the combustion
process early and results in improvement of engine
thermal efficiency. Bioethanol has the potential to
become the most significant alternative fuel for motor
vehicles because it is renewable in nature, and less vis-
cous than diesel fuel [7–11]. Bioethanol is safer for
transportation and storage due to its higher auto-igni-
tion temperature than that of diesel [12,13]. Bioethanol
can also be produced from waste wood, which has sig-
nificant potential to reduce CO2 emission from the life-
cycle greenhouse gas [14–18]. An engine operated
with ethanol–biodiesel–diesel (EBD) was found to have
reduced volatile organic compound at medium load
compared to neat diesel operations [19].

Numerous experimental investigations have been
carried out to study the influence of bioethanol–diesel
blends in diesel engines, and it has been observed that
they increase engine performance [20–23].

Engine-out emissions are reported on an engine
operated with bioethanol as a fuel, which yields a
reduction in smoke [23–30] and, contrarily, an increase
in hydrocarbon emissions [31–33]. Beatrice et al. [34]
and Labeckas et al. [35] also reported reductions in
NOx and HC emissions for richer combustible mixtures.

Various Computational fluid dynamics (CFD) studies
on combustion and emission characteristics of conven-
tional/common rail direct injection (CRDI) engines are
carried out for neat diesel [36–39]. Recently, a CFD
study on the effects of ethanol addition on biodiesel
combustion was carried out for various injection tim-
ings, engine loads and blends. For the efficient use of
biodiesel/ethanol blend fuels, they suggested that the
ethanol blend ratio and advanced fuel injection timing
should be carefully selected.

Detailed CFD studies on combustion and emission
characteristics of direct injection engines using bioe-
thanol diesel blends are very scant in the open litera-
ture. In most of the available literature, the mass of
injected fuel per cycle has been kept constant in the
case of blending to study the performance of engines,
which is not justified because the equivalence ratio
may change due to different chemical composition of
the fuel [40]. It is well known that the performance of

an engine directly depends on equivalence ratio (rich
or lean mixture). In the case of ethanol (C2H5OH), an
extra oxygen atom is already present in the fuel, which
can change the air fuel ratio. In this study, we explore
the details of variations in engine performance, tailpipe
emissions and combustion characteristics for various
bioethanol diesel blends, exhaust gas recirculation
(EGR) rates, and different injection timings at constant
equivalence ratio. The CFD simulation is carried out for
a four-stroke CRDI engine to better comprehend the
in-cylinder combustion. In-cylinder pressure and tem-
perature, and engine-out emissions of soot, NO and
CO are measured. Further in-cylinder pressure traces
are considered to determine the heat release rates in
terms of ignition delay. Such a study is not currently
available in the open literature.

Engine details and fuel properties

Engine details

The CRDI engine used by Mobasheri et al. [38] and Han
et al. [39] is considered for CFD simulation in the pres-
ent work. The details of the engine system and injec-
tion system are listed in Table 1.

Fuel properties and combustion strategy

A bioethanol–diesel blend is considered in the present
study, with 0 to 20% bioethanol on a mass basis. The
neat diesel and ethanol fuel properties are listed in
Table 2 [35]. Simulations are carried out for various
EGR rates and different injection timings (9� and 14�

BTDC). The EGR rate in steady-state operation can be
defined as the ratio of EGR mass flow rate ( _megr) to the
total intake mass flow rate ( _mint).

_mint ¼ _ma þ _megr (1)

EGR ¼ _megr 6 _mint (2)

Table 1. Engine specifications [38].
Engine parameters Values

Bore £ stroke 0.13719 m £ 0.1651 m
Compression ratio 15.1:1
Connecting rod length 0.26162 m
Displacement 2441 cm3

IVO/IVC 32� BTDC / 147� BTDC
EVO/EVC 134� ATDC / 29� ATDC
Engine speed 1600 rpm
IMAP 184,000 N/m2

IMAT 310 K
Injector parameters Values
Injector type Common rail
Injection pressure 90 MPa
Number of nozzle holes 6
Nozzle hole diameter 0.00026 m
Injection duration 21.5� CA
Start of injection 9� BTDC
Fuel injected 0.0001622 kg/cycle
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Computational model

CFD code and meshing of geometry

The AVL ESE CFD tool is used for engine geometric
modelling and computational meshing, as portrayed in
Figure 1(a). An injector with six holes is situated cen-
trally on the top of piston; hence, a 60� sector is
selected for the computational simulation. In order to
reduce the computational time, a high-pressure cycle
is considered in the present work. Simulation is started
and ended at inlet valve closed and exhaust valve
open positions, respectively. A grid independence test
was carried out to obtain the optimum grid size, as
shown in Figure 1(b) and (c). Simulation is carried out
using a 64-GB RAM 16-core work station with parallel
processing. The results were checked for peak pres-
sure, peak temperature and computational time for
various grid sizes. It was found that the considered
parameters are invariant with change in total number
of grids at/after 4 £ 105. Models employed in the simu-
lation, boundary conditions and range of simulation
parameters are listed in Tables 3, 4 and 5, respectively.

Governing equations

The governing equations are listed below.
The transport equation for chemical species is mod-

elled as:

@ðr~YxÞ
@t

þ @ðuir~YxÞ
@xi

¼ @

@xi

m

Sc
þ m

Sct

� �
@~Yx

@xi

� �
þ _vx (3)

Table 2. Properties of ethanol and diesel fuel [35].
Property parameters Diesel fuel Ethanol

Molecular formula C14H24.2O0.8 C2H5OH
Density at 20�C, kg/m3 830.5 790
Kinematic viscosity at 40�C, mm2/s 2.07 1.4
Flash point, open cup, �C 56 13
Boiling point, �C 177–370 78
Auto-ignition temperature, �C 250 365
Cetane number 51.5 8
Oxygen, max wt% 0.4 34.8
Carbon to hydrogen ratio (C/H) 6.9 4
Stoichiometric air–fuel ratio, kg/kg 14.45 9.06
Net heating value, MJ/kg 42.95 26.95
Sulphur mg/kg 2.2 -
Stoichiometric air–fuel ratio, kg/kg 14.2 9.06

Figure 1. (a) Three-dimensional computational domain at Top
dead centre (TDC) position. (b) Grid independence study car-
ried out for peak pressure. (c) Grid independence study carried
out for peak temperature.

Table 3. Calculation domain boundaries.
Boundary type Boundary condition Values

Piston Moving mesh Temperature 550 K
Axis Periodic inlet/outlet Periodic
Cylinder head Wall Temperature 550 K
Compensation
volume

Wall Thermal/adiabatic
boundary

Liner Wall Temperature 425 K

Table 4. Models employed in FIRE software [41].
Turbulence model k-z-f model
Breakup model Wave
Turbulent dispersion model Enable
Wall treatment Hybrid wall treatment
Wall impingement model Walljet 1
Heat transfer wall model Standard wall function
Evaporation model Dukowicz and multi-component model
Combustion model Coherent flame model (CFM)
Ignition model Extended coherent flame model 3 zone

(ECFM-3Z)
Soot formation and oxidation Kinetic model
NOx mechanism Extended Zeldovich
Chemistry solver Fire internal chemistry interpreter

(CHEMKIN-II)

Table 5. Range of simulation parameters.
Parameters Range

Blend (% of bioethanol) 0, 10, 20
EGR (%) 0, 10, 20, 30
Injection timings 9� and 14� BTDC
Equivalence ratio 0.47

BIOFUELS 3

D
ow

nl
oa

de
d 

by
 [

T
he

 N
at

io
na

l L
ib

ra
ry

 -
 K

ol
ka

ta
] 

at
 0

5:
04

 1
5 

Se
pt

em
be

r 
20

17
 



The fuel transport equations are [42]:

@.r~Y
u
Fu/

@t
þ @.r~ui~Y

u
Fu/

@xi
¼ @

@xi

m

Sc
þ mt

Sct

� �
@~Y

u
Fu

@xi

 !

þ r~_S
u
Fu þ _v

u
Fu � _v

u! b
Fu (4)

@.r~Y
b
Fu/

@t
þ @.r~ui~Y

b
Fu/

@xi
¼ @

@xi

m

Sc
þ mt

Sct

� �
@~Y

b
Fu

@xi

 !

þ r~_S
b
Fu þ _v

b
Fu � _v

u! b
Fu (5)

The equations for these unmixed species are:

@ðr~YF
FuÞ

@t
þ @ðr~ui~YF

FuÞ
@xi

� @

@xi

m

Sc
þ mt

Sct

� �
@~Y

F
Fu

@xi

 !

¼ r~_S
F
Fu þ r~_E

F!M
Fu (6)

@ðr~YA
O2
Þ

@t
þ @ðr~ui~YA

O2
Þ

@xi
� @

@xi

m

Sc
þ mt

Sct

� �
@~Y

A
O2

@xi

 !

¼ r~_E
A!M
O2

(7)

The amount of mixing is computed with a character-
istic time scale based on the k-epsilon model:

_E
F!M

Fu ¼ � 1
tm

~Y
F
Fu 1� ~Y

F
Fu

rMM

rujuMFu

� �
(8)

_E
A!M

O2
¼ � 1

tm
~Y
A
O2

1�
~Y
A
O2

~Y
1
O2

rMM

rujuMairþEGR

 !
(9)

tm is the mixing time, defined as:

t�1
m ¼ bm

e
k

(10)

wherebm is a constant with a default value of 1.
The oxygen mass fraction in unmixed air is com-

puted as follows:

~Y
1
O2

¼
~YTO2

1� ~YTFu
(11)

Pollutant model

The transport equation modelled for nitrogen monox-
ide [43] is given by:

@ðr~YNOÞ
@t

þ @ðuir~YNOÞ
@xi

¼ @

@xi
rDt

@~YNO

@xi

� �
þ SNO (12)

The term SNO represents NOx pollutant formation in
the equation.

SNO ¼ MNO
dcNO thermal

dt
þ dcNO prompt

dt

� �
(13)

The transport equation modelled for formation
mass fraction fs is given by:

@

@t
r~fs

� �þ @

@xj
rujfs

� � ¼ @

@xj

meff

ss

@fs

@xj

� �
þ S’s (14)

Soot formation rate is defined as:

S’s ¼ Sn þ Sg þ So2 (15)

where Sn= soot nucleation, Sg= soot growth and
So2= soot oxidation.

Validation

In the present study, the engine simulation software
AVL-FIRE was coupled with CHEMKIN II with detailed
reaction mechanisms. The simulation is validated from
the literature [38,39] for conditions listed in Table 1.
Results are obtained for in-cylinder pressure and heat
release rate versus crank angle, as portrayed in Figure 2.
Simulation results show good agreement with pub-
lished experimental data.

Results and discussion

Effect of various injection timings on in-cylinder
pressure

Figure 3(a) depicts the influence of injection timing on
in-cylinder pressure. The comparison of in-cylinder
pressure for 9� and 14� BTDC injection timings for neat
diesel and 10% bioethanol–diesel blends are pre-
sented. It is observed that advancing injection timing
(14� BTDC) yields higher in-cylinder pressure for neat
diesel as well as 10% bioethanol–diesel blend. Even
though bioethanol has a lower calorific value, it is inter-
esting to see nearly the same in-cylinder pressure for
10% bioethanol–diesel blend compared to neat diesel,
which occurs due to better combustion.

Figure 2. In-cylinder pressure versus crank angle experimental
and simulation.
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Effect of various bioethanol–diesel blends on in-
cylinder pressure

The diesel engine combustion is partially premixed and
partially diffusive. Figure 3(b) and (c) shows the in-cyl-
inder pressure development during the combustion of
various fuel blends with 20% EGR rate for injection tim-
ing 9� and 14� BTDC, respectively. The in-cylinder peak
pressure in the case of bioethanol–diesel blends is less

than that of the neat diesel for 9� BTDC, which occurs
due to the lower calorific value of bioethanol com-
pared to diesel. On the other hand, in-cylinder pressure
for 14� BTDC is approximately the same; due to the low
viscosity of bioethanol, better spray and combustion
characteristics were achieved.

Effect of different EGR on in-cylinder pressure

Figure 4(a) and (b) shows the in-cylinder pressure
development during the combustion of a 10% bioetha-
nol–diesel blend with different EGR for injection tim-
ings of 9� and 14� BTDC, respectively. EGR had various
effects on fuel charge such as a dilution effect, ignition
delay effect, chemical effect and thermal effects, lead-
ing to a marginal (1%) decrease in peak pressure in
both cases (9� and 14� BTDC).

Effect of various bioethanol–diesel blends on in-
cylinder temperature

Figure 5 (a) and (b) shows the in-cylinder temperature
during the combustion of various fuel blends with 20%
EGR rate for injection timings of 9� and 14� BTDC,

Figure 3. (a) Comparison of in-cylinder pressures for diesel and
10% bioethanol–diesel blends without EGR. Effect of various
bioethanol–diesel blends with 20% EGR rate on in-cylinder
pressure at (b) 9� BTDC (c) 14� BTDC injection timing.

Figure 4. Effect of various EGR rates with 10% bioethanol–die-
sel blend on in-cylinder pressure for injection timings (a) 9�

BTDC and (b) 14� BTDC.
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respectively. It has been observed that in-cylinder tem-
peratures for bioethanol–diesel blends (10 and 20% bio-
ethanol) are less than that of neat diesel in pre-flame
combustion, and more in post-flame combustion.

Effect of different EGR on in-cylinder temperature

Figure 6(a) and (b) shows the in-cylinder temperature
during the combustion of a 10% bioethanol–diesel
blend with different EGR for injection timings of 9� and
14� BTDC, respectively. EGR reduces the percentage of
oxygen in the combustion chamber, which results in a
decrease in temperature due to a dilution effect, as
well as thermal and chemical effects. The endothermic
dissociation of EGR components (H2O) contributes to
reduce the combustion temperatures [44]. Further, the
specific heat capacity of the fuel mixture increases due
to a higher CO2 percentage, which reduces the adia-
batic flame temperature. A higher in-cylinder peak
temperature difference (90 K) is observed in the case
of 14� BTDC compared to 9� BTDC injection timing.

Figure 6(c) shows the development of in-cylinder
average temperature for various crank angles. Three-
dimensional temperature contours are shown for 10%

bioethanol–diesel blend with different EGR rates, at
injection timing of 14� BTDC. Temperature contours
are plotted for various crank angles (706�, 720� (TDC),
730�, 740�). These contour plots exhibit a clear picture
of the combustion process occurring inside the cylin-
der. The in-cylinder temperature contours offer the
opportunity to achieve a deeper insight into in-cylinder
temperature distribution in diesel and ethanol
combustion.

Figure 5. Effect of various bioethanol–diesel blends with 20%
EGR rate on in-cylinder temperature for injection timings (a) 9�

BTDC and (b) 14� BTDC.

Figure 6. (a) Effect of various EGR rates with 10% bioethanol–
diesel blend on in-cylinder temperature for injection timings at
9� BTDC. (b) Effect of various EGR rates with 10% bioethanol–
diesel blend on in-cylinder temperature for injection timings at
14� BTDC. (c) Temperature contours of 10% bioethanol–diesel
blend at 14� BTDC injection timing and various EGR rates: 0,
10, 20 and 30%.
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Effect of EGR on auto-ignition delay

Auto ignition delay is calculated as the difference
between the fuel injection timing and the time at which
the in-cylinder heat release rate curve appears. Figure (7)
shows the influence of EGR on ignition delay for various
fuel blends and injection timings. Cetane number plays a

decisive role in the start of combustion. Bioethanol has a
lower cetane number, which increases the ignition delay
as the percentage of bioethanol in the fuel increases.
Higher latent heat of vaporization of the fuel (bioethanol)
causes lower in-cylinder temperature and hence esca-
lates the ignition delay. The results show that a higher
EGR rate increases the ignition delay due to a low oxygen
concentration. For all cases of advanced injection timing,
the ignition delay is more as expected.

Effect of various bioethanol–diesel blends on NO
formation

Figure 8(a) and (b) shows the formation of in-cylinder NO
during the combustion of various fuel blends with 20%
EGR rate for injection timings of 9� and 14� BTDC, respec-
tively. For 9� BTDC and a 20% EGR rate, NO formation for
10 and 20% bioethanol–diesel blends is increased by 33
and 16%, respectively, compared to neat diesel (20%
EGR). Results for neat diesel without EGR are also pro-
vided for comparison. For injection timing of 14� BTDC
and a 20% EGR rate, NO formation for 10 and 20% bioe-
thanol–diesel blends is decreased by 27 and 31%, respec-
tively, compared to neat diesel (20% EGR). For all cases of
advanced injection timing, NO formation increases due
to an increase in in-cylinder temperature.

Figure 7. Autoignition delay versus EGR rate for different fuel
blends and injection timings.

Figure 8. Effect of various bioethanol–diesel blends with 20%
EGR rate on NO formation for injection timings (a) 9� BTDC
and (b) 14� BTDC.

Figure 9. Effect of various EGR rates with 10% bioethanol–die-
sel blend on NO formation for injection timings (a) 9� BTDC
and (b) 14� BTDC.
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Effect of EGR rate on in-cylinder NO mass fraction

Figure 9 (a) and (b) shows the formation of the in-cylin-
der NO mass fraction during the combustion of a 10%
bioethanol–diesel blend with different EGR rates for
injection timings of 9�and 14� BTDC, respectively. As
the overall in-cylinder temperature decreases drasti-
cally with an increase in EGR rate, the mean NO forma-
tion is reduced.

For injection timing of 9� BTDC and 10% bioethanol–
diesel blend, NO formation is decreased by 46, 76 and
90% for 10, 20 and 30% EGR rates, respectively, compared
to 0% EGR. A similar trendwas observed for 14� BTDC.

Effect of various bioethanol–diesel blends on in-
cylinder mean CO mass fraction

Figure 10(a) and (b) shows the formation of the in-cylin-
der CO mass fraction during the combustion of various
fuel blends with a 20% EGR rate for injection timings of
9�and 14� BTDC, respectively. It was found that at con-
stant EGR, CO formation is higher in the case of neat
diesel compared to that of blends. For injection timing

of 9� BTDC and a 20% EGR rate, CO formation for 10
and 20% bioethanol–diesel blends is decreased by 34
and 70% compared to the neat diesel at 0 and 20%
EGR rates, respectively. A similar trend is followed in the
case of 14� BTDC. Results for neat diesel without EGR
are also provided for comparison. The oxygen content
of bioethanol is higher than that of diesel, which causes
the conversion of CO in fuel-rich regions into CO2.The
same trend was also observed by Ajay et al. [45].

Effect of different EGR on in-cylinder mean CO
mass fraction

Figure 11(a) and (b) shows the formation of the in-cyl-
inder CO mass fraction during the combustion of a
10% bioethanol–diesel blend with different EGR for
injection timings of 9�and 14� BTDC, respectively. It is
interesting to note that for both injection timings
(9�and 14� BTDC), CO formation is lower for the bioe-
thanol diesel blend with EGR (10, 20 and 30%) com-
pared to without-EGR neat diesel operations.

During fossil fuel combustion, CO formation is an
intermediate step. In a later phase, with the help of OH

Figure 10. Effect of various bioethanol–diesel blends with 20%
EGR rate on CO formation for injection timings (a) 9� BTDC and
(b) 14� BTDC.

Figure 11. Effect of various EGR rates with 10% bioethanol–
diesel blend on CO formation for injection timings (a) 9� BTDC
and (b) 14� BTDC.
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radicals, in the presence of oxygen inside the cylinder,
oxidation occurs and CO2 is formed at temperatures
above 1200 K [46]. If less oxygen is available locally the
oxidation of CO stops due to improper mixing of fuel
and air. With a higher EGR rate, charge is diluted and
more CO is formed.

Effect of various bioethanol–diesel blends on in-
cylinder mean soot mass fraction

Figure 12(a) and (b) shows the formation of the in-cyl-
inder mean soot mass fraction during the combustion
of various fuel blends with a 20% EGR rate for injection
timings of 9� and 14� BTDC, respectively. For an injec-
tion timing of 9� BTDC and 20% EGR, the reduction in
soot formation for a bioethanol–diesel blend of 10% is
15%, and an increase in soot was observed for the 20%
blend of 4%, compared to neat diesel with EGR 20%.

Soot emission can be reduced remarkably with bio-
ethanol addition to diesel fuel at an injection timing of
14� BTDC. The reduction in soot formation was found
to be 40 and 25% for injection timing of 14� BTDC and

20% EGR, for 10 and 20% bioethanol blends, respec-
tively, compared to the neat diesel.

The improvement of soot emission can be explained
by the enrichment of oxygen owing to bioethanol,
resulting in a high local air-fuel ratio which promotes
the oxidation of soot nuclei in fuel combustion. Bioe-
thanol reduces the initial radicals for the formation of
aromatic rings, which are considered the soot precur-
sors, mainly through reducing the amount of carbon
that is available to form precursor species. Wu
et al. [47] found that bioethanol-blended fuel
decreases the soot due to the formation of OH radicals,
as shown in Equation (16):

C2H5OH!C2H4 þ H2O

H2Oþ H!OHþ H2
(16)

Effect of EGR rate on in-cylinder mean soot mass
fraction

Figure 13(a) and (b) shows the formation of the in-cyl-
inder soot mass fraction during the combustion of a

Figure 12. Effect of various bioethanol–diesel blends with 20%
EGR rate on soot formation for injection timings (a) 9� BTDC
and (b) 14� BTDC.

Figure 13. Effect of various EGR rates with 10% bioethanol–
diesel blend on soot formation for injection timings (a) 9�

BTDC and (b) 14� BTDC.
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10% ethanol–diesel blend with different EGR for injec-
tion timings of 9� and 14� BTDC, respectively. The
increase of soot with an increase in the EGR rate, due
to a dilution effect, is a well-established fact. But it is
interesting to see the lower soot formation for a 10%
bioethanol–diesel blend with 0 and 10% EGR, com-
pared to neat diesel without EGR.

For an injection timing of 9� BTDC and 10% etha-
nol–diesel blend, soot formation for EGR rates of 0 and

10% is decreased by approximately 21% compared to
neat diesel without EGR, whereas soot formation is
increased by approximately 40% for 20 and 30% EGR
rates.

For 14� BTDC and a 10% bioethanol–diesel blend,
soot formation for EGR rates of 0 and 10% is decreased
by 25 and 20% and increased by 15 and 16%, respec-
tively. With an advance in injection timing, soot
decreases.

Figure 14. Effect of various EGR rates (0, 10, 20 and 30%) at injection timing 9� BTDC and with 10% bioethanol–diesel blend on
equivalence ratio-temperature.
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Effect of EGR rate and injection timing on
equivalence ratio versus temperature

Figure 14 shows the equivalence ratio versus tempera-
ture for a 10% bioethanol/diesel blend with various
EGR rates. Injection timing and bioethanol blend are
held constant at 9� BTDC and 10%, respectively,
whereas EGR rate is varied from 0 to 30%
(9E10%EGR0%, 9E10%EGR10%, 9E10%EGR20% and
9E10%EGR30%). In this study, 720� Crank angle (CA) is
considered TDC and all the engine parameters are
employed. It was observed that the majority of NO for-
mation starts at 731�, 732�, 733� and 735 �CA for 0, 10,
20 and 30% EGR rates, respectively, and the maximum
peak horizontal NO penetration was witnessed at the
0% EGR rate. As the EGR rate increases NO formation
decreases, and less NO is found with the 30% EGR rate.
On the other hand, soot continuously increased with

an increase in EGR rate, and more soot was observed
for 20 and 30% EGR rates.

Effect of various injection timings and EGR rate on
engine performance

Figures 15 and 16 show the variation of indicated ther-
mal efficiencies and indicated power with EGR rates for
different injection timings (9� and 14� BTDC) and bioe-
thanol–diesel blends, respectively. Higher indicated
thermal efficiency (ITE, 4%) as well as higher indicated
power (4%) are obtained in all the cases of 14� BTDC
injection timing compared to 9� BTDC, which occurs
due to high in-cylinder pressure, as explained above.
The maximum ITE is observed in the case of 14� BTDC
injection timing and 10% bioethanol–diesel blend, and
found to be constant for all EGR rates. A similar trend is
observed for 9� BTDC injection timing.

Conclusions

A CFD analysis of a four-stroke CRDI engine with bioe-
thanol–diesel blends at various EGR rates and injection
timings was carried out. The following conclusions are
based on the obtained simulation results:

� For more advanced injection (14� BTDC), higher
in-cylinder pressure (15%) is observed in all stud-
ied cases, which leads to an increase in the indi-
cated thermal efficiency by approximately 4%,
compared to 9� BTDC.

� In the present study, the maximum indicated
thermal efficiency is obtained in the case of a
10% bioethanol–diesel blend, for all EGR rates.

� For injection timing of 9� BTDC and a 20% EGR
rate, NO formation for 10 and 20% bioethanol–
diesel blends is increased by 33 and 16%, respec-
tively, compared to neat diesel (20% EGR).

� For injection timing of 9� BTDC and a 10% bioe-
thanol–diesel blend, NO formation is decreased
by 46, 76 and 90% for 10, 20 and 30% EGR rates,
respectively, compared to 0% EGR.

� Mean CO formation during combustion is less in the
case of bioethanol blends compared to neat diesel.

� For injection timing of 14� BTDC and a 20% EGR, the
reduction in soot formation for bioethanol–diesel
blends of 10 and 20% is 40 and 25%, respectively,
compared to neat diesel with EGR 20%.

� A higher latent heat of vaporization and lower
cetane number of bioethanol escalate the igni-
tion delay.
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