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The analysis of the possibilities of increasing the share of propane in the fuel
mixture supplied to a dual fuel diesel engine

The paper presents the main reasons for the limitations as to the share of gaseous fuel in dual fueling in commercial engine
applications. It also indicates the proposals of solutions aiming at increasing of the share of this fuel. The investigations were conducted
in two stages. The first stage of the investigations involved gradual increase in the share of propane at a simultaneous phasing out of the
amount of diesel fuel so that the excess air coefficient remained on the same level. The second stage of the investigations involved a
maximum possible share of propane with a simultaneous adjustment of the diesel fuel injection parameters. The investigations were
performed for three different values of the charging pressure: 200, 400, 600 mbar and for a naturally aspirated variant. The obtained
results led to a conclusion that modifying diesel fuel injection parameters and increasing the charging pressure allow a significant

increase in the share of gaseous fuel up to 70% of the total energy contained in both fuels.
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1. Introduction

The concept of duel fuel engine fueled with diesel fuel
and an additional fuel of low cetane number (propane, LPG,
methane, ethanol, gasoline) assumes the greatest possible
share of the additional fuel in the combusted mixture. Solu-
tions already exist, in which the energy share of the addi-
tional fuel reaches 99%. These solutions, however, are used
in large powertrains usually applied in marine transport.
The solutions that enable using such great share of addi-
tional gaseous fuel (most often natural gas) have not yet
been loaned to smaller units used in road transport. The
specificity of transport of liquefied gas by sea forced the
necessity to utilize the evaporated part of gas, which is a
natural consequence of gas in a liquid state. This is how gas
has become a fuel powering the engines of a transporting
vessel. An additional benefit resulting from this type of
fueling is the improvement of the environmental perfor-
mance mainly by a reduction of the emission of particulate
matter [5, 6, 8, 10, 14]. The economic factor is also im-
portant due to the difference in the prices of diesel oil and
gaseous fuels. There is little wonder that the number of duel
fuel vehicles is growing. This is particularly the case for
heavy-duty vehicles. Compared to passenger vehicles or
light duty trucks there are no stringent limitations as to the
location of the additional fuel cylinder, hence the lower
percentage share of the weight of such a fuel tank in the
weight of the vehicle, particularly if steel high-pressure gas
containers are applied. Besides, the need to reduce the costs
of operation appears to be a decisive factor if a dual fuel
system is to be installed. Given the difference in the prices
of diesel fuel and the mixture of propane/butane that can
successfully be applied in dual fuel systems, a well develo-
ped network of distribution, easy transport and storage
make it a very attractive source of energy resulting in a
growing number of users of duel fuel systems [3]. Current
solutions used in motor vehicles, however, allow a mere
30% energy share of LPG, which, from the economic point
of view is less attractive and distant from the solutions
offered for marine transport. Hence, comes the question of
the reason for the fact that the share of energy obtained
from additional fuel is not as significant as it should be and

whether the limitation responsible for such a status quo may
perhaps be eliminated without the need of costly modifica-
tions of the power train. For many years, research on this
type of fueling has been dealing with analyses of the phe-
nomena occurring during the process of combustion in dual
fuel engines [4, 9, 14]. This contributed to solving problems
characteristics of duel fueling - the course of the combus-
tion process. The aim of this paper is to indicate the main
reasons for the limitation of the share of additional LPG
fuel and propose solutions that would enable increasing this
share.

2. Research procedure

The investigations were carried out on a 511 cm® dual
fuel (diesel fuel and propane) single cylinder diesel re-
search engine (AVL 5402) of the compression ratio of ¢
17.5 Fig. 1. In the investigations, the most commonplace
system of supply of indirectly injected evaporated propane
was used. The gas was fed via an injector fitted near the
intake valve. The opening time of the injector was synchro-
nized with the cylinder filling cycle, which prevented the
loss of cylinder charge at valve overlap [12]. The investiga-
tions were performed in two stages. The first stage consist-
ed in a gradual increase in the share of propane with the
diesel fuel being phased out to keep the excess air coeffi-
cient on a steady level. The investigations were performed
for three different charging pressures: 200, 400, 600 mbar
and for the naturally aspirated variant. The parameters of
the injection of diesel fuel such as pressure, start of injec-
tion of the pilot and the main doses were constant irrespec-
tive of the share of propane in the mixture or the variations
in the charging pressure, which corresponded to the original
settings applied in diesel fueling alone. Only the value of
the main fuel dose was changed, which resulted from the
need to maintain a steady level of excess air coefficient at
the moment of increasing of the share of propane in the
mixture. The increase in the share of propane with the re-
duction of the share of diesel fuel was continued until the
maximum pressure increment exceeded 1 MPa/deg. The
second stage of the investigations consisted in applying the
greatest possible share of propane for different levels of the
charging pressure, as in the first stage, with a simultaneous
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adjustment of the injection parameters of diesel fuel still
preserving the above-mentioned criterion of pressure in-
crement rate and the highest possible overall engine effi-
ciency.

a)

?r

b)

Fig. 1. a) Engine dynamometer by AVL, b) The method of propane supply
to the engine

3. Possibilities of increasing of the share of propane
in the mixture of fuels while preserving the excess
air coefficient

As earlier research has shown, the main limitation for
high shares of propane is the abruptness of the course of
combustion that is characterized by a high pressure incre-
ment rate, much more exceeding the values obtained for
diesel fuel alone. By gradually increasing the share of pro-
pane and reducing the share of diesel fuel while maintain-
ing the injection parameters optimum for conventional
fueling (performance of the first stage of the investiga-
tions), one can observe a clear growth of the maximum
pressure increment rates Fig. 2. The maximum share of
propane for which this parameter did not exceed 1 MPa/deg
is merely 30% for the naturally aspirated engine and 50%
for the highest charging pressure applied during the investi-
gations. When analyzing the influence of the share of pro-
pane on the pressure increment rate, one can clearly ob-
serve that the addition of propane for all cases under analy-
sis results in an increase in the pressure increment rate and
a delayed self-ignition. The physicochemical changes of the
compressed mixture of propane and air more significantly
influence the delay of the start of combustion when the
share of the gaseous fuel is greater Fig. 3. The increase in

the share of the gaseous fuel is accompanied by the increase
in the specific heat of the compressed mixture [12—14], the
effect of which is a lower temperature of the medium in the
compression phase leading to a delay in the start of com-
bustion. The lower concentration of oxygen in the com-
pressed mixture, being a consequence of the portion of
propane fed to the cylinder, is another reason for the delay
of the start of combustion. Hence, the growing delay of
ignition will directly affect the pressure increment rate in
the combustion process because a significant portion of
energy coming from the pilot dose of diesel fuel and part of
the dose of propane is released in a shorter time compared
to conventional fueling [1, 6, 15, 16]. Changes in the pres-
sure increment rate in the combustion process are tightly
related to the changes of the charging pressure. Maintaining
the parameters of diesel fuel injection, the excess air coeffi-
cient and increasing the charging pressure one may observe
a very conspicuous and at the same time advantageous
phenomenon. An increase in the charging pressure results
in a reduction of the maximum pressure increment rates.
This means that the disadvantageous consequences follow-
ing the addition of propane can be eliminated by a change
in the charging pressure. According to the theory contained
in [2], an increase in the charging pressure results in a
growth of the temperature of the compressed mixture, thus,
a reduction of the delay in self-ignition. Consequently, it
causes a less abrupt course of combustion, the result of
which is a drop in the maximum pressure increment rates.
Wherever the delay of self-ignition grows distorting the
combustion process, it is possible to influence that by in-
creasing the charging pressure. For the naturally aspirate
variant, a merely 30% share of propane gave average values
(from the recorded test cycles) of the pressure increment
rate of 8.9 bar/deg and, at times, exceeding 15 bar/deg.
Therefore, the increase in the share of propane under these
conditions should not be continued mainly due to the risk of
damaging the engine, which is why the authors gave up
supplying more gaseous fuel to a naturally aspirated engine.
The presented 70% share of propane was obtainable only
after changing the parameters of the diesel fuel injection
exclusively in the turbocharged engine. The most conspicu-
ous effect of the impact of the charging pressure on the
pressure increment rate can be seen on the example of the
30% share of propane, for which the charging pressure
from O to 600 mbar resulted in almost a double reduction of
the pressure increment rate. When analyzing the parameter
of maximum pressure increment rate, which is the funda-
mental criterion in selecting the shares of both fuels, one
has to note the very desired effect of reduction of the pres-
sure increment rates following the increase in the charging
pressure. Maintaining the excess air coefficient on the same
level when increasing the charging pressure must lead to an
increase in the amount of energy supplied with the fuel.
Despite the greatest portion of energy for the case of the
maximum charging pressure, the maximum pressure incre-
ment rates are the lowest and even though this parameter
increases with the growing share of propane, the increment
is the smallest out of all the cases under analysis.
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Fig. 2. Maximum pressure increment rates for conventional fueling and
dual fueling with a growing share of propane for 4 values of the charging
pressure
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Fig. 3. Start of combustion for conventional fueling and dual fueling with a
growing share of propane for 4 values of the charging pressure
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The dropping trend of the maximum pressure increment
rates following the increase in the charging pressure con-
tinues starting from a 10% and ending with a 50% share of
propane except the greatest (70%) share of this gas, for
which the parameters of the diesel fuel injection were modi-
fied. When analyzing the pressure curves inside the cylin-
der for different shares of propane Fig. 4., one can see a
clear impact of the changed thermodynamic properties of
the compressed mixture. Following the increase in the share
of the gaseous fuel, one can observe a gradual decrease of
the pressure of the charge in the compression phase. Since
this trend is maintained in all the cases under analysis, only
the results obtained for the highest charging pressure (600
mbar) have been presented Fig. 4. The lower pressure of the
compressed mixture, the lower temperature at the moment
of injection of the pilot fuel dose and the lower oxygen
concentration in the compressed mixture due to the growing
amount of propane pushing out the air fed to the cylinder
result in a clear delay of the start of combustion, thus influ-
encing the heat evolution curves shown in Fig. 5.

Comparing the course of combustion obtained for con-
ventional fueling with the course of combustion for duel
fueling, it can be confirmed that the growing share of the
gaseous fuel clearly influences the first phase of the com-
bustion, in which the pilot dose plays an important role. For
conventional fueling, the pilot fuel dose, whose start o
injection is at 18° before TDC, definitely initiates the pro-
cess of combustion as can be seen on the graph of the cyl-

inder pressure curve Fig. 4. and on the heat evolution curve
Fig. 5. The increase in the share of the gaseous fuel results
in a much different start of combustion and heat evolution
rate in the initial phase of the combustion process compared
to diesel fuel alone. When a small (10%) share of propane
results in a small (0.5°) CA. self-ignition delay compared to
conventional fueling and the heat evolution curve has two
phases, the 50% share results in a delayed start of combus-
tion by 3° and the boundary between the phases of the com-
bustion process fades Fig. 5. This means that along the
increase in the share of propane, despite the growing delay
in self-ignition, the portion of energy released in the initial
phase of the combustion process (started by the pilot dose)
is much greater than that obtained for diesel fuel alone. The
consequence is the increase in the charge-burning rate Fig.
6. and a shift of the peak value of the pressure towards TDC
Fig. 4.
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Fig. 4. Pressure curves taken from inside the cylinder for conventional
fueling and dual fueling with a growing share of propane for the charging
pressure of 600 mbar. Angle of the start of injection of the pilot fuel dose
—18°, angle of the start of injection of the main fuel dose —7° (constant for
the 0%—50% share of propane), angle of the start of injection of the main

fuel dose —3° (for the 70% share of propane)
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Fig. 5. Heat evolution curves taken from inside the cylinder for conven-
tional fueling and dual fueling with a growing share of propane for the
charging pressure of 600 mbar. Angle of the start of injection of the pilot
fuel dose —18° angle of the start of injection of the main fuel dose —7°
(constant for the 0%—50% share of propane), angle of the start of injection
of the main fuel dose —3° (for the 70% share of propane)
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Fig. 6. Burning of 50% of the charge for conventional fueling and dual
fueling with a growing share of propane for 4 values of the charging
pressure

Analyzing the course of the combustion process based
on the charge burn described with a 50% burn in the scale
of CA. Fig. 6. a diversity is observed compared with the
first phase of the combustion process Fig. 3, where the
increase in the share of propane resulted in a delay of the
self-ignition in all cases under analysis and the phase of the
charger half-burn indicates a significant growth of the com-
bustion dynamics. This process is almost linear; the trend of
growth of the charge burn intensity clearly depends on the
proportions of both fuels and the charging pressure. Only in
the case of the highest (70%) share of propane was this
process different, which resulted mainly from: the combina-
tion of the influence of a significant share of propane, the
influence of the changes of the charge temperature and the
delay of the angle of the start of diesel fuel injection. The
greatest differences in the time needed to burn 50% of the
charge were for conventional fueling. The increase in the
share of the gaseous fuel gradually reduces these differ-
ences. From the analysis of the above graph, one may infer
that along the increase in the charging pressure, the com-
bustion time extends. This phenomenon is to be explained
by the fact that the growing charging pressure is tantamount
to the increase in the amount of fuel (maintaining constant
excess air coefficient), thus, to the prolonged reactions
accompanying the combustion process. Hence, when main-
taining the injection pressure and the angle of the start of
injection of the pilot fuel dose, it is necessary to extend the
duration of the injection of the diesel fuel. A greater portion
of injected fuel at a decreasing difference of the pressures
(higher compression and constant injection pressure)
caused by the growing pressure inside the cylinder due to
supercharging translates into a deteriorated atomization,
therefore leading to the extension of the time of combus-
tion. A substitution of part of the conventional fuel with
gaseous fuel accelerates the combustion process and the
differences in the time to burn 50% of the charge for differ-
ent charging pressures become less clear Fig. 6. Burning of
50% of the charge with a 50% share of propane despite a
late start of combustion falls at approx. 8.5° after TDC i.e.
almost 6° earlier compared to diesel fueling alone. As a
consequence, this leads to an increase in the maximum
pressure increment rates, increase in the maximum pres-

sures of the combustion process and a shift of the peak
pressure towards TDC.

The changes that are observed in the course of the com-
bustion process under conventional and dual fueling be-
come so conspicuous that they may have impact on the
actual use of such an engine. As a consequence, this may
lead to an accelerated wear of components due to excess
mechanical and thermal loads. A question arises, whether it
is possible to increase the share of the gaseous fuel at a
simultaneous preservation of the overall efficiency and the
combustion parameters obtained under conventional fuel-
ing. The fact that no engine modifications are performed
before the increase in the share of the gaseous fuel is also
significant. The performed investigations have shown that
the objective is to delay the combustion process in duel
fueling so that the parameters of this process such as the
maximum pressure increment rates and the maximum pres-
sure are not significantly divergent from the ones of con-
ventional fueling. The fulfillment of these conditions will
eliminate the risk of premature engine wear. The applica-
tion of a common rail based fuel system allows a very pre-
cise control of the course of combustion by the possibility
of a very extensive change of the diesel fuel injection pa-
rameters. In dual fueling it is very important to be able to
control the way of releasing the energy contained in the
gaseous fuel. The application of a great share of the gaseous
fuel and the introduction of a single ignition-initiating fuel
dose of the compressed mixture is characterized by a very
abrupt nature of the combustion process including knock
combustion. [9, 13] A properly selected angle of the start of
injection for conventional fueling will not be optimum for
dual fueling. The introduction of the possibility of dividing
of the diesel fuel dose, however, makes the process of com-
bustion in a dual fueling scenario (even with the 70% share
of propane) less abrupt than the combustion with a 30%
share of propane with a single dose of diesel fuel. Besides,
the possibility of a precise adjustment of the pilot and the
main fuel doses and the angle of the start of injection of
these fuel doses results in a situation that despite significant
differences between the conventional and dual fueling
combustion, it is possible to eliminate disadvantageous
phenomena such as: knock combustion, limitation of the
maximum pressure increment rates and maximum pressure.

4. Investigating the possibilities of reaching the
greatest share of propane in the mixture of fuels
for different charging pressures with adjustment of
diesel fuel parameters

In the second stage of the investigations, the authors at-
tempted to increase the energy share of propane while re-
ducing the share of diesel fuel. The maximum share that
was applied was 70% of propane for three charging pres-
sures: 200, 400, 600 mbar and 50% for the naturally aspi-
rate variant. The selection of such propane to diesel fuel
ratio was not a coincidence and was determined by a series
of previously performed trials that allowed indicating a safe
boundary of the share of the gaseous fuel. Similarly to the
first part of the investigations, the fundamental criterion
was the maximum pressure increment rate whose value
should not exceed 1 MPa/deg. In order to meet this condi-
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tion, the angle of the start of injection of the diesel fuel had
to be delayed. The presented results in the form of the pres-
sure (Fig. 7) and the heat evolution (Fig. 8) curves pertain
to cases with the most beneficial adjustment of the angle of
the start of injection of both the pilot and the main fuel
doses that led to the obtainment of the highest overall effi-
ciency of the investigated engine.
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Fig. 7. Cylinder pressure curves for dual fueling with a 70% share of
propane for three different charging pressures 200, 400, 600 mbar ad for
the naturally aspirated variant with a 50% share of propane with the intro-
duced change of the angle of the start of injection of the pilot and the main
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Fig. 8. Heat evolution curves for dual fueling with a 70% share of propane
for three different charging pressures 200, 400, 600 mbar ad for the natu-
rally aspirated variant with a 50% share of propane with the introduced
change of the angle of the start of injection of the pilot and the main fuel
doses

At the charging pressure of 600 mbar, the angle of the
start of injection of the main fuel dose was changed from
—7° to —3°. This delayed the course of combustion, prevent-
ed the excess of the maximum pressure increment rate and
limited the maximum pressures by approx. 10 bar compared
to the maximum pressures obtained for the 50% share of
propane without modifying the injection parameters. The
application of such a great share of propane resulted in a
1% drop of the overall efficiency compared to conventional
fueling, the reason for which may have been: greater heat
loss (higher temperatures in the combustion process, greater
heat release area), escape of part of the gaseous fuel due to
valve overlap and incomplete combustion of part of pro-

pane particularly in the area where diesel fuel had no access
because of limited spray penetration. A small drop in the
overall efficiency has been observed for the other variant of
the charging pressure. Because of the similar nature of the
course of combustion, the reasons for deterioration of the
efficiency will also be similar. Another analyzed case for
the charging pressure of 400 mbar indicates a need of main-
taining the same angles of the start of injection of the main
fuel dose only. Similarly to the higher charging pressure, a
small drop in the efficiency is observed. For the pressure of
200 mbar the angle of the start of injection of both the pilot
and the main dose was changed. A small delay in the injec-
tion of the pilot fuel dose gives it a greater chance of taking
on the combustion due to a higher temperature of the medi-
um, to which it is fed. A change of this parameter appears
justified, particularly if, following the growing share of
propane, the temperature of the compressed medium drops,
which was discussed in the first part of the investigations.
Out of the analyzed cases, the most beneficial is the one
with the highest charging pressure. When analyzing the
course of combustion it may be indicated that for both the
conventional and dual fueling, the peak value of pressure
occurs in the same position of the crankshaft (approx. 12°
after TDC). In the other supercharging variants the maxi-
mums of the pressures drift from the TDC, thus shifting the
center of the combustion process, the consequence of which
is a slight drop in the efficiency compared to the efficiency
obtained for diesel fueling only. Despite the fact that the
change in the angle of the start of injection of the main fuel
dose is capable of accelerating this process, it cannot be
applied due to the accompanying increase in the maximum
pressure increment rates exceeding the assumed value of 1
MPa/deg.

Despite significant differences in the course of combus-
tion for the conventional and dual fueling variants, it is
possible to control the fuel combustion in such a way that
even a 70% share of propane does not result in a significant
drop in the efficiency or excess pressure increment rate. For
the naturally aspirated engines, the obtainment of such a
great share of propane was impossible. The combustion
process with the share of propane above 50% was charac-
terized by a significant unrepeatability, a clear delay of
combustion or even combustion deficiency. The attempt of
an earlier initiation of combustion by changing the angle of
the start of injection led to an increase in the maximum
pressure increment rates and a ‘jagged’ pressure curve
taken from inside the cylinder, which is characteristic of
knock combustion. Therefore, despite corrections of the
injection parameters widely implemented for the pilot and
the main fuel doses, the maximum share of propane while
still maintaining proper engine operation was 50%. This
means that for dual fueling in the naturally aspirated vari-
ant, the range of influence on the course of the combustion
by a modification of the angle of the start of diesel fuel
injection is significantly limited compared to the turbor-
charged version of the engine.

Conclusions

Because of the way the fuel is supplied to the cylinder
in a dual fuel system, the formation of mixture subjected to
high temperatures in the compression process and, addi-

36

COMBUSTION ENGINES, 2017, 169(2)



The analysis of the possibilities of increasing the share of propane in the fuel mixture supplied to a dual fuel diesel engine

tionally, no diesel fuel dose division (diesel fuel initiates
the ignition), the energy share of the additional fuel does
not exceed 30%. The performed investigations related to
dual fueling have shown that a significant increase in the
share of the gaseous fuel (propane or a mixture of propane
and butane) is possible up to the level of 70%. With such a
significant share of propane used in the tests, the main
limitation was the pressure increment rate.

The potential of modern common rail systems such as
fuel dose division, adjustment of the amounts of these fuel
doses and the pressure of their injection make the process
of energy release a gradual one, hence, it is possible to
eliminate the adverse effects such as excess pressure incre-

ment rate, or excessively delayed start of combustion. With
such high amounts of the gaseous fuel in the mixture, an
adjustment of parameters of the diesel fuel injection is
necessary. Besides, during dual fuel combustion with great
shares of propane, an increase in the charging pressure
gives very good results. It could, thus, be clearly stated that
a combination of the adjustment of the diesel fuel injection
parameters and the adjustment of the charging pressure
provides a wide range of opportunities influencing the
course of combustion if a great share of the gaseous fuel is
the case, which ensures an effective combustion of two
types of fuel in a compression ignition engine.

Nomenclature

CI compression ignition
LPG liquified petrolum gas
DF  diesel fuel

TDC top dead center
SOC start of combustion
MBF mass burned fraction
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