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Abstract: Technological and economic concerns correlated to fulfilling future emissions and CO2

standards require great research efforts to define an alternative solution for low emissions and highly
efficient propulsion systems. Alternative fuel formulation could contribute to this aim. Liquefied
petroleum gas (LPG) with lower carbon content than other fossil fuels and which is easily vaporized
at ambient conditions has the advantage of lowering CO2 emissions and optimizing the combustion
process. Liquefied petroleum gas characteristics and availability makes the fuel a promising alternative
for internal combustion engines. The possible combination of using it in high-efficiency compression
ignition engines makes it worth analyzing the innovative method of using LPG as a blend component
in diesel. Few relevant studies are detectable in literature in this regard. In this study, two blends
containing diesel and LPG, in volume ratios 20/80 and 35/65, respectively, were formulated and
utilized. Their effects on combustion and emissions performance were assessed by performing proper
experimental tests on a modern light-duty single-cylinder engine test rig. Reference operating points
at conventional engine calibration settings were examined. A specific exhaust gas recirculation (EGR)
parametrization was performed evaluating the LPG blends’ potential in reducing the smoke emissions
at standard engine-out NOx levels. The results confirm excellent NOx-smoke trade-off improvements
with smoke reductions up to 95% at similar NOx and efficiency. Unburnt emissions slightly increase,
and to acceptable levels. Improvements, in terms of indicated specific fuel consumption (ISFC),
are detected in the range of 1–3%, as well as the CO2 decrease proportionally to the mixing ratio.

Keywords: DI diesel-LPG blends; ultra-low emissions; outstanding NOx-soot trade-off; high
efficiency; diesel engine; alternative fuels

Highlights:

• Innovative solution to fuel a compression ignition (CI) diesel engine with low-sooting fuels;
• Alternative fuels for diesel engines: new frontiers to exploit high-efficiency CI engines;
• Liquefied petroleum gas (LPG)–diesel blends effective approach for ultra-low soot-NOx

engine application;
• Stable and efficient combustion for LPG–diesel blends in CI engines;
• LPG–diesel blend storage modification for CI engine application.
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1. Introduction

The concentration of CO2 is increasing due to fossil fuel combustion, and one of the most significant
contributors to worldwide CO2 emissions is the transport sector. Transportation is responsible for
almost 30% of the total CO2 emissions in Europe, of which 72% are attributed to road transportation.
As part of the effort to reduce CO2 emissions, the 2050 target is to reach 60% less compared to the
1990 level [1]. Within this context, the use of alternatives (e.g., liquefied petroleum gas (LPG), natural
gas, and alcohols, etc.) to liquid fossil fuels, combined with new combustion concepts [2] and engine
technology paths (turbocharging, right-sizing, electrification, etc.) is a feasible way to achieve better
efficiency and meet emissions targets. Advanced combustion approaches in a compression ignition (CI)
engine have the potential of higher efficiency and face the high NOx-soot emission dilemma, as one of
the main drawbacks for diesel engines [3]. However, the use of alternative fuels will further limit the
soot production during the combustion process by replacing, for example, a portion of the diesel with
a less-sooty fuel like LPG [4,5].

LPG, as a by-product of crude oil refining processes, is composed mainly of propane (80%) and
butane (20%). In particular, the propane is like diesel fuel. It can be liquefied under 760–1030 kPa
pressure at ambient temperature and mixed with diesel in any proportion. Theoretically, the high-octane
number (correspondent to low cetane number) makes the fuel suitable for operating in high compression
ratio CI engines. LPG fuel, in both phases, can be employed in a diesel engine. In dual-fuel combustion
mode, the LPG is taken into the cylinder through a port fuel injector (PFI) into the intake manifold,
and the air-LPG mixture induced into a combustion chamber. A small diesel quantity is injected for
the ignition of the LPG-air mixture [6]. The LPG used in a diesel engine has been widely studied and
ensures better engine performance, low particles, and smoke emissions according to the results in the
literature [7].

The LPG-diesel is injected into the combustion chamber at high pressure, therefore rapidly passing
to the gas phase due to the low boiling point. The quick LPG evaporation improves the atomization of
the blend spray [8]. Increasing the LPG percentage will reduce the cetane number (CN), as well as the
lower heating value (LHV) and the latent heat of evaporation, which causes an increase in the ignition
delay [4]. However, the LPG high percentage could bring combustion noise and engine knock [9,10].
Cao et al. [9] investigated the use of LPG and diesel mixture in CI engines. The test campaign was
performed using blends at various LPG ratios (10% and 30%). No variations were observed in terms of
engine performance for the used fuels at a constant speed. The best results for the emissions have
been obtained using the 30% LPG ratio with a penalty of hydrocarbons (HC) emission. Ma et al. [10]
studied the effect of the diesel-propane blend in the CI engine. At different propane percentages, heat
release rate, combustion phase, peak firing pressure, and NOx emissions increased at the same engine
speed-load, while the combustion duration, smoke, CO, and HC emissions were reduced.

The experimental activity was dedicated to the evaluation of the LPG-diesel potential in terms of
both emissions and thermal efficiency compared to the conventional diesel one. Two diesel-LPGs at
different mass ratios, 20% and 35% in mass named “DLPG20” and “DLPG35”, respectively, were tested.
Also, a hydraulic characterization was carried out in order to provide useful information for evaluating
the LPG influence on injector performance. The hydraulic characterization tests were performed at
the same injection strategies to have a direct comparison with the test on the single-cylinder engine
(SCE). The activity was part of a research theme that aims to use the LPG–diesel mixture in a CI engine
through the adaptation of the conventional injection system with few modifications. The main purpose
of this study is to assess the applicability of the proposed concept and the potential in the real operating
conditions. The present study, with its methodology and analysis, aims to cover the information and
the scientific gap with what is present in the literature.
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2. Materials and Methods

2.1. Experimental Setup

The experimental test rig employed a prototype SCE integrating the main combustion system
components of a modern CI ignition engine. The fuel system was refurbished to permit the use of
LPG/diesel blends. Some critical aspects were evidenced during the experimental test campaign, such
as the blend temperature increase during the engine run and the need to modify the fuel system to
ensure the liquid phase on supply and return fuel lines. It is worth underlining that the petroleum gas
was liquid, which is LPG, at a pressure above the 5 bar pressure at ambient temperature. To this aim,
the injection return line was modified to ensure sealing at higher pressures. For this reason, LPG could
not be directly mixed in the diesel fuel tank, and for the storage of the mixture, a proper pressurized
LPG-fuel tank was used. The tank made of anti-corrosion metal material must guarantee the absence
of fluid leaks, and must also withstand pressures of 20 bar, and above the nominal working pressure of
8 bar, for safety reasons. In the LPG configuration, as illustrated in Figure 1, the fuel filter was not
installed to prevent the fuel phase separation (liquid to gaseous) due to the concentrated pressure
losses. The fuel tanks and system described needed to be filled every time before starting the test
campaign. However, to have a more flexible system for real engine applications, further developments
of the storage and fuel lines are under consideration. The injection system, fuelled by diesel-LPG,
a closed pressure circuit (8 bar), was realized to avoid vaporization by reducing the risk of cavitation at
the inlet of the high-pressure pump [4]. The fuelling system was modified in a way it could exploit
the original diesel injection system composed of a conventional common rail solenoid injector with a
7-hole nozzle characterized by a 0.14 mm diameter and a cone angle of 148 degrees.
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Figure 1. Detailed scheme of the fuel-injection system [4].

The other engine components were properly designed, manufactured, and assembled at the
CNR-Istituto Motori laboratories. A system capable of monitoring and controlling the engine control
parameters, pressure, temperature signals, and pollutant emissions was developed on Labview.
Combustion metrics (indicating) were measured and calculated on the base of a piezo quartz pressure
sensor. The average cycle was estimated by 128 consecutive cycles at the sampling rate of 0.1 degree and
used for detailed thermodynamic analysis. For a comprehensive thermodynamic characterization of
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the engine system, the entire test rig was equipped with pressure and temperature sensors. An exhaust
gas-analyzer model AVL CEB II and AVL315s were used to measure gaseous and smoke emission
composition at the exhaust, respectively. A detailed scheme of the test cell layout is depicted in Figure 2.
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Figure 2. Single-cylinder engine (SCE) test cell layout.

Fuel consumption evaluation, as the LPG-diesel blend system was designed, was not possible
through a conventional gravimetric balance. Therefore, to determine the fuel consumption, an indirect
estimate of fuel consumption was obtained by equating the carbon mass in the exhaust to the carbon
concentration of the fuel, estimated from the exhaust emissions (CO2, CO, and HC).

The detailed procedure for the indirect calculation of fuel consumption is given in Appendix A.
The applied method was preliminarily validated by comparing the fuel consumption of diesel, using
the conventional open-circuit fuelling system, measured by the gravimetric balance and the calculation
methods. The maximum detected error was around 3%. The employed nozzle characteristics are listed
in Table 1.

Table 1. SCE characteristics.

Parameters Units Specifications

Specific displacement l/cyl 0.5
Bore × Stroke mm 82 × 90.4

Compression Ratio - 16.5
Valves per cylinder - 4

Nozzle hole number - 7
Nozzle cone opening angle deg 155

Actuating type - Solenoid

It is well known that the combustion process and its associated emissions are significantly affected
by the injection process, as well as the fuel properties. To better identify their effects on the combustion
process, a specific injector test campaign hydraulic characterization was associated with the engine tests.
The injection flow was affected, among other factors, mainly by the viscosity, density, and especially
the boiling point. Therefore, the injector, fuelled with different fuels, was hydraulically characterized
by a fuel injection rate meter working on the Bosch tube principle [11]. The injected fuel amount was
obtained by the relative pressure signal [12] and was proportional to the injection rate through the
pipes’ geometry and the fuel chemical-physical properties [11]. The results were averaged over more
than 100 strokes, and the standard deviation was around 2%. The diesel quantity was compared with
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those obtained at the discharge pipe by a precision balance while for the LPG blends, being the outlet
at atmospheric backpressure, and in such conditions, the LPG was in the gaseous state, and it was not
possible to compare the results.

2.2. Test Methodology and Fuel Characteristics

A set of four-engine partial load points were chosen for the setup of the experimental campaign.
They were inside the Worldwide Harmonized Light Vehicles Test Procedure (WLTP) operating area,
and therefore usable as an indicator for efficiency and emission performance at partial load conditions.
In this regard, they were performed, applying a reference engine parameter calibration (rail pressure,
intake pressure, swirl, exhaust gas recirculation (EGR), etc.) derived from a real four-cylinder engine
with the same engine architecture of the SCE. The key-points are schematically reported in Figure 3 and
named synthetically as engine speed per brake mean effective pressure (BMEP), e.g., 1500 × 5 indicates
1500 rpm per 5 bar BMEP. For this work, four operating points were selected, two speeds (1500 and
2000 rpm), and two loads (2 and 5 bar of BMEP) points at constant engine out NOx level. To better
explore and analyze the LPG blends potential, a conventional pattern characterized by a pilot-main
injection was employed. The start of injection (SOI) of the pulses and the main energizing time (ET)
were adjusted to achieve the reference diesel combustion barycentre (MBF50) and load values; also,
the EGR rate was controlled to achieve the constant NOx target. All the additional injection parameters
(ET pilot, dwell time, rail pressure, etc.) were maintained constant and equal to the reference values.
As regards the hydraulic characterization, both pilot and main injection, the mass flow profiles for
different fuels were performed under the same injection conditions tested on the SCE.
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In this regard, the following fuels were considered in this study:

• Reference EN590 European commercial diesel;
• Blend of 20%wt of LPG in diesel (DLPG20);
• Blend of 35%wt of LPG in diesel (DLPG35).

Table 2 reports the main chemical and physical characteristics of the reference diesel and LPG,
and the roughly estimated ones, obtained by linear interpolation.
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Table 2. Fuels proprieties of diesel–liquefied petroleum gas (LPG) blends [4].

Fuel Name DIESEL DLPG20 DLPG35 LPG

LPG content w/w [%] 0 20 35 100
Liquid density [kg/m3] 836 772 723 514

Mass LHV [MJ/kg] 42.5 43.2 43.8 46.1
Heat of evaporation [kJ/kg] 260 294 320 430

Stoichiometric /F [-] 14.67 15.4 15.6 16.7
Boiling point [◦C] 362 - - −42

Autoignition Temperature [◦C] 250 - - 365–470
H/C [-] 1.9 2.3 2.5 3.4

Kinematic viscosity [m2/s] 2.5 × 10−6 5.0 × 10−6 6.9 × 10−6 1.5 × 10−5

For the sake of completeness, the EGR sweep results are presented in terms of the NOx-particulate
matter (PM) trade-offs. The analysis was very effective and is a general approach employed for
evaluating the potential of fuel formulations, technologies, etc. fuel–engine interaction performance
and, in particular, for the critical engine control conditions in terms of NOx and PM.

3. Results and Discussion

This section is divided into three parts. The first part analyses the effects of the factors on the
global injector response to different fuels through a hydraulic characterization. Next, the tested points
comparison is presented in terms of performance, combustion noise, and emissions. Finally, a trade-off

emission analysis carried out through the EGR sweep is shown for all the operating points using
different blends comparing to a diesel one.

3.1. Hydraulic Characterization

In this section, the main results obtained in the study are analyzed. The focus is pointed to the
description of the hydraulic results, showing the injection rate shape characteristics of each tested fuels.
Figure 4 shows the rate of injection (ROI) traces for all the fuels used in the test campaign, respectively.
The injection rate, therefore, the fuel injection quantity, as discussed above, is obtained by the pressure
signal, the pipes’ geometric characteristics, and the fuel chemical-physical characteristics, reported in
Table 2 [4]. ROI profiles with two different energizing times, which correspond to a pilot and main
injections for the 1500 × 2 test case at the injection pressures of 640 bar, are shown in Figure 4 for
all tested fuels. Both tests were carried out in the engine-like backpressure conditions (pback), at 30,
and 50 bar for the pilot and main injection, respectively.

Regarding the injector performance, there is a hydraulic delay defined as the time between the
electric command and the fuel injection; more details are available in the literature [13]. The different
viscosity, as well as the compressibility of the blends (due to the presence of LPG) in comparison to
diesel fuel, justifies the differences in the dynamic and injection timing. The hydraulic delay is reduced
proportionally to the LPG percentage, in the range 0.35–0.4 ms, while for the conventional diesel is
higher by around 15%. Similar considerations also for the closing phase, with greater durations in
the range 0.1–0.12 ms for the blends, keeping constant the energizing time (ET). Therefore, different
amounts of delivered fuel have been registered at the same ET; the values are inserted in Figure 4c,d.
The trends observed for this operating point can be extended to the other points tested and are not
reported here for brevity. In general, the hydraulic characterization has confirmed the blends do not
alter the injector performance except for the different opening and closing delays of the mixture, which
can be solved through an appropriate calibration of the engine map.
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3.2. Combustion Analysis

In this section, the assessment of the fuel blends’ performance on combustion characteristics and
emissions is regarded at 1500 rpm. For each DLPG blend, and each operating point, the EGR and the
SOI levels were varied to achieve the NOx and combustion center targets.

Figure 5 shows the in-cylinder pressure, rate of heat release (HRR), and the injection pattern
for operating 1500 × 2 and 1500 × 5 at constant MBF50 and NOx emissions. Advancement of the
injection pattern is needed for the blends to achieve the MBF50 reference value, increasing the premixed
combustion phase, combustion peaks and burning rates as illustrated in Figure 5. At higher loads,
the LPG effect is even more evident. Indeed, the lower cetane rating of the blends increases the
chemical delay and confirms an overall longer ignition delay of 3-4 degrees and 5-8 degrees (Figure 6),
for DLPG20 and DLPG35, respectively.

Figure 5 provides a further representation of the combustion duration (MBF10-90) for diesel and
LPG blends. Moreover, the effect of varying the engine load on the angular ignition delay can also be
drawn. It increases with the load due to the cooling effect of LPG, which in turn lowers the in-cylinder
charge temperature proportional to the fuel amount. The LPG cooling effect is detectable in the interval
−10 to 5 CA, as also demonstrated in Figure 6, which distinguishes a reduction of the in-cylinder
temperature up to a maximum of 30 and 60 ◦C for DLPG20 and DLPG35, respectively. In the case, the
low-temperature heat release phase related to the pilot injection, practically disappear, being involved
almost entirely into the main combustion phase. As the engine load increases, the higher ignition
delay and then the premixed combustion phase reduce the combustion duration with advantages
in terms of cycle conversion efficiency, as shown in Figure 6. The efficiency benefits are confirmed
with an indicated specific fuel consumption (ISFC) reduction, as shown in Figure 6, of about 1–2% for
DLPG20 and 3% for DLPG35. Slight differences in terms of combustion are observed at 2 bar of load,
while at 5 bar, the prominent premixed phase, in comparison to only diesel case, causes an increase
of the maximum pressure rise rate (MPRR) and noise combustion. For both blends, the combustion
noise values are over the acceptable “comfort” limit of 90 dBA [10], and to reduce it, a more complex
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multi-injection pattern [4], out of the scope of this study, is required. The covariance of indicated mean
effective pressure (COVIMEP), as an indicator of the cycle-to-cycle combustion process stability, shows
any significant drift in comparison to diesel.Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 15 
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Figure 6 also displays combustion efficiencies (ηcomb). Despite the consistent differences at lower
loads, at higher loads, they are not significant, and in the range of variation of 0.5%. The lower ηcomb
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is a consequence of the higher CO and HC emissions explicable by the worsening of the air–fuel
spray interaction inside the combustion chamber and linked to the presence of over-lean regions and
fuel trapped into the crevices [14]. HC and CO emissions will be further discussed in the following
paragraphs. Indeed, at higher loads, the higher adiabatic in-cylinder conditions temperatures convert
more CO into CO2 while comprehensively oxidizing the fuel.

The thermal efficiency, ηtherm, being a function of, among other parameters, the exhaust
temperature shows a trend in which the blends have an advantage over diesel [15]. In particular, at 2 bar
of BMEP, the ηtherm increase of about 0.6% and 2.1% for DLPG20 and DLPG35, respectively. The increase,
as explained before, relates to the blends cooling effect on the in-cylinder charge temperature before
the combustion, as illustrated in Figure 7, making the combustion more premixed [16]. The global
efficiency (ηfuel) shows approximately the same trend as ηtherm. The relationships for the calculation of
efficiencies are reported in Appendix B.
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The following analysis discusses the LPG effects on the overall performances in terms of specific
emissions at constant engine-out NOx. For an easier comparison among the blends, the results are
reported in Figure 8 as radar plots. DLPG20 and DLPG35 are compared with diesel at the same engine
calibration and the NOx engine-out emissions.

Figure 8 displays the specific emissions for all test points and fuels. The blends show a relevant
increase of HC emission, and in particular using DLPG35. At engine load 2 bar, they are about
two times higher than diesel, while at the highest load, DLPG20 has values as diesel, and only for
DGPL35, the values are higher by about 50%. This is attributed to its ignition-related properties,
evaporation behavior, and blends composition. The higher CO emissions related to the LPG mass ratio
is observed for both tested points because of the longer ignition delay of LPG blends, which causes
overmixing due to the evaporation characteristics combined with the relatively high engine swirl
number [7]. The smoke emissions reduction is significant compared to diesel and in the range 94–99%.
The reduced in-cylinder fuel-rich zones or any exposure to high-temperature combustion products are
a precondition for the reduction of soot. Due to the high volatility of LPG, which in the vapor phase
reaches high specific volumes, it probably inhibits the formation of fuel-rich areas, soot precursor.
Therefore, based on the results obtained, it can be observed that the spray formation using a diesel-LPG
mixing is sufficiently inclined to resist the formation of smoke [7]. Indeed, a higher hydrogen/carbon
ratio characterizes the tested LPG blends compared to the diesel one (Table 2), with benefits on CO2

emissions that combined with the higher thermal efficiencies lead to higher efficiencies, proportional
to the LPG amount, and up to 10%, for the blends. The EGR rates do not vary regardless of the fuel
used for all tested points in the range 35–40%.
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3.3. Trade-Offs by Exhaust Gas Recirculation (EGR) Sweep

The effect of diesel-LPG blends on the PM reduction effectiveness was carried out employing EGR
sweeps at different engine loads and speeds. The PM emissions of all key-points plotted against the
NOx values are shown in Figure 9. The engine operating conditions (intake pressure, rail pressure,
exhaust backpressure, intake temperature) were the same during the tests. Dashed lines, representative
of the post-Euro6 NOx target, are displayed and used as a reference for the specific comparison.
As shown in Figure 9, the trade-off based on diesel, showing high levels of PM and NOx for all tested
points, is drastically improved, employing the LPG blend fuel, in the range 90–95% in PM, depending
on the load. By adopting the highest EGR rate in the case of blends, characterized by lower cetane
numbers and lower evaporation temperatures, both NOx and PM were reduced simultaneously below
reference targets.

In particular, significant benefits are shown at a higher load, of about 95% in terms of PM is
observed. This result is significant considering that, these points are particularly critical for PM engine
control, and is one of the operating points with the greatest contributing factor in applying an emission
estimation procedure of the test emission cycle [17,18]. Therefore, the PM emission index improvement
in these points appear significantly favorable for the engine performance over the WLTP procedure
when the LPG blend is used.

In deeper detail, Figure 10 shows the detailed trend in the post-Euro6 region, as well as the zoom
of the area highlighted in the previous figure. The PM benefit by adopting the highest EGR ratio
is explored, and corresponds to the last trade-off point of Figure 9. The test points of 1500 × 5 and
2000 × 2 are reported. Starting from the diesel reference, adopting the DPLG20 a PM reduction of 70%
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in 1500 × 5 and 93% for 2000 × 2 is observed at the same engine calibration setup. By increasing the
LPG percentage up to 35%, a further reduction of 93% and 50% is obtained for 1500 × 5 and 2000 × 2,
respectively. In general, soot-less levels can be achieved without deterioration of thermal efficiency,
indicated in the box (Figure 10) for each tested point, thanks to the promotion of the premixing thanks
to the LPG blends. The effectiveness shown allows reaching very low PM emissions in the whole
operating range. The LPG blend guarantees significant benefits even in the engine operating areas
where the NOx values are very low, and soot control particularly sensitive. It is proper to specify
the PM results obtained by using the LPG blends are close to the limit-sensitive thresholding of the
instrument used. For this reason, future characterization with appropriate tools will be performed,
such as a fast particle analyzer or micro-soot sensor.
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4. Conclusions

A comprehensive engine test investigation using LPG–diesel blends was carried out. The approach
and the tests were designed and aimed at demonstrating the feasibility and the potential of the
application of a new concept using LPG–diesel blends with any injection system modifications.

• The first part of the activity was devoted to analyzing the effects of using LPG diesel blends with a
conventional common rail diesel injector. The hydraulic characterization assessed the effects of the
different compressibility and viscosity of the blends, causing an increase in the injection duration,
estimated to be approximately 0.1 ms for both tests carried out. On the other hand, a reduction of
the hydraulic delay of 0.35–0.4 ms, and proportionally to the LPG content in the blend, was noted.
Therefore, fuel-injected values for almost double the diesel amounts are observed, at the same ET,
by using the LPG blend. In general, the blends do not alter the injector performance except for the
different opening and closing delays, which can be solved through an appropriate calibration of
the engine map.

• Concerning the engine test campaign, the results confirmed the need for optimizing the
conventional injection strategy (pilot-main) to be appropriate for the DLPG application. Indeed,
the lower CN of the DLPG seems critical for HC emissions and combustion efficiency. Optimization
should be oriented to improve the charge reactivity during the low-temperature heat release phase
and shape the premixed combustion phase for combustion noise control.

• It is worth highlighting that LPG blends are very effective in PM emission suppression that is
about 90–95% at very low NOx targets. Acceptable penalties on HC and CO are detected. Based
on the presented results, DLPG20 is the best fuel compromise between engine performance and
emissions at a constant engine setting.

• In general, soot-less levels can be achieved without deterioration of the thermal efficiency and
test-to-test repeatability (COVIMEP), thanks to the promotion of the premixing thanks to the
LPG blends.

Future activities will be addressed to develop the fuelling system, with reference to the design and
realization of a proper fuel mixing system able to vary in real-time the fuel blending ratio. Then, further
activities will be oriented to optimize the engine calibration setting in the whole engine operating area
to evaluate the full potential of applying this new concept.
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Definitions/Abbreviations

BMEP Brake Mean Effective Pressure
CA Crank Angle Degrees
CI Compression Ignition
CO Carbon Monoxide
CO2 Carbon Dioxide
cyl cylinder
EC Energizing Current
EGR Exhaust Gas Recirculation
ET Energizing Time
deg degree
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HC Hydrocarbons
HRR Heat Release Rate
IMEP Indicated Mean Effective Pressure
IMEPCOV Covariance of IMEP
isX Indicated Specific Emissions
ISFC Indicated Specific Fuel Consumption
LHV Lower Heating Value
LPG Liquefied Petroleum Gas
MBF Mass Burning Fraction
MBF10-90 Combustion Duration
MBF50 50% Mass Burning Fraction
MPRR Maximum Pressure Rise Rate
NOx Nitrogen Oxide
pback Backpressure
PFI Port Fuel Injection
PM Particulate Matter
prail Rail Pressure
Pcyl In-Cylinder Pressure
Q Injected amount
ROI Rate of Injection
SCE Single-Cylinder Engine
SOI Start of Injection
TDC Top Dead Centre
WLTP Worldwide Harmonized Light Vehicles Test Procedure
ηcomb Combustion efficiency
ηfuel Global efficiency
ηthermal Thermal efficiency

Appendix A

The fuel consumptions for both tested fuels are calculated by the carbon balance method using measured
emissions of carbon dioxide (CO2) and other carbon-related emissions (HC, CO). The equation is shown below:

∅ =
2nO2

npx̃H2O + np
(
1− x̃H2O

)(
x̃∗CO + 2x̃∗CO2

+ 2x̃∗O2
+ x̃∗NO + 2x̃∗NO2

)
− r

(A1)

where the dry and wet mole fraction are linked by:

x̃i =
(
1− x̃H2O

)
x̃∗i (A2)

and
np =

n

x̃CH b
a
+

(
1− x̃H2O

)(
x̃∗CO + x̃∗CO2

) (A3)

x̃H2O =
m
2n

x̃∗CO + x̃∗CO21 + x̃∗CO(
Kx̃∗CO2

) + (
m
2n

)(
x̃∗CO + x̃∗CO2

)
(A4)

x̃H2 =
x̃H2O x̃∗CO

Kx̃∗CO2

(A5)

x̃N2 =
3.773 nO2

∅ np
−

(
1− x̃H2O

) (x̃∗NO + x̃∗NO2

)
2

(A6)

For species i, the wet molar fraction is indicated as x̃i, while x̃∗i , the dry molar fraction; x̃CHb/a is the wet molar
fraction of HC concentration. K varies in the range 1.5–5.5 for lean mixtures, while for the stoichiometric one from
2.5–4.5. It is possible to calculate the fuel amount based on the experimental airflow data.



Appl. Sci. 2020, 10, 4949 14 of 15

Appendix B

The relationship for the calculation of the global (ηfuel) and combustion (ηcomb) efficiencies are:

ηcomb = 1−
mmix·LHVmix
Qlost(HC,CO)

(A7)

η f uel =
1

ISFC·LHVmix
(A8)

where:

LHVmix = x·LHVLPG + (1− x)·LHVD

[
kJ
kg

]
(A9)

ISFC =
mmix
Pind

[ g
kWh

]
(A10)

The percentage of the LPG in the blend has been quantified on mass basis (x) in according to the
following equation:

x =
mLPG

mLPG + md
(A11)
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