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1 Objective and outline

Energy and transportation sectors are continuously expanding, increasing the
need for energy resources all around the globe. Since the standards for pollu-
tant emissions are tightening, it is essential to provide a diverse portfolio in
energy production and carbon-neutral technologies using renewable resources
should be promoted. The integration of solar and wind energy in the cur-
rent production system is a great challenge of the following years due to the
stochastic nature of weather conditions. However, energy storage will facil-
itate their spreading. Using electric or hydrogen-powered vehicles in urban
areas is a good option to reduce air pollution in city centers. The efficiency
of hydrogen production and the long-term environmental impacts of battery
manufacturing and recycle are key factors. Furthermore, the energy density
is also crucial. Therefore, long-distance transportation, like road freight, air
and maritime transportation will mainly rely on liquid fuels providing high en-
ergy density in the foreseeable future. Since these sectors possess a significant
share in pollutant emission on a global level, heading them to a more envi-
ronmentally friendly way of operation is inevitable in the following decades.
Consequently, combustion will remain important, however, novel technologies
and alternative fuels will be promoted to meet the present and future regu-
lations and mitigate our dependence on currently used fossil fuels. Since the
infrastructure and knowledge for liquid fuel storage and distribution is well-
established, technologies based on renewable feedstocks will be significant.
However, combustion of alternative liquid fuels arises various challenges.

Spray combustion includes several phenomena prior to ignition, shown
in Fig. 1. Liquid fuels should be atomized and the droplets in the spray
need to evaporate and mix with combustion air before reaching the flame
front. Droplet burning results in hot spots and increases the NOX formation,
which is harmful to the respiratory system of the human body and one of
the main sources of photochemical smog and acid rain. The thermophysical
and transport properties of alternative liquid fuels affecting atomization and
evaporation characteristics may significantly differ from that of conventional
fuels, implying a great challenge for engineers in combustion chamber design.
Therefore, appropriate modeling of heat and mass transfer is essential.

Droplet lifetime is related to the stationary evaporation rate, λst, which
characterizes the intensity of droplet vaporization. Therefore, it is a critical
parameter in combustion chamber design. The pressure- and temperature-
dependency of λst of hydrocarbon fuels was previously investigated by Lefeb-
vre [1]. However, no general correlative fuel property was recognized and
used to give a satisfactory estimation. Consequently, my aim was to derive a
general formula for λst, applicable for a wide range of ambient conditions.
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Figure 1: Features of sprays [1].

Even the state-of-the-art numerical codes in combustion are highly de-
pending on the required thermophysical and transport property data of the
fuel. Reliable experimental values on a broad range of ambient conditions
are scarce in the literature, especially for renewable liquid fuels. Therefore,
estimation models based on molecular theory are often used to patch the nec-
essary properties [2]. Unfortunately, the accuracy of these models and their
applicability are rarely discussed with the users in numerical modeling soft-
ware environments. Therefore, my aim was to evaluate estimating models for
all the required properties in droplet vaporization calculation against reference
data and make recommendations concerning model applicability.

A novel combustion concept was developed by our research group, called
Mixture Temperature-Controlled, MTC, combustion, enabling distributed
combustion without further oxidizer dilution, shown in Fig 2. This combustion
mode results in ultra-low NOX emission without making a compromise in CO
emission. The ignition of the fuel vapor is delayed due to the cold central air
inlet [3], thus the thermophysical and transport properties of the fuel affecting
spray formation and volatility have a significant effect. Since the relation be-
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tween fuel properties and combustion modes are still unresolved, correlating
the occurring flame shapes to fuel properties to better understand the limits
of distributed combustion for alternative fuels in the newly-developed MTC
combustion test rig is necessary.

Figure 2: Distributed flame.

Liquid fuels used in practical applications contain numerous species. Con-
sequently, reproducing the proper physical and chemical behavior of fuels re-
quires a multi-component approach in numerical modeling. However, consid-
ering a large number of components is computationally expensive. Therefore,
surrogate fuels with a reduced number of components are usually implemented
in modeling environments as a compromise to save CPU time but reproduce
the desired properties. Biodiesel fuels contain fatty acid methyl ester, FAME,
components. The distribution of the various compounds is diverse, depend-
ing on the feedstock of the raw material. However, geographical differences
have a less significant effect on the component distribution, they mainly affect
the yield. There are dominant components in each sample, allowing a possi-
ble simplification of the mixture in modeling environments. The compounds
cover a broad range of volatility, therefore, composition reduction should be
performed with cautions. However, the sensitivity of fuel properties on com-
ponent reduction is seldom discussed in the literature, which requires further
investigation.

3



2 Methods

The vaporization characteristics of various n-alkanes, highly relevant in cur-
rently used and future combustion applications were investigated with a
lumped parameter model and an iterative method on a wide range of ambient
conditions to acquire λst. The results were validated against experimental
data from the literature. Furthermore, verifying calculations were carried out
with one-dimensional continuum models to evalaute the effect of temperature
distribution inside the droplet. Reference data for pressure- and temperature-
dependent thermophysical and transport properties were acquired from the
high-fidelity database of the National Institute of Standards and Technol-
ogy [4]. Calculations were performed for n-alkanes with C1–C10 and C12 car-
bon atom numbers. The ambient conditions were uniformly 0.02 ≤ pr ≤ 0.5
and 1.3 ≤ Tr ≤ 1.5, where pr and Tr are the reduced pressure and reduced
temperature, respectively. Since the reduced property is the ratio of the am-
bient and critical values, vaporization characteristics can be related to the
critical pressure, pc, and the critical temperature, Tc. λst was acquired by
fitting a linear function to the temporal d2-profile of the droplet in the range
of 0.15 ≤ (d/d0)

2 ≤ 0.5, shown in Fig. 3, where d and d0 are the instantaneous
and initial droplet diameter, respectively, and t is the time. This method is
frequently used in single droplet evaporation measurements [5].

Figure 3: Obtaining the stationary evaporation rate from the temporal d2-
profile of the droplet.
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The commonly applied material property estimating models are based on
the law of corresponding states or group contribution methods. Since my in-
terest was heat and mass transfer calculations, I evaluated estimation models
for thermophysical and transport properties required for droplet evaporation
calculations and tested them against reference data from the literature for
n-alkanes, 1-alcohols, and methyl esters, highly relevant for combustion ap-
plications and renewable fuels to select a suitable model for each property
since no detailed information and systematic evaluation was available pre-
viously for these materials on a wide range of ambient conditions. These
properties include boiling point, critical properties, enthalpy of vaporization,
acentric factor, gas-phase mutual diffusion coefficient, furthermore, density,
specific heat capacity, thermal conductivity, and dynamic viscosity for both
liquid and vapor phases. To quantify model accuracy, I determined the aver-
age relative deviation, ARD , values between calculated results and reference
data.

The relationship between distributed combustion and fuel properties was
evaluated by experimentally investigating density, kinematic viscosity, and
surface tension, affecting spray formation. I characterized atomization by
calculating the Sauter mean diameter, SMD , of the fuel spray. Moreover, I
measured the atmospheric distillation curve, initial boiling point, and flash
point, characterizing fuel volatility and droplet vaporization. All the methods
were standardized. The focus was on biodiesels with markedly different FAME
compositions blended with standard diesel fuel to analyze fuel flexibility and
the effect of biodiesel feedstock. Flame shapes and combustion modes were
evaluated for 0.3–0.9 bar atomizing gauge pressure and 150–350 °C combus-
tion air temperature. The tests were performed at a uniform target thermal
power of 13.3 kW and a constant fuel-to-air equivalence ratio of 0.8. Flame
images were recorded with a digital camera with identical manual settings.

Biodiesels contain FAME compounds in the order of ten, however, there
are dominant species, which imply the possibility for component reduction.
Therefore, I carried out a composition reduction method and applied it to rep-
resentative biodiesel samples to formulate surrogate mixtures reproducing fuel
characteristics to evaluate their sensitivity. I used the same target properties
that are commonly used in optimization processes for determining surrogate
fuel composition. The following procedure was performed, shown in Fig. 4.
ARD values were determined between the calculated and reference values for
the target properties. The reference value was either experimental data or
calculated value with the detailed composition. The target properties were
lower heating value, average molecular mass, hydrogen-to-carbon atom ratio,
density, surface tension, dynamic viscosity, flash point, and distillation curve.
Moreover, I analyzed λst, which is frequently used to verify surrogates since
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it directly characterizes droplet vaporization. I removed the component with
the lowest mass fraction and normalized the composition to keep the original
ratio of the species. Composition reduction was performed until reaching the
most dominant compound, resulting in a single-component surrogate.

Figure 4: Surrogate mixture formulation for biodiesels by composition re-
duction.

3 Results and theses

Non-dimensional stationary evaporation rate, Λst , was introduced to char-
acterize the effect of pressure on λst at various temperatures, which is the
ratio of the pressure-dependent stationary evaporation rate to the stationary
evaporation rate at 1 bar ambient pressure and identical ambient temperature.
Figure 5 shows the characteristics of Λst at various Tr values. For 1.3 ≤ Tr, the
difference between the various n-alkanes diminishes. Consequently, ambient
conditions were identified, where the trends of C2–C9 n-alkanes show identical
behavior, enabling model fitting to Λst , resulting in a general method. Based
on the results, the following thesis can be stated:

1st Thesis

The non-dimensional stationary evaporation rate, Λst , defined as
the ratio of the pressure-dependent stationary evaporation rate,
λst, to the stationary evaporation rate at 1 bar ambient pressure,
λst,1bar, while the temperature range matches, for C2–C9 n-alkanes
can be estimated with the following formula:
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Λst (pr ,Tr) = λst(pr,Tr)
λst,1bar(Tr)

=
(
−1.279 · T−1.7202

r + 1.279
)
p−0.5214·T−3.191

r +0.7626
r + 0.9325,

where pr = p∞/pc and Tr = T∞/Tc are the reduced pressure and
temperature, defined as the ratio of ambient and critical values.
The validity range is 0.02 ≤ pr ≤ 0.5 and 1.3 ≤ Tr ≤ 1.5. The
uncertainty of Λst resulting from the uncertainty values of the ref-
erence thermophysical and transport properties is less than 1%.
[P1 − P3]

Figure 5: Non-dimensional stationary evaporation rate for C2–C9 n-alkanes
at various ambient temperatures.

The re-evaluation of the existing estimation techniques for acquiring ther-
mophysical and transport properties of n-alkanes, 1-alcohols, and methyl es-
ters enables to quantify model accuracy for the investigated species, which was
previously missing from the literature. By filling this gap, recommendations
can be made concerning all the properties required for droplet evaporation
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calculations, both for liquid and vapor phases. The following thesis can be
stated:

2nd Thesis

I re-evaluated existing estimation models based on the law of cor-
responding states and group contribution methods for calculating
thermophysical and transport properties of liquid fuels. The refer-
ence data was confined to n-alkanes with C1–C10 and C12, 1-alcohols
with C1–C10, and methyl esters with C3–C11, C13, C15, C17, and
C19 carbon atom numbers due to their relevance in renewable liq-
uid fuel combustion. I determined the relative deviation values to
quantify the accuracy of each model and recommend one for the
required property. The evaluated properties were the acentric fac-
tor, ω, normal boiling point, Tbn, critical temperature, Tc, critical
volume, Vc, critical pressure, pc, vapor-phase specific heat capac-
ity, cp,v, liquid-phase specific heat capacity, cp,L, liquid-phase den-
sity, ρL, vapor-phase thermal conductivity, kv, liquid-phase thermal
conductivity, kL, vapor-phase dynamic viscosity, µv, enthalpy of va-
porization at the normal boiling point, HTbn , and mutual diffusion
coefficient, D12. The average relative deviation values of all the
models for the investigated molecule types and for each compound
with the analyzed pressure and temperature range are presented
in Tables C.1–C.9 in Appendix C of the accompanying thesis work.
[P4 − P6]

Coconut methyl ester, CME, and waste cooking oil-based biodiesel, WCO,
can be characterized with significantly different FAME compositions. CME
contains shorter-chain, while WCO is dominated by longer-chain methyl es-
ters. This results in a significant difference in fuel viscosity of the neat
biodiesels, leading to notably different SMD values. However, SMD shows
marginal sensitivity to FAME composition up to 25% volume fraction of
biodiesel for the investigated samples, indicating similar spray characteristics
up to this blending ratio. The higher average molecular mass of WCO means
lower volatility, compared to CME. However, distillation curve characteristics
and initial boiling point also show low sensitivity to FAME composition up
to 25% biodiesel volume fraction, implying similar droplet vaporization be-
havior. Figure 6 summarizes the observed flame shapes for the investigated
blends, where pga and Tca are the atomizing gauge pressure and combus-
tion air temperature, respectively, while BXX means the volume fraction of
biodiesel. B100 corresponds to neat biodiesel. The colors represent the cor-
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responding flame shapes. Purely distributed combustion occurs at similar
operating parameters for CME-B25 and WCO-B25 samples despite of the
significant difference in FAME composition. The sensitivity of this combus-
tion mode to FAME composition starts to increase above B25 due to the
increasing difference in atomization and volatility characteristics.

Figure 6: Observed flame shapes for CME and WCO blends.

Based on these results, the following novel scientific finding can be stated:

3rd Thesis

The influence of fatty acid methyl ester composition on purely
distributed combustion starts to increase above 25% volume frac-
tion of biodiesel blended with standard EN 590:2017 diesel oil at
13.3 kW thermal power and 0.8 fuel-to-air equivalence ratio. The
Sauter mean diameter, characterizing the average droplet size of
the spray, and the atmospheric distillation curve and initial boiling
point, representing volatility characteristics, show marginal sensi-
tivity to fatty acid methyl ester composition up to this blending
ratio. [P7 − P13]
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The commonly used target properties of surrogate formulation show vary-
ing sensitivity to component reduction of biodiesels. Lower heating value,
hydrogen-to-carbon atom ratio, and average molecular mass all posses low
relative deviation values, typically below 2% compared to the detailed com-
position. Density and surface tension show insensitive behavior due to the
similar values of the components. However, viscosity shows higher sensitivity
due to the exclusion of longer-chain components. Nevertheless, this latter is
compensated by the trends of density and surface tension, thus component
reduction slightly affects spray formation. It turned out that volatility char-
acteristics and stationary evaporation rate are the most sensitive to compo-
nent reduction. Furthermore, the minimum number of components providing
the tolerated error in λst depends on the ambient conditions, like ambient
temperature, T∞, since the effect of low-volatile components varies with gas
temperature. This behavior is shown in Fig. 7 for a WCO droplet. Prefix M
stands for mean value based on various published FAME compositions from
the literature [6]. This behavior cannot be captured by the distillation curve,
often used for target property of vaporization, since it indirectly character-
izes droplet evaporation. Consequently, I suggest a new target property, the
stationary evaporation rate.

Figure 7: Effect of ambient temperature and composition reduction on the
average relative deviation values of the stationary evaporation rate of M-
WCO biodiesel droplet with an initial diameter of 20 µm.
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The following thesis can be stated based on the results:

4th Thesis

Based on the fatty acid methyl ester compositions of biodiesel sam-
ples used in practice, fuel volatility and droplet vaporization charac-
teristics show significant sensitivity to component reduction in sur-
rogate formulation. The minimum number of components required
to reproduce droplet vaporization characteristics largely depends on
the ambient temperature. Distillation curve, the widely used target
property of vaporization in surrogate formulation methods, is not
capable of capturing this effect since the importance of low-volatile
components notably increases with decreasing ambient tempera-
ture. Therefore, the stationary evaporation rate, directly repre-
senting droplet evaporation due to its temperature-dependency is
suggested as a target property. [P12,P14,P15]

4 Application of the results

Droplet evaporation is important in numerous combustion devices, like in-
ternal combustion engines, gas turbines, liquid rocket engines, and industrial
furnaces. However, other industrial applications besides combustion also ex-
ist, like spray drying, fire safety, and evaporative cooling, focusing mainly on
the evaporation of water or water-based solutions. Nevertheless, the present
work focuses on its application in combustion.

The non-dimensional stationary evaporation rate can be calculated with
two parameters: the critical temperature and critical pressure of the fuel.
Therefore, a law of corresponding states method can be applied for calcu-
lations, which is computationally feasible. Consequently, if the atmospheric
evaporation characteristics are available, the stationary evaporation rate of
the droplet can be obtained for a given pressure and temperature in the valid-
ity range. As a result, the generalized formula is suitable for spray calculations
in combustion chamber design.

Detailed information was previously missing from the corresponding tech-
nical literature concerning the applicability of estimation techniques for calcu-
lating thermophysical and transport properties of n-alkanes, 1-alcohols, and
methyl esters on a wide range of carbon numbers and ambient conditions. By
quantifying model accuracy, information is provided for the user that can be
used to better estimate the uncertainty of the results of the simulation where
the model is implemented.
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The deep understanding of the novel MTC concept and distributed com-
bustion is still in progress. The insensitive behavior to FAME composition
up to 25% volume fraction of biodiesel facilitates fuel flexibility concerning
feedstock. As a result, the use of low-volatile fuels, like WCO can be pro-
moted, mitigating circular economy, while pollutant emissions can be kept at
low level, even with the tightening standards. Furhermore, this finding helps
to understand the relation of purely distributed combustion to fuel charac-
teristics. The advantage of the MTC concept is that the pollutant emissions
and the operation are similar to that of the Moderate or Intense, Low-oxygen
Diluted combustion without the need for oxygen dilution. This is a critical
advantage, which could be exploited most in, e.g., gas turbine technology.

Fuel volatility and vaporization characteristics show high sensitivity to
component reduction of biodiesels. By using the stationary evaporation rate
as a target property in surrogate mixture formulation, droplet evaporation
can be directly represented. The user of a software code can determine the
minimum number of components providing the tolerated error according to
the ambient temperature range of the later analysis and simulations. In this
manner, low volatility components with marginal share in the FAME compo-
sition can be considered only when they are actually important.
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Viktor Józsa. Mixture Temperature-Controlled combustion of different
biodiesels and conventional fuels. Energy, 234:121219, 2021.
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[P15] Dániel Füzesi, Dávid Csemány, Cheng Tung Chong, and Viktor Józsa.
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