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ABSTRACT
Diesel Engine has been the most powerful and relevant source of power in the
automobile industries from decades due to their excellent performance, efficiency and
power. On contrary, there are numerous environmental issues of the diesel engines
hampering the environment for which it has been a great challenge for the researchers
and scientists. In the recent years, numerous strategies have been introduced to eradicate
the emission of the diesel engines. Among them, Partially Premixed Combustion (PPC)
is one of the most emerging and reliable strategies. PPC is a compression ignited
combustion process in which ignition delay is controlled to enhance better homogeneity
of air-fuel mixture. PPC is intended to endow with better combustion with low soot and
NOx emission.
The engine is a single-cylinder research engine, installed in Aalto University, Internal
Combustion Engine Laboratory with the bore diameter of 200 mm. The study presents
the validation of the measurement data with the simulated cases followed by the
comparisons of the PPC and conventional mode of combustion in terms of emissions. A
detailed study has been conducted to figure out the effect of increased injection pressure
and reduced nozzle-hole diameter in the PPC mode of combustion. Extensive study has
been made for different injection orientation to better understand their effects in the
combustion process. Different piston bowl top has been used in order to get better
homogeneity of air-fuel mixture prior to the combustion.
The final part of the study includes the study of the combustion and implementation of
EGR to control the temperature so as to get more prolonged ignition delay to
accompany the PPC strategy. The results suggest that PPC mode of combustion aids in
significant reduction of emissions. It was found that NOx was reduced by 60-80% and
soot by 70-80% as a result of optimized injection settings. Furthermore, advantage of
deeper piston bowl was taken into account to have air-fuel homogeneity close to the
combustion dome which subsequently resulted in efficient combustion. Besides these
CO and unburnt fuel was reduced significantly.
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1

Introduction

Emissions have been a major problem related to engines which causes numerous
environmental issues. In the recent years, number of strategies and methods have been
commenced to minimize the emission of diesel engines in order to eradicate these
environmental issues. Among them Partially Premixed Combustion (PPC) is the most
promising and emerging strategies in the field of combustion technology. Partially
Premixed Combustion is a Low Temperature Combustion (LCT) mode in which high
Exhaust Gas Recirculation (EGR) levels is achieved in combination with an injection
timing adjusted to get an ignition delay long enough for fuel-air to mix beforehand of
combustion. PPC is able to combine low smoke and NOx emissions while having a
combustion controllability that is higher than HCCI (Lewander et al., 2009).
Different injection strategies have been implemented in the recent years to accompany
PPC mode of combustion. The problems encountered to achieve PPC mode of
combustion includes the spray-wall impingement as a result of early injection.
Moreover, it is important to delay the ignition. The early ignition which takes place
before TDC results in increased NOx emission and decreased power output.
Variation in spray orientation and piston bowl shape has been extensively used to avoid
the impingement in the cylinder liner surface (Benajes et al., 2008). Abdhullah et al.
studied the effect of injection pressure with split injection in which they successfully
showed that increased injection pressure significantly improved the engine performance
and emissions (Abdhullah et al., 2009). The study carried out by Seung et al. showed
that the conventional wide spray angles are generally suitable for single injection and
for the injection timing close to the end of the compression stroke at which most
injected fuel are concentrated at the bowl region of the piston (Seung et al., 2010). A
study on PPC Process with advanced injection strategies was done by Jesus et al. (Jesus
et al., 2008). They used narrow inclusion angle accompanied by two different piston
geometries to study the effect of premixed combustion. With the drawback of early pilot
injection (EPI) impinging the liner and causing oil dilution and Single Main injection,
they used strategy called Advanced Single Injection in which single injection is carried
out somewhat later than EPI. Their results provided important improvement in soot
emissions for same NOx emission.
From the above literature review it can be envisioned that some changes in the injection
system or optimization of the piston bowl shape has to be considered to accompany the
PPC mode of combustion. With the conventional injection system, the possibility of
poor fuel vapor distribution and oil dilution due to spray wall impingement is
prominent.

2

Methodology

2.1 Engine Specification
In the present study, a single cylinder engine Extreme Value Engine (EVE) was
investigated which is installed in Aalto University, Internal Combustion Engine
Laboratory. The EVE is a medium speed Compression Ignition engine whose flexibility
makes possible to run the engine with several setups and change in numerous injection
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parameters. Table 1 summarizes the specification of the EVE. It is designed to
withstand the in-cylinder pressure of 300 bars (Kaario et al., 2010).

2.2 Computational Grid
The computational grid used for the EVE engine is shown in Figure 1. The engine has 9
injectors equally spaced. Therefore, a sector of the combustion chamber is modeled with
the angle of 400 which has cyclic boundary conditions. All the geometries of the
chamber has been replicated including cylinder head, piston bowl and squish region to
get the exact model. The geometric compression ratio has been preserved in the
computational model.
Table 1 Engine Specification

Number of Cylinder
Stoke (mm)
Bore (mm)
Connecting Rod length (mm)
Number of valves
Engine Speed (rpm)
Nozzle orifice diameter (mm)
Number of nozzles
Inclusion angle

1
280
200
614
4
900
0.36
9
1530

Figure 1 Computational grid at Top Dead Centre

2.3 Sub-Models
The turbulence model used in the study is RNG k-ε model. In this model numbers of
coefficients are obtained through the renormalization group analysis. Yakhot and
Orszag is the pioneer of this model (Yakhot et al., 1992). The engine model together
with the turbulence model has been previously validated by Kaario et al (Kaario et al.,
2010).
The combustion model used in the simulation is DARS-TIF Combustion Model Transient Interactive Flamelet. It is based on transient interactive flamelet method for
solving the auto ignition and combustion chemistry problems (CD-Adapco, 2011).
DARS-TIF is a flamelet model where detailed chemistry is solved. It is assumed that the
flamelet is a 1-Dimensional thin laminar flame embedded in the turbulent flow field.
The chemical reaction is separated from the flow simulation in order to save the time as
full chemistry is not possible to solve directly even in simple case as there are numerous
equations to be solved. So the detailed chemistry is solved as a function of mixture
fraction and its variance. The solution is not done for every cell but for every mixture
fraction (Z). There is a separate chemistry solver which solves the detailed chemistry.
The connection from the chemistry to flow field turbulence is taken from the scalar
dissipation rate which in a way indicates the mixing of the turbulence. The chemistry
used is n-heptane which has 209 species and 2159 reactions. The combustion models
DARS-TIF have been validated previously in diesel engine conditions by Kaario et al.
(Kaario et al., 2012, Kaario et al., 2011)
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The atomization and droplet break up model used for the simulation was Reitz-Diwakar
model (Reitz et al., 1986). Spray-wall interaction was also taken into consideration.
This was modeled with Bai Spray impingement model (Bai et al., 1995).

3

Results

3.1 Validation of computational model
The validation of the model was carried out with respect to the in-cylinder pressure data
of the experimental measurements to the computational in-cylinder pressure. It was
conducted for both the conventional single injection and multiple injections (PPC).
Table 2 shows the details of validation cases and figure 2 shows the comparison of incylinder pressure of experiments to the simulation for both the cases.
Table 2 Details of the Validation cases

Validation Cases
PI (SOI BTDC)
MI (SOI BTDC)
Injection Quantity (gm/cyc)
PI duration (CAD)
MI duration
Total Lambda

Single Injection
4
657.1
11.7
1.98

Multiple Injection
30
4
652
4.3
6.5
2

In Dars-TIF, the mixing is modeled by the scalar dissipation rate which in turn is a
function of the mixture fraction gradient. In a fully homogeneous mixture, the mixture
fraction gradient would be zero. In these conditions a model based on mixture fraction
gradient would not perform well. However, it is seen that in the current PPC validation
case, the model yields relatively good results. The experiment validation case is not at
all optimized which indicates that the injection system is same as the one for
conventional diffusion combustion strategy. As a result of which the trend of soot
formation is more in the multiple injection case as compared to the baseline case.
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Figure 2 Validation single injection (Left) multiple injections (PPC) (Right)

Provided that, there is substantial wall impingement due to pilot injection film model
was taken into account for the validation of PPC model of combustion.
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Figure 3 Validation HRR single injection (Left) and multiple injections (PPC) (Right).

Figure 4 Spray visualization with fuel vapor scale (0-0.1) at 5 CAD after PI (Left) and Spray
visualization with temperature scale (1000-2000K) at 7 CAD after MI

The validation was also carried out in terms of the exhaust gases O2 and CO2
concentration and it was found that the concentration of oxygen at the exhaust was 2 %
more in terms of volume fraction in the experimental case as compared to the
simulation. This suggests that more fuel has been burnt in case of the simulation cases
as compared to the experimental cases. Therefore, the combustion rate has been overpredicted in simulation cases as compared to the experimental cases for both single and
multiple injection cases. Table 3 shows the comparisons of the exhaust O2 and CO2 in
the simulated and experimental cases.
Table 3 Exhaust gases comparisons in validation cases

Gas at Exhaust

Single Injection

Multiple Injection

Experimental

Simulation

Experimental

Simulation

O2 (%-vol)

10.9

8.9

11.2

9.3

CO2(%-vol)

7.3

11.33

6.8

10.54

Figure 5 shows the trend of the normalized NOx and CO formation for both single and
multiple injections cases. It can be seen from the figure that the trend of decrease of
NOx and increase of CO formation is same as that of the experimental case for both the
single and multiple injection cases.
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Figure 5 Normalized emission trend in validation cases

The simulated soot and experimental soot are very different and therefore it is difficult
to compare directly. The experimental soot is measured optically where as the
simulation deals with the formation of the mechanisms of soot. In experiments the
amount of soot is measured from the color change of a filter in the exhaust pipe whereas
in simulations the soot particle formation and destruction mechanisms are modeled.
Nevertheless, the trends are compared in the figure.

3.2 Combustion with standard piston and EGR
In this section the implementation of the real EGR has been carried out for the two cases
and comparisons have been made with respect to the baseline case and the cases without
EGR. The EGR gases used are O2, CO2, H2O, CO, H2 and N2. The EGR calculation is
based on replacing the fresh air intake by the EGR gases thus it reduces the measured
total Lambda over the engine. This results in richer mixture with respect to the O 2
concentration with higher EGR rate. Figure 6 shows the in-cylinder pressure and
temperature of the simulated cases with 20 % EGR rate. Figure 7 represents the trend of
formation of the average soot and NOx.
Table 4 Injection Details

CASES

Injection Pressure
(bars)

Nozzle diameter

Inc Angle

SOPI (BTDC)

PPC 30

1200

0.36

153

30

CASE 1A

2182

0.31

140

35

CASE 2A

2182

0.31

120

30
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Figure 6 In-cylinder Pressure (Left) In-cylinder Temperature (Right)

Figure 7 Average Soot and NOx formation

Figure 8 illustrates the trend of CO emission and trend of emission formation as
compared to the baseline case.

Figure 8 Average CO formation

3.3 Combustion with deeper piston bowl and EGR
The study of the combustion analysis in the already existing Piston bowl was carried in
order to investigate the better PPC conditions and to study the effect of implementing
deeper bowl in the EVE engine. The details of the injection are shown in table 5. Figure
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9 shows the in-cylinder pressure and temperature of the simulated cases. The result
suggests that early injection is in the favor of ignition delay. Figure 10 illustrates the
emission out of the simulated cases.
Table 5 Injection Details for deeper piston bowl

Injection Details
Inc
SOPI
Angle
140
40
140
30
135
40
135
30

9 holes cases
d=0.26
IMEP % of fuel
360
burnt
CASE 1B 17.90
87.23
CASE 2B 19.37
94.5
CASE 3B 15.37
76.18
CASE 4B 19.19
93.95

10 holes cases
d=0.22
IMEP % of fuel
360
burnt
CASE 1C 14.95
71.061
CASE 2C
17.5
85.84
CASE 3C 17.57
70.97
CASE 4C 16.61
82.17

Figure 9 Average in-cylinder pressure and temperature

Figure 10 Trend of emission formation

3.4 Nine nozzle holes vs. ten nozzle holes
Figure 11 and 12 illustrates the emission production rate with different number of
nozzle holes for two different nozzle-hole diameters. The result suggests that 9 holes are
better in term of soot out engine emission as compared to 10 holes. It can also be seen
that the peak soot production is lower in case of smaller nozzle-hole diameter of
0.22mm as compared to 0.26mm. The result indicates that 9 holes are better than the 10
holes cases due to the increased momentum of the single spray of the 9 holes as
compared to 10 holes cases although the spray interaction was not the major issue. In
the figure 12, it can be observed that the amount of fuel burnt has been increased in 9
holes case as compared to 10 holes case although there is no significant change due to
change in nozzle-hole diameter.
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Figure 11 Soot and NOx formation for 9 holes and 10 holes injector

Figure 12 CO and Percentage of fuel burnt for 9 holes and 10 holes injector

3.5 Conclusions

Figure 13 Normalized emissions trend of the simulated cases

Among the simulated cases CASE 2B and CASE 2C produced best results in terms of
emission. NOx has been reduced by 60-80% as compared to the baseline case. Soot has
been significantly reduced by 70-80% and CO was reduced by 65-55%. The burnt fuel
fraction was found to be more in case of 9 holes cases as compared to the 10 holes cases
due to the consequence of more momentum of the single spray of 9 holes as compared
to that of 10 holes although, spray interaction was not the significant cause. The result
suggests that piston bowl plays essential role in emission reduction.
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