
Abstract
With increasing interest to reduce the dependency on gasoline and 
diesel, alternative energy source like compressed natural gas (CNG) 
is a viable option for internal combustion engines. Spark-ignited (SI) 
CNG engine is the simplest way to utilize CNG in engines, but direct 
injection (DI) Diesel-CNG dual-fuel engine is known to offer 
improvement in combustion efficiency and reduction in exhaust 
gases. Dual-fuel engine has characteristics similar to both SI engine 
and diesel engine which makes the combustion process more 
complex. This paper reports the computational fluid dynamics 
simulation of both DI dual-fuel compression ignition (CI) and SI 
CNG engines. In diesel-CNG dual-fuel engine simulations and 
comparison to experiments, attention was on ignition delay, transition 
from auto-ignition to flame propagation and heat released from the 
combustion of diesel and gaseous fuel, as well as relevant pollutants 
emissions. Injection timing for diesel pilot was changed in a test 
matrix and the most efficient and least pollutant producing cases were 
selected and simulation results were correlated to the experimental 
data for those cases. The possible end-gas auto-ignition-like 
processes under certain test conditions like PREmixed Mixture 
Ignition in the End-gas Region (PREMIER) were also demonstrated. 
SI CNG lean burn engine tests and simulations were directed to check 
the ignitability, combustion stability, heat release rate for different 
spark energy values. The results show that a combined approach of 
using both chemical kinetics and G-equation formulations in RANS 
is capable of capturing most of the physical-chemical processes in 
both the dual-fuel CI and SI engine combustions.

Introduction
With increasing concerns about air pollution, especially the 
particulate matter (PM) emissions of diesel engine, more stringent 
regulations to limit engine emissions were legislated. In recent years, 
as a result, many methods have been proposed to simultaneously 
reduce PM and nitrogen oxides (NOx) emissions in diesel engine. 
Using alternative fuels and gaseous fuels in existing diesel engine has 
been proved to be one of the most practical ways to reduce the 
harmful emissions[1, 2, 3, 4]. Natural gas is available in great 
quantities with considerably cheap price in many parts of the world 
and also has the advantage of low emissions of all carbonaceous 
emissions. Moreover, its relatively high auto-ignition temperature is a 
great advantage over other gaseous fuels, because the high 
compression ratio of most conventional direct injection diesel engine 
can be maintained when natural gas is employed [5]. As a result, 
natural gas is likely used as the primary fuel in a diesel engine which 
is referred to as pilot ignited natural gas/diesel dual-fuel engine. In 
recent years, extensive research has been conducted to investigate the 
effects of various parameters on the performance, combustion and 
emissions of natural gas/diesel dual-fuel engine.

Another recent emphasis on CO2 emissions reduction also encourages 
natural gas use in internal combustion engines. Natural gas has 
methane as a major component and propane, iso-butane in less 
quantity hence carbon to hydrogen ratio is less compared to the 
diesel. As a result, natural gas is likely used as the displacement fuel 
in a diesel engine as pilot ignited natural gas/diesel dual-fuel engine, 
or in a gasoline engine, to take advantages of the various benefits of 
natural gas. In recent years, extensive research has been conducted to 
investigate the effects of various parameters on the performance, 
combustion and emissions of natural gas-fueled engine. In order to 
meet these demands, we need to accurately predict the ignition and 
combustion of natural gas inside engines, in dual-fuel and SI 
combustion modes.
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Zoldak et al. [6][7] used reduced ERC n-heptane mechanism with 29 
species and 52 reactions combined with NOx mechanism (4 species 
and 12 reactions). They used a sector mesh with one nozzle and dual 
injection for diesel liquid which showed improvement in fuel 
efficiency and reduction in particulate matter emission compared to 
diesel only operation. The authors also found that the rate of pressure 
rise is too sensitive to injection timing.

Papagiannakis, et al. [8,9] employed a comprehensive two-zone 
phenomenological model to examine the effects of pilot fuel quantity 
and pilot injection timing on the dual-fuel engine performance and 
emissions, and then validated the model with experiment in a 
premixed dual-fuel engine. They reported that simultaneously 
increase of the pilot fuel quantity accompanied with an increase of its 
injection timing results in an improvement of the engine efficiency 
(increase) and CO emissions (decrease) while it has a negative effect 
(increase) of NOx emissions.

Kong and Reitz formulated model for diesel dual-fuel operation using 
SHELL v1 auto-ignition model which uses equilibrium concentration 
of seven major species fuel, O2, N2, CO2, H2, H2O and CO [10,11]. 
SHELL model [12] uses a simplified reaction mechanism to simulate 
the auto-ignition of hydrocarbon fuels. The mechanism consists of 
eight generic reactions and five generic species. Ignition delay 
prediction using this model is known to be sensitive to preexponential 
factor in the rate constant of the reaction. Liang and Reitz developed 
a model which uses G-equation based turbulent combustion model 
and also detailed chemical kinetics for the post-flame calculation for 
SI CNG engine [13, 14, 15]

Abagnale et.al. [14] used the self-ignition of diesel fuel which is 
governed by the Stringer relationships [17] for the ignition delay and 
the diesel combustion model employed for a full engine cycle 
calculation consists of the classical one step kinetic mechanism of 
fuel oxidation within a finite rate eddy dissipation approach [18]. The 
natural gas combustion is approximated by a 100% methane 
oxidation process with a two-step mechanism in KIVA-3V software 
[19]. They found that low NG substitution combustion is 
characterized by the delayed ignition of the major fraction of the fuel. 
For higher NG substitution rate the faster and advanced combustion 
development with steeper pressure and heat release curve was noted. 
Mattarelli et.al. [20] coupled the partially premixed reactor spray 
combustion model (PaSR) and the flame propagation model in 
KIVA-3V to simulate dual-fuel operation. Diesel oil surrogate, a 
blend of n-heptane and toluene was used and natural gas was 
represented by the mixture of methane (>90%), ethane, propane and 
n-butane. The resulting mechanism included 81 species and 421 
reaction. With the reduction in amounts of CO and CO2 they found 
the significant increase in NO and concluded that it can be reduced by 
different SOI.

In this paper detailed chemistry auto-ignition model is used with 
G-equation model to model the combustion of single-fuel SI and 
diesel-CNG CI dual-fuel engines.

Experimental Set-Up for Diesel Dual-fuel Engines
A Turbo-charged 2.8 liter diesel engine was equipped with a 
sequential natural gas manifold injection system in order to operate 
the diesel engine in dual-fuel mode [21]. The effects of natural gas 

injection timing on the combustion performance and emissions (NOx, 
HC, CO and PM) of the dual-fuel engine, with special attention to the 
combustion performance under low and part engine loads were used 
to compare with the simulation. Table 1 shows the engine 
specifications and Table 2 elaborates the properties of fuel used for 
the experiment.

Table 1. CI Engine Specifications

Table 2. Test Fuel Properties

Table 3. Testing Conditions for Dual-fuel Engine

Natural gas injection timing is defined as the start injection crank 
angle at which the natural gas injection signal is sent to natural gas 
injectors by the dual-fuel ECU and it was varied from -500° CA to 
-240° CA aTDC and the other parameters were not changed in order 
to explore the effects of natural gas injection timing on the 
combustion characteristics and emissions. The three engine test 
operation conditions, under low-, part- and high-load are summarized 
in Table.3.In case 6 the pilot diesel injection timing was fixed at 8 CA 
bTDC for the purpose of simultaneous reducing cylinder pressure rise 
rate and NOx emissions compared with that under pure diesel 
operation modes. . For this case pilot diesel fuel quantity is doubled 
and hence diesel substitution rate is 68.87%, less than rest of the 
cases.
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Experimental Set-Up for SI-CNG Engine
The combustion data of a four-valve 0.5 liter engine with CNG 
injection upstream of the intake pipe was used to compare with the 
simulation [22]. The ignition energy was varied between 65 mJ and 
240 mJ at fixed lambda values to look for gains in thermal efficiency, 
as shown in the Table 5; two lambda values were chosen (1.25 and 
0.9) for simulation study. These values are the most lean and rich 
cases in the experimental test matrix respectively.

Table 4. SI Engine Specifications

Table 5. Testing Conditions for SI Engine

Simulation Model Set-Up
Simulations of SI-CNG and diesel-CNG dual-fuel engine were 
performed using 3D CFD software CONVERGE. RNG 
(Renormalization Group) k-ɛ model was used to model turbulence in 
both SI and diesel-CNG dual-fuel engine due to the numerical 
stability of this two equation RANS model. For dual-fuel engine 
simulation whole combustion chamber was modeled (360°) with 
injector having 6 holes. For SI engine whole engine with 4 valves and 
two ports was modeled with spark plug at the center of the cylinder 
head.

Chemical Mechanism
For diesel dual-fuel engine combustion n-heptane reduced 
mechanism developed by Lawrence Livermore National Laboratory 
(LLNL) [23][24] was used. It includes 159 chemical species and 
1282 reversible reactions. GRI-MECH 3.0 was used for the modeling 
of the combustion of CNG in SI engine. This mechanism comprises 
53 species and 325 elementary chemical reactions [25]. To focus on 
the effect of pilot injection timing, the CNG charge is assumed 
homogenous in the combustion chamber for simplicity.

Combustion Model
Detailed Chemical Kinetics Model was used both to initiate flame 
propagation from spark energy in case of SI-CNG engine and for 
auto-ignition of diesel pilot in case of dual-fuel. For modeling of the 
flame propagation after ignition, G-equation model is used with the 
detailed chemistry model. Detailed chemistry model was used in both 
burned and unburned region which are governed by the positive and 
negative values of G scalar respectively. In short flame surface 
tracked by the G-equation divides the combustion chamber into three 

regions, burnt region inside the flame surface, unburnt region outside 
the flame surface and the flame itself. For SI engine combustion 
simulation instead of providing scalar G value to initiate G-equation 
model, spark energy was used to model the effect of spark. Spark 
energy was distributed evenly along the line (comprises 500 points) 
between the two spark-plug nodes. Also the spark temperature was 
set-up to be 5000 K. To get optimum results from spark ignition 
20,000 cell mesh was used in a close proximity surrounding the spark 
plug. G-equation tracks the location of the turbulent flame by solving 
equation (1) using level set numerical method [26][27]

(1)

Where ρu is the unburned density, G is a non-reacting scalar and 

turbulent diffusion term is given by , where k is the 
turbulent kinetic energy and ɛ is the turbulent dissipation.

Where St is the turbulent flame speed [28][29] and is calculated using 
equation (2).

(2)

Sl is the laminar flame speed, u is the root mean square of the 
turbulent fluctuating velocity, a4 = 0.78 [28], b1 = 2.0 [30], b3 = 
1.0[31]. Da is Damkohler number.

Laminar flame speed was calculated using the Gulder’s coefficients 
for methane and taking laminar flame speed as reference turbulent 
flame speed was computed.

The turbulent thickness of the flame can be calculated by using the 
length scale of the turbulent flow and is given by equation (3)

(3)

Diesel dual-fuel engine combustion comprises of auto-ignition and 
flame propagation modes. To model diesel auto-ignition detailed 
chemistry model was used and as the pilot quantity of the diesel is 
being burnt the G-equation model for flame propagation was turned 
on. Maximum temperature reached due to the auto-ignition of the 
pilot diesel quantity was noted in first simulation run and this 
temperature is used to trigger the G-equation.

Spray Modeling
For spray modeling KH-RT [32] breakup model was used with initial 
50,000 parcels per nozzle. The primary breakup length was calculated 
using KH-ACT [33] model which takes into account aerodynamics, 
cavitation and turbulence effects.
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Table 6. Spray Modeling Parameters.

Results and Discussion

Diesel-CNG Dual-fuel Engine Combustion

Figure 1. Mean Cylinder Pressure for SOI 23 BTDC Detailed chemistry is ON 
for G>0 (Burnt Zone)

Figure 2. Mean Cylinder Pressure for SOI 23 bTDC

Figure 1, 2, 3 show the comparison of predicted and measured 
incylinder pressure for different start of injection (SOI) timings. It is 
evident from both simulation and experiment that the combustion 
characteristics of the diesel dual-fuel engine are very sensitive to the 
injection timing and pilot fuel quantity. In Figure 1 detailed chemistry 
is ON just in the burnt portion (inside of the flame) defined by G>0. 
Heat release rate is slower and under-predicted, compared to the case 
in Figure 2 when detailed chemistry is unburned on in both burnt and 
unburnt zones. Figure 1 show a much choppy heat release, due to 
chemical reactions taken place at various computational cell locations 
inside the burnt zone only.

   

		  SOI 21 bTDC                                       SOI 15 bTDC

   

		  SOI 11 bTDC                                       SOI 9 bTDC

   

		  SOI 8 bTDC                                       SOI 5 bTDC

Figure 3. Mean Pressure for SOI 21 to 5 CA bTDC

Figure 4. Emission Data from Simulations of Dual-fuel Engine
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The simulated heat release traces shown in this paper are all 
unfiltered, to demonstrate this effect, which could be the artifact of 
the applying chemical kinetics in a Reynolds-Averaged Navier-
Stokes Solver (RANS) with stochastic discrete particle spray 
injection sub model. The combustion phasing in these Dual-Fuel 
cases are very well predicted using the current approach of combined 
combustion model of detailed chemistry and G-equation as shown in 
agreement between the experimental cycle-averaged data of cylinder 
pressure. In particular, in the SOI 8 bTDC case as shown in Figure 3 
where the pilot quantity of the diesel is increased to observe change 
in the combustion characteristic and is used in this work to validate 
the simulation result. Nevertheless, the combustion model generally 
underestimates slightly the ignition delay for dual-fuel combustion; 
hence results in the smooth transition from auto-ignition to the flame 
propagation dominated combustion. In some cases in Figure 3 the 
predicted pressure rise after auto ignition of the diesel pilot is more 
than that obtained from the experimental data. One reason is that 
G-equation model generally predicts faster reaction rate than the 
detailed chemistry model and hence it overestimates the turbulent 
flame speed. Also AHRR is over estimated by the detailed chemistry 
model, hence high rate of heat release is observed sometimes. As the 
injection timing is delayed, rate of heat release is decreased (SOI 8, 5 
bTDC).

With the chemical kinetics, the pollutant emissions can also be 
predicted. As shown in Figure 4 experimental NOx range [21] 
coincides with NOx data obtained from the simulation for earlier SOI 
cases from 23 to 11 bTDC. Predicted NOx is less than the 
experimental data for later injection events. CO emission 
measurement range from the experiment is higher than the predicted 
CO, primarily because of the homogeneous charge assumption used 
in the current dual-fuel simulations. Still late injection events agrees 
well with the experimental data.

The effect of pilot SOI timing on the emission can sometimes be 
inferred from the auto ignition timing and the spray penetration. As 
shown in Figure 5 the penetration length of the spray for different 
SOI timing, later injections show more distance travelled by the spray 
compared to the earlier injections. In Figure 4 emission data from 
simulation of the dual-fuel engine showed that the minimum CO and 
PM levels are obtained for SOI at 15 CA bTDC and minimum NOx 
level for SOI at 5 CA bTDC. For later injections CO and PM tend to 
increase due to less time for the mixing and auto-ignition of the diesel 
spray. For SOI 15 CA bTDC highest NOx levels are observed are 
associated with the high rate of heat release.

The combustion regime is divided into 3 zones, flame front, volume 
inside the flame-front and volume outside the flame-front. Flame is 
always modelled at chemical equilibrium. Species like NO, N, N2O 
and NO2 are not included in the in the flame modelling because of 
their relatively short resident time within the flame front and relative 
slow chemical reaction rate of NOx producing reactions. [34] These 
species are calculated at the burnt zone using detailed chemistry 
model. As the detailed chemistry model is also working outside the 
flame front, this modelling is helpful in knock detection and hence 
can be used for the simulation of PREMIER dual-fuel combustion 
mode. Figure 6 shows a temperature profile in dual-fuel combustion 
process for SOI 23 CA bTDC in which the high temperature zones 
are forming in between the spray streams while the spray is 
advancing in the chamber. The highest temperature zone is for each 

spray towards the swirl and almost at the middle section of the spray 
cone. Advances of the counters for 2000 K line is followed by the 
less temperature 1700 K lines and flame front is inside the envelope 
of 1300 K lines. This regime is shown for the least concentration of 
the CH4 gas in Figure 7 for the same CA. It shows the iso-surface for 
the maximum mass fraction of CH4 and predicts the low 
concentration of fuel in the regimes between the two spray clouds 
which are the burnt zones and contains maximum temperature gases. 
The same regime in Figure 8 is shown to have the highest 
temperature of the droplets (736 K) and is also the site of G=0 flame 
front. At the end of the spray new hot spot gets created near the tail of 
the spray. In this simulation only one flame surface is being tracked 
by equation (1) and it is established at the point where the auto-
ignition happens for the first time.

Figure 5. Penetration Length of the Spray for Different SOI

	           
		             1 CA aTDC                                   3 CA aTDC

	       
		          5 CA aTDC                                   7 CA aTDC

Figure 6. Temperature profile in dual-fuel combustion process for SOI 23 CA 
bTDC
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1 CA aTDC

3 CA aTDC

5 CA aTDC

7 CA aTDC

Figure 7. Profile of minimum mass fraction of CH4 depicting transition from 
auto-ignition to the flame propagation dominated combustion for SOI 23 
bTDC

            

		          4bTDC                                                2bTDC

          

		        2aTDC                                                   5aTDC

Figure 8. Profile of scalar G=0 and droplet temperature

Figure 9. Heat release and consumption of fuel species for SOI 23 bTDC

Figure 10. Instantaneous Heat Released by G=0 surface for SOI 23 CA bTDC
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Figure 9 shows the unfiltered chemical heat release in J/deg from 
different modes of combustion. The first peak of heat release 
significantly shows the auto-ignition of the diesel pilot fuel quantity. 
The distance between first two peaks show the transition period from 
auto-ignition to the flame propagation type combustion. 
Simultaneously it shows the reduction in the CH4 concentration. The 
fluctuating nature of the heat release curve is partially due to 
numerical aspect of the simulation but mostly due to the uneven 
simultaneous endothermic and exothermic combustion reactions.

Figure 10 shows the heat release only in the flame thickness which is 
tracked by solving G-equation for non-reactive G(x, t) scalar. The 
turbulent flame thickness was calculated by using equation (3). As 
per the combustion modeling used in this paper, the flame thickness 
region is assumed to have a chemical equilibria and hence detailed 
chemistry model do not work in the small thickness (order of 0.5 
mm) of the turbulent flame. Comparing the heat released by 
equilibrium turbulent flame to the total chemical heat released (Figure 
9) it shows that contribution to total combustion of G surface is very 
small, but is play a very important role of separating unburnt and 
burnt zones. This feature is very useful in cases of end-gas 
autoignition or to predict knock. In case of a knocking combustion 
thinning of the turbulent flame is expected in this particular model. 
Usually detailed chemistry model slows down the G-equation flame 
propagation by increasing dilution factor in the unburnt zone.

Figure 11 shows the iso-surface to visualize flame front for the SOI 
15 CA bTDC case. As the first image shows the highest temperature 
(2000 K) occurs in the direction of the swirl and establishes a flame 
surface at a very fast speed. The general structure of this flame is 
dome shape at the beginning and becomes more spherical as it grows 
and is being quenched at the surface (cylinder head and bawl walls) 
as the conjugate heat transfer model is working at the walls and 
reduces the temperature of the flame surface. Also when spray hits 
the wall few droplets form a thin layer of the wall film and other 
droplets depending on the weber number of the individual droplet and 
its direction bounces off the wall. This setup helps in the prediction of 
the soot and unburned hydrocarbon prediction.

        
		         4.77bTDC			   3.5bTDC

             
		            1.34bTDC		                2.2aTDC

Figure 11.

         
		            5.88aTDC		                8.99aTDC

Figure 11 (cont.). Temperature profile (2000 K) in dual-fuel combustion 
process for SOI 15 BTDC

PREMIER (PREmixed Mixture Ignition in the End-gas 
Region) Combustion in Dual Fuel Engine
In PREMIER combustion mode first mode of heat release is due to 
the flame propagation and the second mode consist of the autoignition 
like combustion of mixed fuel in the end gas region. This combustion 
mode is also like a very light knocking, low temperature combustion. 
The same simulation strategy was used for this mode of dual-fuel 
combustion also. As the detailed chemistry model is ON outside of 
the flame, in this combustion mode it helps to detect knock. The 
pre-flame chemistry is very important in this case. Two cases are 
simulated and compared in this paper which are shown in Figure 12 
and Figure 13. For these two cases as per the experimental conditions 
only pure CH4 is used as a gaseous fuel. Table 7 shows the 
specifications of the supercharged CI engine.

Table 7. Experimental Condition for PREMIER Combustion [35][36]

Figure 12. Mean Cylinder Pressure for SOI 4.5 CA bTDC
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Figure 13. Mean Cylinder Pressure for SOI 2.5 CA bTDC

Highly fluctuating heat release values represent the pre-flame 
chemistry at work. Most of the pre-flame region is relatively cooler 
than the burn region with few droplets of diesel evaporating and a 
very lean mixture of air and CH4 and hence reactions occurring in 
this region are endothermic in nature.

SI-CNG Engine
In this paper for SI engine focus is on the ignition energy 
requirements of CNG when using different air-fuel ratios. By varying 
the ignition energy, the effects on combustion are observed. 
Advanced ignition system design and operation may impact engine 
combustion [37, 38, 39].

Figure 14. Spark Energy Visualization at λ = 1.25 from Simulation 2×2 coil 
180mJ (G=0 iso-surface represent CH4 burning zone)

Figure 15. Spark Energy Visualization at λ = 1.25 from Simulation 4×2 coil 
240mJ (G=0 iso-surface represent CH4 burning zone)

Figure 16. Spark Energy Visualization at λ = 0.9from Simulation 4×1 coil 
65mJ (G=0 iso-surface represent CH4 burning zone)

Figure 17. Mean Cylinder Pressure for λ = 1.25 and 180 mJ Spark Energy

Figure 18. Mean Cylinder Pressure for λ = 1.25 and 240 mJ Spark Energy

Figure 14, 15, 16 shows the kernel growth at the start of the 
combustion due to the spark in 3D CFD. The start of the flame from 
the tips of the spark plug is clearly described in these images. The 
spark kernel is the iso-surface G=0 got by solving equation (1). The 
white spots on the black background is the visible light image of the 
spark kernel growth. These images are taken by the endoscope 
through the right side of the spark plug. The red iso-surface show the 
G=0 surface which is colored by the CH4 concentration. This is the 
outer surface of the flame, inside this surface is the area of turbulent 
flame thickness and inside that flame is the burnt region with hot 
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gases going through the combustion process. Experimental images 
does not show the invisible spectrum of the flame, but just the visible 
light, hence the actual flame surface is larger by a very small amount 
than the white spot area. Current model setup of combustion 
simulation is capable of capturing the most of the kernel flame 
growth with high accuracy as shown in above figures for various 
spark plug energies and lean as well as slightly rich air fuel mixtures.

Figure 19. Mean Cylinder Pressure for λ = 0.9 and 180 mJ Spark Energy

Figure 20. Mean Cylinder Pressure for λ = 0.9 and 240 mJ Spark Energy

Figure 21. Mean Cylinder Pressure for λ = 0.9 and 65mJ Spark Energy

SI-CNG simulations for lean mixtures were performed. The 
G-equation model with detailed chemistry solver was used to 
describe the effect of the spark energy. Simulation shows similar 
trend in the visualization of the combustion start. As shown in Figure 
17, for λ=1.25 and spark energy 180 mJ the combustion is faster than 
the experiment. On the contrary for λ = 1.25 and spark energy 240 mJ 
(Figure 18) in simulation combustion duration is more than the 
experiment. The experimental data is averaged over 100 combustion 
cycles but the simulation run is only one per case. Though the 
simulation is using time-averaged algorithms there is a slight 
mismatch in the heat release data when compared with the 
experimental data. This could be due to slight difference in the wall 
temperature and swirl ratio.

The pressure obtained from this model is higher than the 
experimental peak pressure. But for higher equivalence ratio λ=0.9 
and same spark energy 180 mJ model prediction of the pressure and 
heat release is better compared to the previous cases. For higher spark 
energy 240 mJ though heat release rate is higher than the 
experimental measurements. As shown in Figure 21, 65 mJ is the 
least amount of energy used in simulation, below 60 mJ spark energy 
combustion is unstable and mostly incomplete. Simulation of λ=0.9 
and spark energy 65 mJ took the large amount of time to finish 
compared to the previous cases. This is mostly due to a level of 
refinement required for the initial flame propagation to setup after the 
spark event. The reason for the higher rate of heat release in the 
model should be investigated. Model should have to be redefined for 
the correct turbulent flame speed. Figure 22 shows the effect spark 
energy on IMEP for different air-fuel ratios. For lean mixtures 240 mJ 
spark energy shows improvement over 180 mJ energy.

Figure 22. Effect of Spark Energy on IMEP
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Conclusion
For the diesel dual-fuel and SI engine numerous simulations were 
performed and results were compared with the experimental data. 
Conclusions of these simulations are as follows: 

1.	 Coupling of detailed chemistry model and G-equation models 
is the optimum way to simulate the diesel dual-fuel engine 
combustion. Currently G equation model tracks the flame 
propagation once the temperature reaches to 1800 K in any 
cell and G=0 surface can be initialized only once. Model has 
to be developed further to use more than one fuel and multiple 
initializations of G=0 surface so that the transition from 
the auto-ignition of diesel to flame propagation dominated 
combustion of CNG can be described effectively. 

2.	 Two strategies were used to model the duel fuel combustion. In 
first attempt G-equation was turned on right after the injection 
event is finished. In this case for SOI 5 CA bTDC there was 
an overestimated ignition delay. Hence in second attempt 
G-equation model was turned on before the pilot injection event. 
Also the detailed chemistry was activated in the burnt zone as 
well as outside the flamelet (unburnt zone). Due to this strategy 
ignition delay was reduced for late injection events as for SOI 8 
and 9 CA bTDC cases. 

3.	 For early injection events both strategies are lacking accuracy 
to predict ignition delay possibly due to G surface propagation 
model. 

4.	 PREMEIR combustion with nearly knocking properties can 
be predicted with this current model and the heat release rate 
is also comparable with the experimental studies. Hence the 
same model can be used to predict knock in the diesel dual-fuel 
operation. 

5.	 For SI engine lean charge was ignited using different spark 
energies. Author was able to get satisfactory results only for 
180mJ and 240 mJ spark energy using GRI mechanism and 
LLNL CH4 mechanism was unable to give satisfactory results. 
For less spark energy than 65 mJ simulation was too sensitive to 
the grid density and the initial turbulent boundary condition and 
results were inconclusive. Precise modelling and further work 
is needed to simulate the effect of spark energy in SI lean burn 
engine as flame propagation model needs tuning each time spark 
energy is changed. 

6.	 Summarizing all the results from three different simulation 
namely diesel-CNG dual-fuel combustion, PREMIER 
combustion and SI combustion with variable spark energy can 
be modelled using detailed chemistry and G-equation together.
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NOMENCLATURE
λ - Air -Fuel Equivalence Ratio

aTDC - after Top Dead Center

bTDC - before Top Dead Center

BMEP - Break Mean Effective Pressure

CAD - Crank Angle Degree

CI - Compression Ignited

CFD - Computational Fluid Dynamics
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CO - Carbon Monoxide

CNG - Compressed Natural Gas

ECU - Electronic Control Unit

IMEP - Indicated Mean Effective Pressure

HC - Hydrocarbon Emissions

LLNL - Lawrence Livermore National Laboratory

NG - Natural Gas

NO - Nitrogen Oxide

NOx - Nitrogen Oxides Emissions

PM - Particulate Matter

PREMIER - PREmixed Mixture Ignition in the End-gas Region

SI - Spark Ignited

SOI - Start of Injection
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