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Abstract: The concept of Low Temperature Combustion (LTC) using high levels of cooled EGR has
been advancing rapidly because it may reduce emissions of NOx and soot simultaneously. In this
paper, the effect of various cooled EGR rates, from low levels to levels corresponding to low
temperature combustion is explored on spray characteristics and the air-fuel mixing and the subsequent
combustion and pollutant formation processes in a D.I. heavy duty diesel engine. A three dimensional
CFD model for flow field, spray, spray-wall interactions, combustion and emission formation processes
have been used to carry out the computations.
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INTRODUCTION

Conventional compression ignition (CI, diesel) engines are known for their high thermal efficiency
compared to that of spark ignited (SI) engines.  This makes CI engines a potential candidate for the future
prime source of power for transportation sector to reduce greenhouse gas emissions and to shrink carbon foot
print. However, CI engines produce high levels of NOx and soot emissions. Conventional methods to reduce
NOx and soot emissions often result in the infamous NOx-soot trade-off. To avoid the NOx-soot trade-off,
current studies have focused on Low Temperature Combustion (LTC) strategies and new combustion concepts.

One concept is homogenous charge compression ignition (HCCI) based on the simultaneous ignition of
a highly diluted premixed air-fuel mixture throughout the combustion chamber that has been investigated by
Ryan and Callahan (1996), Dec (2002) and Hosseini (2009). Close to homogenous conditions are obtained by
very early fuel injection. This concept corresponds to combustion in an area with an equivalence ratio leaner
than 1 and a temperature lower than 2200 K. HCCI combustion results in minimal soot and NOx emissions
with only a slight decrease in fuel efficiency.

Partial Premixed Charge Compression Ignition (PCCI) is a further possibility for low emission combustion
has been explored by Lee et al (2003) and Kanda et al. (2005). This concept uses partial premixing of the fuel
to reduce the non-premixed part of the combustion. In this concept, low NOx and soot emissions achieved by
injecting fuel early in the compression stroke in order to form a premixed lean mixture over a long mixing
period. Also, increase the amount of fuel injected beyond a certain level is resulted in knock that this is
limiting the operating range of PCCI combustion.

The use of high cooled EGR rate is a way to gain LTC condition and reduce NOx and soot emissions,
simultaneously. The use of EGR is very effective to mitigate the NOx levels by reducing oxygen concentration
in the intake system as well as chemical effects of added CO2 and H2O. Also, under this condition lower
combustion temperature in the fuel-rich zones (in which normally soot is produced) contributes to greater
suppression of soot formation. High HC and CO emissions are unavoidable under LTC strategies which can
be mitigated using an oxidation catalyst.

Several studies confirmed the possibility of reaching near zero NOx and soot emissions using a
combinatiuon of high cooled EGR fraction in diesel engines. High equivalence ratio combustion based on
extensive use of high cooled EGR rates, has been investigated by Sasaki et al. (2000) and Akihama et al.
(2001) in a direct injection diesel engine at very low load condition. They indicated a smoke-less and NOx-less
rich combustion when using EGR above a critical point due to a lower combustion temperature below the
minimum soot formation temperature (i.e., about 1600 K). Bianchi et al. (2002) carried out a numerical study 

Corresponding Author: H. Khatamnezhad, Department of Mechanical Engineering, Faculty of Engineering, Urmia
University, Urmia, Iran 
E-mail: Khatamnezhad@yahoo.com

523



Aust. J. Basic & Appl. Sci., 5(6): 523-537, 2011

to explore low temperature combustion condition in a diesel engine at medium load condition. They reported
that EGR cooling reduces the soot formation but cannot almost eliminate it because portions of rich mixture
are at high temperature. This high temperature is due the increase heat release from combustion and the
reduced dilution effect in compared to low load engine condition. Yun and Reitz (2005) demonstrated an
optimization of combustion in the low-temperature diesel combustion regime and high EGR fraction. A genetic
algorithm scheme was applied to optimize combustion in a diesel engine in order to reduce NOx, soot, and
brake specific fuel consumption (b.s.f.c.), simultaneously. Start of-injection (SOI) timing, intake boost pressure
level, cooled exhaust gas recirculation (EGR) rate, and fuel-injection pressure were used for optimization.
Alriksson et al. (2006) investigated possibilities for extending the range of engine loads using low temperature
combustion in conjunction with high levels of EGR to reduce soot and NOx emissions. Their results indicate
low soot emissions could not be achieved with high levels of EGR at 50% engine load and in order to achieve
lower soot emission, the charge air pressures and start of injections should be tuned for higher engine load.
Beatrice et al. (2007) represented the LTC concept is a better candidate to reduce both the soot and NOx
forming conditions because it allows easier auto-ignition control and it can be applied to conventional diesel
engines with minimal design modifications. However, the differences in combustion between this concept and
conventional diesel combustion must be investigated to determine their effects on spray combustion
characteristics as well as emissions. Wakisaka et al. (2008) presented a detailed study of the effects of
increased boost pressure, high EGR fraction, and high injection pressure on exhaust emissions of a light duty
diesel engine. It was indicated that a combination of increased boost pressure, high EGR fraction, and high
injection pressure reduced NOx and soot emissions, significantly. Cong et al. (2010) experimentally evaluated
the effects of fuel injection parameters on combustion stability in a diesel engine running at low and
intermediate speeds and loads under LTC operating conditions. Their results indicated LTC combustion with
the main heat release close to TDC generally had better combustion stability and lower THC emissions.
However, too early injection resulted in significantly increased combustion instability and higher THC
emissions, especially at lower loads.

The characteristics of a diesel spray in conventional diesel combustion are very well-understood. Numerous
experimental investigations such as Bae et al. (2002) and Hillamo et al. (2008) and numerical simulation
studies such as Desantes et al. (2006) have explored various aspect of conventional diesel spray.  With new
emerging technologies such as extremely high EGR fraction and injection rate shaping using advanced common
rail diesel injection systems, it is necessary to develop a better understanding of diesel spray characteristics
as the fuel spray evolution significantly affects the combustion process and exhaust emissions.

Three dimensional CFD simulation is one of the many tools are used to investigate diesel spray
characteristics. Multidimensional CFD-codes solve the full set of differential equations for species, mass,
energy, and momentum conservation on a relatively fine numerical mesh. They also include sub-models to
account for the effects of turbulence.

The aim of this work is investigation on fuel spray characteristics, wall film formation, combustion process
and exhaust emissions in a heavy duty DI diesel engine operating at low temperature combustion and
intermediate engine load condition via three dimensional computational fluid dynamics (CFD) procedures. This
work analyzes the effect of various cooled EGR rates, from low levels to levels corresponding to low
temperature combustion, on the combustion and emission formation in a DI diesel engine at medium load
condition. 

Model Description:
Especially in Diesel engines there is a strong interaction of mixture formation and combustion since both

processes occur simultaneously. The most important phenomena are the liquid core atomization, the collision
and secondary break-up of fuel droplets, their momentum, energy and mass exchange with the gas phase and
the droplet-wall-interaction. Simultaneously, numerous complex chemical reactions occur, which initiate the auto
ignition, the burnout of the premixed phase and the subsequent turbulent non-premixed combustion. It is a
demanding task for the numerical simulation tools to adequately describe all the above phenomena, which are
physically divers, but strongly interactive. The numerical simulation of flow and mixture formation is based
on an Eulerian description of the gas-phase and on a Lagrangian description of the droplet-phase. The
interaction between both phases is described by source terms for the momentum, heat and mass exchange. This
methodology has widely been used for spray modeling and is also implemented in the CFD code FIRE. The
turbulent gas flow is described by a numerical solution of the complete ensemble averaged equations of the
conservation of mass, momentum, energy and species mass fraction in an unstructured numerical mesh.
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Turbulence is modeled using a RNG k-e  model by Han and Reitz (1995).

Spray Models:
The Kelvin-Helmholtz Rayleigh-Taylor (KH-RT) model was selected to represent spray breakup which was

proposed by Beale and Reitz (1999). In this model Kelvin-Helmholtz (KH) surface waves and Rayleigh-Taylor
(RT) disturbances should be in continuous competition of breaking up the droplets. 

The KH mechanism is favored by high relative velocities and high ambient density. The model is based
on a first order linear analysis of a Kelvin-Helmholtz instability growing on the surface of a cylindrical liquid
jet with initial diameter R that is penetrating into a stationary incompressible gas with a relative velocity urel.
The KH model postulates that a parent parcel with drops of radius, R, breaks up to form new drops with
radius, Rc , which satisfy 

   (1)0C KHR B 

Where        is the wavelength corresponding to the KH wave with the maximum growth rate,        , KH KH
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The constant B1 has been given a variety of values between 10 and 60. The KH model is used to predict
the initial breakup of the intact liquid core. The Rayleigh-Taylor model is then used to predict the secondary
breakup of the droplets. The RT mechanism is driven by rapid deceleration of the droplets causing growth of
surface waves at the droplet stagnation point. Neglecting liquid viscosity and considering surface tension only, 

the analytical fastest growing frequency         , and the corresponding wave length,         , are defined as:RT RT
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Where a is the acceleration of the interface can be found as:
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The break-up time                is found to be the reciprocal  of the  frequency of the fastest growing 
1

bu RTt  

wave. At             the drop disintegrates completely into  small  droplets  whose  radius                 is but t C RTD  

assumed to be proportional to the wavelength. The drop is only allowed to break up if         is smaller thanRT
its diameter.

In the KHRT model, the aerodynamic force on the drop flattens it into the shape of a liquid sheet, and
the decelerating sheet breaks into large-scale fragments by means of RT instability. KH waves with a much
shorter wavelength originate at the edges of the fragments, and these waves breakup into micrometer-size
drops.

The Dukowicz model was applied for treating the heat-up and evaporation of the droplet, which is
described by Dukowicz (1979). This model assumes a uniform droplet temperature. In addition, the rate of
droplet temperature change is determined by the heat balance, which states that the heat convection from the
gas to the droplet either heats up the droplet or supplies heat for vaporization.

Ignition and Combustion Models:
The Shell auto-ignition model was used for modeling of the auto-ignition. In this generic mechanism, 6

generic species for hydrocarbon fuel, oxidizer, total radical pool, branching agent, intermediate species and
products were involved. In addition the important stages of auto-ignition such as initiation, propagation,
branching and termination were presented by generalized reactions, described by Halstead et al. (1977).

The combustion model used in this study is of the turbulent mixing controlled variety, as described by
Magnussen and Hjertager (1976). This model assumes that in premixed turbulent flames, the reactions (fuel
and oxygen) are contained in the same eddies and are separated from eddies containing hot combustion
products. The chemical reactions usually have time scales that are very short compared to the characteristics
of the turbulent transport processes. Thus, it can be assumed that the rate of combustion is determined by the
rate of intermixing on a molecular scale of eddies containing reactants and those containing hot products, in
other words by the rate of dissipation of these eddies according to Equation 9.
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The first two terms of the “minimum value of” operator determine whether fuel or oxygen is present in
limiting quantity, and the third term is a reaction probability which ensures that the flame is not spread in the
absence of hot products. Above equation includes three constant coefficients (Cfu, τR, Cpr) and Cfu varies from
3 to 25 in diesel engines. 

Emission Models:
NOx formation model is derived by systematic reduction of multi-step chemistry, which is based on the

partial equilibrium assumption of the considered elementary reactions using the extended Zeldovich mechanism
describing the thermal nitrous oxide formation which was proposed by Zeldovich et al. (1974).
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The soot formation and oxidation model of Kennedy, Hiroyasu and Magnussen, has been implemented to
describe soot formation which was proposed by Heywood (1976). The overall soot formation rate is modeled
as the difference between soot formation and soot oxidation.

Numerical Model:
The numerical method used in this study is a segregated solution algorithm with a finite volume-based

technique. The segregated solution is chosen, due to the advantage over the alternative method of strong
coupling between the velocities and pressure. This can help to avoid convergence problems and oscillations
in pressure and velocity fields. This technique consists of an integration of the governing equations of mass,
momentum, species, energy and turbulence on the individual cells within the computational domain to construct
algebraic equations for each unknown dependent variable. The pressure and velocity are coupled using the
SIMPLE (semi-implicit method for pressure linked equations) algorithm which uses a guess-and-correct
procedure for the calculation of pressure on the staggered grid arrangement. It is more economical and stable
compared to the other algorithms. The upwind scheme is employed for the discretization of the model
equations as it is always bounded and provides stability for the pressure correction equation. The CFD
simulation convergence is judged upon the residuals of all governing equations. This "scaled'' residual is
defined as:

 (10)
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Where φp is a general variable at a cell p, ap a is the center coefficient, anb are the influence coefficients

for the neighboring cells, and b is the contribution of the constant part of the source term. The results reported
in this paper are achieved when the residuals are smaller than 1.0×10!4.

Model Geometry and Grid Generation:
The numerical model for Caterpillar 3406 heavy duty DI diesel engine with the specifications and

operating conditions on Table 1 is carried out using CFD code.
Since a 6-hole nozzle is used, only a 60° sector has been modeled. This takes advantage of the symmetry

of the chamber geometric setup, which significantly reduces computational runtime. The final mesh consists
of a hexahedral dominated mesh. Number of cells in the mesh was about 19500 at TDC. This fine mesh size
will be able to provide good spatial resolution for the distribution of most variables within the combustion
chamber.

Fig. 1 shows the boundary conditions that used in computational domain for simulating heavy duty diesel
engine. Due to assumption of cyclic symmetry, periodic boundary condition is applied to two contiguous
boundaries and moving wall boundary condition is applied to piston bowl as shown in Fig. 1.

Calculations are carried out on the closed system from IVC at -147°CA ATDC to EVO at 136°CA ATDC.

Table 1: Engine Specifications
Engine type  Caterpillar 3406 DI diesel engine
Engine speed (rpm) 1600
Bore × stroke (mm)          137.19 ×165.1
Displacement                    2.44 L
Connecting rod length (mm) 261.62
Combustion chamber geometry Mexican Hat
Compression ratio                        15.1
Fuel Injection system              Common Rail
Maximum injection pressure (MPa) 90
Number of nozzle holes                   6
Nozzle hole diameter (mm)             0.259
Fuel injected (mm3/cycle)                200
Injection duration (°CA) 18.6
Start of injection(°CA) 8.5 BTDC
Intake valve closing (IVC) -147 ATDC
Exhaust valve opening (EVO) +136 ATDC
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Fig. 1: Boundary conditions used in computational domain at TDC.

RESULTS AND DISCUSSIONS

In the first part of this section, the possibilities of maintaining low soot and NOx emissions by using high
cooled EGR rates to achieve low temperature combustion were investigated. In the subsequent sections,
parametric study was conducted to the effects of the injection timing investigated on combustion and emissions
at low combustion temperature.

Model Validity:
Before using the three dimensional CFD model to examine the effect of high EGR rate on combustion

process and emissions, it is necessary to validate its predictive ability. For this reason we have used
experimental data for the single cylinder test engine mentioned above. The model was calibrated at 1600 rpm
engine speed and without EGR. In this condition, start of injection (SOI) was fixed at 351.5 and 90 MPa
injection pressure. In this work, this condition is so-called a baseline case. Parameters tuned were: spray tip
penetration, in-cylinder pressure, NOx and soot exhaust emissions. 

Fig. 2 shows predicted spray penetration for caterpillar diesel engine in comparison with experimental data
which has been investigated by Ricart et al. (1997). Experimental data for spray penetration exist until about
8°CA after SOI as ignition occurred and the optical measurement system did not contain a narrow pass filter
to block out the flame luminosity. There is a good agreement between calculated and measured results and as
can be seen, the numerical model tends to over predict the measured spray tip penetration. The accuracy of
calculated spray penetration illustrates the ability of this model in prediction of spray characteristics and
mixture formation.

Fig.3 indicates the comparison of simulated and experimental in-cylinder pressures against to crank angle
for the caterpillar diesel engine. The good agreement of predicted in-cylinder pressure with the experimental
data which has been investigated Rutland et al. (1995) can be observed. It is due to time step and
computational grid independency of obtained results.

Fig. 2: Comparison of calculated and measured spray tip penetration.
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Fig. 3: Comparison of calculated and measured in-cylinder pressure.

Fig.4 and Fig.5 illustrate the total in-cylinder NOx and soot variation with crank angle in compared to
experimental values at 430 ºCA at baseline condition. It is seen that most of the NOx is predicted to be
produced after the peak heat release (i.e., after peak cylinder pressure) and during this time soot oxidation
accounts for the decrease in the in-cylinder soot levels. It can be seen the calculated total in-cylinder NOx and
soot values have good agreement to experimental values at 430 ºCA that represents the model capability in
the assessment of emissions.

Fig. 4: Comparison of calculated and measured NOx emission.

Fig. 5: Comparison of calculated and measured soot emission.
The good agreement between the measured and computed results for this engine operating condition gives

confidence in the model predictions, and suggests that the model may be used to explore new engine concepts
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about effects of high EGR rate and injection rate shaping on the spray characteristics, spray-wall interaction,
combustion process and emissions.

Effect of High Cooled EGR Rates on Fuel Spray Characteristics: 
In this section at the fixed injection timing and injection pressure and for a given amount of fuel in

compared to baseline case, the effect of cooled EGR is investigated on spray characteristics, combustion
process and emissions. EGR temperature at the inlet condition is simulated 315 K equal to inlet temperature
in baseline case. 

SMD distributions in different EGR rates have been shown in Fig. 6, in compared to baseline case. SMD
is one quantity characterizing the average droplet size of a spray and means the average volume of all particles
in a cell divided by the average surface area of all particles in the cell. 

Firstly, SMD size is decreased to the lowest value at 354 CA, due to primary break-up of spray in all
cases. The increase of SMD size after the first decreasing appears for all EGR rates in the combustion
chamber. When combustion starts after ignition delay, the smaller droplets were evaporated and extinguished
prior to the larger droplets. Therefore larger droplets remained in the fuel jet that led to increase of SMD size.
Fig. 6 indicates the increase of SMD size occurs at later crank angle accompanied by the increase of EGR rate.
This reveals that the higher EGR rate causes to longer ignition delay. After this increase, the smaller average
SMD size appears for the higher EGR rate against to crank angle. The introduction of burnt gases into the
combustion chamber and heating up together with the rest of the in-cylinder charge causes to low in-cylinder
gas temperature and high gas density. This leads to the higher number of collisions of droplets at higher
ambient gas density. This promotes secondary break-up of the liquid spray and decreases the average SMD
size. 

The liquid spray penetration length versus crank angle for different EGR rates are shown in Fig. 7. The
liquid spray penetration profile appeared to follow two different phases; an almost linear phase after start of
injection and a rapid transition to a steadier penetration length fluctuated around an average value. Increasing
the EGR rate to 58% is clearly seen to increase the rate of penetration. This is the result of reduce of droplets
evaporating around the periphery of the penetrating spray in conjunction with the increase of EGR rate and
the subsequent decrease of the in-cylinder temperature. The increase of penetration leads to a portion of the
injected spray droplets impact on the walls of the combustion chamber and form a Wall-film. Shortly after the
break-up period and ignition delay, the liquid penetration profiles fluctuated around a slowly decreasing average
value. These fluctuations could be due to the air entrainment in the liquid jet. The momentum exchange
between liquid droplets and inert gas leads to breaking away parcels of droplets around the periphery of the
leading edge of the spray tip. During the latter phase, the penetration profile behavior of 40% and 58% EGR
rate are almost identical with a slowly higher average at 40% EGR rate. The baseline case has higher average
penetration at this moment. This higher penetration leads to the increase of air entrainment in the spray and
mixture formation improvement. As can be seen in Fig.6, smaller droplet can be seen at higher EGR rate after
the start of combustion. The larger droplets in the baseline case induce the higher momentum and droplet
velocity that cause to a longer spray tip penetration.

Fig. 8 shows the contour plots of spray distribution and mixture formation in one cross-section taken
diagonally across the bowl and split ting it in half at 356 °CA and 358 °CA, respectively. As mentioned above,
the increase of EGR rate decreases mean in-cylinder temperature at ignition delay. Therefore, further spray
penetration leads to the increase of mass impingement on the piston bowl and wall film formation, in compared
to baseline case with no EGR. Also as indicated, the near wall region includes higher mixture fraction at
baseline case. This is because the higher in-cylinder temperature enhances the evaporation rate of the liquid
droplet and wall film on piston bowl. 

Effect of High Cooled EGR Rates on Combustion and Emissions:
In Fig. 9 it is given the comparison of cylinder pressure and rate of heat release traces for baseline case,

40% and 58% EGR at 1600 rpm engine speed using an injection timing of -8.5 ATDC. It can be seen that
the in-cylinder peak pressure is reduced with increase of EGR rate. This is because the use of high EGR ratio
reduces further the availability of oxygen. This lack of oxygen in the cylinder charge reduces the combustion
rate leading to retarded combustion and thus to lower peak cylinder pressure values. This is best revealed from
the heat release rate curve on various EGR rates.
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Fig. 6: SMD distributions for 40% and 58% EGR raes in compared to baseline case.

Fig. 7: Spray penetration for 40% and 58% EGR raes in compared to baseline case.

Fig. 8: Contour plots of spray distribution and mixture fraction in baseline (left column) 40% EGR (middle
column) 58% EGR (right column) cases at 354 ºCA (first line) 358 ºCA (second line)

Fig. 10 compares the mean in-cylinder temperature for the 40% and 58% EGR rate with baseline case.
Operating at 40% and 58% of cooled EGR rate the maximum value of mean in-cylinder temperature is reduced
down to 1269 K and 1132 K, respectively in compared to 1504 K at baseline case. This is due to dilution
effect and thermal effect in conjunction with cooled EGR. The introduction of burnt gases into the cylinder
replaces a part of the inlet air and causes a reduction of the oxygen concentration. This effect slows down the
heat release rate if large amounts of EGR are used and leads to reduction in mean in-cylinder temperature. 
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Fig. 9: In-cylinder pressure and heat release rate comparing between different high EGR rate cases and
baseline case.

Fig. 10: In-cylinder temperature comparing between different high EGR rate cases and baseline case.

Moreover, during compression and combustion, the inert burnt gases must be heated up together with the rest
of the in-cylinder charge. Because the total heat capacity of the charge is higher with burnt gases due to the
higher specific heat capacity values of carbon dioxide (CO2) and water vapor (H2O), lower end of compression
and combustion temperatures are achieved, and heat release rates as well as maximum pressure and temperature
are reduced.

The effect of different EGR rates on the overall soot emission at EVO can be seen in Fig.11. Firstly, the
soot is increased with increasing EGR rate and decreasing air-fuel ratio accompanied with intake charge
dilution with exhaust gas and reduction of in-cylinder oxygen concentration. However, when the EGR rate
exceeds a critical point, the soot starts to sharply decrease. Therefore, it was shown that the soot emission
decreases even in the richer condition. Namely, when EGR rate is increased beyond 40 % EGR, soot emission
reduced to low value at 58% EGR rate. As a result, for a fixed injection timing and injection pressure and for
a given amount of fuel, it can be said the increase of cooling EGR to rate of 58%, allows to achieve soot
emission level is decreased close to baseline case soot engine-out level but cannot almost eliminate it. In order
to explain this reduction from low EGR rate to high one, the effect of temperature on soot formation should
be stated which has been investigated and explained by Akihama et al. (2001) at very low load engine
condition. 

The oxidization of Polycyclic Aromatic Hydrocarbons (PAH), which are considered soot precursors, are
improved instead of forming species that transform into soot at high flame temperatures. The maximum soot
concentration can be found at intermediate flame temperatures (i.e., 1600 K to 2000 K), which are ideal for
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both the formation of PAH and tar and their transformation to soot particles. However, in low temperature
flames, the rate of oxidation of PAH is very low and the production of PAH is higher than at intermediate
temperatures. But, because the temperature is too low to induce the coagulation of PAH into tar and the
subsequent transformation of tar into soot, the rate of soot formation is reduced and total in-cylinder soot
decreased. However, when the load is increased to medium load condition, the fuel injected increases and the
air-fuel ratio diminishes. Moreover, the temperature is increased because of the combined effects of lower
dilution and greater heat release from combustion. Namely, high EGR rate reduces the soot formation but
cannot almost eliminate it because portions of rich mixture are at intermediate temperature (above 1600 K). 

Fig.12 shows NOx emission comparing between different EGR rates. As Fig.12 reveals that use of high
EGR rate leads to an obviously decrease in the NOx emission rate in compared to baseline case (7.4 g/bhp-hr).
Also, when EGR level is increased beyond 40% EGR, NOx emission reduced to nearly zero at 58% EGR rate.
NOx is formed at high temperatures due to the high activation energy of the O + N2 6 NO + N reaction in
the Zeldovich mechanism.

Fig. 11: Effect of EGR rate on soot emission at EVO for SOI at 351.5 ºCA in compared to baseline case

Fig. 12: Effect of EGR rate on NOx emission at EVO for SOI at 351.5 ºCA.

In order to further explain for NOx and soot emissions reduction, a general comparison is presented to
verify the interactions of emissions with temperature and local equivalence ratio distributions for crank angles
of interest at baseline case, 40% EGR and 58% EGR conditions.

It can be seen from Fig.13a to Fig.13d that with both oxygen availability (low local equivalence ratio) and
high temperature conditions satisfied NOx formation increases, but high temperature flame leads to a more
NOx formation than the oxygen concentration. As can be seen, the areas with equivalence ratio are close to
1 and the higher temperature than 2000 K are the NOx formation areas. However, high EGR level causes to
decreasing in the local high temperature regions and flame temperature due to reduction in oxygen flow rate
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to the engine and increase of the specific heat of the charge in conjunction with introducing exhaust gas.
Therefore, NOx emissions are gradually reduced, especially for the condition of combustion temperature below
2000 K (by more than 40% EGR).

As expected, the volume of high equivalence ratio is increased with increase of EGR level due to the
deeper fuel spray penetration into the chamber and mixing with the more diluted ambient gas. The areas with
high equivalence ratio (higher than 3) and the temperature approximately between 1600 K and 2000 K in bowl
edge and piston surface, were stated the soot formation area. Fig.11c shows the histories for the soot formation
region. The combustion condition of the 58% EGR case  does not  enter the  high soot  formation region as

Fig. 13a: Contour plots of equivalence ratio in baseline (left column) 40% EGR (middle column) 58% EGR
(right column) cases at 360 ºCA (first line) 375 ºCA (second line) 390 ºCA (third line).

   

Fig. 13b: Contour plots of temperature in baseline (left column) 40% EGR (middle column) 58% EGR (right
column) cases at 360 ºCA (first line) 375 ºCA (second line) 390 ºCA (third line).
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Fig. 13c: Contour plots of NOx mass fraction in baseline (left column) 40% EGR (middle column) 58%
EGR (right column)cases at 360 ºCA (first line) 375 ºCA (second line) 390 ºCA (third line).

Fig. 13d: Contour plots of soot mass fraction in baseline (left column) 40% EGR (middle column) 58% EGR
(right column) cases at 360 ºCA (first line) 375 ºCA (second line) 390 ºCA (third line).

shown in Fig.13d despite to higher equivalence ratio than 40% EGR rate. Namely, if the temperature is kept
below  approximately  1600  K,  both  the  NOx and soot formation rate can be reduced regardless of the
equivalence ratio. This concept is referred to as low temperature combustion (LTC). At 360°CA, there are large
fuel rich regions (high equivalence ratio) near wall surface, but the soot levels are low because the turbulence
generated by the fuel jet during combustion helps increase mixing which increases soot oxidation rates. When
injection ceases at 375°CA, turbulence is no longer generated in the flame by the fuel jet to help increase
mixing rates. However, the extent of the fuel rich regions is reduced since adequate time for mixing has been
allowed. Thus, the maximum in–cylinder soot is decreased substantially. 
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Conclusions:
At the present work, the effects of high cooled EGR on fuel spray characteristics, combustion and

emissions have been investigated in low-temperature combustion regimes using multi-dimensional CFD code
in a DI diesel engine and the following results are obtained.

Based on the above results, the smaller average SMD size appears for the higher EGR rate against to
crank angle. Also, Increasing the EGR rate to 58% is clearly seen to increase the tip penetration of fuel spray.
Further spray penetration leads to the increase of mass impingement on the piston bowl and wall film
formation, in compared to baseline case with no EGR.

It can be seen that the increase of EGR rate further than 40%, to 58% rate, reduces soot formation rate
despite higher formation to 40% rate. However, due to the higher fuel injected and higher temperature from
greater heat release from combustion at medium load condition, 58% cooled EGR rate reduces the soot
formation but cannot almost eliminate. Also, associated with lower peak value of premixed combustion at 58%
EGR rate, NOx emission is reduced to nearly zero value at EVO. The peak value of in-cylinder pressure and
temperature is decreased at higher EGR rate. 
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