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Abstract: The paper aims to verify the thesis that the reactivity model, developed in earlier research,
can be used to compare the fuels combustion processes in turbine engines, which is important for
predicting the behavior of different alternative fuels in combustion process. Synthetic blending
components from alcohol to jet and hydroprocessed esters and fatty acids technologies and their
blends with conventional jet fuel were used in tests. The undertaken laboratory tests reveal the
differences between the properties of the tested fuels. Bench tests were carried out on a test rig with a
miniature turbojet engine, according to authorial methodology. For each blend, on selected points of
rotational speed the carbon oxide concentration in the exhaust gases was recorded. The obtained
results allowed the formulation of empirical power functions describing relations between carbon
oxide concentration and fuel mass flow rate. Based on general assumptions, the reactivity model was
adopted to compare the combustion processes of the different fuels in turbine engines. The directions
of further research on the development of the proposed model were indicated.

Keywords: combustion process; reactivity model; synthetic jet fuels; turbine engines

1. Introduction

Intensive development of road and air transport leads to increasing air pollution from
internal combustion engines. At a global scale, the most important is carbon dioxide (CO2)
emission, considered a cause of the global warming effect. At a local scale, more important
is carbon oxide (CO) emission, unburned hydrocarbons, particulate matter (PM), as well as
nitrogen oxides (NOx) emissions.

The majority of countries have declared important the implementation of CO2 emis-
sions reduction programs and the promotion of the use of energy from renewable sources [1].
The fundamental way to achieve the goal is the implementation of biofuels into road, ma-
rine and air transport [2–4]. Alternative or synthetic fuels, unlike conventional fossil fuels,
are produced from a feedstock other than crude oil. If the used feedstock is biomass, waste,
animal fat, biogas, etc. then we define it as biofuels.

Biofuels have been implemented in road transport for about 20 years. The components
commonly used in fuels are bioethanol as an automotive gasoline component and fatty acid
methyl esters (FAME) as a diesel fuel component. The technologies used to manufacture
alternative fuels for aircraft turbine engines have been under development for about
10 years [5]. As of today, the seven synthetic components are approved for aviation turbine
engines [6], while it is anticipated that further fuels using alternative feedstocks [7] will
be introduced to the market. Regarding the chemical composition, jet fuels containing
synthesized hydrocarbons are more similar to conventional fuels than biofuels containing
bioethanol and FAME. However, the hydrocarbon composition influences the combustion
process, hence the engine operating parameters and composition of exhaust gases [8–10].

Research regarding new components, both for compression-ignition, and aviation
turbine engines demands the development of predictive methods, and the assessment of
the effect of a fuel chemical composition on the combustion process [11–14].
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2. Modelling of the Combustion Process

The combustion process in the turbine engine is characterized by strong diversification
of reaction chains depending on engine operating parameters and the temperature of the
combustion chamber [15–21]. Fuel combustion in turbine engines is a complex process. In
general, the combustion process can be treated as the linkage of the following processes: fuel
atomization after injection to the combustion chamber; vaporization, together with further
thermal degradation; a large number of chemical reactions as fuel oxidation occurs [22].
Where the turbine engine is not equipped with injectors but is equipped with evaporator
tubes, no fuel atomization takes place.

In the combustion process, there are strong interactions between elemental processes.
This brings about difficulties in modelling it. In particular, it is very difficult to mathemati-
cally describe the influence of the fuel chemical composition on the combustion process.
The chemical composition of the fuels is qualitatively described by the structure of the
compounds present in the fuel. The only quantitative data are the concentrations of indi-
vidual compounds, or more frequently, the concentrations of hydrocarbons i.e., n-paraffins,
iso-paraffins, naphthenes, aromatics. The molecules of individual chemical compounds
interact with each other, which affects fuels atomization, vaporization, as well as chemical
reactions during the combustion process. However, the nature of molecular interactions has
not been sufficiently understood. Certain authors [23], for example, describe the creation
of molecular clusters by polycyclic aromatic hydrocarbons (PAH), and point to the clusters
as the soot source. The molecular cluster is an ordered structure of unique properties,
different from the volumetric properties of fuel treated as the liquid. This regards the
energy state and ability to transfer energy. Conventional jet fuel does not contain PAH or
any synthetic components. However, monoaromatics and other kinds of hydrocarbons can
form similar structures that influence the chemical reactions in the combustion process.

The above-mentioned complexity of the chemical composition of fuels, as well as
the complexity of individual processes taking place in the combustion chamber, makes
modelling of the combustion process difficult [24,25].

Research on the dependence of the combustion process, and as a consequence, engine
operating parameters, and exhaust gas composition, is being carried out at different levels,
from macroscopic (engine tests) to molecular (tests in laboratory reactors). Currently
available models such as SAE [26], and that based on such solvers as Ansys Fluent [27]
and Chemkin [28] do not sufficiently take into account the chemical composition and
properties of fuels. Indeed, the SAE model requires the assumption that fuel is a single
compound consisting of C, H, N, O, S. In contrast, Ansys Fluent and Chemkin take into
account thermodynamic data and selected properties of material (fuel), such as neat heat
of combustion, viscosity, thermal conductivity, mass diffusivity and thermal diffusion.
Moreover, Ansys Fluent provides a description of several fuel combustion mechanisms
(including reactions, thermodynamic data, and transport data) that are appropriate for use
in combustion simulations of:

• Methane/ethane;
• Propane;
• Hydrogen.

During the combustion process in a turbine engine, the following (chains of) reactions
are possible:
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(
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y
4

)
O2 → xCO2 +
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2
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Reactions (1)–(3) are a summary record of the long chains of reactions. In addition,
conventional and synthetic fuels are mostly a mixture of many (even up to 1000) chemical
compounds, mainly hydrocarbons. The usefulness of the SAE model and that of the
solvers indicated above are limited. The reason for such situation is that in the application
of statistical tools to formulate the necessary dependencies with any weaknesses of the
statistics:

• The values of the constant parameters of these relationships are determined for a specific
set of tested fuels, the values may be incorrect for a new fuel, e.g., synthetic fuel;

• A physical interpretation of statistically determined parameters is not possible.

The use of mathematical models for the combustion process, as currently avail-
able [28,29], give dependencies that show significant deviation from experimental data.

When considering the possibility of introducing a new, synthetic fuel, two basic
questions should be answered, with regard to a comparison with conventional fuel:

• How will this new fuel change the combustion process in the engine;
• How will this new fuel change the emission of exhaust components.

Consequently, the products formed during combustion (CO2, CO and PM) are impor-
tant components of exhaust gases. The concentration of CO2, CO and PM in exhaust gases
is used to:

• Assess the influence of the combustion process in turbine engines on air pollution;
• Assess the influence of fuel chemical composition on the combustion process.

The impact of fuel chemical composition on the combustion process can be assessed
qualitatively or quantitatively. The quantitative assessment gives a more complete descrip-
tion of this impact, but it needs quantitative data related to the fuel chemical composition
and the chemical reactions of fuel combustion. The reactions (1–5) can be described quan-
titatively by kinetic equations, where the data are the volume of fuel introduced into
combustion chamber (mft) and concentration of the chosen product of combustion. The
kinetic equations make possible formulation of the function describing relationships be-
tween the concentration of the products of fuel combustion ([CO] or [CO2]) and mf. Such
relationships seem to be more useful in combustion process analysis than the analysis of
separate [CO] values for various mf (as usually found in literature).

The reaction rate constants in the kinetic equations of combustion (described by the
Arrhenius equation) can be related to the conditions of combustion process—temperature in
combustion chamber and chemical structure of the fuel—activation energy. The activation
energy has a physical meaning in relation to a single reaction, but in relation to a chain of
reactions it is difficult to interpret it, physically. Consequently, it is practically impossible
to relate the reaction rate constant quantitatively to the chemical structure of the fuel.

The basic problem is how to describe quantitatively the chemical composition of fuel,
when such fuel consists of many compounds (mainly hydrocarbons). The way, proposed
in this paper, is by using the reactivity model. The general assumption of this model is
that every fuel, even that very complex, can be assigned a αi coefficient that is the ratio of
the external forcing causing the combustion process, to the energy response of the system
resulting from chemical reactions. The coefficient αi can be treated as the quantitative
measure of fuels structure related to the given process. The reactivity of the tested product
(fuel, lubricating oil, etc.) is understood as its ability to undergo chemical reactions caused
by external mechanical (tribology) or thermal (combustion of fuel) influences that affect
the course of the operational process, i.e., lubrication or engine operation.

The mathematical assumptions of the reactivity model were previously developed for
reactions initiated by heat and mechanical forces that stimulated tribological processes [30].

The assumptions of the reactivity model are based on the relation of two functions:
f (z) and φ(z). The fundamental relationship for this model is the following:

αi =
f (z)− f0(z)
φ(z)− φ0(z)

·dφ(z)
d f (z)

(6)
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Here, the combustion process is described by two functions of the same variable z
(chosen independent parameter characterizing the combustion process, e.g., mf), where f (z)
and φ(z) are related to the tested fuel, and fo(z) and φo(z) are related to the reference fuel.

This general relationship should be adapted to the process that is the subject of this
investigation. In case of the investigations described in this paper, the observed process is
the fuel combustion in the turbine jet engine. The parameter that provides quantitative
information about the influence of chemical structure of the tested fuel on the combustion
process is the reactivity coefficient αi, and:

f (z) = L (7)

φ(z) = A(z) (8)

where z is the parameter chosen as the only variable and A(z) is a function describing the
reactions initiated by the energy supplied from environment to the system (L). Herein, A(z)
can be expressed as the function of constant rate of reaction or the concentration of the
products of the reaction—according to the problem being solved.

Preliminary research has shown that this model can be useful for the analysis of
various processes. This allows us to focus on one chosen component of a very complex
blend, and describe this component influence on a complex process such as the fuel com-
bustion in an engine [21]. The investigation of the influence of synthetic components
on the combustion process in turbine engines should be conducted in a relative man-
ner. It is assumed that the concentration of carbon monoxide in the exhaust gases is an
indicator of the similarity of the combustion process of synthetic fuel to the reference
conventional fuel.

During preliminary investigations on catalysis and tribocatalysis [30], it was found that
instead of the kinetic equation (kinetic model), the dynamic reactivity model can be used.
The reactivity model, developed by these authors for catalytic (including tribochemical)
processes modelling, can be more useful than models developed up to now in modelling
the influence of fuel chemical composition and properties on the combustion process.

The paper aims to verify the thesis that the reactivity model, developed in earlier
research, can be used to compare fuels combustion processes in turbine engines. Taking
into account the usefulness of models for predicting the influence of new components or
additives added to the fuel on combustion process, and the needed analysis of the influence
of new fuel components on the mechanism of the combustion process, a new model is
proposed. Preliminary tests have shown that this model can be useful for describing the
mechanisms of various processes analysis which allows us to focus on the one chosen
compound or component in a very complex mixture, as well as to describe this chosen
component influence on a complex process such as the fuel combustion in an engine. In this
paper, this model was chosen to verify the possibility of its application for the description
of combustion process. The assumptions of the proposed, new mathematical model of fuel
combustion are based on a model developed previously for reactions initiated by heat and
mechanical forces.

3. Materials and Methods
3.1. Tested Fuels

Fossil jet fuel Jet A-1 and its blends with synthetic blending components from alcohol
to jet (ATJ) and hydroprocessed esters and fatty acids (HEFA), approved by ASTM D7566,
were used in the tests. The synthetic components from ATJ and HEFA technologies consist
of synthetic hydrocarbons. The above-mentioned tested fuels were designated in the
paper as:

• Conventional jet fuel—Jet 1 and Jet 2;
• Blend of Jet 1 with 5% of synthetic component HEFA—5HEFA;
• Blend of Jet 1 with 20% of synthetic component HEFA—20HEFA;
• Blend of Jet 1 with 30% of synthetic component HEFA—30HEFA;
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• Blend of Jet 2 with 50% of synthetic component ATJ—50ATJ;
• Synthetic blending component from ATJ technology—ATJ.

The properties of the tested fuels are shown in Table 1.

Table 1. Properties of tested fuels.

Property Tested Fuels
Jet 1 5HEFA 20HEFA 30HEFA Jet 2 50ATJ ATJ

Density at 15 ◦C, kg/m3 793.1 790.5 787.0 782.7 793.0 776.1 758.6

Viscosity at −20 ◦C, mm2/s 3.069 3.288 3.403 3.470 3.062 3.654 4.740

Net heat of combustion, MJ/kg 43.312 43.335 43.484 43.570 43.231 43.599 44.027

Aromatics, %(V/V) 15.1 14.3 12.1 10.6 17.3 8.8 0

Distillation:
10% Recovery, ◦C 166.1 170.6 169.9 169.0 166.1 170.5 175.5
50% Recovery, ◦C 183.4 186.8 188.3 189.3 183.4 182.1 181.2
90% Recovery, ◦C 208.1 214.1 220.2 224.7 208.1 209.0 210.3

End point, ◦C 231.2 2394 246.7 249.5 231.2 246.2 262.7

All selected laboratory properties affect the combustion process. The net heat of
combustion determines the economy of the engine and its characteristics, and, along
with the density, it is taken into account in flight range calculations. Viscosity affects
the injection process and the fuel stream range and its atomization into the combustion
chamber. Distillation affects the rate of fuel evaporation, while aromas tend to incomplete
combustion.

The addition of synthetic component to conventional fuel brings about changes in
several physicochemical properties. When HEFA and ATJ are added, the density decreases
and the viscosity and heat of combustion increases. These changes are so significant
that they can differentiate the combustion process. The differences in the composition of
tested fuels are typified by the example of the content of aromas, the value of which is
proportional to their blend in the tested fuel. The smallest differences occur in the course
of distillation, although in this case the influence of the composition on the distillation of
the blend is also noticeable, especially in end point.

3.2. Bench Test

The analysis of the combustion process was conducted using a laboratory test rig
with a miniature turbojet engine—MiniJETRig (Figure 1). The test rig was constructed for
the research of alternative fuels combustion processes [31–33], and it is also used in other
development works [9,34,35]. MiniJETRig consists of:

• A miniature turbojet engine—single spool with a single stage radial compressor
and annular combustion chamber. It works in the range of 33,000–120,000 rpm and
generates a maximum thrust of 140 N;

• An exhaust analyzer with an electrochemical sensor in the range of 0–2000 (ppm) for
CO measurement and an infrared sensor in the range of 0–25 (%) for CO2 measurement.
The accuracy of the device measurements is 5% of the measured value;

• Control system with data acquisition based on the measurement cards;
• During the undertaken tests, measurements were made with the following sensors:
• Optical rotational speed measurement sensor—SFH 203 FA photodiode, measuring

range: 0–120,000 rpm;
• Fuel mass flow rate measurement system (thermodynamic flow measurement)—

Digmes FHKSC flow meter, measuring range: 0.033–2 L/min, accuracy ± 2% of
the measured value.
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Figure 1. MiniJETRig: (A) miniature turbojet engine, (B) exhaust analyzer, (C) exhaust gas sample probe, (D) block of
measurement cards, (E) flow meter, (F) fuel tank.

The tests were conducted at the range of 45,000–120,000 rpm. Due to the stabilization
of the measured parameters, the results from the last 20 s of the engine run on a selected
operating mode (100 individual measurements) were averaged and assumed as the mea-
surement result. The fuel mass flow rate was regulated to obtain the expected value of
engine rotational speed.

CO concentration in exhaust gases was assumed as a similarity criterion of the combus-
tion process for different fuels. The CO formation during the combustion process in turbine
engines can be the result of the low local concentration of O2 in the combustion chamber or
CO can be treated as intermediate product in hydrocarbons oxidation to CO2. However,
the results of CO and CO2 concentration during the combustion of Jet A-1 fuel in turbine
engines are similar to the change of the products concentration of follow-up reactions. This
suggests that CO can play the role of being an intermediate product (Figure 1).
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Figure 2 shows that at low rotational speeds (idle), the mechanism of the combustion
process expressed by CO and CO2 concentrations is different than at higher rotational
speeds (cruise or take-off). For this reason, to develop the reactivity model, only bench test
results from 70,000 rpm to 111,000 rpm were analyzed. In the presented graphs, the vertical
error bars correspond to the combined standard uncertainty, obtained by combining the
individual standard uncertainties (Type A and B).
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Figure 2. Relationship between CO and CO2 concentrations in exhaust gases emitted by the miniature
jet engine.

4. Results
4.1. Application of the Reactivity Model to the Assessment of the Combustion Process

The results of the engine tests of fuels containing synthetic components are shown in
Figure 3 and the functions describing trend lines are shown in Table 2. The relationship
between CO concentration in exhaust gases and fuel mass flow rate were discovered to be
power functions.

Table 2. The power functions describing relationships between CO concentration in exhaust gases
and fuel mass flow rate.

Fuel Function (from the Trend Line)
CO = amf

n
R2

Coefficient of Determination

Jet 1 CO = 2812 mf
−1184 0.90

5HEFA CO = 2764 mf
−1159 0.93

20HEFA CO = 2761 mf
−1107 0.94

30HEFA CO = 2601 mf
−1056 0.93

Jet 2 CO = 2698 mf
−1073 0.92

50ATJ CO = 2899 mf
−1080 0.93

ATJ CO = 3022 mf
−1036 0.94

The above data shows that each tested fuel takes on individual values of the a and n
parameters. Using one function defined for a wide range of engine operation parameters,
the independent variable mf was found to be connected with CO concentration (the selected
parameter describing the combustion process). The reactivity model allows us to interpret
physically/chemically, the a and n parameters. Other known models are based on statistical
dependences with several consequences. However, the statistically obtained parameters
cannot be interpreted physically/chemically.



Energies 2021, 14, 6302 8 of 16Energies 2021, 14, x FOR PEER REVIEW 8 of 16 
 

 

 
Figure 3. The relationship between CO concentration and fuel mass flow rate. 

Table 2. The power functions describing relationships between CO concentration in exhaust gases 
and fuel mass flow rate. 

Fuel Function (From the Trend Line)  
CO = a mfn 

R2 

Coefficient of Determination 

Jet 1 CO = 2812 mf−1184 0.90 
5HEFA CO = 2764 mf−1159 0.93 
20HEFA CO = 2761mf−1107 0.94 
30HEFA CO = 2601 mf−1056 0.93 

Jet 2 CO = 2698 mf−1073 0.92 
50ATJ CO = 2899 mf−1080 0.93 
ATJ CO = 3022 mf−1036 0.94 

The above data shows that each tested fuel takes on individual values of the a and n 
parameters. Using one function defined for a wide range of engine operation parameters, 
the independent variable mf was found to be connected with CO concentration (the se-
lected parameter describing the combustion process). The reactivity model allows us to 
interpret physically/chemically, the a and n parameters. Other known models are based 
on statistical dependences with several consequences. However, the statistically obtained 
parameters cannot be interpreted physically/chemically. 

Figures 4 and 5 reveal the impact of components concentration in the blends with Jet 
A-1 fuel on the a and n parameters. Herein, the a and n parameters were found to change 
proportionally to the concentration of the synthetic component in the fuel, however, the 
trend of changes for the HEFA component is opposite to that observed for ATJ. Such dif-
ferences in trends may be a consequence of different reaction mechanisms during combustion. 

It should be noted that HEFA consists of a variety of paraffinic and isoparaffinic hy-
drocarbons, ATJ is a mixture of isoparaffins, while Jet A-1 fuels contain hundreds of par-
affinic, isoparaffinic, olefinic, naphthenic and aromatic hydrocarbons. 

0

500

1000

1500

2000

2500

1.5 2 2.5 3 3.5 4 4.5 5 5.5

C
O

 (p
pm

)

mf (g/s)

Jet 1 5HEFA
20HEFA 30HEFA
Jet 2 50ATJ
ATJ
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Figures 4 and 5 reveal the impact of components concentration in the blends with
Jet A-1 fuel on the a and n parameters. Herein, the a and n parameters were found to
change proportionally to the concentration of the synthetic component in the fuel, however,
the trend of changes for the HEFA component is opposite to that observed for ATJ. Such
differences in trends may be a consequence of different reaction mechanisms during
combustion.
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Figure 5. The influence of concentration of HEFA component in blend with Jet A-1 on the a parameter
(net heat of combustion [MJ/kg] in brackets).

It should be noted that HEFA consists of a variety of paraffinic and isoparaffinic
hydrocarbons, ATJ is a mixture of isoparaffins, while Jet A-1 fuels contain hundreds of
paraffinic, isoparaffinic, olefinic, naphthenic and aromatic hydrocarbons.

4.2. The Use of the Reactivity Model in the Analysis of the Combustion Process—Theoretical
Approach

Based on (6), the overall reactivity model was adapted to develop a combustion model.
Usually, the combustion process is described by emission of products such as CO2, CO,
unburned hydrocarbons, etc. In this study the concentration of carbon monoxide in the
exhaust gases is treated as an indicator of the similarity of the combustion process of
synthetic fuel to the fossil fuel. Moreover, the constant rate of fuel combustion to CO2 in the
range of subsequent reactions formation is treated as weakly dependent on the chemical
composition of the fuel. For this reason, the influence of fuel chemical composition on CO2
formation was not analyzed. Consequently, kinetic equations that describe CO creation
during the combustion were applied in the reactivity model (6).

In the case wherein the reactivity model will describe only the part of energy generated
by the system that is connected with Reaction (2)—oxidation of the fuel hydrocarbons to
the CO and H2O {dependence (6)}, this should be expressed as:

(LCO − L0) = αi A[CO] (9)

The reactivity model describes the open system as it is shown in Figure 6.
The combustion process can be treated as consisting of:

• Parallel Reactions (1) and (2);
• Follow-up Reactions (2) and (5);
• The kinetic equations were formulated for both above cases. It was assumed that:
• The fuel is introduced once into the combustion chamber in the amount of [CxHy]0 = mf t;
• The order of Reactions (1) and (2) in relation to the tested fuels [CxHy] is n;
• Reaction (5) is of the first order.
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The following kinetic equations have been formulated:

1. In the case of the parallel Reactions (1) and (2):

d[Cx Hy]

dt
= c2kCO[Cx Hy]

np + c1kCO2[Cx Hy]
np (10)

After integration of Equation (10):

[Cx Hy]
−np+1 = [Cx Hy]0

−np+1 − (−np + 1)(c2kCO + c1kCO2)t (11)

[Cx Hy] =
{
[Cx Hy]0

−np+1 −
(
−np + 1

)
(c2kCO + c1kCO2)t

} 1
−np+1 (12)

[Cx Hy] =

{(
m f t

)−np+1
−
(
−np + 1

)
(c2kCO + c1kCO2)t

} 1
−np+1

(13)

d[CO]

dt
= c2kCO[Cx Hy]

np (14)

[CO] = c2kCO[Cx Hy]
np t (15)

[CO] = c2kCOt
{
[Cx Hy]0

−np+1 +
(
−np + 1

)
(c2kCO + c1kCO2)t

} np
−np+1 (16)

[CO] = c2kCOt
{(

m f t
)−np+1

+
(
−np + 1

)
(c2kCO + c1kCO2)t

} np
−np+1

(17)

Using Pascal’s triangle, Equation (17) can be shown as follows:

[CO] = c2kCOt
(

m f t
)np

+ A0 −
{(
−np + 1

)
(c2kCO + c1kCO2)t

} np
−np+1 (18)

In addition, Equation (16) can be expressed as:

[CO] = c2kCO(m f t)np (19)

in case the A0−
{(
−np + 1

)
(c2kCO + c1kCO2)t

} np
−np+1 is small, then e c2kCO = a and np = n.
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2. In the case of the follow-up Reactions (2) and (5):

d[CO]

dt
= c2kCO[Cx Hy]

np − c5kCO2[CO] (20)

Assuming that [CxHy] after a relatively short, fixed time t is constant, the integration
in the range from 0 to [CO] leads to the following dependence:

[CO]

c2kCO[Cx Hy]
np − c5kCO2[CO] = t (21)

c2kCO[Cx Hy]
np − c5kCO2[CO] =

1
t
[CO] (22)

[CO] =
c2kCO[Cx Hy]

np

c5kCO2 +
1
t

(23)

Here, [CxHy] was determined as follows:

−
d[Cx Hy]

dt
= c2kCO[Cx Hy]

np (24)

After integration in the range from [CxHy]0 to [CxHy] the following equation was
obtained:

[Cx Hy] =
{
[Cx Hy]0

−np+1 −
(
−np + 1

)
(c5kCO2t)

} 1
−np+1 (25)

Using Pascal’s triangle, [CxHy] can be expressed as:

[Cx Hy] =
{
[Cx Hy]0 + B0 −

(
−np + 1

)
(c5kCO2t)

} 1
−np+1 (26)

By introducing Equation (26) to Equation (23) and substituting [CxHy] by mft the
following equation was obtained:

[CO] =
c2kCO

c5kCO2 +
1
t
[Cx Hy]0

np + B0 −
{(
−np + 1

)
(c5kCO2t)

} np
−np+1 (27)

Equation (27) can thus be expressed as:

[CO] =
c2kCO

c5kCO2 +
1
t
(m f t)np (28)

in case the B0 −
{(
−np + 1

)
(c5kCO2t)

} np
−np+1 is small, than c2kCO

c5kCO2+
1
t
= a and np = n.

Both obtained Equations (19) and (28) are similar to these obtained experimentally as
the trend lines.

It is difficult to determine the values of the reactions rate constant (kCO and kCO2).
Consequently, it is difficult to link their values with the properties of the fuel that may
be a bridge to the chemical structure of the combusted product. It is proposed to use the
reactivity model, represented by Equation (9), to relate the value of kCO to the physicochem-
ical properties of the tested fuels (a mixture of several hundred hydrocarbons). Assuming
that LCO can be expressed as a part of total energy released in the combustion process
LCO = g (Qn mf t), Equation (9) can be formulated as follows:

z = m f (29)

f (z) = LCO = g
(

Qnm f t
)

(30)

φ(z) = A[CO] = Ac2kCOtm f
−np+1 (31)
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f1

(
Qnm f t

)
= Aαi[CO] + L0 (32)

As a result, Equation (31) can be expressed as:

[CO] =

{
f1

(
Qnm f t

)
−L0}

Aαi
(33)

In both assumed cases (parallel and follow-up reactions), CO concentration in exhaust
gases should be linear functions of the net heat of combustion (Qn) of the tested fuels.
Hence, the a parameter: c2kCO in Equation (19) and ( c2kCO

c5kCO2+
1
t
) in Equation (28) should

depend on the coefficient αi, the values of which should be different for compositions of jet
fuel and different kinds of synthetic components and be similar values for the compositions
of jet fuel and the same kind of synthetic components. The a parameter is the product of
parameters, the values of which are fixed for a given fuel, including αi—coefficient of fuels
reactivity related to its combustion. Moreover, in the case where the influence of mf on
[CO] is assessed, the ratio of Qn/αi should be a constant value for different blends.

As shown in Figure 4, in the case of fuels containing HEFA synthetic component,
the value of the a parameter decreases when Qn increases. In the case of fuels containing
ATJ synthetic component, the value of the a parameter increases with the Qn increase.
Both synthetic components increase the net heat of combustion proportionally to their
concentration in the blend (Figure 7). As the outcome of solving Equations (19) and (28)
are related to the data shown on Figures 6 and 7, this suggests that the mechanism of the
influence of synthetic components on the combustion process is different in the case of
blends consisting of HEFA and in the case of blends consisting of ATJ.
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Consequently, it can be concluded that the influence of synthetic components on the
mechanism of the fuel combustion process is different in the case of blends containing HEFA
component and blends containing ATJ. The above demonstrates the usefulness of the reac-
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tivity model in researching complex processes such as fuel combustion. Using the reactivity
model, each parameter of obtained relationships can be interpreted physically/chemically.
In contrast, other currently applied models are based on statistical dependences with all the
recognized consequences, the most important being that statistically obtained parameters
cannot be interpret physically/chemically.

5. Conclusions

In this paper, the application of the reactivity model developed in earlier research
for comparing fuel combustion processes in turbine engines fueled by various synthetic
blends was investigated. The analysis of the combustion process was carried out by means
of a test rig with miniature turbojet engine. Conventional jet fuel and its blends with
synthetic blending components derived from ATJ and HEFA technology were used in the
bench tests.

The experimental data obtained allowed to develop trend lines described by power
functions of the concentration of CO as dependent variable, and the fuel mass flow rate,
mf as independent variable. For each of the tested blends, a power function was obtained
with a different value of parameter a and exponent n. Similar power functions can be
formulated using the general reactivity model. While the parameters of the trend line
cannot be physically interpreted, the quantities occurring in the relationships formulated
on the basis of the reactivity model have a physical meaning. Consequently, the general
reactivity model can be used to study the similarities and differences of various combustion
mechanisms.

For each fuel chemical composition, a specific function was obtained, i.e., that the
values of a and n parameters depend on the fuel chemical composition. Hence, it can be
concluded that the a parameter can be expressed as the function of net heat of combustion
of the tested fuel and that the Qn varies linearly with the change of synthetic components
concentration in the fuel.

The analysis of the relationship between a values in power functions and the net heat
of combustion of the tested blends leads to conclusion that there is different mechanism of
combustion in cases wherein the fuel is the blend of Jet A-1 and HEFA and wherein the
fuel contains a ATJ synthetic component.

The above conclusions require confirmation by increasing of the number of tested
fuels. In the authors’ opinion, Equations (19) and (28) will be useful in further planned
research, including:

• Connection of a and n parameters with the physicochemical properties of tested fuels;
• Connection of a and n parameters with a wider group of engines.
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Nomenclature

aCO the part of LCO in Lby

A
coefficient (constant) for given mechanisms of reaction of fuel combustion
[J·(s/mole)np−1]

A0 sum of chosen components in relationship resulted from the Pascal triangle
(parallel reactions) αi reactivity coefficient of tested fuel

B0
sum of chosen components in relationships resulting from the Pascal triangle
(follow-up reactions)

C
concentration of the synthetic component (%) c1 coefficient determining the
participation of [O2]

np(
x
2 +

y
2 ) in the rate of reaction (1)

c2 coefficient determining the participation of [O2]
np(

x
2 +

y
2 ) in the rate of reaction (2)

c5 coefficient determining the participation of [O2]
np(

x
2 +

y
2 ) in the rate of reaction (5)

[CO]
the number of carbon monoxide moles in 1 kg of exhaust gases; equivalent to the
concentration in the case of a constant mass of gases in the combustion chamber being
assumed (mole)

CO the concentration of CO in exhaust gases (ppm)

[CO2]
the number of carbon dioxide moles in 1 kg of exhaust gases; equivalent to
concentration in the case of a constant mass of gases in the combustion chamber being
assumed (mole)

CO2 the concentration of CO2 in exhaust gases (ppm)
[CxHy] the number of fuel moles (mole)
[CxHy]0 the number of fuel moles at the beginning of the process (mole)
ε energy supplied to reaction zone, other than heat (RT) (J/mole)
e Euler’s number
e0 stream of energy emitted by the solid surface (J/s)
Ea activation energy (J/mole)
k rate constant of reaction that stimulates the observed process
kCO rate constant of fuel combustion to CO [(mole/kg exhaust gases)(1-np)s−1]
kCO2 rate constant of fuel combustion to CO2 [(mole/kg exhaust gases)(1-np)s−1]
L energy supplied from environment to the system (as tested fuel being burnt) (J)
L0 energy supplied from environment to the system (as reference fuel being burnt) (J)

LCO
portion of the energy from the fuel combustion that comes from fuel molecule
oxidation to CO (J)

Lon energy introduced into the system, treated as the sum of LCO2 and LCO (J)
Lby energy generated by the system (J)

LCO2
portion of the energy from the fuel combustion that comes from fuel molecule
oxidation to CO2 (J)

mf fuel mass flow rate (g/s)
np chemical reaction order
Q heat generated during the combustion process (J)
Qn net heat of combustion (MJ/kg)
R gas constant
R2 coefficient of determination
t duration of the combustion process (s)
T average temperature of reaction system (K)
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