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The present work analyses the performance and combustion characteristics of LPG- diesel
dual fuel engine. The combustion process has been studied using a two-zone model and
vital parameters like pressure rise, peak pressure, heat release rate in both premixed and
diffusion phase of combustion are analyzed. The predicted results are compared with the
obtained experimental values from a four stroke stationary diesel engine. The results
revealed that the performance of the dual fuel engine deteriorates at lower loads and with

reduced LPG mass flow rates. It was observed that higher LPG flow rates with higher loads
result in abnormal combustion. At 75% load conditions with a 0.6 kg/hr LPG mass flow
rate showed optimum engine performance in a higher pressure rise and rate heat release.
Further predicted results for the rate of pressure rise and heat release rate indicated a good
agreement between the simulated and experimental results with an average difference of
12% between them over the tested range. The present work emphasizes the utilization of
gaseous fuel in ClI engines more effectively with dual fuel mode since the liquid fuel cost
is steadily rising.

1. INTRODUCTION

Diesel engines are the widely accepted prime movers due to
their various advantages such as higher power, better fuel
economy, and durability. An increase in the number of
vehicles has increased the demand for liquid fuel. The
exponential growth in the consumption of fuel resulted in a
fuel crisis. Since gaseous fuels such as LPG (Liquefied
Petroleum gas), CNG (Compressed natural gas), biogas, and
producer gas, are available abundantly, they can be used as an
alternative fuel in conventional engines [1-3]. However, using
those gaseous fuels directly in diesel engines is impossible, as
the auto-ignition temperature of such gaseous fuels is very
high. Alternatively, those gaseous fuels could be introduced
along with air and combusted inside the engine cylinder. The
combustion is possible by injecting a small quantity of pilot
fuel such as diesel, which results in dual fuel engine concept.
Dual fuel engines exhibit combustion features of both SI and
CI engines [4]. The inducted gaseous fuel and air are called
primary fuel. To initiate the combustion process, pilot fuel is
injected at the end of compression stroke, similar to standard
diesel engines. The dual fuel combustion depends on the type
and flow rates of primary and secondary fuels, load, injection
timing, injection pressure and injector configuration [5, 6].
Several  researchers have conducted experimental
investigations using various kinds of inducted fuels in diesel
engines.

Ganesan and Ramesh [7] carried out the performance and

emission studies in a C.I engine using diesel-LPG combination.

Their observation was the highest increase in thermal
efficiency at full load with 35% diesel substitution. Barbour et
al. [8] used natural gas as the gaseous fuel along with diesel.
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Experimental study on a dual fuel engine by Papagiannakis
and Hountalas [9] shown that peak pressure rise in a dual fuel
mode is higher than the conventional diesel engine. At lower
loads, combustion duration was longer with increased BSFC.
Poonia et al. [10] investigated the dual fuel combustion
features of LPG with diesel fuel engines and concluded that at
low loads, dual fuel combustion is not effective. On the other
hand, reliable combustion was observed at 20-40% LPG
substitution with optimum loading conditions. Kumar et al.
[11] concluded that 7% increase in BTE could be achieved
using H» and vegetable oil in a dual fuel engine. Investigations
[12-14] on dual fuel engines resulted in satisfactory results
using gaseous fuels like biogas, producer gas and H,, along
with diesel.

The dual fuel combustion is influenced mainly by the type
and quantity of the primary and secondary fuels, operating
parameters such as compression ratio, injection pressure and
engine load. Thus, engine design requires all those operating
parameters to be optimized for the best combustion
performance. Such important parameters are obtained by
exhaustive experimentation or through modeling and
simulation. Conducting experiments for all different
combinations of the variables is cumbersome, time-consuming
and not economical. Combustion analysis through numerical
modeling by the computational fluid dynamics approach is
complicated due to complex geometry and higher
computational time. Conversely, analytical modeling and
simulation is another approach wherein, fundamentals of
thermodynamics, combustion process, and energy balance are
used to predict the performance parameters. The advantages of
the analytical method are easy prediction, reduced
computational time, and highly accurate prediction.


https://crossmark.crossref.org/dialog/?doi=10.18280/ijht.390631&domain=pdf

Several researchers conducted analytical modeling of
normal CI engines [15, 16]. The combustion modeling in a
dual fuel engine is a complicated process. Liu et al. [17]
simulated five-zone combustion model in a dual fuel engine
with methane-diesel combination. The predicted results of
combustion and experimental results were very close to each
other. Hountalas and Papagiannkis [9] formulated a two-zone
model to predict the combustion parameters of a dual fuel
engine with the diesel-natural gas combination. Results
indicated a rise in peak pressure and thermal efficiency, which
further increased with the surge in gaseous fuel percentage.
Thygarajan and Babu [18] developed a single-zone
combustion model to forecast the performance parameters
using a diesel biogas combination. They modeled the spray
characteristics and the results obtained were in line with the
experimental values. The numerical approach by Mbarawa et
al. [19] shows that increasing the number of holes and
injection pressure will lead to improved engine performance.
The prediction model by Mansoor et al. [20] was for natural
gas-diesel combination. They simulated the parameters like
peak pressure, temperature and species concentrations and the
results were very close to the experimental results.

Karim and Liu [21] and Ahmad et al. [22] have studied

similar analytical models to predict the combustion parameters.

A multi-zone dual fuel model by Liu et al. [23] predicted the
spray and combustion characteristics. They concluded that air
entrainment significantly contributes to engine performance,
and accurate results can be obtained by considering the wall
impingement. Similar combustion models have been
developed by the researchers [24-26] using a combination of
diesel and other gaseous fuels.

Most of the developed models were based on fuels like
natural gas, CNG etc., and models using LPG- diesel dual fuel
combinations are scanty. In most of the available literature for
dual-fuel mode, the cylinder pressure data has been used to
predict heat release and pollutant formation. However, there is
very limited research available with pilot fuel, inducted fuel,
and relative proportions for modeling the dual fuel engine. In
addition to this, most of the authors used Wiebe’s function to
predict the heat release rate in a conventional diesel engine,
whereas literature related to the applicability of Wiebe’s
model to a dual fuel engine is very limited.

By considering the above facts, an attempt has been made
to develop a simulation model to predict engine cylinder
pressure as well as heat release rate in a dual fuel engine, run
with the diesel-LPG combination. Experiments were
conducted using the above combination of fuels under
different operating conditions and a blend of primary and
secondary fuel flow rates. The combustion parameters, such as
cylinder pressure, heat release etc., have been predicted and
compared with the experimental values to validate the
developed prediction model.

2. MODELLING OF THE COMBUSTION PROCESS

Combustion modeling helps to analyze the heat release rate
and pollutants formation. The developed dual fuel engine
combustion model is a two-dimensional phenomenological
type. The combustion characteristics like rate of pressure, heat
release pattern and knocking are affected by the quantity of
fuel injected and rate and pattern of injection. The injector
forms an integral part of dual fuel engine. The influencing
parameters of fuel injection in a dual fuel are the velocity of
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the injected fuel, the mass of fuel injected, injection duration,
cone angle and penetration, which are usually represented in
terms of empirical relations. The heat released during
combustion is a strong function of fuel injection per cycle. The
mixing of the primary fuel injected in dual fuel engine is
affected by the cone angle.

The fuel leaving the injector penetrates as a cylindrical
liquid column before braking up known as break up length and
the corresponding time is called the breakup period. The fuel
injection velocity is considered constant during the breakup
period. Once the breakup period ends, the spray jet breaks up
due to the shear resistance of the air and gaseous fuel mixture
and forms a conical shape, and then penetrates deep into the
combustion chamber. The penetration helps in creating many
ignition spots and initiation of combustion at many locations.
When the spray jet breaks up it results in a free jet cone and
further it results in entrainment of the surrounding air and
gaseous fuel mixture into the cone. The entrainment is mainly
due to the relative motion between the jet cone and the
surrounding mixture. The mass of the surrounding gas mixture
entrained is obtained using the relation given by [27]:
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In the above equation, m., represent the mass of gaseous
fuel and air entrained and my denotes the rate of primary fuel
injected.

The entrained gaseous mixture in a dual fuel engine is
nothing but uniformly mixed air and LPG mixture. The mass
of LPG and air entrained at each crank angle is obtained by
assuming uniform injection during the injection period. The
cumulative fuel injected at the end of each crank angle position
is obtained by adding the fuel injected successively at each
crank angle. The overall air-fuel ratio is calculated at each
crank angle position. The combustion will start only at the
lapse of the delay period. At the end of breakup period, the
entrainment of LPG and air mixture starts by the pilot jet. The
interaction between pilot fuel and entrained gaseous results in
combustion.

In dual fuel engines, the stoichiometric fuel air ratio is the
chemically correct condition of both pilot and gaseous fuel
together. When two hydrocarbon fuels with chemical formula

C«aHy1 and CyHy, are mixed in proportion aj:ae,
stoichiometric fuel air ratio is given by [28]:
F _{_ %\ (F
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where, a = (T) a, and b = (T) a,.
Stoichiol and Stoichio2 represent the pilot fuel

stoichiometric fuel-air ratios and gaseous fuel-air ratios
considered separately. As combustion progresses inside the
cone, the stoichiometric fuel air ratio continuously changes.

2.1 Combustion modelling
To analyse the combustion process, the working fluid inside

the combustion chamber is considered in two zones after the
delay period.



(i) The injected liquid fuel will evaporate and entrains the
surrounding air, gaseous fuel and residual gas mixture
forms the burning zone. Since three-hole injector is used,
there will be three such burning zones with the same
characteristics. Temperature of the burning zone will
increase because of the combustion of pilot fuel along
with inducted LPG.

An unburnt zone considered surrounding the burning zone
consisting of inducted air, LPG mixture and residual burnt
gases of the previous cycle. The burnt zone steadily
entrains the surrounding unburnt gasses across its conical
surface. The mass of the burning zone increases and
unburnt zone decreases as the combustion proceeds.

The two zones considered are at different temperatures and
compositions, but the pressure will be uniform throughout as
it is a direct injection engine. The entrainment process
terminates when the cumulative entrained mass is equal to the
sum of inducted air-LPG mixture and residual gasses.

(i)

2.1.1 Thermodynamic analysis

The first law of thermodynamics and continuity equations
are used to analyze burnt and unburnt zones. Modeling fuel
injection and the entrainment process will give the mass of
burnt and unburnt zones separately. The total mass of working
substance in the combustion chamber is obtained by the
principle of conservation of mass, m= my, + my, where the
suffix ‘b’ refers to burnt charge and the suffix ‘u’ refers to
unburnt charge. At the start of injection m,= 0 and m,= mzpg +
Magir + Myesidual 1IN Which Mair, MLPG, Myesidual ATC the mass of air,
LPG and residual gases respectively at the beginning of
compression process. The burnt zone mass at any time is equal
to the total mass of the fuel injected and the mass of the
surrounding gasses entrained until that instant: my;, =
Minj i + Mener ;- Since we are considering two-zone model,
the volume constraint is given by, V; = V,; + V},; where suffix
‘i’ refers to combustion chamber volume at any moment. To
account for energy contents of burnt and unburnt zones, the
first law equation is written separately for both the zones:

du, =dQ, — P dV, —dmyh, 4

The term A, represents the specific enthalpy of unburnt
gasses, whereas hy is the specific enthalpy of injected fuel. The
product P* V} is the work done at a given crank angle by the
burnt zone.

Three simultaneous equations are obtained when we
combine volume constraint and the first law for the unburnt
and burnt gases along with the thermal gas equation. The
energy equations, along with volume constraints are solved
using Genetic Algorithm (GA). The GA when applied
repeatedly, will calculate the unburnt and burnt gas pressure
and temperatures at each crank angle. The calculated T,, Ty
and P at a given CA can be used to fix the range of pressure
and temperature for burnt and unburnt charges for the next CA.

2.1.2 Heat release analysis

In a dual fuel engine, injected fuel exhibits two-stage
characteristics represented by premixed combustion and
diffusive combustion, irrespective of the operating conditions
[29]. The premixed combustion usually occurs in a short
period (about 8-12°CA) whereas diffusive combustion that
starts simultaneously takes a longer period (50-70°CA). To
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estimate the rate of combustion for these two overlapping
stages, two superposed Wiebe’s function [30] used, as given
below:

(60)."
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The suffix ‘p” and ‘d’ represents premixed and diffusion
combustion parts, ‘S’ represents shape factor, ‘m’ represents
mass of pilot fuel consumption and 0 is the duration of
combustion [30]. The entrained gaseous fuel air mixture into
the burning zone is subjected to high temperature and pressure,
results in combustion of gaseous fuel along with the injected
pilot fuel almost simultaneously. The gaseous fuel heat release
rate is represented inside the combustion zone represented by
the two Wiebe’s functions [30]. The quantity of gaseous fuel
ready for combustion is a function of relative proportion of
gaseous fuel in the inducted mixture. Total heat release is
equal to the sum of the heat released by injected fuel and
gaseous fuel at each crank angle.

3. EXPERIMENTAL SETUP

The experimental setup used in this work consists of a
single-cylinder four-stroke water-cooled DI compression
ignition engine of Kirloskar make with a rated power of 5.2kW
running at 1500 rpm connected to an eddy current
dynamometer. Pressure sensors are used to measure
combustion gas pressure and fuel injection pressure, and an
encoder is fixed for crank angle record. The signals from these
sensors are interfaced through a computer to an engine
indicator to display P-0 plots. A differential pressure
transducer detects the air pressure difference across the orifice
for volumetric liquid fuel flow measurement.

4. RESULTS AND DISCUSSION

The experiments were conducted under different load
conditions from no load to full load, in steps of 25% of full
load. Both the pilot fuel and the inducted fuel are varied in the
correct sequence. The gaseous fuel LPG were varied from 0.2
kg/hr to 0.8 kg/hr in steps of 0.2 kg/hr. As the load increases
with fixed LPG flow rate, the engine governor increases pilot
fuel injection. Simulations were carried out with the above
combinations of operating conditions. The experimental
cylinder pressure and simulated pressure were compared for
validation purpose.

4.1 Variation of cylinder pressure

Variation of both simulated and experimental cylinder



pressure for a given LPG flow rate of 0.6 kg/hr is shown in
Figure 1. Dark lines represent the simulated values and dotted
lines represent the experimental values of indicated pressure.
Blue, black and red lines showing the engine loading
conditions of 50%, 75% and 100% respectively. The trend
between the simulated and experimental values being the same
with an average error of 12% between them which is
acceptable. It is very clear from the plot that with the increase
in load, the peak pressure increases. On increasing load with a
fixed LPG flow rate, the amount of liquid fuel injected will
increase.
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Figure 1. Indicated pressure variation with °CA at LPG flow
rate of 0.6 kg/hr

At lower loads, the amount of diesel fuel injected will be
less compared to the gaseous fuel. This affects in an increase
in delay period due to which the pressure rises per crank angle
and the peak pressure will be lower. As the load increases, the
amount of pilot fuel increases, increasing the number of
ignition spots, resulting in a decrease in delay period. This will
further cause an increase in the rate of pressure rise and higher
peak pressure in the cycle. At higher loads, peak pressure
points slightly advanced compared to lower loads, thus
increasing the power output.

Figure 2 shows the comparison of simulation and
experimental cylinder pressures at different flow rates of LPG
at 75% load. Various test fuel conditions have been depicted
with different colors for identification. It is clear from the
graph that predicted pressure is slightly more than that of
experimental values in all cases. The deviations are more
during the expansion process, which could be due to the
assumptions made in simulation like no leakage through the
inlet and exhaust valves and no blow by losses.
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Figure 2. Indicated pressure variation with °CA at 75% load

With the increase in LPG flow rate for a given load, the
injected fuel will reduce, and hence the LPG air mixture
surrounding the injected fuel will be rich in gaseous fuel,
causing higher pressure rise rate and peak pressure. The
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experimental observation was that at a fixed load with an
increasing LPG flow rate, the maximum pressure increases
until some pilot fuel substitution (about 60%) and then
decreases. By increasing the diesel substitution beyond a
particular limit result in abnormal combustion. Thus LPG flow
rate has to be optimized for the healthy pressure rise and
smooth combustion in dual fuel engines. The present study
reveals that the peak pressure reached is maximum at 0.6 kg/hr
of LPG flow rate.

4.2 Rate of pressure rise

Figure 3 presents the simulated and experimental rate of
pressure rise at 0.6 kg/hr LPG flow rate and 75% load.
Simulated results have been shown by dark lines whereas
experimental values are depicted by dotted lines. The pressure
rise rate is less for 0.6 kg/hr, when compared to 0.8 kg/hr of
LPG mass flow rate. With the increase in LPG flow rate for a
given load, gaseous fuel and air mixture surrounding the
injected fuel becomes rich in gaseous fuel, hence it burns more
aggressively and beyond some limit, it will start knocking.
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Figure 3. Rate pressure rise variation with °CA at the LPG
flow rate of 0.6 kg/hr and 75% Load

Comparison of Figures 3 & 4 reveals that the peak pressure
attained will be delayed due to an increased delay period with
a surge of inducted gaseous fuel. As the gaseous fuel
proportion increases at any loading conditions, chemical and
physical delay increases due to lower Cetane number of the
gaseous fuel. It takes additional time in terms of °CA for auto-
ignition as the Cetane number decreases.
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Figure 4. Rate pressure rise variation with °CA at the LPG
flow rate of 0.8 kg/hr and 75% Load

Figure 5 represents the position of peak pressure point under
different loads as a function of the percentage of LPG energy.
As indicated in the last section, here also simulated results are



shown with dark lines and experimental variation is shown by
dotted lines. At 75% of full load, as the percentage of LPG
energy increases, the highest pressure point initially moves
towards TDC. After a particular percentage of LPG energy, it
starts to move away from TDC.
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Figure 5. Variation of peak pressure point with percentage of
LPG energy for different loads

With the increase in LPG energy, the delay period rises, an
additional amount of fuel burns in the premixed combustion
stage. After a certain percentage of liquid fuel replacement by
LPG, active ignition was not sustained because of the
substantial increase in the delay period.

4.3 Heat release rate

Total heat released is the sum of heat released during
premixed condition and diffusion phase of combustion. The
two influencing parts of the entire heat release have been
analyzed separately.

4.3.1 Premixed stage

Figure 6 represents the heat release rate during premixed
stage for 0.8 kg/hr LPG flow rate with dark lines representing
the simulated and dotted representing the experimental
conditions. The different loading percentages are shown by the
various colors. For a fixed LPG flow rate with the increase in
load, the diesel fuel injected increases which help in better
entrainment of gaseous fuel and hence combustion.
Consequently, it will result in a higher rate of heat release in
the premixed stage of combustion.
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Figure 6. Pre-mixed heat release rate variation with °CA for
0.8 kg/hr of LPG flow rate

As the LPG flow rate increases at a given load, the quantity
of diesel fuel injected deceases and results in poor entrainment
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of gaseous fuel. Hence, a lesser amount of LPG burns in the
premixed stage and an overall reduction in heat release rate.
Therefore, more amount of fuel is carried to the diffusion
phase of combustion. This reduces the heat released at higher
LPG flow rates. The simulated and experimental results show
that LPG flow rate of 0.6 kg/hr at around 75% load conditions,
engine performance is optimum.

4.3.2 Diffusion stage of combustion

Variation of diffusion heat released with different loads for
the LPG flow rate of 0.8 kg/hr, both simulation and
experimental, is shown in Figure 7. The advancement of
combustion initiated by the injected pilot fuel will be just like
in SI engine at many spots. At low LPG flow rates, the rate of
heat released during the diffusion stage of combustion is low.
As the LPG flow rate and pilot fuel injection rate increases, the
heat released in the diffusion phase also increases. The swirl is
less at lower loads; however, as the engine load is increased,
the swirl also increases. An increase in swirl enhances the
mixing and hence heat released in the diffusion stage increases.
For higher LPG flow rates, due to the higher quantity of
gaseous fuel, initiation of combustion will be delayed, which
releases most of the energy in the diffusion stage. Both the
experimental and simulated results justify the same with slight
deviations at higher loads.
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Figure 7. Diffusion heat release rate variation with °CA for
0.8 kg/hr LPG flow rate

4.4 Total heat release rate

Total heat release for 0.6 kg/hr of LPG flow rate and at
different loading conditions are depicted in Figure 8 for both
experimental and simulated conditions. For a given LPG flow
rate, increase in engine load will increase the total heat
released and peak heat release occurs nearer to TDC. As load
increases, the quantity of diesel injected increases, resulting in
better entrainment of the air and LPG mixture and reduced
delay period. A reduced delay period initiates early
combustion, and hence peak heat release will occur close to
TDC ensuring higher engine output.

Figure 9 shows the total heat release for an engine loading
of 75% under different LPG flow rates with each color
representing the different LPG flow rates tested. As the LPG
flow rate increases from 0.2 kg/hr to 0.8kg/hr, the heat release
rate increases, and the peak heat release point shifts towards
the right side. This clearly indicates that more amount of fuel
burns during the diffusion phase of combustion. In the present
study, it has been observed that 0.6 kg/hr is the optimum value
for which the engine performance will be better with a higher
heat release rate. The simulated results for total heat release at



different operating conditions are compared with the
experimental results, found good agreement between them.
Thus, the validation results justify that, the use of the
developed combustion model for dual fuel engines helps to
predict the total heat release accurately.
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4.5 Cumulative heat release rate

The cumulative heat release for an LPG flow rate of 0.4
kg/hr is shown in Figure 10.

(kJ/kg)

ve Total Heat Release

Figure 10. Variation of cumulative total heat release
with °CA for 0.4 kg/hr LPG flow rate

The plot depicts a sharp rise in heat release during starting,
and afterward the rise in the heat release decreases. At higher
loads, about 65-68% of the total heat is released during the first
12-15crank rotation, but at lower loads, the value is slightly
higher. Predicted results are very close to the results from the
earlier literature [31, 32]. Hence, it can be concluded that the
developed combustion model for the CI engine running under

dual fuel mode using LPG-diesel combination can and predict
the thermal performance parameters with reasonably good
accuracy. This type of combustion model supports the
extension of various innovative designs and optimization of
various parameters for LPG-diesel combinations.

5. CONCLUSION

The developed two-zone combustion model for LPG —
diesel dual fuel engine could predict combustion
characteristics such as rate of pressure rise, heat release rate,
attainment of peak pressure etc., with acceptable accuracy.
The simulation outputs are validated with the experimental
results carried out in dual fuel engine under identical
conditions. Results can be summarized as follows:

1. The established model can forecast cylinder pressure
variation very closely with pressure determined from the
actual experiments. Hence, by knowing the details like
fuel combinations and its characteristics, pressure details
can be predicted for any dual fuel engines.

2. Simulated rate of pressure rise and total heat release rate
during both premixed and diffusion phase of combustion
are in close agreement with the experimental values with
an average difference of around 12% over the entire tested
range.

3. Forahigher load and fixed LPG flow rate, the heat release
rate will be higher during the diffusion phase of
combustion. At the same time, delay period will be
reduced, and peak heat release will be nearer to TDC.

4. Under part load conditions with higher mass flow rates of
LPG, the injected fuel will be reduced, resulting in fewer
ignition spots and severe entrainment problems leading to
poor combustion. However, when the mass flow rate of
LPG and engine load increases, the combustion results in
a high heat release rate leading to knocking.

5. The combination of a 0.6 kg/hr LPG flow rate and 75%
full load condition shows optimum engine performance in
terms of higher-pressure rise and heat release rate.

Thus, the prediction model is useful for researchers in early
predicting the combustion characteristics for the LPG-based
dual fuel engine without conducting exhaustive experiments,
which will save considerable resources.
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