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Abstract: Aviation in Europe is required to use fuels containing up to 2 wt. % of sustainable aviation
fuels (SAFs). A better understanding of the impact of SAFs on the combustion process will be helpful
in solving problems that may arise from the widespread use of these kinds of fuels. It was assumed
that the reactivity coefficient «; and the activation energy could be a criteria for assessing the impact of
SAFs on the combustion process. Based on DGEN engine tests, the following activation energy values
of CO, and CO formation reactions were obtained—]Jet A-1: E,co, /R = 3480 and E,co /R = 982; A30:
Eaco,/R = 3705 and E,co/R = 2903; and H30: E,co, /R = 3637 and E,co/R = 2843. These results
indicate differences in the structure of combustion reaction chains involved by the SAF addition to Jet
A-1 fuel. The same conclusion has been formulated on the basis of the reactivity coefficient ;. The
values of maximum cylinder pressure (Pmax) obtained during indicator RCCM (rapid compression
combustion machine) tests correlated with both the activation energy and coefficients of reactivity.
This suggests that the influence of SAF addition to Jet A-1 fuel on the structure of chemical reactions
chain during RCCM tests is similar to the influence during DGEN 380 tests. The assumption stated
above was confirmed. This indicates the possibility of the preliminary forecasting of CO, and CO
emissions from the DGEN 380 engine based on the test at the RCCM stand.

Keywords: sustainable aviation fuel; kinetic of combustion process; complete combustion;

uncomplete combustion

1. Introduction

The increasing pressure on the aviation sector to reduce greenhouse gas emissions
means that the chemical composition of fuels for turbine aircraft engines will change as
a result of the introduction of various sustainable aviation fuels (SAFs) [1,2]. This may
affect the operation of engines and their durability and reliability. As a result, adding
SAFs to fuels should be assessed in terms of the effects on flight safety. Gan et al. [3]
emphasized that safety is the most important condition for using the new fuel. Fuel quality
is known to have a direct impact on flight safety. The quality of aviation fuel is determined
through production, storage, transport and distribution. Fuel quality affects ignition and
re-ignition, flame extinguishment, combustion efficiency and the life of hot tip components,
which under the worst conditions can result in dangerous accidents. All these accidents
may occur as a result of changes in the fuel structure related to the chemical composition
of Jet A-1 fuel and, consequently, as a result of changes in combustion chemistry. There
have been differences between the SAF safety requirements and the ASTM standards due
to differences in the goal of each of the standards. Airworthiness standards focused on

Energies 2024, 17, 5232. https:/ /doi.org/10.3390/en17205232

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en17205232
https://doi.org/10.3390/en17205232
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-5038-811X
https://orcid.org/0000-0002-6678-5950
https://orcid.org/0000-0002-1389-0503
https://orcid.org/0000-0001-7340-635X
https://doi.org/10.3390/en17205232
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17205232?type=check_update&version=1

Energies 2024, 17, 5232

2 of 21

aircraft engines. However, ASTM standards covered fuel properties, and the physicochemi-
cal properties requirements for SAF were limited to those previously specified for Jet-A
or Jet-Al.

The testing algorithm for the approval of the new SAF fuel developed by ASTM assumed
a number of testing stages, including engine testing [4-6]. These tests are long-lasting and
expensive and require the consumption of a relatively large amount of tested fuel [7]. This
situation generated interest in new tests and research methods that would allow for the
selection of new SAFs obtained from new raw materials or using new technologies.

Typical Jet A-1 is a diverse mixture of normal paraffins, isoparaffins, aromatic com-
pounds and cycloparaffins with carbon numbers ranging from C; to Cy3. Most computa-
tional models for aviation fuels have relied on simpler surrogates and chemical mechanisms
developed from experimental data or fit-for-purpose relationships for specific operating
points [7-12]. Yu et al. [12] used the thermophysical model of a real fluid, which was based
on the equation of state, as a way to departure from the ideal gas state in order to obtain
thermodynamic properties and the phase boundary and in general. The aim of their work
was to establish a framework applicable to SAFs in order to assess their performances and
discuss limitations and necessary improvements. Tyliszczak et al. [13] proposed the use of
a real fluid modeling framework built on thermodynamic principles and generalized corre-
lations to characterize sustainable aviation fuels over a wide range of jet engine operating
conditions. They took into account fuel atomization and its evaporation, but they did not
take into account the impact of SAFs on the fuel oxidation reaction in a complex chain of
chemical reactions.

Smooke et al. [14] dealt with the combustion process in gas turbine simulations. The
simulations were performed using a steady flamelet model with chemical mechanisms
with 16 species and 25 elementary reactions [15] and for the GRI-2.11 mechanisms with
49 species and 277 elementary reactions [16]. In their conclusion, the authors noted that the
kinetics of chemical reactions have a large impact on the combustion process and its proper
consideration can bring the modeling results closer to experimental data.

Fuel consumption was the subject of the research of Biatecki [17]. Using statistical
methods, the authors determined the relationship between various physicochemical prop-
erties of fuels and fuel consumption. Their model did not take into account the complexity
of the chemical reaction chains and interactions between fuels/blends components, which
influence fuel consumption. In this context, the technical readiness of aircraft refueling
vehicles was also analyzed [18].

Similar research has been conducted by Mehl et al. [19]. A mathematical model of
the combustion process was developed using regression analysis. The model described
the relationship between the physicochemical properties of fuels and selected parameters
characterizing the operation of a miniature jet engine. This model enabled predicting engine
operating parameters and the emissions characteristics due to the correlation between the
properties of chosen fuels and the operating parameters of a miniature turbine engine.

Gan et al. [3] focused on methodological aspects related to defining general models
aimed at capturing the basic aspects of fuel chemistry. The methodology adopted by the
authors assumed that the research began with an experimental assessment of the oxidation
of the tested fuels in well-characterized conditions. The combustion process was carried
out in a high-temperature flow reactor coupled with a molecular beam mass spectrometer.
This configuration allowed for an in-depth study of the relevant features of combustion
chemistry by simultaneously identifying many intermediates and thus paths in the reaction
chain that determine the course of the process. The proposed kinetic models require the
identification of all important reaction paths controlling fuel combustion and, for each
elementary step, the determination of the temperature- and pressure-dependent reaction
rate. In this way, reaction rate constants, including reverse reactions, could be defined for
reversible elementary steps. To achieve this, it was necessary to:

e  Identify the appropriate reaction intermediates (the number of which determines the
number of equations required to calculate the composition of the system);
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e  Determine the reaction rate for the thousands of parameters it contains, along with the
thermodynamic properties of each species.

Gan et al. [3] pointed to significant discrepancies in modeling and experimental results,
which were caused by the high complexity of the combustion process, even when measured
under controlled reactor conditions.

To summarize the short review of modeling methods presented above, it can be
concluded that work on the development of tools for predicting the impact of SAF on
the operation and reliability of aircraft turbine engines is indeed much needed. The
review showed that these methods were based on the study of the combustion reactions of
surrogate fuels (single hydrocarbons), the identification of several dozen/several hundred
elementary reactions and an attempt to assemble them into a combustion model using
numerical tools. These models were therefore created for relatively low-complex fuels,
burned in controlled and stable conditions.

It should be emphasized that the subjects of research usually included mixtures of
Jet A-1 fuel with SAFs, i.e., fuels containing over a thousand chemical compounds. The
question that the models should help answer is as follows: To what extent does SAFs
change the fuel combustion process under specific engine operating conditions? To make
this possible, the model should take into account, on the one hand, data on the chemical
composition and properties of the fuel, and on the other, critical engine operating param-
eters. The research methods used so far to assess the possibility of using fuel for use in
aviation assume a gradual complexity of the research system range from laboratory tests to
stand modeling the operation of individual engine components, ending with engine tests
in a dynamometer.

The main idea of models described above was to take into account as many elementary
reactions as possible and numerically integrate them into one combustion reaction chain.
These elementary reactions were defined for individual reagents (hydrocarbons) and
were selected based on similarity to the chemical composition of the tested fuel. This
approach made it possible to create a model describing the combustion process that was
highly consistent with the experimental data, but inconsistencies always appear. These
inconsistencies were due to two reasons:

Arbitrary selection of elementary reactions;

The model constructed in this way does not take into account the interactions between
fuel components, which in some cases may change the structure of the reaction chain
and the rate relations of individual elementary reactions.

Another weakness of these models was the poor connection between the fuel combus-
tion reaction and the design and operating conditions of the engine.

Kulczycki et al. [20] previously described the reactivity model o; when applied to
combustion processes.

Chemical reactivity refers to the ability of a chemical substance to undergo various reac-
tions. Chemical reactivity is either treated as a qualitative feature of a substance or element or
as a quantitative feature whose description was derived from the density functional theory.
In the latter case, reactivity was related to the electronic structure of a specific reagent. The
application of this concept was recently observed by Elshakre et al. [21].

The model described by Kulczycki et al. [20] introduced the coefficient of reactivity
;. This parameter is characteristic of any given fuel and is defined as the ratio of the
engine operating parameters (e.g., thrust) to the parameters describing the fuel combustion
kinetics. The basic difference between the models presented above is the assumption that
the entire chain of fuel combustion reactions is treated as one elementary reaction. With this
assumption, measurable quantities such as fuel consumption, temperature in the combus-
tion chamber and the chemical composition of exhaust gases could be treated as quantities
characterizing an elementary reaction with all its consequences. Thanks to this assumption,
the activation energy can be determined using the Arrhenius equation. According to this
equation, for a given elementary reaction, activation energy is a characteristic quantity
with a constant value. It was assumed that if changes in engine operating parameters
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only caused changes in the reaction rates that made up the combustion process, then it is
the same elementary reaction. In the «; reactivity model, the assumed activation energy
was treated as a criterion for the invariability of the fuel combustion reaction chain. This
seemed to be the most important element of the &; model—it was possible to change the
engine’s operating parameters, e.g., fuel mass flow rate, and define a range of values for
this parameter that would not cause changes in the combustion reaction chain, i.e., would
not cause a change in the activation energy value.

Another important consequence was the ability to determine how changing the concen-
tration of a selected fuel component would affect changes in the structure of the combustion
reaction chain.

Activation energy is a quantity strongly assigned to the conditions in which the com-
bustion process takes place. Therefore, it cannot be assigned to any given fuel and treated
as a feature characterizing the fuel itself in various combustion conditions. The reactivity
coefficient o that was introduced into the reactivity model is a quantity that determines
the relationship between engine operating parameters, the value of which results from
fuel combustion (e.g., thrust) and the kinetic characteristics of the combustion reaction
chain. The mathematical assumptions of the reactivity model introduced a limitation:
both the engine operating parameters and the quantities describing the kinetics of the
combustion reaction must be functions of one and the same independent variable (e.g., fuel
mass flow rate). Thanks to this, the reactivity coefficient «; could be assigned to a specific
fuel burned in different conditions (different engines and different engine operating condi-
tions) as long as the structure of the combustion reaction chain remained the same in these
different conditions.

Significance needs to be given to the phrase “the same combustion reactions chain”. In
this application, it was assumed that the same chain meant that the changes in the combus-
tion process conditions or/and fuel chemical structure did not introduce new elementary
reactions but only changed the relations between the rate of elemental reactions. In this
situation, the coefficient of reactivity oy described the property of the fuel, determining
how the change in the rate (kinetic parameters) of combustion reactions caused changes in
the operating parameters of the turbine engine.

The aim of this article was to verify the thesis that the reactivity coefficient oy and
the activation energy (resultant for the entire combustion reactions chain), as described
by Kulczycki et al. [20], can be criteria for assessing the impact of SAFs (of different types
and concentrations) on the combustion process in a RCCM (rapid compression combustion
machine) [22,23] and turbine engine. The thesis was formulated as the «; reactivity model
application enabled the use of the RCCM test results to predict the behavior of the tested
fuel during combustion in turbine engine DGEN 380.

2. Materials and Methods
2.1. Materials

The tested fuels comprised Jet A-1 fossil jet fuels from different batches and blends
with synthetic blending components (SBCs) A and H. These SBCs were approved by ASTM
D7566 [6] to be used in aviation turbine engines. The physicochemical properties of tested
fuels and their requirements according to ASTM D1655 [4] (fossil jet fuel) and ASTM D7566
(fuel blend) are shown in Table 1. All SBCs were approved as all fuel blends met appropriate
standards. The prepared blends consisted of Jet A-1 and 5, 20 and 30 wt. % of two different
SBCs, which are as follows:

Fossil jet fuel from batch No. 1—JetA-1 (A);

Fossil jet fuel from batch No. 2—]JetA-1 (H);

Blend of Jet A-1 (A) with synthetic component A (95:5)—A5;
Blend of Jet A-1 (A) with synthetic component A (80:20)—A20;
Blend of Jet A-1 (A) with synthetic component A (70:30)—A30;
Blend of Jet A-1 (H) with synthetic component H (95:5)—HS5;
Blend of Jet A-1 (A) with synthetic component H (80:20)—H20;
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o Blend of Jet A-1 (A) with synthetic component H (70:30)—H30.

Table 1. Properties of prepared blends.

Property Unit Test Method Requirement  JetA-1(A) A5 A20 A30 JetA-1(H) H5 H20 H30
Density at 15 °C kg/m3 ASTM D4052 [24] 775-840 798 796 790 786 796 791 787 783
Viscosity at —20 °C mm?/s ASTM D2386 [25] max. 8.0 3.40 345 357 3.66 3.25 329 340 347
Calorific value M]/kg ASTM D3338 [26] min. 42.8 43.2 433 434 434 43.3 433 435 436
Content of aromatics % (v/v) ASTM D1319 [27] max. 25 16.7 157 130 113 15.1 143 121 106
Naphthalene content % (v/v) ASTM D1840 [28] max. 3 0.58 055 046 040 0.55 052 044 039
Flashpoint °C ASTM D56 [29] min. 38 50 49 49 49 49 48 46 46

2.2. Methodology

Regarding the main goal of this research, the following research methodology
was adopted:

1.  Each blend was tested in laboratory to determine its physicochemical properties and
confirm that it met standard ASTM D7566 [6] requirements;
2. Two kinds of tests were carried out:

e  Single combustion cycle machine (RCCM);
e  Turbofan engine DGEN 380.

3. Tests conducted on an RCCM used maximum cylinder pressure, Pmax, and maximum
heat release rate, (dQ/dt),,,, as the criteria characterizing fuels behavior during
combustion;

4.  Tests on the DGEN 380 engine (manufacturer: Price Induction, Anglet, France) used
activations energies E,co, and «ico, and additionally E,co and «ico as the criteria
that characterized the complete and incomplete combustion of tested fuels;

5. The relationships between the quantities obtained using the above tests
were determined.

6.  The algorithm is shown in Figure 1.

Laboratory tests according
to ASTM D1655 and
ASTM D7566 requirements

- e = ) e e e e e e === ==
1 I |

{ Py and (dQIdD) =5 Bacon Bacor Gicor Yico

-
-
-
-

—— 1
\ H
. 1
Tests on single 1 -
combustion cvcle Tests on turbofan engine
| y DGEN 380
machine (Rccm)

Figure 1. Schematic diagram of the four-stage methodology for assessing the impact of SAFs on the
operation of turbine aircraft engines [4,6].
In general, the reactivity coefficient «; can be presented as:
o = (L —Lo)/kD, (1)
where L is the work carried out by the system (e.g., by engine proportional to thrust F);

Ly is the reference point, constant for the specific system and group of fuels; k is the constant
rate of reaction that takes place in the system (the chain of reactions are treated as one
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elemental reaction); and D is the change in the internal energy of the system, caused by a
chemical reaction proceeding at a rate appropriate to the unit value of k.

Kulczycki et al. [20] presented a relationship that allowed them, based on the measured
operating parameters of the DGEN 380 engine, to determine the values of the activation
energy of CO, and CO formation and the appropriate reactivity coefficients «ico, and «;co.
The fuel flow rate m; was used as the independent variable, which influenced the values of
other parameters treated as dependent variables. The relationships used in this paper are
presented below.

It can be assumed that L was proportional to the thrust, F, which was linearly depen-
dent on fuel flow:

F = a-m; + F, 2)
where my is the fuel consumption; Fy is the reference thrust value, constant in a given
engine and fuel set; and a is the empirically determined proportionality coefficient.

The work carried out by the system, L, was proportional to the thrust, F, so assuming
that L is related to the unit distance, the (a;-m¢) obtained from Equation (8) is equal
to (L — Lo).

L— LO = ai-my. (3)

Then:
aico, = a1'mg/ (kco, D). 4)
According to the Arrhenius equation

kCOz — A.efEaCOZ /R'T’ (5)

and
(&0, D/a1)-Ae Fac02/ RT) — . ©)

The rate of CO, formation was proportional to fuel flow rate my (corresponding to the
substrate concentration CxHy), as expressed by the following kinetic equation:

d[CO,]/dt = kco, mf [05]4. @)
After integration in the limits <0, t>, the following relationship was obtained:
[CO;] = kco, mF [0]9-t. 8)

Equation (4) can be used to determine the kco, value as the function of the «ico,
coefficient, which, when introduced into Equation (8), gives Equation (9):

[CO,] = (a1-m¢/ aico, D) -mE [O7]9-t. )

In cases where Equation (5) is used, the following equation, describing the relationship
between [CO»] and E,co,, is obtained:

[COy) = A-eFacor/(RT). P[0, 19, (10)

The CO is the final product of the reaction simultaneously to CO, formation or it is a
by-product for follow-up Reactions (7) and (8):

X ¥ y
CH, + (2 + 4)02 — x[CO] + ZH;0, (11)
1
CO+ 50, = CO,. (12)

Then:
[CO] = {Czkco- [1 + et} /et-C5kCO2}-m?, (13)
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x4y . .
where ¢ is the coefficient determining the participation of [Oz]np(2+2) in the reaction

rate (11) and cs5 is the coefficient determining the participation of [02]np(§+%)
reaction rate (12).
When CO is the intermediate product of fuel oxidation to CO,, Equation (13) can be

expressed as follows:

in the

E
In[CO] = Incco + (1/Ty) (—Ef}go + aEOZ) +nInmy, (14)

where cco = cp[1+e']/e'-cs. The Eyco = (Eaco,, + Eaco,) /R values were determined
based on the experimentally determined relationship of [CO] vs. 1/Ty, and Eaco,, was
calculated as (EaCOCh + EaCOZ) /R. The values of E,co,, /RT4 were used to determine the

values of O‘iCO'DCO'ACO~
% =In o‘iCO'DCO'ACO — nl-ln(a-mf). (15)

4

It has been assumed that the reaction chains, which occur during combustion processes
in the RCCM and the DGEN 380 engine, were similar. This assumption allowed for the
establishment of relationships between the parameters quantitatively characterizing the
combustion processes of the fuels tested in the RCCM and the DGEN 380 engine. Conse-
quently, the relationship between RCCM criteria Pyax and (dQ/dt),, ., and the variables
characterizing the combustion process for different fuels in DGEN engine should be deter-
mined. Ultimately, in this case, where the relationships between Ppax and (dQ/dt), ., on the
one hand and E,co,, ®ico,, Eaco and &;co on the other hand can be determined, the RCCM
tests can be used to predict the influence of SAFs on the combustion process, including CO,

and CO emissions from a turbine engine based on Equations (9), (10), (14) and (15).

2.3. Experimental Methods
In this research, two kinds of test setups were used:

e  Rapid compression combustion machine;
DGEN 380 turbofan.

Indicator tests were performed using a rapid compression combustion machine. This
singe-cycle machine was used to analyze the injection [30,31] and combustion processes [32-36],
because it allows a reduction in costs and an increase in the intensity of research work
compared to the use of transparent engines. Tests using a single-cycle machine were
performed with a view to adapting the obtained results to combustion engine use.

Studies using the RCCM system were used for the initial verification of the combustion
process. They only indicated the directions of changes in the pre-flame processes and the
combustion process and the differences in fuel combustion. Such studies were not possible
on a turbojet engine. For this reason, a RCCM was used to analyze the so-called basic
aspects of the combustion process. Not only were the results analyzed but also the whole
combustion process.

The RCCM (Table 2, Figure 2a) was fitted with the measurement-actuation equipment.
The components of the equipment were coupled together through the HSD Sequencer C711
with a pre-programmed sequence of actions (activation of electromagnetic valves) in the
controlling computer. The measurement signals from two AVL IndiModul 621 (Figure 2b)
modules were subject to acquisition using the AVL IndiCom ver. 2.3 software (Concerto
5by AVL).

The tracking of the fast-varying quantities was performed, and they were stored using
the AVL IndiModul 621 (by AVL, Graz, Austria) at an acquisition frequency of 1 kHz
(cylinder pressure—20 kHz). The TTL controlling signals were connected to the 12 V or
24 V transformers (direct or alternating voltage). The device allowed the controlling of the
electromagnetic valve manually or by using the TTL signals. Manual control enabled the
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RCCM to be reset to its initial settings in order to ensure the maximum piston displacement

and to fill the combustion chamber with fresh air.

Table 2. Technical specifications of the RCCM.

Quantity Value

Cylinder displacement 89 mm
Cylinder bore 80 mm
Cylinder volume 444 cm®
Combustion chamber volume 55 cm?

Air feed
Outlet
Piston drive
Compression ratio
Type of combustion chamber
Piston deceleration method
Piston velocity
Piston sealing
Optical access
Fuel injection

Electromagnetic valves
Electromagnetic valves

Pneumatic
14

Semi-spherical chamber inside the cylinder head + in-cylinder chamber

Pneumatic
1-3 m/s, depending on the air pressure under the piston

Piston rings, PTFE sealing
Quartz glass $48 x 50 mm, located below the piston combustion chamber

Direct, multiple

(a)

(b)

Figure 2. Rapid compression combustion machine: (a) stand view; (b) diagram of the complete
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RCCM system (arrows indicate the direction of information flow).
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Engine tests were carried out using a DGEN 380 engine manufactured by Price
Induction [37]. It was a turbofan engine that produced 255 daN thrust while maintain-
ing low emissions and fuel consumption. The tests were carried out in a wide range of
rotational speeds, which were regulated by adjusting the fuel mass flow (m¢). During the
tests, the measurement of thrust (F) and the temperature in the combustion chamber (T4)
was carried out as well as the measurement of the concentrations of CO; and CO in the
exhaust gases.

The concentration of CO, and CO in exhaust gases was measured using the Semtech
DS analyzer (the accuracies of CO; and CO were <2% during the reading and <0.3% at the
full scale) through a probe which maintained a temperature of 191 °C. The test procedure
and emission measurements are presented in detail in [38].

3. Results
3.1. Assessment of Combustion Process Based on Indicator Tests

The combustion process assessment began with the pressure change analysis in the
cylinder. Despite the previous demonstration of similarities in pressure patterns, all com-
bustion processes of various fuels were compared (overlaid) (Figure 3). The analysis of
the curves revealed differences in the processes that occurred during the combustion of
different fuels. The conditions of the compression process similarities were maintained
because this curve was close to repeatable. Small fluctuations resulted from the starting
conditions of the piston movement (the same value of the beginning of forcing the piston
movement was maintained at a pressure of 27 + 0.1 bar). In Figure 3, the horizontal axis
indicates the process duration. The duration of a single combustion cycle itself can be
determined based on the difference between the final and initial times. In the RCCM
system, there was no typical crank system and the reference basis was time, not the angle
of rotation of the crankshaft.

50 1 Time  Poyl  Royl  Reyl  Royl

45 | ms bar bar bar bar
6887.600 39.497

40 6895;..48%% \43 9? 45.511 45.849
1) \\ \
%7 \ \\\ /
E % Angle Pmax change | Pmax values |
T 20- | | / Reference

: /
° _~ ] S~

] I |

_5_
6810 6820 6830 6840 6850 6860 6870 6880 6890 6900 6910 6920 6930 6940 6950 6960
Time [ms]

~

Figure 3. Assessment of changes in the pressure course in the cylinder in terms of comparisons of the
combustion processes.

The maximum pressure Ppax was chosen as the criteria for the influence of a given
type of SAF on the combustion process. The values of Pmax are presented in Table 3.

Table 3. The results of the RCCM test.

Fuel Pmax [bar] (dQ/dt),... [J/ms]
Jet A-1 (A) 43.97 390
A30 45.85 410

H30 45.51 400
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The fuel combustion process led to specific changes in heat release (heat release
rate—dQ/dt), which was determined based on the simplified relationship [39,40]:

dQ _ k <Pn+l + Pn 1 (Vn-i-l + Vn

a = k—1 2 ) (Vn+1 - Vn) + k—1 2 ) (Pn—l-l - Pn)/ (16)

in which the average value of the polytropic exponent k = 1.32 was assumed, and the
indices n and n + 1 denote the current and next value of pressure in the cylinder (P) or the
corresponding cylinder volume (V).

Due to the low fuel dose value injected into the cylinder, the changes in the heat release
were close to the changes observed for the pressure in the maximum range (Figure 4).
Similarly to the changes in the in-cylinder pressure, early heat release was observed when
burning the reference fuel. The value of 440 J/ms was obtained, which was the highest
value for the combustion of the investigated fuels. The combustion of other fuels resulted
in an increased delay of the autoignition, and thus in a delayed heat release. The maximum
values of dQ/dt were approximately 400 J/ms and occurred approximately 6.8 ms later.

600
500
400 | Reference
300
_. 200
£
= 100
'UI O | ‘
g -
© _100- Negative values of dQ: || /
1. Small fuel dose
—200 | 2. Heat dissipation to the walls a
3. Advantage of work produced
—~300 - in oversupply ||
—400 | =1 <%
deltat=6.87 ms
—500 - J 1 1 I
6800 6840 6880 6920
Time [ms]

Figure 4. Analysis of the course of heat release during the combustion of the tested fuels.

In the tests using RCCM, the quality of combustion was determined instead of the
combustion time. The combustion time can be defined as the difference in the time when
90% of heat was released and when 10% of heat was released (Q90-Q10). To achieve this,
it would be necessary to integrate the functions from Figure 4. As can be noted from the
figure, these times were very similar. However, the quality of combustion (maximum heat
release rate) was determined previously, as shown in Table 2. The heat release rate was the
highest when burning A30 fuel, which was also confirmed by the maximum value of the
cylinder pressure. It follows that the combustion of A30 fuel was thus the fastest. This is of
great importance in high-speed piston and turbine engines.

Identifying the start of combustion based on Figure 4 was difficult. It is usually defined
as the point when 10% of the total amount of released heat is reached. It can be seen that
the combustion rate of the tested fuels was slower than that of the reference fuels. If the
beginning of combustion is assumed to occur at t = 6840 ms, then for 20 ms of the process,
the combustion time was completely similar. In the next part of the process, there were
changes in combustion; however, a full analysis is only possible using optical tests, for
instance, by using a camera. Such tests were not conducted in the scope of this article.



Energies 2024, 17, 5232

11 of 21

3.2. DGEN 380 Tests Results
The blends containing SBCs A and H were tested on the stand equipped with a DGEN
380 engine. The following parameters were measured during each test:

Thrust;

Fuel flow;

Temperature in the combustion chamber;
Carbon oxide concentration in exhaust gases.

The results obtained during engine tests were presented in detail in a previous ar-
ticle [38]. This paper focuses on the data useful for the calculations of activation energy
E, and the coefficient of reactivity «; as well as for the determination of the relationships
between CO; and CO and Ppax.

The relationships between thrust and fuel flow are presented in Figure 5.

@®Jet ®5H ®20H ® 30H @0 @5 920 030
120 120
100 2 100 ?
g 80 - § 80
w o
60 60
£ 40 'E 40 ¢
20 : DGEN H 20 " DGEN A
0 ; 0
0 10 20 30 40 0 10 20 30 40
m¢ [g/s] m¢ [g/s]
(a) (b)

Figure 5. The relationships between thrust F and fuel flow m; for blends containing SBC H (a) and
SBC A (b)—tests on the DGEN 380 engine.

As shown in Figure 5, the thrust force had a linear relationship with the fuel mass
flow rate m;. The parameters of the empirically obtained relationships were different for
the individual mixtures tested. Table 4 presents the empirically obtained parameters that
were further used to determine the activation energy values of E,co, /R, Eaco/R, aico,
and XiCO-

Table 4. The parameters of Equation (7) in the DGEN 380 engine.

Fuel a Lo Equation

HO 3.61 13.28 F=3.61 m; — 13.28
H5 3.66 13.68 F =3.66 m; — 13.68
H20 3.62 13.22 F=3.62m¢ — 13.22
H30 3.56 13.27 F=3.56 m¢ — 13.27
A0 3.40 12.02 F =3.40 m; — 12.02
A5 3.43 12.77 F=343m¢ — 12.77
A20 3.41 12.63 F=3.41m¢ — 12.63
A30 3.52 14.33 F=3.52m; — 14.33

Figure 6 presents the relationships described by Equation (6), which were used to
determine the E,co,/R and «ico,Aco, D values related to combustion process in the
DGEN 380 engine.

The relationships presented in Figure 6 allowed us to determine the exponential func-
tions of the fuel mass flow rate on the inverse of the temperature in the combustion chamber
of the DGEN 380 engine. It was assumed that the empirical relationships in Figure 6 could
be described by Equation (6) and on this basis, the E,co, /R and (cxico2 -Aco, D/a) values
were determined for the tested mixtures. The obtained values are summarized in Table 5.
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Figure 6. The relationships between fuel flow m; and 1/T4 for blends containing: (a) SBCa H;
(b) SBCa A (tests on the DGEN 380 engine).

Table 5. The values of the coefficient of reactivity «; and the energy of activation E,co, obtained for
the DGEN 380 engine tests.

Fuel «jco,'Aco,'D/a  oico,"Aco,’ D &ico,saF/ico,jer Eaco,/R Eaco,sar/Eaco,jer
A0 450.46 1535 1.00 3480 1.00
A5 583.94 1560 1.02 3525 1.01
A20 498.16 1504 0.98 3556 1.01
A30 532.23 1878 1.22 3705 1.07
HO 451.42 2684 1.00 3441 1.00
H5 45495 2811 1.05 3698 1.07
H20 441.16 2851 1.06 3553 1.03
H30 533.44 3249 1.21 3637 1.06

Table 5 also presents the values of (ocicoz-AcozD) and &;0,s5AF/ %i0,JET (it was as-
sumed that the Ay and D values were the same for the tested mixtures) as well as
Eaco,saF/ Eaco,jET- All quantities presented are used in the discussion of the results.

Similar measurements were carried out for CO emissions. Assuming that CO is an
intermediate product in the chain of fuel oxidation to CO; the following dependence could
be used to describe the relationship between CO and (—E g + Eaco,an) /R

The empirical, exponential relationships presented in Figure 7 can be described by
Equation (14). The values (—E, o+ EaCOZCh) /R determined in this way were used to
calculate the E,co/R value for each of the tested fuels.

® A0 ®A30 ®HO ®H30
0.030
DGEN A - 0.025 | |DGENH X
o ..-;T,A"-."-I
p ¥ 0020 s~ 9
Z 0015 |
S
0.010
0.005 ‘/.A/(“
0.000
00009 00011  0.0013 0.0007 00009 00011  0.0013
1/T, [1/K] 1/T4 [1/K]
(a) (b)

Figure 7. The relationships between CO concentration in exhaust gases and inverted temperature in
the combustion chamber of the DGEN 380 engine: (a) for SBCa H; (b) for SBCa A.
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The parameter values of functions shown in Figure 8 and E,co, are shown in Table 6.

®A0 ®A30 ®HO ®H30
- <
L5 DGEN A L3 —.o o DGENH
= = ——
3 2 < 2
"y 1 *H‘.\_. "y 1
0 0 90—9—o—¢ e
3.5 4.0 4.5 5.0 5.5 3.0 3.5 4.0 4.5 5.0
In (a-my) In (a-my)
() (b)
Figure 8. The relationships between E,co/RTy and In(a-my) for fuels A0, A30, HO and H30 tested on
the DGEN 380 engine: (a) for SBCa H; (b) for SBCa A.
Table 6. Empirically obtained values of the parameters of function for the tested fuel blends.
Fuel R? (—Eaco+Eaco,cn)/R - Eaco/R {ca-[1+et]/et-c5}-mp
AQ 0.7411 2459 982 0.0017
A30 0.8064 734 2903 0.0122
HO 0.8244 3259 258 0.0002
H30 0.7992 905 2843 0.0084
Table 6 additionally included the R? value for the empirically obtained relationships
presented in Figure 7. As can be seen, the R? value was lower than that obtained for the
relationships of the complete combustion process (to CO,). This resulted from a more
complex mechanism of CO formation and was consistent with the assumption that CO
was an intermediate product in the CO; formation chain. The calculated E,co/R values
presented in Table 6 were used to determine the relationship between E,co/RT4 and
In(a-my). These relationships are shown in Figure 9.
3750 3750
3700 ||y=114.24x-1546 o) 3700 ||V =11.25x-892.67
R? = 0.9836 R* =0.9504
< 3650 3 =G B
8 3600 8 3600
* 3550 * 3550
3500 3500
]
3450 3450
435 44 445 45 455 46 385 390 395 400 405 410 415
Pmax [bar] (dQ/dt)max
(a) (b)

Figure 9. The relationships between E,co, /R determined for the DGEN tests results: (a) Pmax and
(b) (dQ/dt),,,, in RCCM single combustion cycle machine.

The o;co-Dco-Aco values for the A0, A30, HO and H30 blends were determined based
on Equation (11). The results are shown in Figure 8 and in Table 6.

For the tested fuels, linear relationships between E,co/RT4 and In(a-my) were ob-
tained, and the impact of the fuel mass flow rate m¢ on the E,co/RT4 value was different
for each of the tested fuels. This indicated that the chemical structure of the fuel had a much
greater impact on the combustion chemistry than on the final energetic effect in the form
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of engine thrust (the relationships between thrust and m¢ were very similar for all fuels
tested). The empirical relationships presented in Figure 8 made it possible to determine the
values of In(a;-o-Dco-Aco) for the tested fuels using Equation (15). The obtained results
are presented in Table 7.

Table 7. The values of In(ot;co-Dco-Aco) for tested fuels.

Fuel In(ctjco Do Aco) n
A0 2.29 0.29
A30 6.44 0.79
HO 0.49 0.06
H30 5.83 0.76

The results presented in Table 6 indicate a significant impact of SBCs on the reactivity
coefficient of fuels related to the formation of CO. This effect was similar for mixtures
containing components A and H—the In(ot;co-Dco-Aco) values for both mixtures were
similar and significantly different from the values obtained for A-1 jet fuels.

4. Discussion
4.1. The Relationships Between Parameters Determined During DGEN Engine Tests (E,co,, Eaco,
aico, and ajco) and the Pyay and (dQ/dt),,,. Determined During RCCM Tests

Defining the influence of SAF on the combustion process in a turbine engine required
a reliance on simpler preliminary tests. This made it possible to select various new fuel
candidates for future, more complex research.

The results presented above were used to tentatively answer the following questions:

max

e  Are the activation energy E, and coefficient of reactivity «; parameters quantitatively
describing the influence of SAF on the combustion process in various engines, includ-
ing RCCM tests?

e Isthe quantitative relationship between E, and «; determined in fuels containing SAFs
burned in different engines?

e  Can the RCCM be used to predict E, and «; for given fuels containing SAFs in various
turbine engines?

To solve the problem of how the SAFs of a given chemical structure change the
combustion process in relation to conventional Jet A-1 fuel, the ratios of E, to «; determined
for both blends containing SAFs and for fossil Jet A-1 fuel were analyzed. Below (in
Figures 9-12) the influence of SAFs of different chemical structures on the value of E;co,
(activation energy determined for the chemical chain of complete combustion to CO;) and
reactivity coefficients in a chain of reactions ending in the production of CO and CO,
was shown.

1.3
y =0.123x— 4.4033
R? =0.9831 § 1.2
£ 11
<
]
o
& 10
y =-0.001x*+0.811x— 163.19
0.9 R =1
43 44 45 46 380 390 400 410 420
Pmax [bar] (dQ/dt)ay [I/ms]
(a) (b)

Figure 10. The relationship between &;co,sar/ ®ico,jeT determined for the DGEN tests results:
(@) Pmax and (b) (dQ/dt),,,, during RCCM tests.
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Figure 11. The relationship between ocosar/ ®icojer determined for the DGEN tests results:
(@) Pmax and (b) 1/(dQ/dt),,,, during RCCM tests.
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Figure 12. The relationship between (a) CO, (red color—no physical value) and (b) CO concentration
in exhaust gases during DGEN test—m; = 50 dm? /h.

The observed linear relationships between E,co,, ®ico,sar/io,er and
In(ico-Dco-Aco)pgen With Pmax in the results indicated the similarity of the combustion
reaction chains in the DGEN 380 engine and in the RCCM stand.

4.2. The Possibility of Predicting the COp and CO Concentration in Exhaust Gases Using RCCM
Test Results

The above results (Figures 9, 10 and 12) indicated the linear relationships in the cases
where Ppax was used as the result of RCCM tests. These were the reasons that P, was
chosen to predict CO, and CO concentration in exhaust gases emitted during DGEN
engine tests.

Equations (9), (10), (14) and (15) use the fuel flow rate m¢ as the independent variable.
This variable, like reactivity coefficient o; and activation energy E,, was not dependent on
my¢. On the other hand, the concentrations of CO, and CO in exhaust gases did depend
on my. The prediction of CO, and CO concentrations in exhaust gases based on RCCM
test results would be possible for assumed values of m;. To verify this claim, the m¢ = 50,
90 and 150 dm?/h values were chosen. The obtained results are shown in Figures 12-15.
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Figure 13. The relationship between (a) CO, (red color—no physical value) and (b) CO concentration
in exhaust gases during the DGEN test—m; = 90 dm?/h.
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Figure 14. The relationship between (a) CO, and (b) CO concentration in exhaust gases during
DGEN test—my; = 150 dm3 /h.
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Figure 15. The relationship between parameters: (a) a; (b) b and (c) c and the fuel flow rate my.

The demonstrated correlations between CO and CO; in relation to combustion pres-
sure did not indicate typical trends in the changes in these components. However, this
article only made an attempt to create analytical procedures in this aspect. Increasing the
number of data points would make it possible to obtain a more typical trend of these two
exhaust components (i.e., inversely proportional CO, concentration to CO concentration in
exhaust gases).
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The following empirical relationships were found:
C02 - a-PIZnaX + b'Pmax + C/ (17)
CO = a1~PmaX + bl- (18)
The parameters a, b, ¢, a; and b; (Figure 16) were found to be functions of m;.
110 I 4800 ]
= _ =0.1397x*-33.103x + 6008
105 \y—0.0032x2 ZO.7647x+138.16 4600 y X iy X+
R*=1 =
= 100 = 4400
95 4200
90 4000
0 50 100 150 200 0 50 100 150 200
mg [I/h] mg [1/h]
(a) (b)
Figure 16. The relationship between parameter (a) a; and fuel flow rate m¢ and (b) b; and fuel flow
rate my.
Consequently Equation (17) could be expressed as a function of Pax and my.
CO; = (—0.0029-m; + 0.7685)~PIZnaX + (0.2627-m¢ — 68.803) -Prax + (—5.9258-m¢ + 1542.2). (19)

a; = 0.0032:m? — 0.7647-m; + 138.16
by = 0.1397-m? — 33.103-m;¢ -+ 6008

Equation (18) can also be expressed as:

CO = (0.0032~m% —0.7647-m; + 138.16) Prnax -+ (0.1397-m§ ~33.103-m; + 6008). (20)

The empirically obtained relationships indicate that parameters of Equations (17) and (18)
are functions of the fuel flow rate m;. These functions were obtained for the mineral Jet A-1
fuel and its blends with the SAF components A and H.

4.3. The Accuracy of the Obtained Model

Modeling the fuel combustion process in turbine engines is a tool for predicting
the changes in this process under various engine operating conditions, as well as when
powered by different fuels. The recent introduction of SAFs into aviation has generated
particular interest in modeling the effect of the chemical composition and properties of
fuels on the combustion process. Two directions of such investigations were observed:

e  Statistical (correlation) models;
e  Models based on basic functions describing the chemical reactions that make up the
combustion process.

The first group—statistical models—require a large database, and their accuracy can
be increased by using, for example, neural networks. However, the parameters of the
relationships obtained in this way cannot be physically interpreted, and their values will
change with the growth of the database. An example is also the relationships presented
in Section 4.2. The accuracy of statistical models applied to the composition of exhaust
gases emitted by turbine engines was typically not sufficient. The main reason for this
was because of the relatively low repeatability, and even less reproducibility, of exhaust
gas composition measurements. The causes were not precisely determined, but many
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studies show that the causes could due to the inhomogeneity of the exhaust gas stream
and the variability of the properties of the air drawn in by the engine. It should be noted,
however, that regardless of the indicated disadvantages of statistical models, they are very
useful for predicting the fuel combustion process in aircraft turbine engines. They allow for
the prediction of the effects of physicochemical properties of fuels during the combustion
process in turbine engines [17] as well as for the prediction of the effects of fuel quality on
the emissions of exhaust components.

The second group consists of models based on the fundamental principles of the structure of
matter. An example of this is neural network-based molecular dynamics simulation [41]. These
models use several databases and describe a chain of reactions consisting of several hundred
elementary reactions. For a chemically simple fuel, such as methane, 798 elementary
reactions were identified. This clearly indicates significant limitations in the use of this
group of models in relation to the combustion of chemically complex fuels, such as the
mineral fuel Jet A-1 (consisting of about 1000 chemical compounds) and its mixtures with
SAF components.

As was shown in the introduction, the reactivity model o assumed that the combustion
process consisted of one elemental reaction: fuel — exhaust gases. Due to this assumption,
the operating parameters of the engine, such as fuel flow m¢, temperature in combustion
chamber and the concentration of the combustion products in exhaust gases, can be applied
to a kinetic equation, and the activation energy E,, related to this assumed elemental
reaction can thus be determined. When another operating parameter—thrust F—is used,
the reactivity coefficient &; can be determined. Both the activation energy E, and the
coefficient of reactivity oy characterize the behavior of fuel during combustion. When
approaching the problem of how SAF components influence the combustion process, the
fuels containing various SAFs are treated as various substrates—i.e., the “fuel” in the
assumed elemental reaction. For each fuel, the E; and «; can be determined and assigned
to the given fuel. The comparison of the values of these parameters obtained for Jet A-1
fuel and mixtures containing BSCs makes it possible to assess the impact of BSCs on the
combustion process and minimize the effect of low measurement repeatability.

If the structure of a fuel combustion chemical reaction chain is similar in different
devices (as assumed for the «; reactivity model), then the E, and «; values determined for
one device (e.g., DGEN 380 engine) can be correlated with the values which characterize
the combustion process in the second device (e.g., RCCM).

Based on the assumption of the reactivity model, the reactivity coefficient o; and
the activation energy assigned to the entire combustion reaction chain are treated as fea-
tures of the fuel. These features characterize the fuel undergoing combustion reactions. If
the combustion reaction chains in different devices are similar or the same, then o; and
E, determined for one device characterize the fuel’s behavior during combustion in the
second device. Consequently, the fuel combustion model built on the basis of test results
in one device can be used to describe the combustion process in another device. Model
verification, consisting of checking the consistency of the measured values with the pre-
dicted ones, allows conclusions to be drawn regarding the similarity of the combustion
chemical reaction chains. The procedure does not allow for determining of individual
chain reactions, but it does allow for the assessment of the behavior of the new fuel (SAF)
in turbine engines, and the similarity of the reaction chains, e.g., in relation to Jet A-1
fuel, allows for the assessment of the extent to which the addition of the SAF component
changes/disturbs the combustion reaction chain.

Hence, based on Figures 10-12, through Pmax determined on RCCM, it becomes
possible to predict the values of E; and oy for DGEN. This in turn allows for the prediction
of the SAF influence on the combustion process, including on CO, and CO concentrations
in exhaust gases. Of course, the relationships presented in this article require verification
using a much larger database.
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5. Conclusions

The results shown in this article indicate that SAFs added to the jet fuel change the
combustion process, i.e., they change the relationships between the rates of elemental
reactions in the chemical reaction chain. These changes depend on the chemical structure
of the SAF component and its concentration in the mixture with Jet A-1 fuel.

The tests using RCCM indicated differences in the combustion of the analyzed fuels
and their additives. The results of the analyses from both stand tests confirm that the
highest efficiency was observed for the A30 fuel.

The obtained results of the DGEN 380 tests made it possible to determine the activation
energy E, assigned to the combustion reaction chain of CO; and CO. The values of activa-
tion energy E,co, /R determined for Jet A-1 and blends containing A and H components in
concentrations of 5, 20 and 30 wt. % are shown in Table 4. The activation energy values
assigned to the reactions chain leading to CO formation E,co were determined for Jet A-1,
A30 and H30 blends. The following values were obtained:

e Jet A-1: EaC02 /R = 3480; E,co/R = 982;
e A30: Eyco,/R = 3705; Exco/R = 2903;
e H30: E;co,/R = 3637; E;co/R = 2843.

The significantly different values obtained for each blend indicate differences in the
structure of combustion reaction chains due to SAF addition to Jet A-1 fuel.

The same conclusions could be formulated by comparing values of the fuel reactivity
coefficient o; determined in the tested blends.

o JetA-1: (xiCOz'ACOQ‘D = 1535; ln(“iCO'DCO'ACO) =2.29;
A30: ‘XiCOZ'ACOZ'D = 1878; ln(‘XiCO'DCO'ACO) = 6.44;
H30: O‘iCOZ'ACOQ'D = 3249; ln(o‘jCO'DCO'ACO) = 5.83.

The values of Pmax obtained during indicator RCCM tests for Jet A-1, A30 and H30
blends correlated with both the activation energy and coefficients of reactivity. This suggests
that the influence of SAF addition to Jet A-1 fuel on the structures of chemical reaction
chains during RCCM tests was similar to that seen in DGEN 380 tests.

Based on these results, it was possible to determine the relationships between CO;
and CO concentrations in exhaust gases emitted by the DGEN 380 engine and the Ppax
determined during RCCM tests. This indicated the possibility of the preliminary prediction
of CO; and CO emissions from the DGEN 380 engine based on the test performed at the
RCCM stand. The parameters of these relationships were dependent on fuel flow rate mg.
As the result, the Equations (19) and (20) were formulated, which can be used to predict the
CO; and CO concentrations in exhaust gases emitted during DGEN tests using the Ppax
determined from the RCCM tests.

The thesis that the application of the «; reactivity model to the combustion process
description enables the RCCM tests results to be used to predict the behavior of the
tested fuel during combustion in the turbine engine DGEN 380 was thus confirmed. The
relationships described in this paper should be confirmed for other components approved
for aviation and for other turbine engines. In addition, the test results presented here
should be confirmed by testing a larger number of SAFs and testing should be extended to
turbine engines other than the DEGN 380.

Author Contributions: Conceptualization, A K., T.B., A.L., ]. M. and L.P; methodology, AK., T.B., ].M.
and LP; software, AK,, T.B., A.L, ] M. and LP; validation, A K, T.B., ].M. and L.P; formal analysis,
A K, TB., ] M. and L.P; investigation, A K., T.B., AL, ].M. and L.P; resources, AK., T.B., AL, ] M.
and L.P; data curation, A.K,, T.B., ].M. and LP; writing—original draft preparation, A.K., T.B., ].M.
and I.P.; writing—review and editing, A.K., T.B., ].M. and L.P; visualization, A K., T.B., ].M. and L.P.;
supervision, A.K., T.B., ].M. and LP.; project administration, A.K., T.B., A.L., ].M. and L.P; funding
acquisition, AK., T.B., A.L., ].M. and LP. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.



Energies 2024, 17, 5232 20 of 21

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following symbols and abbreviations are used in this manuscript:

oG reactivity coefficient

Ea activation energy

BSC blending synthetic component

CO carbon monoxide

CO, carbon dioxide

F thrust

mg¢ fuel flow

Prmax maximum cylinder pressure obtained in RCCM during tests
RCCM  rapid compression combustion machine
SAF sustainable aviation fuel

Ty temperature in combustion chamber
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