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Abstract: In this paper, a thermodynamic and reactivity study of light alcohol fuels was performed,
based on experimental and numerical results. We also tested the influence of water addition on
fundamental properties of the combustion reactivity dynamics in closed vessels, like the maximum
explosion pressure, maximum rate of pressure rise and the explosion delay time of alcohol–air
mixtures. The substances that we investigated were as follows: methanol, ethanol, n-propanol
and iso-propanol. All experiments were conducted at initial conditions of 323.15 K and 1 bar
in a 20 dm3 closed testing vessel. We investigated the reactivity and thermodynamic properties
during the combustion of liquid fuel–air mixtures with equivalence ratios between 0.3 and 0.7 as
well as some admixtures with water, to observe water mitigation effects. All light alcohol samples
were prepared at the same initial conditions on a volumetric basis by mixing the pure components.
The volumetric water content of the admixtures varied from 10 to 60 vol%. The aim of water
addition was to investigate the influence of thermodynamic properties of light alcohols and to
discover to which extent a water addition may accomplish mitigation of combustion dynamics and
thermodynamic reactivity.

Keywords: thermodynamic reactivity; combustion process; light alcohols; methanol; ethanol;
n-propanol; iso-propanol

1. Introduction

At present, the global energy industry is strongly dependent on fossil fuels [1–5]. Over
80% of global energy production comes from petroleum, coal and natural gas combustion.
As the resources of fossil fuels are definitely exhaustible, there is a need to find an applicable
solution to substitute the fossil fuels in conventional combustion systems. Moreover, from
an ecological point of view, the conventional fuels that are used in both automotive and
power industries have a poor impact on the environment and generate environmental
pollution. The current condition of the atmosphere requires a limitation in the emission
of the factors that are ecologically harmful. Lower alcohols appear to have great potential
as a supplement in a mixture with conventional fuels or even as independent fuels in
combustion systems that are currently used [6]. All of this has caused a rising interest in the
combustion properties of alcohols; however, there is still only a relatively small number of
published papers concerning the experimental data. Most of the published results present
the overview of the general phenomena of the alcohol combustion process or are mainly
focused on the ability of alcohol use in conventional combustion systems.

Sarathy et al. [7] reviewed the fundamental combustion chemistry of alcohol fuels,
considering various experimental setups. Alcohols blend well with petroleum fuels due
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to similar boiling points and offer benefits like high octane ratings and improved fuel
economy. Alcohols could be particularly effective in advanced combustion engines. Li’s
exploration of alcohol–air mixtures revealed that alcohols show promise in combustion
dynamics, with parameters like peak explosion pressure and the rate of pressure rise being
sensitive to temperature changes.

Alcohols can also be successfully applied in modern LTC (low-temperature combus-
tion) and DI SI (direct injection, spark ignition) engines in which the high sensitivity fuels
can be of great importance. These authors focused on the chemical kinetics of alcohol fuels
during combustion. There are many processes during combustion, such as the reactions in
the flame region, resulting in the heat release, reactions that control the ignition process
and combustion pollution formation, which can take place when the temperature and the
pressure rapidly changes. These processes can strongly depend on the chemical kinetics,
ruled by the temperature, pressure and concentrations of reactants and products. There-
fore, the complex kinetic chemical reactivity models are also needed to understand the
thermodynamic properties of alcohols as good energy fuels.

The development of the alcohol combustion models requires the understanding of
the basis of the hydrocarbon oxidation process in closed combustion systems like vessels,
chambers, engines, turbines, etc. [7]. Li and others investigated the explosion characteristics
of alcohol–air mixtures [8]. Explosion characteristics of five alcohol–air mixtures were
investigated, including the following light alcohol fuels: ethanol, 1-butanol, 1-pentanol,
2-pentanol and 3-pentanol. They performed the combustion experiments under several
different initial conditions as follows: three temperature values, three pressure values and
equivalence ratios (ϕ) between 0.8 and 1.8. The experimental data was composed of a
constant volume cylinder vessel with centrally located electrodes, a data acquisition system
and an inlet and exhaust system. Experiments showed that during the thermodynamic
process (combustion dynamics), the fundamental combustion reactivity parameter, like
peak explosion pressure (Pmax), decreases with the temperature increasing, while the other
parameter, like the maximum rate of pressure rise (dP/dt)max, varies and the time intervals
between the ignition and peak explosion pressure decrease.

The adiabatic flame temperature and the flame speed have their maximum values at
the alcohol mixture equivalence ratio of 1:1, which can correspond to the peak values of the
explosion pressures at the equivalence ratios of 1.0–1.2. The maximum rate of explosion
pressure rise and the deflagration index KG are sensitive to the temperature changes as
the key important parameters of combustion reactivity. The whole time period of the
combustion phenomenon increases with the decrease in temperature and the increase in
pressure, while the flame speed decreases.

Among all pentanol–air mixtures, 1-pentanol gives the largest flame speed and the
highest adiabatic temperature and yields the higher Pmax and also (dP/dt)max and KG.
Among the ethanol, butanol and pentanol mixtures with air, ethanol gives the highest
(dP/dt)max while 1-pentanol gives the lowest, but the difference is relatively small. Then,
the value of Pmax decreases monotonically in rich fuel mixtures of pentanol, butanol and
ethanol. For lean mixtures, the ethanol gives the lowest adiabatic temperature and the
highest flame speed [8].

Weber and others focused on the auto-ignition of n-butanol [9]. The goal of their
study was to provide the auto-ignition data, as another fundamental thermodynamic
reactivity property, of n-butanol at elevated pressures and low temperatures. Auto-ignition
delay measurements were performed in a rapid compression machine (RCM), which
compresses mixed fuel and oxidizer to a given temperature and pressure (over 25–35 ms).
The uncertainty in the compressed temperature is dependent of the initial conditions of the
experiment. It was found that the ignition delay decreases monotonically with the increase
in compressed temperature. Two-stage ignition was not noted. The total uncertainty in the
compressed temperature was about 0.7–1.7%. The reactivity increase due to an increasing
equivalence ratio (due to an increasing fuel mole fraction) was noted. The uncertainty is
estimated at about 5 ms in the ignition delay time. Results demonstrate that the higher
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the pressure of the experiment, the shorter the ignition delays are. The fuel and oxygen
concentrations can decrease the ignition delay time [10].

Zhu and others investigated the ignition delay times of 1-butanol using two methods
as follows: a conventional one and the constrained-reaction-volume strategy [11]. The
1-butanol-O2-N2 ignition delay times were measured, at various temperatures, pressures
and equivalence ratios, behind the shockwaves. The well-known Stanford University
high-purity and high-pressure shock tube (HPST) was used. Pressure during ignition was
recorded by five transducers and time-interval counters measured the incident shock speed.
They observed that while using the conventional filling method, at the highest temperature
(1014 K), the pressure trace was flat, and then rapidly and smoothly rose exponentially to
ignition (sharp or strong ignition). At the lowest temperature (792 K), the pressure trace
was flat for only 2 ms and then slowly rose to ignition (mild ignition). There were multiple
rumps or humps at the pre-ignition pressure rise that can be regarded as a mild-to-strong
transition ignition mode. Such pre-ignition effects are pressure dependent.

Experiments performed with the use of the CRV showed that the energy released
during chemical induction dissipates instead of creating a pressure ramp—an absence of
any detonation such as pressure ringing. The ignition delay time was longer than in the
conventional-filling experiment and remote ignition did not occur. The CRV approach
enables the unambiguous, quantitative modelling of the ignition delay time, using P, H and
gas-dynamic constraints. Conventional-filling experiments with pre-ignition perturbations
are difficult to interpret and it is uncertain which gas-dynamic model to use in simulations.
The CRV experiment concept resolved this problem. There are more confident comparisons
of data with simulations from existing 1-butanol detailed reaction mechanisms.

Unlike fossil fuels, ethanol is a renewable fuel that can be produced from many raw
materials such as corn, cassava, sugarcane and waste biomass materials. Furthermore,
ethanol has a higher miscibility with diesel through using an emulsification technique [12].
It is reported that the diesel–methanol dual-fuel combustion can not only reduce CO2
emissions, but also decrease NOx and particulate matter (PM) emissions at most operating
conditions [13,14].

Overall, extensive experimental and numerical data on the thermodynamic and reac-
tivity properties of light alcohols is needed. This knowledge could guide the energy market
towards safe and environmentally friendly use of alcohols in various industries. There’s
also a gap in understanding the reactivity of alcohol–air mixtures at very low equivalence
ratios, which could have significant environmental benefits when used as additives to
traditional fuels.

2. Experimental Study

All experiments were conducted in the 20 L combustion testing vessel shown in
Figure 1. The vessel enables us to investigate the deflagration mode of combustion, often
called the “explosion phenomenon” as well as associated explosion parameters of alcohol–
air mixtures, including explosion pressure (Pex), maximum rate of explosion pressure rise
(dp/dt)max or explosion delay time (tdel). Where:

➢ Explosion pressure (Pex): This is typically the peak pressure reached during the
explosion, measured relative to the initial atmospheric pressure. It is an excess
pressure that is additional to the atmospheric baseline.

➢ Maximum rate of pressure rise (dP/dt)max: This is the highest rate at which pressure
increases inside the vessel or engine during the combustion event. It is often associated
with the intensity of the explosion and is a critical parameter for safety and engine
design.

➢ Explosion delay time (tdel): This is the time interval between the initiation of the
combustion process (such as the introduction of a spark or reaching the auto-ignition
temperature) and the occurrence of the maximum explosion pressure. It reflects the
reactivity of the fuel–air mixture and is influenced by the composition of the mixture,
the temperature, the pressure and the presence of any diluents like water vapour.
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Figure 1. Photograph (left) and schematic (right) of the 20 L combustion vessel provided by ANKO.

The vessel was equipped with an ignition system including an exploding wire, a
pressure measurement system comprising the pressure sensor and the pressure signal
recording system as well as a temperature measurement system with two thermocouples:
one at the bottom plate and one at the vessel wall. It was also equipped with a vacuum
pump, a device for magnetic mixing mounted near the top of the vessel and safety measures
to prevent premature ignition during the preparation of combustible mixtures.

The combustion vessel allowed deflagration (explosion) experiments to be carried out
even at initial temperatures of up to 393.15 K. At this temperature condition, the combustion
vessel is capable of withstanding the maximum explosion pressure of 16 bar (the design
pressure is 20 bar). Experimental data were recorded at a sampling rate of 150 kHz. The
measurement range of the dynamic pressure sensor was 13.8 bar. Pressure and temperature
data were recorded and processed by ANKO dedicated software (ANKO FLDplotter 2.0),
involving data acquisition. The combustion vessel was equipped with an injection device
to permit a liquid sample into the testing vessel. Measurements were carried out with
initially quiescent combustible mixtures at initial conditions of 323.15 K and 1 bar. The air
was used as the oxidizer and the light alcohol samples tested were as follows:

• methanol, ethanol, n-propanol and iso-propanol at ϕ = 0.3–0.7;
• mixtures of alcohols and water, such that the volumetric content of the latter ranged

from 10 to 60 vol%.

Liquid light alcohol samples were admitted into the combustion vessel mixed with
air, including ϕ = 0.3–0.7 as determined at experimental conditions. Specific details on the
samples, their composition and volumetric water content are given in Table A1. Each sam-
ple was tested at least three times. The procedure to create initially quiescent combustible
mixtures in the combustion vessel was strongly followed. First, liquid sample volumes of
4 cm3 (ϕ = 0.3), 6 cm3 (ϕ = 0.5) and 8 cm3 (ϕ = 0.7), including alcohol–air mixtures as well
as alcohol–water–air mixtures were rendered at initial experimental conditions. Next, the
combustion vessel was heated up to a temperature of 323.15 K and evacuated to such an
extent that the pressure became less than 1 millibar. Also, the dedicated injection device
was applied to provide the liquid samples of light alcohols to be placed at the bottom of the
combustion vessel. The heating plate was mounted and kept at a temperature of 333.15 K.
The magnetic mixing device was also deployed for at least 3 min to allow the liquid sample
of light alcohols to evaporate. The heating plate’s temperature was decreased to 323.15 K
and the air was slowly administered to bring the pressure in the testing vessel to a pressure
of 1 bar. During this step, the magnetic stirring device was continuously used to ensure
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thermal homogeneity throughout the combustion vessel and to assist with mixing within
the combustible mixtures.

After disengaging the magnetic stirrer, a time span of at least 5 min was permitted
to elapse prior to ignition. A spark was deployed to ignite the combustible mixtures to
the deflagration mode of the combustion process (explosion phenomenon). The pressure
development during the combustion reaction dynamics was measured by means of a
piezoelectric pressure transducer while the pressure signal was recorded at a sample rate of
150 kHz by the data acquisition system. The combustion vessel was properly cleaned and
thoroughly flushed with air after each experiment. All experimental combustion dynamics
curves thus experimentally obtained are presented in Figure 2.
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Nevertheless, there are also some exemplary plots of thermodynamic reactivity pa-
rameters during the experiments of tested alcohols, including the explosion pressure (Pex),
the maximum rate of pressure rate (dP/dt)max and the explosion delay time (tdel) and also
the influence of water addition on thermodynamic reactivity of alcohol–air mixtures. The
below figures were created based on the arithmetic mean of the values measured during the
tests of each volume sample (three times). Our plots show the dynamics of the deflagration
mode of the combustion phenomenon in a closed vessel, indicating that some factors can
strongly influence the thermodynamic reactivity of alcohol–air mixtures as well as with
water addition.

Methanol–water mixtures appeared to be combustible in the range between 0% and
60% of water addition, except for the 4 cm3 samples. The exemplary profile of the pressure
during the experiment is shown in Figure 2. Usually, the pressure runs during the test of a
certain sample were similar, with several exceptions during the test of extreme amounts of
water addition and volumes of alcohol samples. The explosion pressure of 6.88 bar was
reached during the test of 4 cm3 (ϕ = 0.3) of pure methanol–air mixture. The maximum rate
of pressure rise of 365.29 bar/s was observed during the same reaction, which indicates
that this is the most reactive one between all methanol–water mixtures. The reaction of
4 cm3 of pure alcohol–air mixture appeared to be the most reactive, where the delay time
was about 69 ms. The dependence of the reaction delay times on the water addition in
methanol–air mixtures is illustrated in Figure 3.
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Figure 3. Influence of the water addition on the explosion delay time of methanol–air mixtures.

The explosion delay time values of methanol–air mixtures (ϕ = 0.3) increased with an
increase in water concentration. For the 6 cm3 samples (ϕ = 0.5), tdel reached the minimum
in 30% of water addition in the mixture and for the 8 cm3 samples (ϕ = 0.7), tdel is the
minimum when there is 20% of water concentration in the mixture. The ethanol–water
mixtures appeared to be combustible in the range between 0% and 60% of water addition.

The exemplary profiles of the combustion pressure during the experiment are shown
in Figure 4.
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Usually, the pressure profiles during the test of certain ethanol samples were simi-
lar, except for several exceptions during the test of extreme amounts of water addition
and volumes of samples. The results obtained during the tests of 8 cm3 of pure alcohol
(ϕ = 0.7) were random and only one test qualified as the explosion phenomenon (with the
overpressure more than 0.5 bar). Thus, the estimation of the explosion delay time or Pex
and (dP/dt)max is meaningless. The explosion pressure of 6.70 bar was reached during
the test of 4 cm3 of pure ethanol (ϕ = 0.3). The maximum rate of pressure rise of about
260.05 bar/s was for the same mixture but with 10% water content, which indicates that it
was the most reactive one between all ethanol–water mixtures. The reaction of 4 cm3 of
10% water mixture appeared to be the most reactive one, with the tdel about 79 ms.

The dependence of the reaction delay times on the water addition of the ethanol–air
mixtures is shown in Figure 5. In the case of the 4 cm3 samples of n-propanol (ϕ = 0.3), the
reaction delay time increases with the increase in the water concentration in the sample.
For the 6 cm3 of n-propanol samples (ϕ = 0.5), the tdel reached a minimum at 30–40% of
water concentration. The explosion delay time decreases with the increase in the water
concentration in 8 cm3 of n-propanol samples (ϕ = 0.7). The exemplary profiles of the
pressure are shown in Figure 6.

Usually, the pressure profiles during the test of certain samples were similar, except
for several tests with the extreme amounts of water addition and volumes of samples. The
explosion pressure of n-propanol–air mixtures was 6.57 bar, including the equivalence
ratio ϕ = 0.3. The maximum rate of pressure rise of 260 bar/s was observed for ϕ = 0.3.
It indicates that this mixture was the most reactive one of all n-propanol–water mixtures
tested during this study.
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The reaction of 6 cm3 of 10% water mixture appeared as the most reactive one, and
the delay time was about 81 ms. The dependence of the reaction delay times on the water
addition in the samples is shown in Figure 7. In the case of lower volumes of iso-propanol–
air mixtures, the tdel increased when the water concentration increased. In the case of
the higher volumes of iso-propanol–air mixtures, tdel initially decreased, then remained
constant and finally decreased again with 40% of water addition. The exemplary profiles of
the pressure for iso-propanol–air mixtures are shown in Figure 8.
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The maximum explosion pressure was recorded as 5.87 bar for 4 cm3 of 10% water
mixture. The maximum rate of pressure rise was observed as 248 bar/s for ϕ = 0.3. This
indicates that the iso-propanol–air mixture was the most reactive one of all n-propanol
mixtures. The reaction of 4 cm3 and 10% water mixture appeared to be the most reactive
one, with the tdel about 88 ms. The dependence of the explosion delay time on the water
addition is shown in Figure 9. In the case of lower volumes of iso-propanol mixtures, the
tdel increased when the water concentration increased. For higher volumes, the tdel initially
decreased, then reached a minimum at 30% of water addition and then finally increased.

Energies 2024, 17, x FOR PEER REVIEW 10 of 27 
 

 

The maximum explosion pressure was recorded as 5.87 bar for 4 cm3 of 10% water 
mixture. The maximum rate of pressure rise was observed as 248 bar/s for ϕ = 0.3. This 
indicates that the iso-propanol–air mixture was the most reactive one of all n-propanol 
mixtures. The reaction of 4 cm3 and 10% water mixture appeared to be the most reactive 
one, with the tdel about 88 ms. The dependence of the explosion delay time on the water 
addition is shown in Figure 9. In the case of lower volumes of iso-propanol mixtures, the 
tdel increased when the water concentration increased. For higher volumes, the tdel initial-
ly decreased, then reached a minimum at 30% of water addition and then finally in-
creased.  

 
Figure 9. Influence of the water addition on the explosion delay time of iso-propanol mixtures. 

Every profile of the explosion pressure and the maximum rate of pressure rise was 
prepared as the arithmetic average of the experimental results for each alcohol–air mix-
ture. From Figure 10, it can be observed that for methanol–air mixtures with ϕ = 0.3, the 
highest explosion pressure was recorded.  

Experimental results of the Pex of all mixtures with ϕ = 0.3 are similar, except for the 
explosion pressure of iso-propanol, which is slightly lower than the other results. In 
general, the values of the Pex of ethanol–water mixtures are the highest for all variants of 
water concentration. The Pex of the methanol–air mixtures decrease the fastest with the 
water addition increasing. In the case of all propanol–water mixtures, the results of the 
explosion pressure of n-propanol are slightly higher than those of the iso-propanol. This 
can be found as the fundamental reason of thermodynamic reactivity difference between 
propanol–air mixtures. The results of maximum rate of pressure rise for the mixtures 
with ϕ = 0.3 are shown in Figure 11. The highest (dP/dt)max values were reached during 
the thermodynamic reaction of methanol–air mixture with no water. However, the 
(dP/dt)max of the methanol–water mixtures is very sensitive to the water addition and 
sharply decreases when the water concentration increases. For the results of ethanol–air 
mixtures, the (dP/dt)max values appear to be the highest among the maximum rates of 
pressure rise of all alcohol–air mixtures, with ϕ = 0.3. 

Figure 9. Influence of the water addition on the explosion delay time of iso-propanol mixtures.

Every profile of the explosion pressure and the maximum rate of pressure rise was
prepared as the arithmetic average of the experimental results for each alcohol–air mixture.
From Figure 10, it can be observed that for methanol–air mixtures with ϕ = 0.3, the highest
explosion pressure was recorded.
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Figure 10. Influence of water addition on the explosion pressure for investigated alcohol–air mixtures
(ϕ = 0.3).

Experimental results of the Pex of all mixtures with ϕ = 0.3 are similar, except for
the explosion pressure of iso-propanol, which is slightly lower than the other results. In
general, the values of the Pex of ethanol–water mixtures are the highest for all variants
of water concentration. The Pex of the methanol–air mixtures decrease the fastest with
the water addition increasing. In the case of all propanol–water mixtures, the results of
the explosion pressure of n-propanol are slightly higher than those of the iso-propanol.
This can be found as the fundamental reason of thermodynamic reactivity difference
between propanol–air mixtures. The results of maximum rate of pressure rise for the
mixtures with ϕ = 0.3 are shown in Figure 11. The highest (dP/dt)max values were reached
during the thermodynamic reaction of methanol–air mixture with no water. However, the
(dP/dt)max of the methanol–water mixtures is very sensitive to the water addition and
sharply decreases when the water concentration increases. For the results of ethanol–air
mixtures, the (dP/dt)max values appear to be the highest among the maximum rates of
pressure rise of all alcohol–air mixtures, with ϕ = 0.3.
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Figure 12 shows a comparison of tdel results. Between 0 and 20% of water content,
the tdel values are similar for all alcohol–air mixtures. Then, the tdel starts to increase. The
smallest values are obtained for the ethanol–water mixtures.
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(ϕ = 0.3).

Figure 13 shows the explosion pressure results of all alcohol–air mixtures, with ϕ = 0.5.
This shows that the peak explosion pressures of methanol and ethanol decrease with
increasing water addition. For n-propanol and iso-propanol with no water, the peak values
of Pex are the lowest ones. Between 0 and 30% of water addition, the ethanol–air mixtures
reach the highest Pex for all tested alcohol–air mixtures. Experimental results also clearly
show that for alcohol–air mixtures with 50–60% of water addition, the highest Pex values
appear for the iso-propanol–air mixtures and the lowest for the ethanol–air mixtures.
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Figure 14 shows the results of the maximum burst pressure rise rate for all alcohol–
air mixtures with ϕ = 0.5. Between 0 and 30% of the water content in the mixtures, the
(dP/dt)max of methanol–air mixtures are the highest, and the lowest values are for the
ethanol–air mixtures. But between 30 and 70% of the water content, the above relations are
opposite. This is also a very important observation for the thermodynamic reactivity of
these alcohols, where the number of C and H in the chemical structure is of great importance.
The unexpected low value of (dP/dt)max of the 20% of the water content in iso-propanol–air
mixtures can be probably assumed as a random error during the experiments, because these
results do not fit to any thermophysical or chemical reactivity theories. For all alcohol–air
mixtures, the water addition also increases the maximum rate of explosion pressure rise.
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Figure 15 shows the explosion delay time results for all mixtures tested. The lowest
values appear for methanol–water mixtures, especially when testing alcohol-rich samples.
When there is 30% of water addition in mixtures of an equivalence ratio of 0.5, values of
the explosion delay time for all alcohols are extremely close to each other.
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The values of explosion pressure for 8 cm3 samples (ϕ = 0.7) are shown in Figure 16.
Ethanol has the widest range of flammability, because even the 70% of water addition
samples thermodynamically reacted as the deflagration mode of combustion. In up to 40%
of water addition, the methanol–air mixtures reach the highest explosion pressure, but then
they start to decrease. For ethanol–air mixtures, the situation is quite the opposite. For
all alcohol–air mixtures with ϕ = 0.7, the water addition causes the explosion pressure to
increase relatively the same as the Pex of the pure substance.
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Figure 16. Influence of the water addition on the explosion pressure for all alcohol–air mixtures (ϕ = 0.7).

In Figure 17, some scatter in the values of the maximum rate of pressure increase
during the combustion of the 8 cm3 samples is observed (ϕ = 0.7). The (dP/dt)max values
are mostly the lowest for the ethanol–water mixtures. The (dP/dt)max of the methanol–
water mixtures monotonically increases with the water addition increase until the 30% of
water concentration in the mixture and then monotonically decreases. It is much more
complicated in the case of the n-propanol and iso-propanol samples. In general, for all
alcohol–air mixtures, it is observed that the increase of the (dP/dt)max values, together with
the water addition, increase.
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For the tdel results for all alcohol mixtures at ϕ = 0.7, all of these values are quite
similar to each other when the water addition reaches up to 50%. In the case of alcohol-rich
mixtures, tdel is the shortest for the n-propanol mixtures. The idea of our experiments
was to investigate the thermodynamic reactivity of alcohol–air mixtures, including water
addition. In order to look more closely at the chemical composition of alcohol–water–air
mixtures, it is necessary to perform some kind of reactivity calculation based on the same
initial conditions. Therefore, a thermodynamic analysis of the liquid-phase composition of
alcohol–water mixtures was also prepared based on the experimental results, as well as an
analysis of the density of liquid samples, the excess volume of liquid mixtures and vapour
pressure calculations of pure liquids, in order to observe more details in the thermodynamic
reactivity of light alcohol–air–water mixtures.

3. Liquid Phase Composition of the Alcohol–Water Mixtures

As stated before, liquid samples were created by mixing the alcohols with water at
thermodynamic conditions of 298.15 K and 1 bar. Relevant physical properties of the pure
substances at these conditions are given in Table 1. These properties were used to compute
the sample features in Table A1: the volume of the alcohol–H2O admixtures Vt

S , the volume
ratio of H2O to alcohol prior to mixing q, the alcohol mass fraction in the liquid and gaseous
phases (ȳAlc and ỹAlc), the H2O mass fraction in the liquid and gaseous phases (yH2O and
ỹH2O), the alcohol mole fraction in the liquid and gaseous phases (xAlc and x̃Alc) and the
H2O mole fraction in the liquid and gaseous phases (xH2O and x̃H2O) [15,16].

Vt
S= nAlc VAlc+nH2OVH2O (1)

⇔ ntVS = nAlc VAlc +nH2OVH2O (2)

where vs. = (Vt
S/nt) is the molar volume of the binary liquid sample, VAlc and VH2O,

the molar volume of the pure species, nAlc and nH2O, the amount of pure species prior
to mixing, nt = nAlc + nH2O, the total number of moles constituting the mixture sample
and Alc = CH3OH, C2H5OH, i-C3H7OH or n-C3H7OH [17]. Dividing Equation (2) by nt

results in
vs. = xAlcVAlc+xH2O VH2O (3)

where xAlc and xH2O are the liquid phase mole fractions of the individual species. Moreover,

vs. = xAlc VAlc +xH2O VH2O (4)

where VAlc and VH2O represent the partial molar volumes of the individual species within
the mixture, and would become identical to Equation (4) if the alcohol–water mixtures were
ideal solutions. Then, VAlc and VAlc would be identical, and the same is true for VH2O and
VH2O; thereby rendering Equations (3) and (4) equivalent. In reality, the mixing of pure
fluids involves a volume defect, VE

VE = vs.− [xAlc VAlc+xH2O VH2O

]
(5)

which is a negative quantity. This is called the excess volume of mixing. Immediate
consequences of this phenomenon are as follows:

➢ Equations (1)–(3) become invalid for calculating mixture properties such as the liquid
sample density and specific volume. Instead, Equation (5) should be applied, provided
that VE is known on an a priori basis from experiments or theoretical predictions.

➢ The partial molar volumes of the species in the mixture are no longer equal to the mo-
lar volumes of the pure species: VAlc ̸= VAlc and VH2O ̸= VH2O. Furthermore, for real
mixtures, VAlc and VH2O become nonlinear functions of xi and xH2O. Equation (12),
further on, establishes a thermodynamic relationship between the partial molar vol-
ume of a species, Vi, and the total volume V of a mixture as a function of varying
composition. Hence, although Equation (4) remains valid for both ideal and real
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mixtures, its application to the latter requires precise a priori knowledge of the non-
linear dependence of xi(
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where the summation over k excludes i and the index l indicates that all mole fractions 
other than xi and xk are held constant. Combined with the constant nj≠i restriction, divi-
sion by dni yields (ꝺெ

ꝺ௡೔)௉,்,௡ೕಯ೔ =  ∑ ቀꝺெ
ꝺ௫ೖቁ௉,்,௫೗ಯೖ,೔௠௞ୀଵ (ꝺ௫ೖ

ꝺ௡೔)  (10)

for k ≠ i. Given that xk = nk/nt and hence (ꝺ𝑥௞
ꝺ𝑛௜ )௡ೕಯ೔ =  − 𝑛௞(𝑛௧)ଶ =  − 𝑥௞𝑛௧  𝑓𝑜𝑟 𝑘 ≠  𝑖 (11)

combination of Equations (8), (10) and (11) finally results in 𝑀ഥ𝑖 = 𝑀 − ∑ 𝑥௞ ቀꝺெ
ꝺ௫ೖቁ௉,்,௫೗ಯೖ,೔  𝑓𝑜𝑟 𝑘 ≠  𝑖௠௞ୀଵ    (12)

As stated earlier, application Equation (4) to the sample volume requires accurate a 
priori knowledge of the 𝑥௞(ꝺ𝑀/ꝺ𝑥௞) term. 

Since the samples were created by mixing the pure liquids on a volumetric basis, it 
would be convenient to characterize them as the volumetric water to alcohol ratio, q, for 
further thermodynamic and reactivity studies. But the nonlinear dependence of VE on 
the binary mixture composition (Figure 18) renders q arbitrary. Nonetheless the volu-
metric ratio q is kept in the second column of Table A1 to characterize the samples for 
the sake of bookkeeping. Unequivocal characterization of the samples requires afore-
mentioned quantities to be known. 

V/

Energies 2024, 17, x FOR PEER REVIEW 17 of 27 
 

 

further on, establishes a thermodynamic relationship between the partial molar 
volume of a species, 𝑉ത௜, and the total volume V of a mixture as a function of varying 
composition. Hence, although Equation (4) remains valid for both ideal and real 
mixtures, its application to the latter requires precise a priori knowledge of the non-
linear dependence of 𝑥̅௜(ꝺ𝑉/ꝺ𝑥̅௜), i.e., 𝑥௞(ꝺ𝑀/ꝺ𝑥௞), in Equation (12), on the mixture 
composition [18]. 
For a mixture comprising m components, thermodynamics [19,20] provides a for-

mal mathematical connection between an extensive total property Mt (=ntM) and the cor-
responding partial molar properties 𝑀ഥ i. That is 𝑀ഥ i = ቂꝺ(௡೟ெ)

ꝺ௡೔ ቃ௉,்,௡ೕಯ೔ 𝑓𝑜𝑟 ௝ ୀ ଵ,...,௠௜ ୀ ଵ,...,௠  (6)

where M and 𝑀ഥ i are intensive properties. The molar property M and the partial molar 
property 𝑀ഥ i are functions of the intensive properties P, T, and m mole fractions 𝑥௜ = ni/nt. 
A practical relationship between 𝑀ഥ i, M and 𝑥௜ may be obtained by expanding Equation 
(6) into ቈꝺ(𝑛௧𝑀)

ꝺ𝑛௜ ቉௉,்,௡ೕಯ೔ = 𝑀 ቆꝺ𝑛௧
ꝺ𝑛௜ ቇ + 𝑛௧(ꝺ𝑀

ꝺ𝑛௜)௉,்,௡ೕಯ೔  (7)

and using (ꝺ𝑛௧/ꝺ𝑛௜)௉,்,௡ೕಯ೔ = 1 so that 𝑀ഥ i = M + nt(ꝺெ
ꝺ௡೔)௉,்,௡ೕಯ೔ (8)

The fact that there are only m − 1 independent mole fractions (because the 𝑥௜ sum 
up to unity) permits the total differential of M to be expressed as 𝑑𝑀 = ∑ ቀꝺெ

ꝺ௫ೖቁ௉,்,௫೗ಯೖ,೔ 𝑑𝑥௞ 𝑓𝑜𝑟 𝑘 ≠  𝑖௠௞ୀଵ   (9)

where the summation over k excludes i and the index l indicates that all mole fractions 
other than xi and xk are held constant. Combined with the constant nj≠i restriction, divi-
sion by dni yields (ꝺெ

ꝺ௡೔)௉,்,௡ೕಯ೔ =  ∑ ቀꝺெ
ꝺ௫ೖቁ௉,்,௫೗ಯೖ,೔௠௞ୀଵ (ꝺ௫ೖ

ꝺ௡೔)  (10)

for k ≠ i. Given that xk = nk/nt and hence (ꝺ𝑥௞
ꝺ𝑛௜ )௡ೕಯ೔ =  − 𝑛௞(𝑛௧)ଶ =  − 𝑥௞𝑛௧  𝑓𝑜𝑟 𝑘 ≠  𝑖 (11)

combination of Equations (8), (10) and (11) finally results in 𝑀ഥ𝑖 = 𝑀 − ∑ 𝑥௞ ቀꝺெ
ꝺ௫ೖቁ௉,்,௫೗ಯೖ,೔  𝑓𝑜𝑟 𝑘 ≠  𝑖௠௞ୀଵ    (12)

As stated earlier, application Equation (4) to the sample volume requires accurate a 
priori knowledge of the 𝑥௞(ꝺ𝑀/ꝺ𝑥௞) term. 

Since the samples were created by mixing the pure liquids on a volumetric basis, it 
would be convenient to characterize them as the volumetric water to alcohol ratio, q, for 
further thermodynamic and reactivity studies. But the nonlinear dependence of VE on 
the binary mixture composition (Figure 18) renders q arbitrary. Nonetheless the volu-
metric ratio q is kept in the second column of Table A1 to characterize the samples for 
the sake of bookkeeping. Unequivocal characterization of the samples requires afore-
mentioned quantities to be known. 

xi ), i.e., xk(

Energies 2024, 17, x FOR PEER REVIEW 17 of 27 
 

 

further on, establishes a thermodynamic relationship between the partial molar 
volume of a species, 𝑉ത௜, and the total volume V of a mixture as a function of varying 
composition. Hence, although Equation (4) remains valid for both ideal and real 
mixtures, its application to the latter requires precise a priori knowledge of the non-
linear dependence of 𝑥̅௜(ꝺ𝑉/ꝺ𝑥̅௜), i.e., 𝑥௞(ꝺ𝑀/ꝺ𝑥௞), in Equation (12), on the mixture 
composition [18]. 
For a mixture comprising m components, thermodynamics [19,20] provides a for-

mal mathematical connection between an extensive total property Mt (=ntM) and the cor-
responding partial molar properties 𝑀ഥ i. That is 𝑀ഥ i = ቂꝺ(௡೟ெ)

ꝺ௡೔ ቃ௉,்,௡ೕಯ೔ 𝑓𝑜𝑟 ௝ ୀ ଵ,...,௠௜ ୀ ଵ,...,௠  (6)

where M and 𝑀ഥ i are intensive properties. The molar property M and the partial molar 
property 𝑀ഥ i are functions of the intensive properties P, T, and m mole fractions 𝑥௜ = ni/nt. 
A practical relationship between 𝑀ഥ i, M and 𝑥௜ may be obtained by expanding Equation 
(6) into ቈꝺ(𝑛௧𝑀)

ꝺ𝑛௜ ቉௉,்,௡ೕಯ೔ = 𝑀 ቆꝺ𝑛௧
ꝺ𝑛௜ ቇ + 𝑛௧(ꝺ𝑀

ꝺ𝑛௜)௉,்,௡ೕಯ೔  (7)

and using (ꝺ𝑛௧/ꝺ𝑛௜)௉,்,௡ೕಯ೔ = 1 so that 𝑀ഥ i = M + nt(ꝺெ
ꝺ௡೔)௉,்,௡ೕಯ೔ (8)

The fact that there are only m − 1 independent mole fractions (because the 𝑥௜ sum 
up to unity) permits the total differential of M to be expressed as 𝑑𝑀 = ∑ ቀꝺெ

ꝺ௫ೖቁ௉,்,௫೗ಯೖ,೔ 𝑑𝑥௞ 𝑓𝑜𝑟 𝑘 ≠  𝑖௠௞ୀଵ   (9)

where the summation over k excludes i and the index l indicates that all mole fractions 
other than xi and xk are held constant. Combined with the constant nj≠i restriction, divi-
sion by dni yields (ꝺெ

ꝺ௡೔)௉,்,௡ೕಯ೔ =  ∑ ቀꝺெ
ꝺ௫ೖቁ௉,்,௫೗ಯೖ,೔௠௞ୀଵ (ꝺ௫ೖ

ꝺ௡೔)  (10)

for k ≠ i. Given that xk = nk/nt and hence (ꝺ𝑥௞
ꝺ𝑛௜ )௡ೕಯ೔ =  − 𝑛௞(𝑛௧)ଶ =  − 𝑥௞𝑛௧  𝑓𝑜𝑟 𝑘 ≠  𝑖 (11)

combination of Equations (8), (10) and (11) finally results in 𝑀ഥ𝑖 = 𝑀 − ∑ 𝑥௞ ቀꝺெ
ꝺ௫ೖቁ௉,்,௫೗ಯೖ,೔  𝑓𝑜𝑟 𝑘 ≠  𝑖௠௞ୀଵ    (12)

As stated earlier, application Equation (4) to the sample volume requires accurate a 
priori knowledge of the 𝑥௞(ꝺ𝑀/ꝺ𝑥௞) term. 

Since the samples were created by mixing the pure liquids on a volumetric basis, it 
would be convenient to characterize them as the volumetric water to alcohol ratio, q, for 
further thermodynamic and reactivity studies. But the nonlinear dependence of VE on 
the binary mixture composition (Figure 18) renders q arbitrary. Nonetheless the volu-
metric ratio q is kept in the second column of Table A1 to characterize the samples for 
the sake of bookkeeping. Unequivocal characterization of the samples requires afore-
mentioned quantities to be known. 

M/

Energies 2024, 17, x FOR PEER REVIEW 17 of 27 
 

 

further on, establishes a thermodynamic relationship between the partial molar 
volume of a species, 𝑉ത௜, and the total volume V of a mixture as a function of varying 
composition. Hence, although Equation (4) remains valid for both ideal and real 
mixtures, its application to the latter requires precise a priori knowledge of the non-
linear dependence of 𝑥̅௜(ꝺ𝑉/ꝺ𝑥̅௜), i.e., 𝑥௞(ꝺ𝑀/ꝺ𝑥௞), in Equation (12), on the mixture 
composition [18]. 
For a mixture comprising m components, thermodynamics [19,20] provides a for-

mal mathematical connection between an extensive total property Mt (=ntM) and the cor-
responding partial molar properties 𝑀ഥ i. That is 𝑀ഥ i = ቂꝺ(௡೟ெ)

ꝺ௡೔ ቃ௉,்,௡ೕಯ೔ 𝑓𝑜𝑟 ௝ ୀ ଵ,...,௠௜ ୀ ଵ,...,௠  (6)

where M and 𝑀ഥ i are intensive properties. The molar property M and the partial molar 
property 𝑀ഥ i are functions of the intensive properties P, T, and m mole fractions 𝑥௜ = ni/nt. 
A practical relationship between 𝑀ഥ i, M and 𝑥௜ may be obtained by expanding Equation 
(6) into ቈꝺ(𝑛௧𝑀)

ꝺ𝑛௜ ቉௉,்,௡ೕಯ೔ = 𝑀 ቆꝺ𝑛௧
ꝺ𝑛௜ ቇ + 𝑛௧(ꝺ𝑀

ꝺ𝑛௜)௉,்,௡ೕಯ೔  (7)

and using (ꝺ𝑛௧/ꝺ𝑛௜)௉,்,௡ೕಯ೔ = 1 so that 𝑀ഥ i = M + nt(ꝺெ
ꝺ௡೔)௉,்,௡ೕಯ೔ (8)

The fact that there are only m − 1 independent mole fractions (because the 𝑥௜ sum 
up to unity) permits the total differential of M to be expressed as 𝑑𝑀 = ∑ ቀꝺெ

ꝺ௫ೖቁ௉,்,௫೗ಯೖ,೔ 𝑑𝑥௞ 𝑓𝑜𝑟 𝑘 ≠  𝑖௠௞ୀଵ   (9)

where the summation over k excludes i and the index l indicates that all mole fractions 
other than xi and xk are held constant. Combined with the constant nj≠i restriction, divi-
sion by dni yields (ꝺெ

ꝺ௡೔)௉,்,௡ೕಯ೔ =  ∑ ቀꝺெ
ꝺ௫ೖቁ௉,்,௫೗ಯೖ,೔௠௞ୀଵ (ꝺ௫ೖ

ꝺ௡೔)  (10)

for k ≠ i. Given that xk = nk/nt and hence (ꝺ𝑥௞
ꝺ𝑛௜ )௡ೕಯ೔ =  − 𝑛௞(𝑛௧)ଶ =  − 𝑥௞𝑛௧  𝑓𝑜𝑟 𝑘 ≠  𝑖 (11)

combination of Equations (8), (10) and (11) finally results in 𝑀ഥ𝑖 = 𝑀 − ∑ 𝑥௞ ቀꝺெ
ꝺ௫ೖቁ௉,்,௫೗ಯೖ,೔  𝑓𝑜𝑟 𝑘 ≠  𝑖௠௞ୀଵ    (12)

As stated earlier, application Equation (4) to the sample volume requires accurate a 
priori knowledge of the 𝑥௞(ꝺ𝑀/ꝺ𝑥௞) term. 

Since the samples were created by mixing the pure liquids on a volumetric basis, it 
would be convenient to characterize them as the volumetric water to alcohol ratio, q, for 
further thermodynamic and reactivity studies. But the nonlinear dependence of VE on 
the binary mixture composition (Figure 18) renders q arbitrary. Nonetheless the volu-
metric ratio q is kept in the second column of Table A1 to characterize the samples for 
the sake of bookkeeping. Unequivocal characterization of the samples requires afore-
mentioned quantities to be known. 

xk ), in Equation (12), on the mixture
composition [18].

Table 1. Molecular mass (M) density (ρ), critical temperature (Tc), critical pressure (Pc), critical
volume (Vc), acentric factor (ω), boiling point (Tb) and vapour pressure (PSat) of CH3OH, C2H5OH,
n-C3H7OH, i-C3H7OH, H2O and air [1,2].

Substance M (kg mol−1) P (†)

(kg m−3)
Tc(⊕)

(K)
Pc(⊕)

(bar)
Vc(⊕)

(cm3 mol−1)
ω
(-)

Tb (‡)
(K)

PSat (*)

(bar)
Fl. lim. (y)

(vol%)

CH3OH 32.04 × 10−3 787.2 512.16 80.92 117.88 0.565 338.15 0.17 6–37

C2H5OH 46.07 × 10−3 787.3 513.9 61.37 167.10 0.649 351.15 0.079 3–19

n-C3H7OH 60.10 × 10−3 802.0 536.8 51.70 218.41 0.629 370.15 0.028 2–14

i-C3H7OH 60.10 × 10−3 782.7 508.3 47.62 220.10 0.665 355.15 0.061 2–12

H2O 18.015 × 10−3 (a) 997.05 647.10 220.64 56.02 0.344 (a) 373.13 (a) 0.0317

Air (b) 28.964 × 10−3 1.161 (c) 132.63 (c) 37.858 92.35

(†) At 298.15 K and 1 bar. (‡) At 1 bar. (*) At 298.15 K. (⊕) These quantities permit the calculation of the critical
density ρc = MPc/RTc and the critical compressibility Zc = PcVc/RTc. (y) Flammability limits in air at 298.15 K
and 1 bar as tabulated in Ref. [1]. Notice that the upper flammability limit in air supersedes the vapour pressure
of the pure substances at these conditions. (a) From Ref. [3]. (b) From Ref. [4]. (c) From Ref. [5].

For a mixture comprising m components, thermodynamics [19,20] provides a for-
mal mathematical connection between an extensive total property Mt (=ntM) and the
corresponding partial molar properties Mi. That is

Mi=


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where M and Mi are intensive properties. The molar property M and the partial molar
property Mi are functions of the intensive properties P, T, and m mole fractions xi = ni/nt. A
practical relationship between Mi, M and xi may be obtained by expanding Equation (6) into
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further thermodynamic and reactivity studies. But the nonlinear dependence of VE on 
the binary mixture composition (Figure 18) renders q arbitrary. Nonetheless the volu-
metric ratio q is kept in the second column of Table A1 to characterize the samples for 
the sake of bookkeeping. Unequivocal characterization of the samples requires afore-
mentioned quantities to be known. 
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[7]: (○) CH3OH–H2O at T = 293.15 K and 1 bar, (◊) C2H5OH–H2O at T = 298.15 K and 1 bar, (▽) n-
C3H7OH–H2O at T = 293.15 K and 1 bar, (△) i-C3H7OH–H2O at T = 303.15 K and 1 bar. The dashed 
coloured curves are polynomial interpolations based on Equation (13). The solid coloured curves 
are interpolations based on Equations (24) and (14). (Right) Excess volumes VE of binary alcohol–
water liquid mixtures at T = 298.15 K and 1 bar. Experimental data from Refs. [20–25]: (○) CH3OH–
H2O, (◊) C2H5OH–H2O, (▽) n-C3H7OH–H2O, (△) i-C3H7OH–H2O. The solid coloured curves are 
polynomial interpolations based on Equation (14). Additional data was collected from the litera-
ture [20] but is not included in the determination of the polynomial coefficients: (×). 
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via 

Figure 18. (Left) Density ρS of binary alcohol–water liquid samples. Experimental data from Ref. [7]:
(#) CH3OH–H2O at T = 293.15 K and 1 bar, (♢) C2H5OH–H2O at T = 298.15 K and 1 bar, (▽)
n-C3H7OH–H2O at T = 293.15 K and 1 bar, (△) i-C3H7OH–H2O at T = 303.15 K and 1 bar. The
dashed coloured curves are polynomial interpolations based on Equation (13). The solid coloured
curves are interpolations based on Equations (24) and (14). (Right) Excess volumes VE of binary
alcohol–water liquid mixtures at T = 298.15 K and 1 bar. Experimental data from Refs. [20–25]: (#)
CH3OH–H2O, (♢) C2H5OH–H2O, (▽) n-C3H7OH–H2O, (△) i-C3H7OH–H2O. The solid coloured
curves are polynomial interpolations based on Equation (14). Additional data was collected from the
literature [20] but is not included in the determination of the polynomial coefficients: (×).

Using the physical properties in Table 1, it is straightforward to compute the alcohol
and water mass fractions {ȳAlc, yH2O} and mole fractions {xAlc, xH2O} in the liquid phase
when q, VAlc and/or VH2O prior to mixing are known. These liquid phase mass and mole
fractions can be obtained via
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yAlc =
ρAlcVAlc

ρAlcVAlc + ρH2OVH2O
=

ρAlc
ρAic + qρH2O

(13)

yH2O =
ρH2OVH2O

ρAlcVAlc + ρH2OVH2O
=

qρH2O

ρAlc + qρH2O
(14)

xAlc =
ρAlcVAlc/MAlc

ρAlcVAlc/MAlc + ρH2OVH2O/MH2O
=

ρAlc

ρAlc + qρH2O
(

MAlc/MH2O
) (15)

xH2O =
ρH2OVH2O/MH2O

ρAlcVAlc/MAlc + ρH2OVH2O/MH2O
=

qρH2O
(
MAlc/MH2O

)
ρAlc + qρH2O

(
MAlc/MH2O

) (16)

When q is known beforehand, Equations (13)–(16) permit the calculation of ȳAlc, yH2O,
xAlc and xH2O from the physical properties listed in Table 1 only. The values thus obtained
are presented in the third, fourth, seventh and eighth column of Table A1. The liquid phase
mass fractions {ȳAlc, yH2O} and mole fractions {xAlc, xH2O } are interchangeable via

yAlc =
xAlcMAlc

xAlcMAlc + (1− xAlc)MH2O
(17)

yH2O =
xH2OMH2O

xH2OMH2O +
(
1− xH2O

)
MAlc

(18)

xAlc =
yAlc

yAlc +
(
1− yAlc

)
yAlc/MH2O

(19)

xH2O =
yH2O

yH2O +
(

1− yH2O

)
MH2O/MAlc

(20)

The same interchangeability applies equally well to the vapour phase mass and mole
fractions through the substitutions {ȳAlc ← ỹAlc yH2O ← ỹH2O; xAlc ← x̃Alc; xH2O ← x̃H2O}
into Equations (17)–(20).

The binary alcohol–water mixtures were administered into the combustion vessel on a
volumetric basis at initial conditions of 298.15 K and 1 bar. While the sample volumes are
known, the density of these liquid mixtures, ρS, is affected by the excess volume VE. To
determine the species mass and mole fractions in the liquid and vapour phase, there are
two possibilities:

➢ The application of models that predict ρS directly.
➢ The deployment of Equation (5) in conjunction with models that predict VE.

4. Density of the Liquid Samples and the Excess Volume of Liquid Mixtures

It is fortuitous that tabulations of experimental liquid density and excess volume data
exist for the alcohol–water mixtures studied in this work (see Figure 18). Table 2 shows the
polynomials for interpolation between the experimental pS and VE data for Figure 2.

Table 2. Polynomials for interpolation between the experimental ρS and VE data in Figure 2. The
polynomial coefficients were determined by the Levenberg–Marquardt method [13,14,26–28].

Polynomial: VE = ρAlc xAlc + ρH2O(1 − xAlc) + a0 xAlc(1 − xAlc)

Mixture Range a0

CH3OH–H2O 0.0 ≤ xAlc ≤ 1.0 −25.2 × 100

C2H5OH–H2O 0.0 ≤ xAlc ≤ 1.0 −124.7 × 100

n-C3H7OH–H2O 0.0 ≤ xAlc ≤ 1.0 −242.1 × 100

i-C3H7OH–H2O 0.0 ≤ xAlc ≤ 1.0 −19.6 × 101
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Table 2. Cont.

Polynomial: VE = a0 xAlc + a1(1 − xAlc) + a2 xAlc(1 − xAlc) + a3 x2 (1 − xAlc)2

Mixture Range a0 a1 a2 a3

CH3OH–H2O 0.0 ≤ xAlc ≤ 1.0 0.3 × 10−3 17.0 × 10−3 −370.1 × 10−2 −16.7 × 10−1

C2H5OH–H2O 0.0 ≤ xAlc < 0.2
0.2 ≤ xAlc ≤ 1.0

25.2 × 100

1.3 × 10−3
8.0 × 10−3

−41.6 × 10−2
−29.5 × 100

−36.3 × 10−1
−46.6 × 100

8.1 × 10−1

n-C3H7OH–H2O
0.0 ≤ xAlc < 0.1
0.1 ≤ xAlc < 0.6
0.6 ≤ xAlc ≤ 1.0

20.7 × 100

5.9 × 10−2

−10.1 × 10−3

25.6 × 10−3

−324.8 × 10−3

16.0 × 10−2

−28.4 × 100

−208.3 × 10−2

−27.3 × 10−1

0.0
0.0
0.0

i-C3H7OH–H2O
0.0 ≤ xAlc < 0.1
0.1 ≤ xAlc < 0.6
0.6 ≤ xAlc ≤ 1.0

2.4 × 100

5.0 × 10−1

−1.9 × 10−2

12.3 × 10−3

−41.1 × 10−2

−1.4 × 10−1

−10.2 × 100

−39.8 × 10−1

−31.9 × 10−1

0.0
0.0
0.0

Since these experimental data are available for discrete values of the mixture compo-
sition, it would be helpful to have a mathematical relationship to reconstruct the liquid
densities of the samples studied in this paper. Although various models have been pro-
posed to predict the density of pure liquids and liquid mixtures directly [18,28–32], their
deployment as a correlation for interpolating experimental data turns out to be laborious,
prone to curve-fitting inaccuracies and susceptible to polynomial oscillations. For this
reason, it was attempted to deploy a polynomial of the form ρS = a0xAlc + a1(1 − xAlc) +
a2xAlc(1 − xAlc) +. . . anxn−1

Alc (1 − xAlc)n–1 whereby its order was kept to a minimum [33–36].
When the excess volume VE is known, the density of the liquid samples S can be

obtained from Equation (5) by noting that vs. = [xAlc MAlc + (1 − xAlc)MH2O]/ρS and
Vi = Mi/ρi. Henceforth:

VE =
xAlcMAlc + (1− xAlc)MH2O

ρS
−

[
xAlcMAlc

ρAlc
+

(1− xAlc)MH2O

ρH2O

]
(21)

⇔ ρS =
xAlcMAlc + (1− xAlc)MH2O

VE + xAlc MAlc
ρAlc

(1−xAlc)MH2O
ρH2O

(22)

in conjunction with Equation (17), Table 1 and Equation (14).

5. Vapour Pressures of the Pure Liquids

To quantify the composition of the gaseous binary alcohol–air and ternary alcohol–
water–air mixtures, it is necessary to know the vapour pressure of the pure substances. The
Clapeyron equation [18,37–39], which is an exact thermodynamic relation, provides a funda-
mental connection between the vapour pressure of a pure substance and varying temperature:

ln(PSat) = A− B
T

(23)

However, despite its derivation from first principles and usefulness for many purposes,
this expression does not represent PSat versus T data sufficiently well. For it predicts a
linear dependence of PSat on 1/T, whereas all experimental data in Figure 19, when plotted
against 1/T, exhibit a deviation from linearity. For the accurate representation of vapour-
pressure data, and to overcome accuracy limitations of Equation (24) over a wide range of
temperatures for a large number of species, various equations of greater complexity have
been proposed. Examples are the Antoine equation [40–43]

ln(PSat) = A− B
T + C

(24)
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and the Riedel equation [25]

ln(PSat) = A− B
T + C

+ D ln(T) + ET6 (25)

where A, B, C, D and E in aforementioned expressions are substance-specific model con-
stants whose values are readily available in tabulations for many species. There is an even
more accurate formula for interpolation between PSat values that are reasonably spaced.
That is the so-called extended Antoine equation [44–46]:

10 log(PSat) = A − B
T + C− 273.15

+ Dxn + Exp + Fxq (26)

where
x =

T − t0 − 273.15
Tc

(27)

In the aforesaid expression, PSat is in bar, T in K, D = 0.43429 and the exponents p
and q assume distinct values for alcohols and water. For alcohols, {p = 8, q = 12}, whereas
{p = 3, q = 6} for water. The substance specific values of A, B, C, E, F, t0 and n are given in
Table 3. Notice that the extended Antoine equation is a superset of the classical Antoine
equation and the Riedel equation [2,47–49]. The set of coefficients for the species involved
in this work causes it to become identical to the latter two equations. Nonetheless, the
extended Antoine equation is resorted to because the required coefficients are provided in
its 10log-form by Ref. [2]. The reason for resorting to Antoine-type equations is their ability
to handle polar species. Another model for correlating experimental vapour pressures is
the Wagner equation [2,50–56]

ln (
PSat

Pc
)=

Tc

T
(aτ + bτ3/2 + cτ3 + dτ6) (28)

where
τ = 1− T

Tc
(29)

where PSat is in the same units as Pc and T in K. For water, only the last two terms in
Equation (28) are cτ3 and dτ6. This expression is also capable of handling polar species.
Figure 3 shows an inter-comparison between the values predicted by the extended Antoine
equation, the Wagner equation and experimental PSat data retrieved from the literature.
Evidently, despite their very distinct mathematical forms, there is very close agreement
amongst the models. The black and red solid curves in Figure 19 are almost indistinguish-
able. Both models are also able to correlate the experimental data accurately. In the present
work, the extended Antoine equation was deployed for the calculation and interpolation of
the species vapour pressures. With non-polar substances, the Lee–Kesler [57] equation is

ln(
PSat

Pc
) = f (0) + ω f (1) (30)

where

f (0) = a0 +
a1

(T/Tc)
−a2 ln(

T
Tc

) + a3(
T
Tc

)
6

f (1) = b0 +
b1

(T/Tc)
−b2 ln(

T
Tc

) + b3(
T
Tc

)
6

would also suffice. Here, ω denotes the acentric factor and {a0 = 5.92714, a1 = −6.09648,
a2 = −1.28862, a3 = 0169347; b0 = 15.2518, b1 = −15.6875, b2 = −13.4721, b3 = 0.43577}. The
solid blue curves in Figure 3 show a comparison between saturation pressures predicted by
the Lee–Kesler equation [57] and experimental data.
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Table 3. Coefficients of the extended Antoine Equation (26) and the Wagner Equation (28) for the
pure sample constituents [2].

Species
Extended Antoine Equation Wagner Equation

A B C E F t0 n p q a b c d

CH3OH 5.20277 1580.080 239.500 – – – – 8 12 −8.63571 1.17982 −2.4790 −1.0240

C2H5OH 5.33675 1648.220 230.918 – – – – 8 12 −8.68587 1.17831 −4.8762 1.5880

n-C3H7OH 4.99991 512.940 205.807 – – – – 8 12 −8.53706 1.96214 −7.6918 2.9450

i-C3H7OH 5.24268 1580.920 219.610 – – – – 8 12 −8.73656 2.16240 −8.70785 4.77927

H2O 5.11564 1687.537 230.17 – – – – 3 6 −7.77224 1.45684 −2.71942 −1.41336
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curve: Wagner Equation (28). Solid blue curve: Lee–Kesler Equation (30). The coefficients of the
extended Antoine and Wagner equations are given in Table 3.

6. Conclusions

This paper presents the results of experimental studies and numerical calculations
on the thermodynamic reactivity of selected alcohol fuel mixtures with air, as well as
the addition of water to these mixtures. The substances tested were methanol, ethanol, n-
propanol and iso-propanol. All experiments were conducted at initial conditions of 323.15 K
and 1 bar in a closed combustion test vessel. The reactivity and thermodynamic properties
were investigated during the combustion of liquid fuel–air mixtures at ϕ = 0.3–0.7, as well
as some admixtures with water, in order to observe water mitigation effects.

For propanol–water mixtures, the explosion pressures of n-propanol are slightly higher
than those of iso-propanol. This phenomenon clearly indicates the theory of the branching
process of alcohol molecules for thermodynamic reactivity. N-propanol has a linear struc-
ture and is therefore more thermodynamically reactive than branched isopropanol. It was
observed that the larger the sample volume was, the less ordered the results recorded were.
For larger volume samples, it was observed that the thermodynamic reactivity of methanol
mixtures was very dynamic in the range of 10–30% water addition to the mixtures, while
the reaction dynamics of ethanol mixtures were rather less intense. The smallest explosion
delay time varies with the volume of the alcohol–air mixtures. For samples with a volume
of 4 cm3 (ϕ = 0.3), the explosion delay time is shortest when testing alcohol–air mixtures
without water. For samples with volumes of 6 cm3 (ϕ = 0.5) and 8 cm3 (ϕ = 0.7), the
explosion delay time profiles are more complicated, with the extreme points being different
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for each alcohol. Furthermore, in the chemical structure of the mixtures studied, the func-
tional group is the hydroxyl group (OH), which is also responsible for the thermodynamic
reactivity of all alcohol–air mixtures.

It can be concluded that a slight deviation in saturation pressure of less than 4%
occurred. However, in the case of water, there was a very large discrepancy between the
predictions and the experimental observations. The reason for this discrepancy is that
the acentric factor, designed to correlate interactions between molecular force fields that
deviate from spherical symmetry in order to improve the accuracy of the correlation of
the respective states, becomes progressively inaccurate as the polarity of the molecules
involved increases. For water, there were specific equations whose predictions deviated
less than 0.4% from experimental observations in the temperature range from 293.15 K
to 323.15 K: the August–Roche–Magnus equation [59], the Tetens equation [60], the Buck
equation [61,62] and the Goff–Gratch equation [63,64]. Furthermore, like many hydrocarbon
derivatives, methanol, ethanol and propanol undergo combustion in combination with heat
and oxygen. This reaction releases energy, carbon dioxide and water. The addition of water
to the alcohol–air reaction system can strongly affect the thermodynamic properties of light
alcohols and drastically reduce the combustion reactivity of such fuels [65,66]. Knowledge
of the thermodynamic data and reactivity of fuels from light alcohols can help the energy
market to build appropriate strategies to use such fuels in good and safe technologies in
the process industries.
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Appendix A. Thermodynamic Quantities and Properties

Table A1. Sample compositions and properties of methanol, ethanol, n-propanol and i-propanol
admixtures with water.

Methanol–Water

Vt
S

(cm3)
q
(vol%)

¯
yAlc
(-)

¯
yH2O
(-)

~
yAlc (-)

ỹH2O
(-)

¯
xAlc
(-)

¯
xH2O
(-)

~
xAlc
(-)

~
xH2O
(-)

VE (cm3

mol−1)
ρs (kg
m−3) Ignition

4.0 0 1.000 0.000 - - 1.000 0.000 - - - - 3 × y

4.0 10 0.888 0.112 - - 0.817 0.183 - - - - 3 × y

4.0 20 0.798 0.202 - - 0.691 0.309 - - - - 3 × y

4.0 30 0.725 0.275 - - 0.599 0.401 - - - - 3 × y

4.0 40 0.664 0.336 - - 0.528 0.472 - - - - 3 × y

4.0 50 0.612 0.388 - - 0.472 0.528 - - - - 2 × n

4.0 60 0.568 0.432 - - 0.427 0.573 - - - - 3 × n
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Table A1. Cont.

Methanol–Water

Vt
S

(cm3)
q
(vol%)

¯
yAlc
(-)

¯
yH2O
(-)

~
yAlc (-)

ỹH2O
(-)

¯
xAlc
(-)

¯
xH2O
(-)

~
xAlc
(-)

~
xH2O
(-)

VE (cm3

mol−1)
ρs (kg
m−3) Ignition

6.0 0 1.000 0.000 - - 1.000 0.000 - - - - 3 × y

6.0 10 0.888 0.112 - - 0.817 0.183 - - - - 3 × y

6.0 20 0.798 0.202 - - 0.691 0.309 - - - - 3 × y

6.0 30 0.725 0.275 - - 0.599 0.401 - - - - 3 × y

6.0 40 0.664 0.336 - - 0.528 0.472 - - - - 3 × y

6.0 50 0.612 0.388 - - 0.472 0.528 - - - - 3 × y

6.0 60 0.568 0.432 - - 0.427 0.573 - - - - 3 × y

8.0 0 1.000 0.000 - - 1.000 0.000 - - - - 3 × y

8.0 10 0.888 0.112 - - 0.817 0.183 - - - - 3 × y

8.0 20 0.798 0.202 - - 0.691 0.309 - - - - 3 × y

8.0 30 0.725 0.275 - - 0.599 0.401 - - - - 3 × y

8.0 40 0.664 0.336 - - 0.528 0.472 - - - - 3 × y

8.0 50 0.612 0.388 - - 0.472 0.528 - - - - 3 × y

8.0 60 0.568 0.432 - - 0.427 0.573 - - - - 3 × y

Ethanol–Water

Vt
S (cm3)

q
(vol%)

¯
yAlc
(-)

¯
yH2O
(-)

~
yAlc (-)

~
yH2O
(-)

¯
xAlc
(-)

¯
xH2O
(-)

~
xAlc
(-)

x̃H2O
(-)

VE (cm3

mol−1)
ρs (kg
m−3) Ignition

4.0 0 1.000 0.000 - - 1.000 0.000 - - - - 3 × y

4.0 10 0.888 0.112 - - 0.757 0.243 - - - - 3 × y

4.0 20 0.798 0.202 - - 0.609 0.391 - - - - 3 × y

4.0 30 0.725 0.275 - - 0.509 0.491 - - - - 3 × y

4.0 40 0.664 0.336 - - 0.438 0.562 - - - - 3 × y

4.0 50 0.612 0.388 - - 0.384 0.616 - - - - 2 × y

4.0 60 0.568 0.432 - - 0.341 0.659 - - - - 3 × n

6.0 0 1.000 0.000 - - 1.000 0.000 - - - - 3 × y

6.0 10 0.888 0.112 - - 0.757 0.243 - - - - 3 × y

6.0 20 0.798 0.202 - - 0.609 0.391 - - - - 3 × y

6.0 30 0.725 0.275 - - 0.509 0.491 - - - - 3 × y

6.0 40 0.664 0.336 - - 0.438 0.562 - - - - 3 × y

6.0 50 0.612 0.388 - - 0.384 0.616 - - - - 3 × y

6.0 60 0.568 0.432 - - 0.341 0.659 - - - - 3 × y

8.0 0 1.000 0.000 - - 1.000 0.000 - - - - 3 × y

8.0 10 0.888 0.112 - - 0.757 0.243 - - - - 3 × y

8.0 20 0.798 0.202 - - 0.609 0.391 - - - - 3 × y

8.0 30 0.725 0.275 - - 0.509 0.491 - - - - 3 × y

8.0 40 0.664 0.336 - - 0.438 0.562 - - - - 3 × y

8.0 50 0.612 0.388 - - 0.384 0.616 - - - - 3 × y

8.0 60 0.568 0.432 - - 0.341 0.659 - - - - 3 × y
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Table A1. Cont.

n-Propanol–Water

Vt
S (cm3)

q
(vol%)

¯
yAlc
(-)

¯
yH2O
(-)

~
yAlc (-)

ỹH2O
(-)

¯
xAlc
(-)

¯
xH2O
(-)

~
xAlc
(-)

~
xH2O
(-)

VE (cm3

mol−1)
ρs (kg
m−3) Ignition

4.0 0 1.000 0.000 - - 1.000 0.000 - - - - 3 × y

4.0 10 0.888 0.112 - - 0.708 0.292 - - - - 3 × y

4.0 20 0.798 0.202 - - 0.548 0.452 - - - - 3 × y

4.0 30 0.725 0.275 - - 0.447 0.553 - - - - 3 × y

4.0 40 0.664 0.336 - - 0.378 0.622 - - - - 3 × y

4.0 50 0.612 0.388 - - 0.327 0.673 - - - - 2 × n

4.0 60 0.568 0.432 - - 0.288 0.712 - - - - 3 × n

6.0 0 1.000 0.000 - - 1.000 0.000 - - - - 3 × y

6.0 10 0.888 0.112 - - 0.708 0.292 - - - - 3 × y

6.0 20 0.798 0.202 - - 0.548 0.452 - - - - 3 × y

6.0 30 0.725 0.275 - - 0.447 0.553 - - - - 3 × y

6.0 40 0.664 0.336 - - 0.378 0.622 - - - - 3 × y

6.0 50 0.612 0.388 - - 0.327 0.673 - - - - 3 × y

6.0 60 0.568 0.432 - - 0.288 0.712 - - - - 3 × y

8.0 0 1.000 0.000 - - 1.000 0.000 - - - - 3 × y

8.0 10 0.888 0.112 - - 0.708 0.292 - - - - 3 × y

8.0 20 0.798 0.202 - - 0.548 0.452 - - - - 3 × y

8.0 30 0.725 0.275 - - 0.447 0.553 - - - - 3 × y

8.0 40 0.664 0.336 - - 0.378 0.622 - - - - 3 × y

8.0 50 0.612 0.388 - - 0.327 0.673 - - - - 3 × y

8.0 60 0.568 0.432 - - 0.288 0.712 - - - - 3 × y

i-Propanol–Water

Vt
S (cm3)

q
(vol%)

¯
yAlc
(-)

¯
yH2O
(-)

~
yAlc (-)

~
yH2O
(-)

¯
xAlc
(-)

¯
xH2O
(-)

~
xAlc
(-)

~
xH2O
(-)

VE (cm3

mol−1)
ρs (kg
m−3) Ignition

4.0 0 1.000 0.000 - - 1.000 0.000 - - - - 3 × y

4.0 10 0.888 0.112 - - 0.703 0.297 - - - - 3 × y

4.0 20 0.798 0.202 - - 0.542 0.458 - - - - 3 × y

4.0 30 0.725 0.275 - - 0.441 0.559 - - - - 3 × y

4.0 40 0.664 0.336 - - 0.372 0.628 - - - - 3 × y

4.0 50 0.612 0.388 - - 0.322 0.678 - - - - 2 × n

4.0 60 0.568 0.432 - - 0.283 0.717 - - - - 3 × n

6.0 0 1.000 0.000 - - 1.000 0.000 - - - - 3 × y

6.0 10 0.888 0.112 - - 0.703 0.297 - - - - 3 × y

6.0 20 0.798 0.202 - - 0.542 0.458 - - - - 3 × y

6.0 30 0.725 0.275 - - 0.441 0.559 - - - - 3 × y

6.0 40 0.664 0.336 - - 0.372 0.628 - - - - 3 × y

6.0 50 0.612 0.388 - - 0.322 0.678 - - - - 3 × y

6.0 60 0.568 0.432 - - 0.283 0.717 - - - - 3 × y
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Table A1. Cont.

i-Propanol–Water

Vt
S

(cm3)
q
(vol%)

¯
yAlc
(-)

¯
yH2O
(-)

~
yAlc (-)

~
yH2O
(-)

¯
xAlc
(-)

¯
xH2O
(-)

~
xAlc
(-)

~
xH2O
(-)

VE (cm3

mol−1)
ρs (kg
m−3) Ignition

8.0 0 1.000 0.000 - - 1.000 0.000 - - - - 3 × y

8.0 10 0.888 0.112 - - 0.703 0.297 - - - - 3 × y

8.0 20 0.798 0.202 - - 0.542 0.458 - - - - 3 × y

8.0 30 0.725 0.275 - - 0.441 0.559 - - - - 3 × y

8.0 40 0.664 0.336 - - 0.372 0.628 - - - - 3 × y

8.0 50 0.612 0.388 - - 0.322 0.678 - - - - 3 × y

8.0 60 0.568 0.432 - - 0.283 0.717 - - - - 3 × y
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