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Abstract: The scientific contribution is focused on the analysis and optimization of combustion condi-
tions concerning the dual-fuel mixtures. The greatest attention was paid to the temperature of intake
air when a mixture of ethanol and gasoline created the applied fuel. An experimental fuel mixture
was added into the intake pipe and ultra-low sulphur diesel fuel (ULSDF) was added directly into the
engine cylinder using the CR (common rail) injection system. The article analysed the medium- and
high-level operational engine load, whereby the engine timing parameters originally corresponded to a
conventional diesel engine. The obtained results of the performed analysis showed that the temperature
of intake air affected the following operational parameters: delay of ignition, pressure rise rate in the
engine cylinder and the maximum level of pressure in the engine cylinder. Lower values of the intake
air temperature enabled higher injection speeds for the ethanol–sustainable mixture (ESM), especially at
high engine loads. An increase in the injection speed was possible due to lower charge air temperature.
While there were reduced nitrogen oxide emissions, we also noted a reduction in both carbon monoxide
emissions and the total amount of unburned hydrocarbon emissions.

Keywords: sustainable; mixtures; combustion

1. Introduction

The limited sources of oil, together with worries over global warming, have increased
interest relating to the alternative fuels that can be used in piston combustion engines installed
in vehicles [1–5]. The most relevant alternative, which is suitable for heavy commercial and
off-road vehicles, is the utilisation of renewable advanced fuels that do not require special
adjustments for use in standard diesel engines. In addition to renewable fuels, another
possible option is the application of dual-fuel technology; however, this solution requires
certain modifications to the currently used concept of diesel engines. In the case of dual-fuel
technology, the primary fuel is injected into the engine intake pipe at a low pressure, usually
less than 10 bar. This fuel is mixed with the air in order to create a homogeneous fuel–air
mixture. This mixture is ignited in the engine cylinder close to the TDC (top dead centre)
position through the injection of the ULSDF. While dual-fuel technology is typical for CNG
(compressed natural gas) engines, it is also suitable for other alternative fuels. Usually, these
kinds of fuels are used to refuel gasoline engine vehicles thanks to their suitable research
octane number (RON) value, namely, in the interval 95 ÷ 110 [6,7].

In this work, we used an ethanol sustainable mixture (ESM). The maximal ethanol
mass portion in the mixture was 85% and the rest of mixture consisted of light gasoline-like
hydrocarbons. The main reason for choosing this ESM instead of pure ethanol was because
this mixture has already created a network for distribution in a lot of countries; however,
pure ethanol, which is used as a fuel in the transport area, is rarely available. This fuel
mixture was developed for SI (spark ignition) engines. The main reason for the application
of light hydrocarbons concerns the poor flammability characteristics of ethanol in cold
engine conditions [8–10]. The research work presented in this article is a continuation of a
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previous study performed by Puskar et al. [11,12]. The main task of our scientific-research
activities was to investigate how the temperature of intake air influences the combustion
of the ULSDF/ESM dual-fuel mixture at various levels of engine load. The performed
research focused on the following items:

• Engine operational characteristics;
• Maximal portion of ESM in dual fuel, which corresponds to energy content;
• Engine exhaust emissions.

Despite the number of studies oriented towards the combustion of dual fuels using
various fuel combinations and the various investigative approaches applied, there is a lack
of relevant information describing dual-fuel combustion. The aim of our scientific-research
work was to obtain more information in order to better understand the dependencies of the
operational parameters during this kind of combustion process, especially with regard to
the application of an ESM as a pre-mixed fuel [13,14].

2. Experimental Analysis
2.1. Test Equipment and Stand

The research experiments performed within this work were realised using a 2.0 L,
4-cylinder TDI (turbocharged direct injection) engine (Table 1) [15]. This piston combustion
engine was equipped with a CR system, similar to a basic engine, and another injection
system designed to inject ESM into the intake manifold. This additional injection system
was made to order. The intake manifold system was also manufactured especially for
the purpose of the experiments and structurally arranged so that the individual intake
pipes were connected separately to each of the six engine cylinders. The construction of
the testing diesel engine and the fuel injection timing were the same as in a standard TDI
engine. However, the main time interval of diesel CR injection was reduced in order to
keep a constant engine torque when using ethanol as the second fuel. The engine was
connected to the dynamometer, which works on the principle of eddy currents and is
equipped with a force sensor. Another necessary part of the testing engine equipment was
a water–air-type charge air cooler. The temperature of intake air was regulated by changing
the cooling-water flow using a valve with manual control.

Table 1. The testing engine data.

Engine 4-Cylinder, CR
Injection, Turbocharged

Compression ratio 16.2:1

Bore × stroke 81 × 95.5 mm

Engine volume (displacement) 1968 cm3

Max rated power output 110 kW

Max engine speed 3500 rpm

The THC (hydrocarbon emissions) were measured using an analyser based on the
flame ionization detector principle. Another gas analyser, namely an extractive multi-
component gas analyser with a paramagnetic measuring cell, was used to measure the
O2 level. The CO, CO2 and NOx emissions were measured with the TEXA analyser and the
smoke emissions with the smoke meter. We installed the “Kistler” uncooled piezoelectric
sensor on one of the four engine cylinders in order to measure the cylinder pressure values
with a 0.5 crank angle (CA) degree. The arrangement of the above-described experimental
measuring equipment is illustrated in Figure 1.



Sustainability 2022, 14, 13962 3 of 11Sustainability 2022, 14, x FOR PEER REVIEW 3 of 11 
 

 
Figure 1. The experimental stand. 

The pre-mixed fuel, which was applied in our research work, contained ethanol, 
whereby the applied analyser was calibrated by the propane, i.e., without oxygen. There-
fore, some uncertainties may occur in the values obtained from the THC measurement. 
Uncertainty regarding the THC measurement depends on the concentration of oxygen-
free hydrocarbons and unburned ethanol in the exhaust gases. Taking into consideration 
the fact that a detailed measurement of the characteristics of HC was not performed in our 
tests, it is difficult to determine the level of uncertainty in the individual measurements. 
However, the producer of the above-mentioned analyser promises that the additional er-
ror will be less than 1.0%. This error can also be considered as systematic and consistent 
for all the ESM cases. The engine fuels applied during our tests were commercial fuels: an 
ESM (85% ethanol) of bioethanol/gasoline and the diesel fuel EN590 (ULDSF) [16–20]. The 
physical and chemical properties of these tested fuels are presented in Table 2. 

Table 2. Properties of the applied fuels. 

 ESM ULSDF 
Density, 15 [kg·m−3] 860 ÷ 900 820 ÷ 845 

Viscosity (40 °C) [mm2·s−1] 3.5 ÷ 5.0 1.9 ÷ 4.1 
Cetane number min 51 min 47 

Sulphur content [mg·kg−1] max 10 max 10 
Evaporation heat [kJ·kg−1] 250 ÷ 290 282 ÷ 338 

Flash point [°C] 101 82 
Carbon content [wt %] 81.5 97.1 

Hydrogen content [wt %] 12.1 13.4 
Oxygen content [wt %] 10.8 0 

2.2. Test Conditions and Methods 
We investigated the influence of the intake air temperature under two engine opera-

tional conditions (Table 3). The temperature of intake air was reduced from the non-
cooled condition to approximately 40 ÷ 50 °C by regulating the water flow through the 
charge air cooler. The CR injection timing value was maintained at the same level as dur-
ing the reference test performed with diesel [21,22]. The reference diesel injection and the 

Figure 1. The experimental stand.

The pre-mixed fuel, which was applied in our research work, contained ethanol,
whereby the applied analyser was calibrated by the propane, i.e., without oxygen. There-
fore, some uncertainties may occur in the values obtained from the THC measurement.
Uncertainty regarding the THC measurement depends on the concentration of oxygen-free
hydrocarbons and unburned ethanol in the exhaust gases. Taking into consideration the
fact that a detailed measurement of the characteristics of HC was not performed in our
tests, it is difficult to determine the level of uncertainty in the individual measurements.
However, the producer of the above-mentioned analyser promises that the additional error
will be less than 1.0%. This error can also be considered as systematic and consistent for
all the ESM cases. The engine fuels applied during our tests were commercial fuels: an
ESM (85% ethanol) of bioethanol/gasoline and the diesel fuel EN590 (ULDSF) [16–20]. The
physical and chemical properties of these tested fuels are presented in Table 2.

Table 2. Properties of the applied fuels.

ESM ULSDF

Density, 15 [kg·m−3] 860 ÷ 900 820 ÷ 845

Viscosity (40 ◦C) [mm2·s−1] 3.5 ÷ 5.0 1.9 ÷ 4.1

Cetane number min 51 min 47

Sulphur content [mg·kg−1] max 10 max 10

Evaporation heat [kJ·kg−1] 250 ÷ 290 282 ÷ 338

Flash point [◦C] 101 82

Carbon content [wt %] 81.5 97.1

Hydrogen content [wt %] 12.1 13.4

Oxygen content [wt %] 10.8 0

2.2. Test Conditions and Methods

We investigated the influence of the intake air temperature under two engine opera-
tional conditions (Table 3). The temperature of intake air was reduced from the non-cooled
condition to approximately 40 ÷ 50 ◦C by regulating the water flow through the charge
air cooler. The CR injection timing value was maintained at the same level as during the
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reference test performed with diesel [21,22]. The reference diesel injection and the testing
diesel injection both consist of the pilot injection and the main injection. During the first
part of the test, the amount of injected ESM was constant at each load level. The amount of
ESM was calculated for both levels of engine load by means of the maximal level of ESM
with a PRR value lower than 10 bar/CA under conditions without the cooling of the intake
air. The maximal amounts of ESM under conditions of the lowest intake air temperature
were investigated in the second phase of the performed test. The pressure value in the
engine cylinder was measured for a resolution of 0.25 CA degree. The pressure values
obtained from 20 cycles were averaged. This step allowed us to filter out the cylinder
pressure fluctuations between the individual cycles. The cylinder pressure data were used
in order to determine the heat release rate (HRR). The HRR analysis method, which was
used in the given research work, does not take into consideration the evaporation of ESM
during compression stroke, exhaust stroke or heat transfer. The exhaust gas emission
values were calculated in accordance with the standard ISO, which is determined for the
measurement of the gaseous emissions [23–25]. The combustion efficiency of the engine
was obtained from the results of the measured CO emissions and THC emissions. The
brake thermal efficiency (BTE) was computed as the ratio of the brake output power of the
tested engine to the thermal energy delivered to the engine from the fuel.

Table 3. The load and test conditions.

N
[rpm]

BMEP
[bar]

Intake Air Temp.
[◦C]

Inlet Air Pressure
[bar]

Temperature of Exhaust Gas
[◦C]

Pressure of Exhaust Gas
[bar]

1280

5 90 0.8 395 0.7

5 70 0.8 368 0.6

5 60 0.9 355 0.6

5 50 0.9 348 0.5

5 40 0.9 332 0.5

5 30 0.8 330 0.5

1920

10 120 1.0 510 0.9

10 110 1.0 504 0.9

10 100 0.9 475 0.9

10 90 0.8 461 0.9

10 80 0.8 455 0.9

10 70 0.8 440 0.8

10 60 0.8 435 0.8

10 50 0.8 420 0.8

3. Experimental Results and Discussion

Table 3 presents the boundary conditions which are valid for the individual testing
cases. As mentioned above, the temperature of the intake air in the engine load points
significantly decreased, while the pressures of intake air and exhaust gas (measured before
the turbocharger) remained almost constant [26,27].

The lambda values (λ), which are defined by the intake air mass flow and fuel mass
flow, are summarised in Figure 2. These values remained relatively unchanged in both cases
of the engine load. A small change occurred for the highest temperature of intake air when
applying ESM. Even in the cases of the lowest temperature values, i.e., when the amount of
ESM increased, the value of λ moderately changed. If the intake air temperature decreased,
the λ values had a moderately increasing trend; however, the individual differences were
less than 0.2 [28–34].
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Figure 2. The λ values dependent on air temperatures.

3.1. Pressure in Engine Cylinder and HRR

The cylinder pressures and HRR values at the engine speed of 1280 rpm and at
5 bar BMEP (break mean effective pressure) are visible in Figure 3. The compression pres-
sure values are moderate when using the ESM, which is probably due to the evaporation of
fuel during compression stroke. The relevant differences were observed among the maxi-
mal cylinder pressure values in the case of different intake air temperatures. In the case of
the highest temperature levels, the maximal value of pressure in the cylinder approached
the diesel reference value. When the temperature decreased to 50 ◦C or less, the maximal
pressure value also decreased significantly.
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Figure 3. The engine operating characteristics (1280 rpm and 5 bar BMEP).

The HRR data presented in Figure 3 are in good accordance with the values of corre-
sponding pressures in the cylinders. The differences in HRR values and influence of the
intake air temperature on ESM combustion after the TDC were even more notable than the
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influence on the pressure value curves. It is an evident trend that the peak of HRR is lower
and that it occurred later when the intake air temperature decreased. An interesting fact is
that the intake air temperature and the amount of ESM at low-level temperatures affected
the flame-spread area during the combustion of ESM after the main combustion of diesel.
This finding is more remarkable than the ignition delay or combustion of diesel itself.

Figure 4 shows the pressures in the cylinder and the values of HRR at 1920 rpm and
at 10 bar BMEP. The temperature of the intake air had a relevant effect on the combustion
process at the given load level. There was an evident trend in the self-ignition of ESM at the
highest temperature levels. Intake air temperatures below 100 ◦C changed the behaviour
of the combustion process, i.e., there was no detected tendency of self-ignition at these
temperatures. Under this operational load, the maximal values of HHR occurred later than
the decrease in intake air temperature; however, at 10 bar BMEP, the HRR values increased.
This situation can be explained by the increased ignition delay values for the pre-mixed
ESM and by the simultaneous usage of the main diesel fuel and the ESM. We observed, in
some cases, a phenomenon of three-phase combustion. The first phase was the combustion
of pre-injected diesel fuel, the second phase was the combustion of the main diesel fuel
after injection of it and the last phase was the combustion of the pre-mixed ESM. This
three-phase combustion process was typical, especially when using higher amounts of ESM
and at the lowest level of charge air temperature.
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As mentioned above, it is possible to say that the combustion process in the ESM
cases consists of three phases: (1) combustion of pre-injected diesel fuel, (2) combustion
of the main injected diesel fuel and (3) combustion of the pre-mixed ESM fuel. This three-
phase combustion process was evident in both engine load levels. Excluding the cases
of ESM self-ignition, the ignition delay increased when the ESM was used and when the
temperature of intake air decreased. The peak values of HRR were higher in the case with
ESM. This fact means that only a small amount of ESM was burned in the combustion
phase before injection and that the difference in HRR was mainly caused by the increased
value of ignition delay. An analysis of diesel fuel combustion after the main injection was
more difficult because the combustion of ESM was simultaneous, i.e., during the same time
interval. In the case of low engine load, when the ESM combustion was running after the
HRR peak values of the main ULSDF combustion, the combustion process analysis was
easier. This analysis presented that the ignition of the main charge of diesel fuel was not
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significantly affected by the ESM or by the fuel mixture temperature. In the cases of high
engine load, the analysis was more demanding because the combustion of ESM occurred
before the combustion of the main diesel at charge air temperatures higher than 50 ◦C,
while between temperatures of 50 ◦C and 40 ◦C, the combustion of ESM was simultaneous
with combustion of the main diesel. The HRR was higher and steeper in the case of ESM,
which indicates a high combustion rate in the pre-mixed fuel, as well as the fact that a
part of ESM was combusted together with the diesel fuel. The three-peak structure of
HRR was evident in the majority of cases, whereby the temperature of intake air had the
greatest influence on the ESM combustion. The main reason for the higher dependence
was probably a lower reactivity of the fuel mixture, i.e., a low cetane number value and a
high temperature of self-ignition compared to diesel (Table 2).

3.2. THC Emissions and CO Emissions

The THC and CO emission values in the tested cases are shown in Figures 5 and 6.
Air temperature refers to intake air temp (Table 3). At both load levels, the THC emission
values were very close to the zero value in the diesel reference cases. At high-level loads,
the decrease in air charge slightly increased the values of the THC emissions, whereby this
trend was linear. In the case of the low-level load, the influence of added ESM was higher
than in the case of the high-level load. Such a phenomenon was most likely due to a higher
amount of ESM at the low load level. At the low load level, the intake air temperature had
a very significant effect on the THC emissions because these emissions markedly increased
when the temperature of intake air decreased. When the amount of ESM increased in
the case of both load levels at the lowest temperature of intake air, the emissions of THC
increased. This fact indicates a high rate of unburned fuel.
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With regard to the fact that the THC emissions were considered as an amount in-
dicator of the unburned fuel, the CO emissions indicated the rate of an incomplete fuel
combustion process. The main trends were quite similar to those for the THC emissions
(Figures 5 and 6), but we also discovered several evident differences. The fuel charge had a
stronger and more linear influence on the CO emission values. At the 10 bar BMEP pressure
level, the addition of ESM slightly reduced the CO emissions. The emissions of THC and
CO increased in all the ESM cases, whereby lowering the intake air temperature tended
to increase the amount of emissions, mainly at low loads. In the case of ESM, the THC
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and CO emission values were high; therefore, it would probably be necessary to apply an
additional post-processing of the exhaust gases in order to fulfil the emission legislation.
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The NOx emissions (Figures 7 and 8) showed an opposing trend compared to the CO
and THC emissions. At a low-level load, the addition of ESM to the high temperature
charge air reduced the NOx emissions, while at higher loads, the NOx emissions moderately
increased. Such behaviour can be explained by the tendency for the ESM to self-ignite.
One often-mentioned fact is that reductions in the intake air temperature further reduce
NOx emissions in a stable, linear trend. Increasing the ESM portion at the lowest intake air
temperature reduces NOx emissions even further at both engine load levels.
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4. Conclusions

This research work investigated the influence of the charge air temperature on the
combustion process of the dual-fuel mixture diesel/ESM. The engine tests were performed
at two load levels, namely at 5 and 10 bar BMEP, and using 1280 and 1920 rpm engine
speed levels. The portion of ESM for both load levels was given as the maximal portion
of ESM in conditions without charge air cooling. At both load levels, we also observed a
significantly higher portion of ESM at the lowest temperature of intake air. The amounts of
ESM applied in this research work were associated with the energy content, i.e., the portion
of ESM in the dual fuel were related to the corresponding energy content.

The main results and conclusions are summarised as follows:

• Reduction in intake air temperature allowed an increase in the acceptable ESM amounts;
the highest portions of ESM were approx. 80% at both engine load levels.

• Usage of ESM increased the ignition delay, excepting the case of higher load when
ESM was ignited due to self-ignition at high charge air temperature.

• Combustion of the ULSDF/ESM dual-fuel mixture is divided into three parts:
(1) combustion of diesel before main injection, (2) combustion of diesel at main injection
and (3) combustion of ESM. The temperature of intake air had an important influence
on combustion of ESM due to a higher ignition delay at decreasing temperatures.

• The NOx emissions were reduced using ESM at lower engine loads; however, in the
case of higher loads, the trend was opposite. At both load levels, the NOx emissions
were reduced when the charge air temperatures decreased.

• The THC and CO emission trends showed similar growth in the case of both
engine loads.

• The presence of ESM and the lower temperature of the charge fuel/air mixture negatively
influenced the efficiency of combustion process at both load levels. This was mainly
evident at low-level load of 5 bar BMEP, where the efficiency decreased by 10%.

The negative consequences of THC and CO emissions, together with a loss of en-
gine efficiency, can be partially eliminated by optimizing the diesel injection parameters.
However, processing the exhaust gases generated during operation of the vehicle piston
combustion engines is still unavoidable in order to keep the CO and THC emissions at an
acceptable level. This requires a continuation of the presented research within the given
subject area and the authors also plan to resolve this issue in future research.
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12. Kuric, I.; Klačková, I.; Nikitin, Y.; Zajačko, I.; Císar, M.; Tucki, K. Analysis of Diagnostic Methods and Energy of Production

Systems Drives. Processes 2021, 9, 843. [CrossRef]
13. Nieman, D.; Dempsey, A.; Reitz, R. Heavy-Duty RCCI Operation Using Natural Gas and Diesel. SAE Int. J. Engines 2012, 5,

270–285. [CrossRef]
14. Kakaee, A.; Rahnama, P.; Paykani, A. Influence of fuel composition on combustion and emissions characteristics of natural

gas/diesel RCCI engine. J. Nat. Gas Sci. Eng. 2015, 25, 58–65. [CrossRef]
15. Ryan Walker, N.; Wissink, M.; DelVescovo, D.; Reitz, R. Natural Gas for High Load Dual-Fuel Reactivity Controlled Compression

Ignition in Heavy-Duty Engines. J. Energy Resour. Technol. 2015, 137, 042202. [CrossRef]
16. Zang, R.; Yao, C. Numerical Study of Combustion and Emission Characteristics of a Diesel/Methanol Dual Fuel (DMDF) Engine.

Energy Fuels 2015, 29, 3963–3971. [CrossRef]
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