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Abstract: The search for alternative fuels for internal combustion engines is ongoing. Among the
alternatives, plant-based fuels can also be mentioned. Alcohol is not a common fuel for diesel engines
because the physical and chemical properties of the alcohols are closer to those of gasoline. In our
research, the combustion properties of diesel-n-butanol mixtures have been investigated to obtain
results on the effect of butanol blending on combustion. Among the combustion properties, ignition
delay, in-cylinder pressure, and heat release rate can be mentioned. They have been observed under
different compression conditions on an engine on which the compression ratio can be adjusted. The
method used was a quite simple one, so the speed of the engine was set to a constant 900 rpm without
load, while three compression ratios (19.92, 15.27, and 12.53) were adjusted with a fuel flow rate of
13 mL/min and the pre-injection angle of 18◦ BTDC. Blending butanol into the investigated fuel
does not significantly affect maximal values of indicated pressure, while much more effect on the
pressure rising rate can be detected. Furthermore, heat release rate and ignition delay increased at
every compression ratio investigated. Despite the low blending rates of butanol in the mixtures,
butanol significantly affects the combustion parameters, especially at high compression ratios.

Keywords: n-butanol-diesel blends; combustion analyses; heat release rate; ignition delay; diesel engine

1. Introduction

The energy carriers consumed in all the sectors are transformed into harmful pollutants
that make the air around us more and more polluted. If we focus on transport as one of
the most important sectors, forecasting studies [1–4] calculate a rising energy demand in
this sector, which is related to the nearer and the distant future in a global perspective.
Besides conventional energy or fuel in the sector, bio-derived sources are predicted to
grow until by 2050. The extent to which it changes mainly depends on the region and
energy source, but an average may be 28% in growth compared to the value in 2020 in
Western Europe [5,6]. For the share of biofuels, each study predicts otherwise. According
to [4], this share will reach quite a high level, ca. 30%. Results of [7] show us a slightly
lower value, which is 25% on average related to Europe. In comparison, a worldwide
calculation [2] forecasts a quite small share of 5% compared to the previous ones regarding
the share of renewable energy in transportation. Many alternative and renewable energy
sources have been studied, investigated instead as complementary rather than a substitute
to conventional sources in this sector. The aim of the utilization of biofuels is primarily the
diversification of fuel resources: (i) preservation of fossil stocks, (ii) decreasing the GHG
emissions, and (iii) keeping energy security [8,9]. Requirements regarding the utilization
rate of renewable energy in all the sectors in the European Union are set out in a regulation,
which is a compulsory target for every member state of the Union [10]. This utilization rate
differs from country to country. For example, in Hungary, this value was planned, for a
not so high estimate, approximately 14%, while, e.g., in a country out of the Union, the
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share of renewable energy compared to the total energy consumption of Brazil reaches
42%, making this country a world leader from this point of view [11]; but, wood-burning
heating is dominant in Brazil.

This paper deals with the use of higher alcohol, n-butanol, in compression ignition
engines. n-butanol can be a special renewable fuel blended with diesel. In the next
section, we will review the main parameters of pre-combustion and combustion processes
in a compression-ignition internal combustion engine, which are in chronological order:
injection, atomization, evaporation, ignition, premixed, and diffuse combustion; they are
decisive for the engine output parameters and specify how certain fuels or mixtures may be
used in an engine. Butanol, in terms of physical and chemical parameters, is a fuel closer to
gasoline; however, several studies have already examined its use in diesel engines [12–15].

Liu et al. [16] injected triple mixtures (soybean oil methyl ester–diesel–n-butanol) in
different compositions into a constant volume combustion chamber. The mixing ratios
were set so that the surface tension was close to: BU5S15D80, BU10S10D80, and BU0S20D80
fuel mixture was used as a reference. Examination of the combustion process revealed that
very intense premixed combustion was observed at initial temperatures of 800 K and 900 K.
However, at an initial temperature of 1200 K, only “controlled combustion” was observed,
i.e., no premixed and diffuse combustion separated. By decreasing the initial temperature,
the maximum values of heat release decreased. Based on the test results, it was found that
the incorporation of n-butanol promoted premixed combustion. For 5 V/V% and 10 V/V%
n-butanol mixtures, a lower n-butanol ratio at an initial temperature of 800 K results in
a lower peak combustion pressure. The maximum combustion chamber pressure for the
10 V/V% n-butanol mixture is about 10% higher than for the 5% V/V n-butanol.

Experiments were performed by Lapuerta et al. [17] in a constant volume experimen-
tal apparatus (Herzog Cetane ID510) at different pressures and temperatures, including
diesel and n-butanol and mixtures of diesel and ethanol, 0–100 V/V% for n-butanol and
0–75 V/V% for ethanol. The reference pressure was 21 bar, and the temperature was 875 K.
Based on the measurements, it was observed that the inflammation time of both cold
burning and main burning increased due to the two alcohol mixtures, approx. up to
50 V/V% mixing ratio in proportion to mixing, which was explained by the decreasing
cetane number. The effect of pressure change was studied. By reducing the pressure
from 21 bars to 16 bars, the ignition delay increased significantly, while this effect was
no longer significant by increasing the pressure from 16 bars, the ignition delay changed
slightly. As the temperature increased, the ignition time decreased significantly, but it was
found that at temperatures above 913 K, the rate of decrease was no longer significant.
Another important finding of the research is that increasing the alcohol content decreased
the maximum pressure. This was justified by the authors for three reasons: the amount of
heat input decreases due to the decrease in calorific value, the mixture became poorer due
to the lower theoretical combustion air demand, and due to the increased ignition time, the
mixture became more and more distributed in the combustion chamber. However, it was
found that in the case of the 5–20 V/V% n-butanol mixing ratios, the pressure maximum
increased, but only for n-butanol mixtures. This was justified by the increased burning rate.

The experiments performed by Liu et al. are important in connection with the in-
creased burning rate [18]. The authors also performed measurements at different pressures
and temperatures (800 K, 900 K, 1000 K, and 1200 K) in a constant volume system. In this
article, two fuel mixtures including two kinds of alcohol have been investigated that were
BU20S80 and E20S80. The time course of the injection was investigated, during which
it was determined from the high-speed camera recordings that the peak of the fuel jet
disintegrated during the injection at 800 K and 900 K. This has been explained by signifi-
cantly different evaporation properties of biodiesel and alcohols, as butanol and ethanol
have much lower boiling points compared to biodiesel. It is assumed that moving radially
during heating, the alcohol content will partially reach the superhot temperature, and this
will lead to the formation of bubbles, which will result in a “steam explosion”. They found
that this phenomenon did not occur at higher temperatures, as there is no time to do so
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due to faster evaporation and earlier ignition. Furthermore, based on the pressure change
measured in the constant volume combustion chamber and the useful heat release rate
(HRR) calculated from it, the authors examined the evolution of the combustion process
and the ignition time. They found that the system is not considered adiabatic, with a
significant effect on heat transfer between the flame wall. Based on their measurement
results, E20S80 fuel resulted in higher peak pressure compared to BU20S80 fuel, which is a
consequence of the better heat release property of the E20S80 fuel. A possible explanation
for this observation is that with E20S80, the combustion occurred farther from the wall,
resulting in lower heat loss. Furthermore, the higher heat of evaporation of ethanol results
in a lower flame temperature, which led to lower heat loss; moreover, the higher laminar
flame spread rate of ethanol has a significant effect on the ethanol combustion process;
thus, overall, the ethanol mixture burned faster.

Few data can be found on the flame propagation rate of diesel–alcohol mixtures,
only one such literature has been found in our literature search [19]. Chaichan performed
tests in a cylindrical, constant volume container, igniting various mixtures in the cylinder
using electrodes, then determined the flame propagation rate based on the results of
thermocouples [20]. Its measurements examined Iraqi diesel (D2), B20, M20, and E20. To
ensure the stability of the methanol mixture, 2 V/V% iso-butanol and a cetane number
enhancer (2 V/V%) were used. For the same purpose, 1.5 V/V% solvent and cetane number
booster were used for ethanol. Based on the measurement results, it can be stated that the
flame spread rate increased slightly (<10%) as a result of methanol mixing; while ethanol
blending decreased slightly (<10%), biodiesel had the largest decrease (<15%).

Veloo et al. performed measurements with all three alcohols at atmospheric pressure
using the twin flame method (counter flow) [21]. Based on their results, it can be concluded
that n-butanol has the highest flame spread rate in the case of a fuel-poor mixture, but
this is close to the flame spread rate of ethanol and that of methanol is the lowest. In the
stoichiometric case, the flame spread of ethanol and n-butanol is nearly the same, while
that of methanol is slightly higher. In the case of fuel-rich mixtures, methanol has the
highest flame spread rate, and n-butanol has the lowest.

Glaude et al. have published a publication on the adiabatic flame temperature of
the fuels under study [22], including biodiesels (FAME) and fossil fuels produced from
different feed stocks supplemented with one-component renewable fuels such as alcohols.
Based on the results, it can be stated that the adiabatic flame temperature of the studied
alcohols (approx. 2200 K in the case of methanol, approx. 2260 K in the case of butanol) is
lower than the adiabatic flame temperatures of gas oils and biodiesel. It is important to
note that the effect of the heat of evaporation is not included in the results.

Similar trends are shown by Davis and Law [23] for the adiabatic flame temperature
of methanol and ethanol. According to the authors, although n-heptane is a widely used
molecule for diesel modelling, its chemical and physical properties are far removed from a
true diesel fuel (D2).

Based on calculation regarding theoretical oxygen (air) demand and CO2 emission
and intensity of fuels such as diesel, butanol and their blends, methodology, and data
are taken from [24–30]. The conclusion is that at a butanol blending ratio of 20% to
diesel, the air demand for n-butanol decreased significantly by 27%. This assumes an
improvement in combustion quality, assuming a similar mixing, so that CO, THC, and
PM emissions, which are characteristic of worse combustion processes, are expected to
decrease only when this effect is taken into account. Additionally, taking into account GHG
emissions, CO2 emissions per mass of fuel are also reduced by 26%, which is a significant
achievement, especially considering that n-butanol can also be produced from renewable
raw materials [31,32], leading to an additional reduction in CO2 emission. On the other
hand, when looking at CO2 emissions per calorific value, the reduction is only 4% due
to the significantly lower calorific value of n-butanol. However, it has several additional
benefits [33,34], for example: it has no sulfur content—unlike traditional fossil fuel fuels:
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• n-butanol has a lower auto-ignition temperature than methanol and ethanol, making
it easier to ignite in diesel engines;

• n-butanol has better evaporation properties, higher cetane number, and energy density
than ethanol and methanol;

• n-butanol is able to clean the fuel system, including the injector, and has better
mixing properties.

Based on all of these above, it is worth examining the combustion properties of diesel
and n-butanol blends.

Based on a review of the literature introduced above, the following can be summarized
regarding the combustion properties of n-butanol:

During the evaporation of the diesel–n-butanol mixture, n-butanol starts to evaporate
sooner and more intensively; thus, a significant amount evaporates and can largely form a
combustible mixture. However, due to the higher auto-ignition temperature of n-butanol
than diesel, the combustion process will only be initiated by the ignition of diesel. As a
result, the burning intensity of the premixed section increases. Therefore, the pressure
increase is greater, and the combustion of the premixed section is more intense, resulting in
increasing average and local temperatures.

Butanol production efficiency and economics can make the use of butanol fuel blends
attractive. With such a perspective, a more complex evaluation can be done about an
alternative fuel, but this was not the aim of this study and measurement series, which
narrowly focuses on the combustion properties of diesel’s alternative fuel in reciprocating
the piston engine.

2. Experimental
2.1. Engine and Method

To verify the hypothesis above, several series of measurements have been carried out
with an engine that had various values of compression ratio. The engine measurements
were performed on a CFR cetane rating engine; this is a single cylinder, four-stroke cycle
pre-chamber type diesel engine. The displacement volume is 610 cm3 and the speed is
900 rpm, which is the value determined by the ASTM standard. At an opening pressure
of 120 bar, the injector injects fuel primarily onto the wall of the compression piston and
the wall of the pre-chamber. Measurements were made for three compression ratios (19.92,
15.27, and 12.53), fuel consumption was set at 13 mL/min, and the pre-injection angle was
set to 18◦ BTDC for better handling.

An indication system has been installed on the engine to measure and records the
in-cylinder pressure parameter as a function of the crankshaft rotation angle. The pressure
data were displayed and evaluated, and the heat release from the pressure data was also
calculated using a computer program.

The engine used in the research is really a specific one. It has specific characteristic
from many points of view. Diesel engines built in vehicles today have a whole different
design regarding fuel supply system, mixture formation combustion, and combustion
chamber, etc. The parameters investigated in this study depend highly on the engine’s
construction especially concerning the combustion process. Thus, in the authors’ opinion,
further investigations would be needed with the same fuel blends on different engines
(with different compression ratio) to improve the degree of universality of these results
or data.

A detailed chemical kinetic analysis of the combustion process would also be very
meaningful and useful. It can be a next step in the research. The aim of this research was to
investigate the “global” parameters of the combustion process. Global parameters would
be, in this case, in-cylinder pressure, heat release rate, ignition delay, etc. Additionally,
global combustion-related parameters would also be O2 consumption and CO2 emission,
which are also combustion-related parameters.
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2.2. Investigated Fuel Blends

The measurement series had a focus on four different fuels; from those, three are
a blend of diesel and butanol with three different mixing ratios. So, basic fuel was the
diesel the original fuel of these engines. Three different fuel blends have been made on
a volumetric basis with blending butanol to the original one (5 V/V%, 10 V/V%, and
20 V/V% of butanol to diesel).

Some ICE-relevant parameters, which are probably the most important ones regarding
a combustion process in an engine, are listed in Table 1. These are the properties of pure
diesel and n-butanol. Based on the values in the table, the addition of butanol to diesel
changes the parameters in the following direction relative to the value of diesel:

• Lower heating value, cetane number decrease, and kinematic viscosity increase. All
these are negative factors regarding combustion efficiency.

• Density and boiling point drop, which is a good direction but increasing self-ignition
temperature and heat of evaporation of butanol also takes the blend in a negative direction.

Table 1. ICE-relevant fuel properties [35,36].

Property Measurement Unit D2 N-Butanol

LHV MJ/kg 43 33.1
Cetane number - 51 ~25

Kinematic viscosity (at 40 ◦C) mm2/s 3.4 3.6
Density (at 20 ◦C) kg/m3 837 810

Boiling point K 453–643 390
Temperature of self-ignition K 503 618

Heat of evaporation KJ/kg 250 585

The function of the parameter changes is different and due to the small mixing ratios,
it is certainly only small.

3. Results and Discussion

To investigate the butanol’s effect on the combustion process, it is useful to use
the in-cylinder pressure and temperature curves. As these two parameters can only
partially be separated from each other under engine investigation circumstances, therefore,
a cetane rating unit was used to conduct measurements. This engine has two significant
characteristics. On the one hand, it has a pre-chamber diesel engine, and on the other hand,
the engine’s compression ratio can be changed by changing the volume of the pre-chamber.
The recorded in-cylinder pressure curves and the calculated HRR can be seen in Figure 1.
Another interesting phenomenon can be observed in this figure, so before the ignition,
there is a local maximum in the heat release rate curve, this might be a consequence of a
cold combustion process. For a compression ratio of 19.92, the pressure maxima of D2 and
BU5 and BU10 deviate relatively from the pressure maxima of BU20 by 2.1%, 3.2%, and
2.1%, respectively. These values are less than the measurement uncertainty of 3.59%. This
tendency is even more pronounced in the case of the other two compression ratios.

The oscillation of pressure and heat release curves is well observable, which might
be a result of the different spots of the pre-chamber and the pressure sensor installed.
With increasing the compression ratios, the pressure’s maximums will be higher, while
the situation of increasing the alcohol content in the fuel blend investigated does not have
a significant effect on the maximal values of in-cylinder pressure. The situation can be
followed in Figure 2. However, in the case of 19.92 of the compression ratio, the peak
pressure has increased at 20 V/V% butanol in the blend. It is important to form the point
of view that the fuel consumption was constant, so the heat performance introduced
into the engine was lower with increased alcohol content in the blend. However, the
extent of reduction is not a significant one. Based on the values showed in Table 1, the
volumetric-specified lower heating values (MJ/m3) show a relative difference of 1.3%,
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2.6%, and 5.1% accordingly to blends of BU5, BU10, and BU20 compared to that of diesel.
Pressure changing rate (dpin-Cyl./dϕ max.) resulted in a tendency that is inverse with the
compression ratio when D2 has been investigated. The reason is probably that the period
of ignition delay was decreasing with increasing compression ratio. In this case, a fuel
mix with butanol pressure changing rate showed, firstly, a rising tendency but continued
dropping when the compression ratio was set to 12.53 and the blending rate of butanol
arose in the mix. With the compression value of 15.27 and with increasing bio blending
rate, the observed tendency seemed to be a rising one. As for the set of compression ratio
19.92, the investigated pressure rate showed a constant value.
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Figure 2. Maximal value of in-cylinder pressure and in-cylinder pressure changing rate over various blending rates with
different compression ratios (σPi ± 3.59%).

Changes in maximal values of indicated pressure and pressure changing rate can be
observed in Figures 2 and 3. Decreased compression ratio had a significant effect on the
heat release’s maximum value, which was a rising effect. The reason behind this is the
intensity of the premixed combustion phase, which could last longer because of the longer
ignition delay.
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Figure 3. Change in maximum useful heat change (HRR) and Ignition delay to diesel (0 V/V% n-butanol) under different
compression ratios and n-butanol ratios (σHRR ± 21.66%).

Adding alcohol to the investigated blend also had an increased effect on the maximal
value of the heat release that occurred in the premixed phase of the combustion. At 20 V/V%
blending ratio of alcohol, the rate of growth reached 30% at the highest compression ratio
(Figure 3). The ignition delay increases, which will indeed increase the intensity of the
premixed combustion, but in the case of alcohol mixing, it is not the increase in the ignition
delay that is primary, but the different evaporation of the alcohol. Based on Table 1, the
boiling temperature is 390 K (117 ◦C) for n-butanol and for diesel 453–643 K (180–370 ◦C).
At a high compression ratio with low ignition delay, most of the alcohol evaporates and
mixes, and when the diesel starts the combustion, the alcohol can burn well, so it will have
a high HRR maximum. At low compression ratios, the ignition delay is relatively longer,
the alcohol evaporates and the diesel as well, which means that the alcohol does not have a
significant effect. The increase in ignition delay can be clearly explained by the significantly
lower cetane number of n-butanol (Table 1) due to the higher heat of evaporation and the
auto-ignition temperature.

Rising the compression ratio, i.e., with increasing the pressure and temperature pa-
rameters at the time of ignition, the ignition delay drops (Figure 3), and corresponding
to the hypotheses, the ignition delay also rises as the alcohol ratio increased at a certain
compression ratio set. In case the compression ratio was set at 19.92, the peak pressure
seemed to be slightly increased due to the HRR increasing because of the increased alcohol
ratio. In this case, the maximum of the useful heat change changed best with an increasing
proportion of n-butanol (Figure 4), since the evaporation of n-butanol was initially sig-
nificant. By reducing the compression ratio, the ignition time increased, so that not only
n-butanol could leave the mixture, but also diesel. As a result, the effect of alcohol vapor
was reduced. Furthermore, at a compression ratio of 12.53, the ignition time was so long
that the combustion occurred after the top dead center; thus, the higher premixed phase
intensity increase could no longer compensate for the effect of expansion, and therefore,
the rate of pressure increased and the value of peak pressure decreased with the mixing
of alcohol. In Figure 4, it can be observed that in all three compression conditions, the
maximum useful heat values is shifted vertically in positive direction with mixing of alco-
hol compared to the pure diesel operation. This is a continuously rising tendency, but the
extent of values of increasing differs from each other depending on the compression ratio.
In case of the two lower compression ratios figures are running together. A more extent in
parameter’s changing can be observed for the highest compression ratio, which reaches
the 30% at 20 V/V% of n – butanol blending ratio.
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In Figure 4, it can be observed that in all three compression conditions, the maximum 
useful heat values is shifted vertically in positive direction with mixing of alcohol com-
pared to the pure diesel operation. This is a continuously rising tendency, but the extent 
of values of increasing differs from each other depending on the compression ratio. In case 
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4. Conclusions

Based on the above presented theoretical and experimental results the following
conclusions can be outlined:

• In the case of the pre-chamber diesel engine when the fuel flow rate and pre-injection
angle were constant, the ignition delay increased accordingly when the butanol ratio
increased in the blend, but it was inversely proportional to the compression ratio. The
maximal value of the heat release rate would be higher with increasing n-butanol
in the fuel mixture, and it was also proportional to the increased compression ratio.
Against the lowered LHV of the fuel, the blend contains n-butanol and the combustion
peak pressure remained constant or a slightly increasing could be obtained.

• Additionally, with this engine with a constant flow rate of fuel and pre-injection
angle, the ignition delay of blend with butanol increased most significantly with
the highest compression ratio compared to that of diesel. It changed almost equally
at lower compression ratios. Maximal values of heat release rate increased when a
higher butanol part in the blend was investigated. This is the most intensive at a high
compression ratio, while for the lower level of compression ratio, it changed almost
equally. Clarification for that is that in case of a high compression ratio the ignition
delay is lower than 2–3 CA◦, so in this case, after the injection, a high quantity of
butanol had evaporated, while only a small fraction of the diesel had done so. So, the
mixture contained more n-butanol damp at the start of the combustion.

• When the compression ratios were lower, the ignition delay times were longer during
which the butanol and also the diesel evaporated continuously. So at the start of the
combustion, it appeared that the ratio of diesel to n-butanol was higher, as it was the
situation in case of shorter ignition delays. It is supported by the above findings, so
in the case of the used adjustments, the injection period was 5–6 CA◦, so it can be
obtained that if the compression ratio was 12.53, the period of the diffuse combustion
process was not significantly in contrast to the process when the compression ratio
was set to 19.92.
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Abbreviations

BU n-butanol

B20
a fuel mixture that contains 20 V/V% of sunflower methyl-ester,
and 80 V/V% of diesel

BU0S20D80
a fuel mixture that contains 0 V/V% of butanol, 20 V/V% of
soybean oil methyl ester, and 80 V/V% of diesel

BU10S10D80
a fuel mixture that contains 10 V/V% of butanol, 10 V/V% of soy bean oil
methyl ester, and 80 V/V% of diesel

BU20S80 a fuel mixture that contains 20 V/V% of butanol and 80 V/V% of soy bean oil

BU5S15D80
a fuel mixture that contains 5 V/V% of butanol, 15 V/V% of soybean oil
methyl ester, and 80 V/V% of diesel

BMEP brake mean effective pressure
BU20 a fuel mixture that contains 20 V/V% of butanol and 80 V/V% of diesel
BTDC before top dead center
CA◦ degree of Crankshaft Angle
CFR F-5 code of a special engine used for determining cetane number of a fuel
CO chemical formula of the gas molecule carbon-monoxide
CO2 chemical formula of the gas molecule carbon-monoxide
CR common rail
D, D2 diesel fuel
E20 a fuel mixture that contains 20 V/V% of ethanol and 80 V/V% of diesel

E20S80
a fuel mixture that contains 20 V/V% of ethanol and 80 V/V% of soybean oil
methyl ester

FAME fatty acid methyl ester
GHG greenhouse gas
HRR heat release rate
ICE internal combustion engine
LHV lower heating value
M20 a fuel mixture that contains 20 V/V% of methanol and 80 V/V% of diesel
NOx general chemical formula describing a molecule of oxides of nitrogen
PM particulate matter as an emission component of an internal combustion engine
RPM revolution per minute, which is a used measurement unit of engine speed
S soybean oil methyl ester
THC total hydrogen carbon as an emission component of an internal combustion engine

Acronyms

dpin-cyl./dϕ (max.)
a maximal value of the ratio between elemental change in in-cylinder pressure
and elemental change in angular rotation of the engine’s crankshaft [bar/CA◦]

ε compression ratio of an engine [-]
σHRR uncertainty value of the parameter heat release rate [%]
σPi uncertainty value of the parameter in-cylinder pressure [%]
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