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Abstract As major limitation of diesel engines is the high soot and nitrogen oxide emissions which

cannot be reduced totally with only conventional catalytic converters today, varying fuel character-

istics became a focus of interest to meet the pollution emission legislations as they require very few

or no changes in existing engine model. The present work deals with, numerical analysis of com-

bined effect of Advanced Start of Injection (SOI) and Exhaust Gas Re-circulation (EGR) on per-

formance and emissions which were studied, by performing numerical analysis on a Caterpillar 3401

single cylinder C.I engine model at constant speed using diesel as fuel via three dimensional com-

putational fluid dynamics (CFD) procedures and validated with experimental data. The SOI is

advanced from 11� Crank angle bTDC to 14.5� Crank angle bTDC and EGR as a fraction is

increased from 0% to 10%. The modified conditions of these parameters resulted in simultaneous

reduction of NOx and Soot.
� 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Over recent past years, strict emission norms have been
imposed on NOx, CO and particulate emissions emitted from

automotive engines. Diesel engines are among the highest effi-
ciency energy conversion devices and therefore heavily depend
upon for many heavy vehicles, Industrial machinery, Marine

engines and many construction equipment. Diesel engines are
typically preferred due to low fuel consumption and very low
CO emissions. However, the emissions from these engines
are restricting their usage. Many researchers have done work

on diminishing the emissions, yet the NOx and Soot emissions
from C.I engines still remain at high range. Hence, in order to
meet the pollution norms, it is highly desirable to reduce the

amount of NOx and Soot in the exhaust gas. NOx and Soot
emissions emitted from diesel vehicles cause serious environ-
mental problems. NOx promote the formation of acid rain

and also the formation of photochemical smog with the influ-
ence of sunlight. Acid rains damage buildings, vehicles and his-
torical constructions. Soot particles can break into lungs and

cause many serious health problems because of mutagenic haz-
ardous hydrocarbons on their surfaces. Soot not only causes
respiration problems but also plays role as carriers for carcino-
genic compounds. As these pollutant emissions have unfavour-

able effects on the environment and human health, study is
concentrated on reducing these emissions.

Advanced combustion practices such as homogeneous

charge compression ignition (HCCI) and premixed charge
compression ignition (PCCI) are established to be promising
strategies for their capability in reduction of soot and NOx

emissions at the same time maintaining high level of thermal
efficiency [1–4]. However, early-injection timing allows the
spray to penetrate into a low surrounding temperature and

density environment where vapourisation is low and spray liq-
uid impingement upon the piston bowl and cylinder liner is
likely to occur. As a result, low combustion efficiency, exces-
sive unburned hydrocarbon (UHC) emissions and dilution of

oil might happen [5]. Emissions after passing through treat-
ment devices, however, may face some problems with cost
and durability. Since emission after treatment systems such

as Diesel Particulate Filters (DPF), Lean NOx Trap (LNT)
and Selective Catalytic Reduction (SCR) often increases fuel
consumption, research is focused on in-cylinder technologies

for emissions reduction. Also in order to maximise overall
engine efficiency, an engine should curtail the need after treat-
ment emission reduction. In order to reduce NOx and Soot
emissions in cylinder, as well as maintaining high thermal effi-

ciency, many new diesel engine combustion strategies have
been proposed.

Control of NOx emissions from diesel engines remains to be

a challenging problem for both academic research and practi-
cal application. In this paper, one to accomplish this is to
reduce the in cylinder temperature. To achieve this Exhaust

Gas Recirculation system (EGR) used.
External exhaust gas recirculation (EGR) is a strategy that

is used in C.I engines to reduce combustion flame tempera-

tures, which are mainly answerable for high NOx formation.
The effect of EGR utilisation is that most of the elemental
nitrogen is emitted as non-toxic N2 [6–11]. In addition, EGR
also has a positive effect on engine noise as it limits the heat

release rate (HRR) during premixed combustion. However,
Please cite this article in press as: P. Kashyap Chowdary et al., Numerical analysis o
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the use of the EGR can give rise to problems in terms of engine
emissions and performance, such as particulate matter (PM),
CO, unburned hydrocarbons (HC) and a deterioration in the

brake specific fuel consumption (bsfc) [12–14]. In particular,
high values of EGR negatively can be affected as they increase
the soot emissions and induce a rise in the cycle-to-cycle

changeability of combustion [15]. Nevertheless, the increase
in soot generation for increasing EGR rates controls higher
radiation and a resulting decrease in the flame temperatures

can help to further diminish NOx emissions [6]. Finally,
EGR can adversely affect the quality of the lubricating oil
and engine durability because of increased wear and tear
between the piston rings and the cylinder liner [9,16–18]. In

addition, EGR also has a positive effect on engine noise as it
limits the heat release rate (HRR) during premixed combus-
tion [19].

The present work explores the influence of EGR and SOI in
reduction of NOx and Soot in the exhaust emissions. In order
to reduce the NOx, EGR of 10% is introduced and to reduce

soot in the exhaust, advancement of injection timing strategy
is employed, which usually improves the indicated efficiency
of the engine because the fuel mixture will get well mixed.

The main effect of EGR is due to the CO2 and H2O species
that are present in the exhaust gas and tend to separate during
combustion, thus reducing the peak combustion temperature
and paying to the reduction of NOx formation [16]. And as

the fuel is getting injected earlier it forms uniform mixture as
compared to previous case, so the fuel mixture burns at uni-
form rate till the end of combustion process and due to this

there are two possibilities for reduction of soot. (i) As the fuel
is injected earlier, air–fuel mixture mixes effectively, and
combustion happens completely. So there is less scope for soot

formation. (ii) There is a chance for soot getting oxidised in the
cylinder when temperature reaches above 1000 K (effective
charge mix gives high combustion tendency and high

temperatures). The injection timing of fuel is advanced by
3.5� (i.e. 11� CA bTDC to 14.5� CA bTDC). On the other hand
advanced injection timing has a negative effect on peak pres-
sure causing a serious increase of NOx value. So, by making

use of EGR and Advanced injection timing, both parameters
compensate one’s negative effects and result in reduction of
significant NOx and Soot. A published research paper [20]

focused on ‘‘Effect of EGR on advanced injection”, that
focuses on the performance characteristics part of the engine
and not on Emissions.

2. Numerical analysis

CAT 3401 (Caterpillar) engine is selected for the simulation

analysis. The CFD simulation has been done for the baseline
configuration using CONVERGE and the output results are
analysed in the post processing software ENSIGHT. Here as
the combustion process is mainly focused on the compression

and expansion, the analysis of the model is made from �147�
bTDC (i.e. Inlet valve closure) to 150� aTDC (i.e. Exhaust
valve opening). This is because, as the analysis is focused on

the emissions at the end of combustion, we need to carry on
analysis till the exhaust valve opening.

The selected reference/base model [21] is analysed and post

processed, and its performance is further improved by modify-
ing such parameters (Advancing the Start of Injection 3.5� &
f C.I engine to control emissions using exhaust gas recirculation and advanced
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Table 1 Engine specifications and conditions of Caterpillar

Engine.

Engine Specifications

Cylinder bore � stroke (mm) 137.6 � 165.1

Connecting rod length (mm) 261.62

Displacement volume (L) 2.44

Compression ratio 15.1

Number of nozzle

orifice � diameter (mm)

6 � 0.259

Number of cylinders 1 (Single)

Spray angle (from cylinder head) 27.5�
Combustion chamber Quiescent

Piston crown Mexican Hat

Intake valve closure �147� CA aTDC

Swirl ratio (nominal) 1.0

Inlet air temperature (�K) 310

Inlet air pressure (KPa) 184

Engine speed (rpm) 1600 rpm

Fuel Diesel

Injection system Common rail

Injection pressure (MPa) 90

Fuel injected (g/cycle) 0.1622

Overall equivalence ratio 0.46

Injection duration 21.5 Crank angle degrees

Start of Injection �11� (baseline), �14.5�
aTDC

     Engine Sector Model

Figure 1 An engine cylinder sector geometry created automat-

ically by the make surface utility, as viewed in CONVERGE

Studio.

Engine Sector (Top View) 

Figure 2 A sector model geometry with the periodic boundaries

appropriately symmetric about the XZ plane.

Numerical analysis of C.I engine 3
introducing EGR up to 10%). The specifications of engine are

shown in Table 1.
An engine sector produced with the make surface utility

(Fig. 1) is free of surface defects, appropriately boundary-

flagged, and the periodic faces will match perfectly. This utility
is an alternative to using CONVERGE Studio to prepare the
Please cite this article in press as: P. Kashyap Chowdary et al., Numerical analysis o
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surface. As the in-cylinder nozzle has six uniform holes, a

60� sector model (Fig. 2) is prepared for analysis, in the view
of less analysis time. CONVERGE also uses Adaptive Mesh
Refinement (AMR) a cutting edge technology which automat-
ically refines the grid, based on fluctuating and moving

conditions.
360/60 = 6 (so, 6 equal sector models can be created, and

each sector model is considered to have one nozzle hole).

2.1. Boundary conditions & Initial conditions
f
.0
Inlet air pressure
C.I engine to control emissions using exhaust gas recirculation and
08
1.97 bar
Overall equivalence ratio
 0.46
Inlet air temperature
 310 K
Cylinder wall temperature
 433 K
Piston wall temperature
 553 K
Head temperature
 523 K
Initial gas temperature
 365 K
Spray temperature
 341 K
2.2. Combustion model

SAGE combustion model is used in the analysis. This is one of

the detailed chemistry solvers for CONVERGE, which calcu-
lates the reaction rates for each elementary reaction based on
Arrhenius type correlation, while the CFD code solves the
transport equations.

With an accurate reaction mechanism, SAGE can be
applied for modelling any combustion regime such as ignition,
premixed and mixing-controlled in gasoline and diesel com-

bustion scenarios. It is to be noted that the SAGE is commonly
used with a multi-zone solver, which solves the cells with sim-
ilar thermodynamic conditions in groups and saves run-time.

2.3. Validation of simulation results

Validation of the simulation results has been done using exper-

imental data from Curtis et al. [21]. Data were available for
several Start-of-Injection (SOI) timings for the Caterpillar
3401 engine, and are used to verify the simulation results.
advanced
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Figure 3 Validation of ‘‘Pressure vs Crank angle” and ‘Heat release rate vs Crank angle” of experimental data and simulation data of

baseline case.

4 P. Kashyap Chowdary et al.
Engine modelling is done with the same geometrical specifica-
tions of Table 1 and the simulation run has been taken by

imposing the same initial and boundary conditions (Fig. 3).
The input parameters such as Boundary conditions, Spray

modelling parameters, Turbulence modelling parameters,

material, and grid select of the cylinder and engine have been
given to CONVERGE.

3. Results and discussion

Here in this chapter, a clear impact of EGR and advanced SOI
on engine performance and exhaust has been shown clearly.

CFD analysis is done on both reference model and improved
model. The results below proved that reduction of NOx and
Soot is possible with simultaneously introducing the new

parameters (introducing both EGR of 10% and Advancing
SOI by 3.5�). And the in-cylinder combustion pictures are
shown at CAD 21 aTDC and at the end of combustion.
Figure 4 Variation of NOx with Crank angle in both baseline (red) a

Please cite this article in press as: P. Kashyap Chowdary et al., Numerical analysis o
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3.1. Individual effect of EGR and advanced SOI

But, before analysing the combined effect of the SOI and
EGR, the individual effects of each should be studied.

(1) Advanced SOI: SOI -14.5� CAD aTDC, EGR 0%.
(2) EGR: SOI -11� CAD aTDC, EGR 10%.

The modified parameters of the model are analysed in
CONVERGE and Graphs are plotted w.r.t baseline case.

(i) NOx vs Crank angle (�).
(ii) Soot vs Crank angle (�).
(iii) Pressure vs Volume (m3).

(iv) Temperature vs Crank angle (�).

The above plots are shown for both Individual effect of

‘‘SOI” and ‘‘EGR”.
nd improved strategy (blue). NOx has been decreased by 34.41%.

f C.I engine to control emissions using exhaust gas recirculation and advanced
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Figure 5 Variation of in-cylinder pressure with Volume in both baseline (red) and improved strategy (blue). The in-cylinder peak

pressure has decreased by 0.30 MPa.

Numerical analysis of C.I engine 5
3.1.1. Plots of ‘‘introducing EGR”

From the graph (Fig. 4), it clearly indicates that NOx has
reduced in improved case (Start of Injection- SOI 11�CA
bTDC and EGR 10%). The NOx content in the exhaust has
been reduced by 34.41%, as the EGR used absorbed some
amount of the heat released in the cylinder. So, use of EGR
suppressed the NOx content in the Exhaust.

Rate of NOx formation is the ratio of ‘Amount of NOx

released at exhaust (g)’ and ‘Amount of fuel sprayed into cylin-
der (kg)’. At the end of combustion in baseline case, the NOx

released at exhaust is 5.59 * 10�3 (g) and in the modified case it
is 3.669 * 10�3 (g). From Table 1, fuel injected into cylinder is
162 * 10�6 (kg). So, Rate of NOx formation in baseline case is
Figure 6 Variation of Soot with Crank angle in both baseline (red) an

been increased by 37.2% compared to baseline case.

Please cite this article in press as: P. Kashyap Chowdary et al., Numerical analysis o
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34.46 (g/kg of fuel) and in modified case the rate of formation

is 22.66 (g/kg of fuel).
So, the NOx has decreased by 34.41%, as compared to the

baseline case.

In Fig. 5, the in-cylinder peak pressure has decreased by
0.30 MPa. This is because, the introduction of EGR makes
mixture become homogenous and combustion happens
smoothly, which in turn reduces the peak pressure.

As EGR is sent into the pre-combustion mixture, the oxy-
gen concentration is reduced. When the oxygen quantity gets
diluted, the oxygen is not available for perfect combustion.

As the combustion is not happening properly, this results in
formation of excess soot.
d improved strategy (blue). The soot at the end of combustion has

f C.I engine to control emissions using exhaust gas recirculation and advanced
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Figure 7 Variation of in-cylinder temperature with Crank angle in both baseline (red) and improved strategy (blue). The peak

temperature has been reduced due to high specific heat of CO2 present in the EGR.

6 P. Kashyap Chowdary et al.
Rate of Soot formation is the ratio of ‘Amount of Soot
released at exhaust (g)’ and ‘Amount of fuel sprayed into cylin-

der (kg)’. At the end of combustion in baseline case, the soot
released at exhaust is 9.77 * 10�5 (g) and in the modified case
it is 1.34 * 10�4 (g). From Table 1 fuel injected into cylinder

is 162 * 10�6 (kg). So, Rate of Soot formation in baseline case
is 0.602 (g/kg of fuel) and in modified case the rate of forma-
tion is 0.8261 (g/kg of fuel).

So, Soot has increased by 37.2%, as compared to the base-
line case, which can be clearly observed in Fig. 6.

When the EGR is introduced into the cylinder, the CO2

present in it has high specific heat compared to the other gases.
Figure 8 From the graph (Fig. 8), it clearly indicates that NOx has in

and EGR 0%). The NOx content in the exhaust has been increased b

Please cite this article in press as: P. Kashyap Chowdary et al., Numerical analysis o
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So, this nature makes CO2 to absorb the in-cylinder tempera-
tures. So this makes to reduce the peak temperatures (Fig. 7).

3.1.2. Plots of advancing ‘‘SOI”

From the graph (Fig. 8), it clearly indicates that NOx has

increased in improved case (Start of Injection- SOI 14.5�CA
bTDC and EGR 0%). The NOx content in the exhaust has
been increased by 7.4%, as the SOI is advanced by 3.5�. The
effect of advanced start of injection improves the homogeneity

of mixture as it gets long time to mix properly. And as a result
the in-cylinder temperature on an average rises, which in turn
gives opportunity for high formation of NOx.
creased in improved case (Start of Injection- SOI 14.5�CA bTDC

y 7.4%, as the SOI is advanced by 3.5�.

f C.I engine to control emissions using exhaust gas recirculation and advanced
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Figure 9 Soot has decreased by 51.96%, as compared to the baseline case, at the end of the combustion. This is because early injection

gives high temperatures during expansion stroke, which tends to oxidise soot particles quickly.

Numerical analysis of C.I engine 7
Rate of NOx formation is the ratio of ‘Amount of NOx

released at exhaust (g)’ and ‘Amount of fuel sprayed into cylin-
der (kg)’. At the end of combustion in baseline case, the NOx

released at exhaust is 5.59 * 10�3 (g) and in the modified case it
is 6.008 * 10�3 (g). From Table 1, fuel injected into cylinder is
162 * 10�6 (kg). So, rate of NOx formation in baseline case is
34.46 (g/kg of fuel) and in modified case the rate of formation

is 37.04 (g/kg of fuel).
So, the NOx has increased by 7.4%, as compared to the

baseline case.

The earlier injection leads to higher temperatures during the
expansion stroke, and more time in which oxidation of soot
particles occurs and homogenous mixture leads to less soot

formation.
Figure 10 Shows the variation of pressure w.r.t volume,

Please cite this article in press as: P. Kashyap Chowdary et al., Numerical analysis o
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Rate of Soot formation is the ratio of ‘Amount of Soot
released at exhaust (g)’ and ‘Amount of fuel sprayed into cylin-
der (kg)’. At the end of combustion in baseline case, the Soot

released at exhaust is 9.77 * 10�5 (g) and in the modified case it
is 4.69 * 10�5 (g). From Table 1 fuel injected into cylinder is
162 * 10�6 (kg). So, Rate of Soot formation in baseline case
is 0.602 (g/kg of fuel) and in modified case the rate of

formation is 0.289 (g/kg of fuel).
So, soot has decreased by 51.96%, as compared to the

baseline case, which can be clearly observed in Fig. 9

(see Fig. 10).
In Fig. 11, as the start of Injection is advanced by 3.5�, it

makes clear that the fuel gets more time to get mixed

and become more homogeneous. This makes clear that,
where the peak pressure is higher for the baseline case.

f C.I engine to control emissions using exhaust gas recirculation and advanced
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Figure 11 In Fig 13: As the start of Injection is advanced by 3.5�, it makes clear that the fuel gets more time to get mixed and become

more homogeneous, and hence the combustion peak temperature is higher.

Figure 12 Variation of NOx with Crank angle in both base-line

(red) and improved strategy (blue). The plot clearly indicates that

NOx at the end of combustion has decreased by 1.2% compared to

baseline case.

Figure 13 Variation of in-cylinder pressure- with Volume in

both baseline (red) and improved strategy (blue). In the plot, it

shows that peak pressure in the second case has been increased by

0.8 MPa (which in result increases the work done).

Figure 14 Variation of soot with Crank angle in both baseline

(red) and improved strategy (blue). In the above plot, it is clear

that soot at the exhaust has been decreased by 21.3% compared to

base-line case.

8 P. Kashyap Chowdary et al.
combustion happens more efficiently than the baseline case. So
this makes an increase in peak temperatures.

3.2. Combined effect of SOI and advanced EGR

The new parameters of the model are analysed in CON-

VERGE and Graphs are plotted.

(i) NOx vs Crank angle (�) (Fig. 12).
(ii) Soot vs Crank angle (�) (Fig 14).
(iii) Pressure vs Volume (m3) (Fig. 13).
(iv) Temperature vs Crank angle (�) (Fig. 15).

From the graph (Fig. 12), it clearly indicates that NOx has
reduced in improved case (Start of Injection- SOI 14.5� CA
bTDC and EGR 10%). The NOx content in the exhaust has

been reduced by 1.2%, as the EGR used absorbs the heat
released in the cylinder. So, use of EGR Suppressed the NOx

content in the Exhaust. Though the flame temperatures are

higher, the NOx is reduced because of lesser oxygen concentra-
tion due to the EGR fraction.
Please cite this article in press as: P. Kashyap Chowdary et al., Numerical analysis o
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Rate of NOx formation is the ratio of ‘Amount of NOx

released at exhaust (g)’ and ‘Amount of fuel sprayed into cylin-
der (kg)’. At the end of combustion in baseline case, the NOx
f C.I engine to control emissions using exhaust gas recirculation and advanced
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Figure 15 Variation of in-cylinder Temperature- with Crank

angle in both baseline (red) and improved strategy (blue).

Numerical analysis of C.I engine 9
released at exhaust is 4.098 * 10�3 (g) and in the modified case
it is 4.049 * 10�3 (g). From Table 1, fuel injected into cylinder

is 162 * 10�6 (kg). So, rate of NOx formation in baseline case is
25.296 (g/kg of fuel) and in modified case the rate of formation
is 24.99 (g/kg of fuel).
Figure 16 Modified strategy [Equivalence Ratio, NOx, Soo

Figure 17 Baseline case [Equivalence Ratio, NOx, Soot form

Please cite this article in press as: P. Kashyap Chowdary et al., Numerical analysis o
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So, the NOx has decreased by 1.2%, as compared to the
baseline case, and it can be observed in the graph NOx vs
Crank Angle (Fig. 12).

In Fig. 13, the in-cylinder pressure has increased by
0.8 MPa. This is because of advanced SOI, and the
mixture becomes homogenous. So the Work Done/IMEP by

the engine increased. And finally efficiency of the engine is also
increased.

The earlier injection leads to higher temperatures during the

expansion stroke, and more time in which oxidation of soot
particles occurs and homogenous mixture leads to less soot
formation.

Rate of Soot formation is the ratio of ‘Amount of Soot

released at exhaust (g)’ and ‘Amount of fuel sprayed into cylin-
der (kg)’. At the end of combustion in baseline case, the Soot
released at exhaust is 9.09 * 10�5 (g) and in the modified case

it is 7.19 * 10�5 (g). From Table 1 fuel injected into cylinder
is 162 * 10�6 (kg). So, Rate of Soot formation in baseline case
is 0.561 (g/kg of fuel) and in modified case the rate of forma-

tion is 0.44 (g/kg of fuel).
t formation, Temperature in cylinder at 21� CA aTDC.

ation, Temperature in cylinder at 21� CA aTDC aTDC.

f C.I engine to control emissions using exhaust gas recirculation and advanced
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Figure 18 Comparison of NOx and Soot released between

modified strategy and baseline/reference strategy. Visual images

clearly show that NOx and Soot decreased with the combined

effect of SOI and EGR.

Figure 19 NOx content at the end of combustion in the cylinder.

NOx has been decreased by 1.2% only compared with the baseline

case.

Figure 20 Soot content at the end of combustion in the cylinder.

Soot has been decreased significantly by 21.3%.

10 P. Kashyap Chowdary et al.
So, Soot has decreased by 21.3%, as compared to the base-
line case, which can be clearly observed in Fig. 14.

As the combustion takes place earlier than the baseline
case, the temperature in the cylinder increases due to homoge-
nised mixture. Although EGR tries to absorb the in cylinder

temperature, the advanced SOI increases it (Fig. 15).
Images of the in-cylinder combustion mechanism of mix-

ture are collected at 21� aTDC. It can be clearly inferred from
Please cite this article in press as: P. Kashyap Chowdary et al., Numerical analysis o
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the images that Soot and NOx have decreased in Fig. 16 than

in Fig. 17 which is Baseline case. It is observed that, at higher
temperatures and low Equivalence ratios the NOx content
increases. And at higher temperatures and higher equivalence

ratios the soot concentration increases. In Fig. 18, emissions
can be compared clearly between the modified and approved
cases at 21� CA aTDC.

The NOx and Soot are also decreased at the end of the com-
bustion compared to baseline in Fig. 19. The higher cylinder
mean temperature (>1000 K) helps soot to get oxidised and
homogenous mixture will be responsible for complete combus-

tion, which reduces the soot (Fig. 20). Thus, high cylinder tem-
peratures and proper mix of fuel and air favour soot reduction.

4. Summary and conclusion

The baseline model is analysed and results are found; it is fur-
ther got improved exhaust emissions and performance as well,

by varying the following:

(i) Advancing Start of Injection by 3.5�.
(ii) Recirculating the Exhaust gas by 10%.
f C.I engine to control emissions using exhaust gas recirculation and advanced
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This model with improved parameters is again post pro-
cessed and positive results are found.

� The soot in exhaust has been reduced by 21% and NOx by
1.2%, by the use of ‘‘advanced SOI by 3.5� and 10% of
EGR.

� Making use of varied EGR and SOI at a same time will
compensate each other’s negative effect.

� Increasing the EGR decreased the NOx and increased the
soot content as EGR actually contains some soot content,

but use of ‘‘advanced SOI” controls it. At the same time
use of advanced SOI, increased NOx and decreased the
soot. The increased NOx is controlled by EGR. Hence the

combined effect has proved that NOx and Soot can be
reduced in exhaust.

� The area under the P–V curve has increased in the modified

strategy, which results in increase of work done/IMEP. And
the Efficiency is also increased.

Acknowledgement

I would like to express my deepest vote of thanks to ‘‘I.C
Engines Laboratory” of ‘‘National Institute of Technology,
Warangal (NIT Warangal)” in providing me efficient labora-
tory facilities for the progress of Simulation Analysis.

References

[1] H. Liu, Z. Zheng, M. Yao, Influence of temperature and mixture

stratification on HCCI combustion using chemiluminescence

images and CFD analysis, Appl. Therm. Eng. (2012).

[2] S. Kook, C. Bae, J. Kim, Diesel-fuelled homogeneous charge

compression ignition engine with optimized premixing

strategies, Int. J. Eng. Res. (2007).

[3] H. Machrafi, S. Cavadias, P. Guibert, An experimental and

numerical investigation on the influence of external gas

recirculation on the HCCI auto ignition process in an engine:

thermal, diluting, and chemical effects, Combust. Flame (2008).

[4] D.S. Kim, M.Y. Kim, C.S. Lee, Combustion and emission

characteristics of a partial homogeneous charge compression

ignition engine when using two-stage injection, Combust. Sci.

Technol. (2007).

[5] M. Jia, Z. Peng, M.Z. Xie, R. Stobart, Evaluation of spray/wall

interaction models under the conditions related to diesel HCCI

engines, SAE Paper 2008-01-1632, 2008.

[6] A. Maiboom, X. Tauzia, J. Helet, Experimental study of various

effects of exhaust gas recirculation (EGR) on combustion and

emissions of an automotive direct injection diesel engine, Energy

33 (2008) 22–34.
Please cite this article in press as: P. Kashyap Chowdary et al., Numerical analysis o
start of injection, Alexandria Eng. J. (2016), http://dx.doi.org/10.1016/j.aej.2016.03
[7] G.H. Abd-Alla, Using exhaust gas recirculation in internal

combustion engines: a review, Energy Convers. Manage. 43

(2002) 1027–1042.

[8] N. Ladommatos, S.M. Abdelhalim, H. Zhao, Z. Hu, The effects

of carbon dioxide in exhaust gas recirculation on diesel engine

emissions, Proc. Inst. Mech. Eng. Part D: J. Autom. Eng. 212

(1998) 25–42.

[9] D. Agarwal, S.K. Singh, A.K. Agarwal, Effect of Exhaust Gas

Recirculation (EGR) on performance, emissions, deposits and

durability of a constant speed compression ignition engine,

Appl. Energy 88 (2011) 2900–2907.

[10] D.T. Hountalas, G.C. Mavropoulos, K.B. Binder, Effect of

exhaust gas recirculation (EGR) temperature for various EGR

rates on heavy duty DI diesel engine performance and emissions,

Energy 33 (2008) 272–283.

[11] Y. Park, C. Bae, Experimental study on the effects of high/low

pressure EGR proportion in a passenger car diesel engine, Appl.

Energy 133 (2014) 308–316.

[12] D.A. Kouremenos, D.T. Hountalas, K.B. Binder, The effect of

EGR on the performance and pollutant emissions of heavy duty

diesel engines using constant and variable AFR, SAE Paper No.

2001-01-0198.

[13] R. Schubiger, A. Bertola, K. Boulouchos, Influence of EGR on

combustion and exhaust emissions of heavy duty DI-diesel

engines equipped with common-rail injection systems, SAE

Paper No. 2001-01-3497.

[14] J. Lim, B. Kang, J. Park, Y. Yeom, S. Chung, J. Ha, A study on

exhaust characteristics in HSDI diesel engine using EGR cooler,

in: Proceedings of the KSAE 2004 Fall Conference, 2004, pp.

306–312.

[15] M. Zheng, G.T. Reader, J.G. Hawley, Diesel engine exhaust gas

recirculation—a review on advanced and novel concepts, Energy

Convers. Manage. 45 (2004) 883–900.

[16] A.J. Dennis, C.P. Garrner, D.H.C. Taylor, The effect of EGR

on diesel engine wear, SAE Paper No. 1999-01-0839.

[17] K. Ishiki, S. Oshida, M. Takiguchi, A study of abnormal wear in

power cylinder of diesel engine with EGR-wear mechanism of

soot contaminated in lubricating oil, SAE Paper No. 2000-01-

0925.

[18] A.K. Agarwal, S.K. Singh, S. Sinha, M.K. Shukla, Effect of

EGR on the exhaust gas temperature and exhaust opacity in

compression ignition engines, Sadhana 29 (Part 3) (2004) 275–

284.

[19] G.T. Reader, G. Galinsky, I. Potter, R.W. Gustafson,

Combustion noise levels and frequency spectra in an IDI

Diesel engine using modified intake mixtures, Emerging

Energy Technol. Trans. ASME 66 (1995) 53–58.

[20] S. Saravanan, Effect of EGR at advanced injection timing on

combustion characteristics of diesel engine, 2015.

[21] E.W. Curtis, A new high pressure droplet vaporization model

for diesel engine modelling, SAE-952431.
f C.I engine to control emissions using exhaust gas recirculation and advanced
.008

http://refhub.elsevier.com/S1110-0168(16)30020-5/h0005
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0005
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0005
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0010
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0010
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0010
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0015
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0015
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0015
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0015
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0020
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0020
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0020
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0020
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0030
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0030
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0030
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0030
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0035
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0035
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0035
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0040
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0040
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0040
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0040
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0045
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0045
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0045
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0045
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0050
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0050
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0050
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0050
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0055
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0055
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0055
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0075
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0075
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0075
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0090
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0090
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0090
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0090
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0095
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0095
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0095
http://refhub.elsevier.com/S1110-0168(16)30020-5/h0095
http://dx.doi.org/10.1016/j.aej.2016.03.008

	Numerical analysis of C.I engine to control emissions using exhaust gas recirculation and advanced start of injection
	1 Introduction
	2 Numerical analysis
	2.1 Boundary conditions & Initial conditions
	2.2 Combustion model
	2.3 Validation of simulation results

	3 Results and discussion
	3.1 Individual effect of EGR and advanced SOI
	3.1.1 Plots of “introducing EGR”
	3.1.2 Plots of advancing “SOI”

	3.2 Combined effect of SOI and advanced EGR

	4 Summary and conclusion
	Acknowledgement
	References


