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ABSTRACT

The use of Sustainable Aviation Fuels (SAFs) impacts the operability limits of aviation gas
turbines. The difference in behavior compared to conventional jet fuel is either attributed to
the fuel physical or chemical properties. Therefore, new faithful fuel models are required to
recover the fuel behavior in numerical simulations. In this work, fuel models reproducing a
SAF obtained with the Hydroprocessed Esters and Fatty Acids (HEFA) conversion process
are derived to be used in Large Eddy Simulation. They rely on a multi-component surrogate
and an Analytically Reduced Chemistry (ARC) mechanism to be sensitive to variations in
fuel physical and chemical properties. Two surrogates with different volatilities are combined
with two ARC mechanisms containing either only high-temperature or both low- and high-
temperature chemistry pathways. To investigate the difference in behavior, the 4 possible
combinations for the fuel model are compared in the simulation of a swirl-stabilized spray
academic burner, showing features relevant to current aviation engine combustors. For stable
operating conditions, the flames obtained for the 4 cases have a comparable behavior showing
marginal differences that can be attributed to the variations in volatility or reactivity. More
differences can be observed at a leaner equivalence ratio near blow-out as the cases with only
high-temperature chemistry pathways fail to sustain a flame while the operating condition is
experimentally stable. This was attributed to a too low heat release rate in the stabilization
zone where, without sufficient compensation, heat losses ultimately induced a decrease in
temperature detrimental for the flame stabilization.
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INTRODUCTION

The aviation sector is required to lower its greenhouse gas emissions towards the 2050 hori-
zon". One approach to reach this goal is to substitute conventional jet fuels with alternative
fuels®. Significant efforts have been made to certify conversion pathways for Sustainable
Aviation Fuel (SAF) production that can replace partially jet fuels in today’s engine architec-
ture. As of July 2023, 11 conversion processes have been approved while 11 other conversion
processes are still under evaluation®. Hydroprocessed esters and fatty acids (HEFA) con-
version process is one of the most mature pathways and leads to an important reduction in
carbon emissions ®?). The certification of SAF through the ASTM D4054 remains expensive
as it involves important fuel volume for direct testing™®. Three figures of merit are particu-
larly tested during the fuel approval process as they were identified critical for safety: lean
blow-out (LBO), altitude relight, and cold start. LBO was shown experimentally to be sen-
sitive to physical properties (such as volatility) and chemical properties (such as autoignition
propensity) depending on the configuration and the operating conditions ®-%7. Therefore, a
need of faithful fuel models arises for numerical simulations as high-fidelity simulations may
reduce the cost of SAF certification process by helping select the fuel candidate with adequate
properties.

Most early numerical works regarding aviation fuels relied on a simple fuel modeling strat-
egy consisting of a mono-component surrogate and a globally-fitted kinetic scheme, such as
a 4-step mechanism for a pseudo-species C12H23 39 or a 2-step mechanism for a pseudo-
species CIOH20%1D However, the simplicity of these models limits their application when
investigating the behavior of SAFs in combustion chambers, as mono-component surrogates
are similar for SAFs and conventional jet fuels. Therefore, more complex fuel models were
introduced to take into account the fuel sensitivity in simulations. First, more representa-
tive surrogates for Jet A and SAFs were developed '>!>!4 Multi-component surrogates can
reproduce preferential vaporization effects that affect the flame structure '>'%). These more
complex surrogates then call for more complex chemical kinetics. Detailed kinetic mecha-
nisms ") have existed for a long time in the literature but the number of species they contain
together with their stiff characteristic chemical times have prevented their use in simulations.
Reduction techniques to obtain smaller but representative mechanisms have been therefore
developed and permitted the study of fuel behavior with real chemistry effects in Large Eddy
Simulations (LES) !'%!18).

The efforts towards more representative fuel modeling have led to new investigations show-
ing fuel effects on the stable flame structure. In the context of the American National Jet Fuel
Combustion Program (NJFCP)®, Pignatelli et al.'” showed that marginal differences be-
tween two alternative jet fuels appear in the combustion behavior. Akerblom et al.?? linked
differences in spray penetration depths with fuel volatility. Soriano et al. " identified dif-
ferences in flame stabilization dynamics with faster local re-ignition for Jet A compared to
a SAF (Alcohol-to-Jet sample). A similar effort was performed in Europe with the H2020
JET Fuel SCREENing and Optimization (JETSCREEN) project®?. Eckel et al.®® studied
the conventional jet fuel spray flame structure with a multi-component vaporization model
and reduced chemistry modeling, showing the benefits of finite rate chemistry inclusion in
LES. Multi-component surrogates and reduced chemistry were also used to investigate dif-
ferences in flame structure, showing differences in combustion regime due to differences in

* https://www.icao.int/environmental-protection/GFA AF/Pages/Conversion-processes.aspx
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volatility 1524,

More complex fuel effects exist, on the pollutant formation or burner operability, that real-
istic fuel models are able to describe. The PAH growth chemistry pathways, relevant for soot
formation, were included in reduced mechanisms to study the behavior of conventional jet
fuel %27 and alternative jet fuels ?”. From the operability perspective, the fuel impact on the
LBO limit of an academic combustor relevant to aeronautical burner was largely investigated
during the NJFCP 82930 showing a quantifiable difference in the predicted LBO limit that
can be either attributed to differences in fuel volatility or reactivity.

Following the preceding works reported in the literature, a fuel model able to accurately
capture both physical and chemical properties of real fuels is proposed in this work for a
HEFA fuel, combining a multi-component surrogate and an Analytically Reduced Chemistry
(ARC) mechanism®V. The fuel model is then used to simulate the lean flame stabilization
and near blow-out behavior in an academic burner using Large Eddy Simulation.

The paper is organized as follows. First, the methodology followed for the derivation of the
fuel model for HEFA is presented. Then, the results obtained with the HEFA fuel model in
the LES of an academic burner are presented and analyzed.

1.0 FUEL MODEL

Both fuel composition and fuel oxidation kinetics must be modeled to describe the fuel be-
havior in a combustion chamber. The development of the HEFA fuel surrogate is discussed in
Section 1.1. Section 1.2 presents the chemical mechanism developed for the HEFA surrogate.

1.1 HEFA surrogate
1.1.1 Choice of properties

Surrogates are mixtures containing few components (typically from 1 to 6) that mimic the
real fuel properties. They have been extensively used for conventional jet fuels®>343>  If
the validity of fuel surrogates for jet fuels has been debated in the literature *®37, the simpler
composition of SAFs makes the surrogate approach more relevant and significantly lowers the
potential uncertainties of the surrogate representativity of the real fuel. In this work, a surro-
gate composition optimization tool has been derived, inspired by the work of Narayanaswami
et al.®> and Kim et al. ®». The choice of the target properties to be reproduced by the surro-
gate has been largely discussed in the literature. Dooley et al. *® proposed a methodology to
emulate the real fuel chemical behavior by targeting four properties: molecular weight (MW),
hydrogen-to-carbon ratio (H/C), threshold sooting index (TSI) and derived cetane number
(DCN). Kim et al. *® also considered the liquid density, the liquid viscosity, the surface ten-
sion, and the distillation curve. MW and H/C of the mixture can be computed analytically
from the composition and molecule formula. This is not the case for TSI and DCN, which
usually rely on a simple mole average rule. However, such correlations have a limited interest
for numerical simulations since they do not reflect the surrogate behavior in the simulation.
Indeed, the ignition propensity and soot precursors production in simulations are driven by
the chemical kinetics mechanism used. Therefore, depending on the choice of the chemical
kinetics mechanism, the ignition propensity of a species can differ importantly. Therefore,
these two properties are not considered in this work for the surrogate choice.
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From the previous discussion, the HEFA surrogate is here established based on four prop-
erties: MW, H/C, the lower heating value, and the distillation curve. The first three properties
help reproduce the chemical behavior of the real fuel whereas its volatility is captured by tar-
geting the distillation curve. The liquid viscosity and surface tension are not considered in
this work as they are not directly accounted for in the LES approach. The accuracy of the
surrogate liquid density is checked a posteriori, by comparison with the real fuel properties.
Mole average is used as mixture rule to compute fuel blend properties, with the lower heating
value estimated from the formation enthalpy of the species. The distillation curve is computed
following a simple batch distillation model described in®*, which is similar to 7.

The real fuel properties are estimated from a two-dimensional gas chromatography
(GCxGC) and an ASTM D86 distillation curve measurement, obtained for a HEFA fuel sam-
ple from the JETSCREEN campaign. The gas chromatography of the fuel is presented in
Fig. 1. GCxGC allows the identification of the fuel composition by chemical families, but
does not allow to identify individual isomers as their individual signals overlap®®. This
means that isomers are lumped together in the chromatography, usually by the number of
carbon elements they contain. This is an intrinsic limitation of the method as the degree of
isomerization can substantially affect the combustion properties, particularly autoignition %,
This could be quite important as the fuel is mainly composed of i-alkanes (82.32%). Two other
families are identified in the fuel: n-alkanes (15.27%) and cyclo-alkanes (2.17%) whereas
only traces of aromatics are found (0.24%).
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Figure 1: Gas chromatography of the HEFA sample fuel considered in this study

1.1.2 Surrogates

To accurately describe the chemical families in the real fuel, 4 species are selected to build
the surrogate: i-C8H18, i-C12H26, i-C16H34 and n-C12H26, i.e., i-alkanes and n-alkanes
only. The composition is determined through an optimization procedure, minimizing an ob-
jective function built from the 4 selected properties. In order to investigate the whole range
of compositions and ensure the determination of a “global” optimum, different initial guesses
are automatically generated. The composition of the obtained surrogate (Surrogate 1, S1) is
given in Table 1. A second surrogate (Surrogate 2, S2) is derived by relaxing the constraint
on the distillation curve, i.e., decreasing its weight in the objective function. Indeed, a close
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match with the experimental distillation curve leads to an important amount of i-C16H34 in
Surrogate 1, which may not be representative of the real fuel volatility. This may be attributed
to the fact that ASTM D86 standard is not exactly representative of the true vapor-liquid equi-
librium used for the numerical estimation of the distillation curve. Corrections have been
proposed in the literature but they cannot be generalized 3%.

Table 1: Surrogate mole fractions [%]
i-C8H18 i-C12H26 i-C16H34 n-C12H26
Surrogate 1 (S1) 154 38.6 30.6 15.4
Surrogate 2 (S2) 154 58.6 10.6 15.4

The main properties of the real fuel and both surrogates are reported in Table 2. The prop-
erties targeted in the optimization procedure show a really good agreement with the real prop-
erties, with relative errors close to 1%. It is also interesting to notice that even if the liquid
density was not targeted in the optimization, the values obtained for both surrogates is very
close to the value measured for the real fuel. Finally, the proportion of the chemical families
in the surrogates is faithful to the composition of the real fuel even if slightly higher due to
the absence of cyclo-alkanes.

Table 2: Comparison between the surrogates and real fuel main properties
REAL FUEL  S1 S2

LHV [MJ/kg] 44,18 4429 4441
H/C 2.167 2.159 2.170

MW [g/mol] 171.1 1783 167.1
n-alkanes [mass%] 15.27 14.7 15.7
i-alkanes [mass%] 82.32 85.3 84.3
1 [kg/m3] at 15°C 752 760.8 749.7

Figure 2 displays the comparison of the distillation curves between the measurement for the
real fuel and the numerical estimation for the surrogates. S1 has a slightly higher distillation
temperature at the beginning of the distillation whereas S2 has a better agreement with the
experimental points when less than 10% of the volume has evaporated. Conversely S1 is
closer to the experimental points after the vaporization of 40% of the volume while S2 appears
to be too volatile in this zone. The greater error for S2 is due to the relaxation of the constraint
on the distillation curve in the optimization procedure.

1.2 ARC mechanisms

Reactive simulations require a chemical mechanism to describe the combustion process. The
use of detailed chemical mechanisms remains too computationally challenging to be directly
included in LES solvers, in terms of cost and stiffness. The ARC methodology ®" has been
proposed to overcome this issue, reducing detailed chemical mechanisms to make them af-
fordable for LES, while keeping the main chemical pathways to accurately describe the com-
bustion process'®. In this work, ARCANE“? is used to perform the mechanism reduction
with an automated and efficient algorithm. ARCANE relies on different methods: Direct
Relation Graph with Error Propagation for species and reaction reduction *!, chemical lump-
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Figure 2: Comparison of the experimental and numerical distillation curves

ing“?, and stiffness removal through the Quasi Steady State Approximation . The detailed
mechanisms chosen for this work are the CRECK mechanism C1-C16 with high-temperature
chemical pathways (CRECK_2003_TOT_HT) and the CRECK mechanism C1-C16 with high
and low-temperature chemical pathways (CRECK_2003_TOT_HT_LT)'”. The objective is
to derive reduced mechanisms with and without low-temperature chemistry pathways to as-
sess their effect on the behavior near LBO in LES, as it was shown to be important in the
literature 4.

Two types of cases are targeted during the reduction: 1D premixed flames and 0D isochoric
reactors. The operating conditions targeted during the reduction process are summarized in
Table 3. The 1D premixed flame conditions targeted are close to each other for the high-
temperacture only (HT) case as well as the high- and low-temperature (HT_LT) case, only
the inlet temperature differs by 50 K. For the OD isochoric reactors, different conditions are
targeted. Lower temperatures are targeted in the HT_LT case at a lean equivalence ratio, more
relevant for LBO applications.

Table 3: Operating conditions targeted during the reduction process

T [K] P [Pa] ()
ID_HT 400 le5 0.6-1-1.4
ID_HT_LT 350 le5 0.6-1-1.4
OD_HT 1200-1300-1400-1500 le5 1.0
OD_HT_LT  800-1000-1200-1400 le5 0.8

The reduction process is based solely on cases with S1 composition. Behavior for S2 is
validated a posteriori. Maximum relative error thresholds are prescribed during the reduction
process, summarized in Table 4. Note the higher error threshold prescribed for the autoigni-
tion delay time of the HT_LT case, to obtain a significantly reduced mechanism.

The resulting mechanisms obtained after reduction contain 30 transported species, 374 ir-
reversible reactions and 20 species in a quasi-steady state for HT conditions (called ARC_HT
in the following) and 32 transported species, 385 irreversible reactions and 26 species in
a quasi-steady state for HT_LT conditions (called ARC_HT_LT). The ARC mechanisms have
been validated against the detailed mechanisms for an extended range of operating conditions.
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Table 4: Relative maximum error threshold [%] for the reduction
1Dsl 1D _Tmax 0D tig
HT 5 1 15
HT_LT 5 1 20

The ARC laminar flame speed displayed in Fig. 3 shows a really good agreement with
the detailed mechanism for S1 (left) and S2 (right). Maximum relative error compared to the
detailed mechanism occurs for equivalence ratios between 0.9 and 1.1 where the laminar flame
speed is important. It is interesting to notice that even if the reduction did not contain cases for
S2, the errors compared to the detailed mechanism are remarkably low, even lower than for
S1. Figure 4 shows the autoignition delay times for ¢ = 0.6 (top) and ¢ = 1.0 (bottom). All the
detailed and ARC mechanisms provide similar results above 1000 K. Autoignition delay times
are slightly smaller for the ARC mechanisms from 1100K to 1400K whereas the detailed
mechanisms have smaller autoignition delay times above 1400 K. However, the differences
between the mechanisms are marginal. Important differences exist for temperatures lower
than 1000K, particularly for the ARC_HT as no case below 1000K ignition delay time was
targeted during the reduction. The ARC_HT_LT reproduces with good fidelity the autoignition
delay time for S1 up to 800 K, below that temperature the ARC_HT_LT becomes more reactive
compared to the detailed mechanism with low-temperature pathways as it was not targeted in
the reduction. The errors become noticeable for S2 for a higher temperature, approximately
850 K. But overall, the agreement is quite good considering that the reduction was performed
for an equivalence ratio of 0.8 for the ARC_HT_LT.

0.7 ——— 1 ot —=msa 3
= L5 = A5TTTTN
}‘ 0.6 7.7 \\\ 1 =as 27 \\v
ER 5 v E06F e 3 1

% A — ’ A
o 4 3 I ’ *
g 0.5 s A) 1 8 05F s, A 1
2, 4 ) 2, ’ S
@ ‘// 3 2 ,/ A
g0 1 ¢ 71 g 04f 7 ;N 1
= " 3 // \\
= osf ¢ T T R 1 < o3} / e P
:u A — CRECK_2003.TOT_HT_LT - 350K N :v / w— CRECK_2003_.TOT_HT_LT - 350K
] K —— ARCHT.LT - 350K N ] K —— ARC.HT.LT - 350K
T 02F 4 ARC_HT 41 E02F ¢ ARC_HT 4
5] ’ == CRECK: DTHTLT - 450K 3 4 == CRECK-2003.TOT_HT_LT - 450K
= o1k — = ARC.HT_LT - 450K 1~ o1k — = ARC_HT_LT - 450K ]
: ARC_HT - 450K : ARC_HT - 450K
L L L L L L 1 1 1 1 1 1
0.6 0.8 1.0 1.2 14 1.6 0.6 0.8 1.0 1.2 1.4 1.6

Equivalence ratio [-] Equivalence ratio [-]

Figure 3: Laminar flame speeds of S1 (left) and S2 (right) at 1 bar and 2 initial temperatures
350K and 450K, as a function of the equivalence ratio for the detailed reference mechanism
and the 2 ARC mechanisms

2.0 APPLICATION TO A SPRAY-FLAME BURNER

The fuel model presented in Section 1 is used to investigate the fuel effect on lean flame sta-
bilization. The model is tested in the academic Spray-Stabilized Burner (SSB)“4+*> operated
at DLR.
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Figure 4: Autoignition delay times of S1 (left) and S2 (right) at 1 bar and at an equivalence
ratio of 0.6 (top) and 1.0 (bottom), as a function of the temperature for the 2 detailed reference
mechanisms and the 2 ARC mechanisms

2.1 Experimental setup

The SSB configuration is an academic swirl-stabilized combustion chamber equipped with a
prefilming airblast atomizer and a double-stage swirler (Fig. 5a). This technology is similar
to the one used in typical aeronautical combustion chambers, which makes the SSB a good
test bench even if it is operated at atmospheric pressure. The combustion chamber has a cross-
section of 85 x 85 mm for a height of 169mm (Fig. 5b). Lateral walls are made of quartz to
provide optical access to the flame.
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Figure 5: SSB experimental setup (from “¥)
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An aviation fuel screening campaign has been carried out in the SSB to study the fuel
impact on stabilized flames and on the LBO limit during the JETSCREEN campaign®?. The
stable operating conditions are summarized in Table 5.

Table 5: Stable Operating Conditions

Wair [g/ Sl wrel [g/s]  Tar (K] Platm] T [K]
4.3 2.36le-4  323.15 1 303.15

The experimental methodology to capture LBO consists of several steps, described in“®

and illustrated in Fig. 6. From the stable operating conditions, the flame is first stabilized
near LBO (first at ¢ = 0.6, then 80 g/h above the expected LBO limit). The time spent at this
operating condition point has not been measured. From this operating point, the fuel mass
flow rate is reduced at a constant rate of 0.5 g/h/s until the flame blows out.
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Figure 6: Sketch of the experimental procedure for LBO detection (from %)

2.2 Numerical setup

The computational domain corresponding to the experimental setup contains 2.33 million
nodes and 13.2 million tetrahedral elements. The swirler vanes are discretized with at least 8
points through their section. The cell sizes in the flame stabilization region are of the order
of the laminar flame thickness. This mesh resolution for an LES could be considered coarse.
However, investigating the LBO behavior remains expensive as it requires long physical sim-
ulated times, as suggested by Fig. 7 where the fluid residence time in the combustion chamber
is quite large, particularly in the Inner Recirculation Zone (IRZ) and Outer Recirculation Zone
(ORZ). Therefore, the mesh resolution is a tradeoff between the accuracy and the cost of the
simulation. The choice of mesh resolution is validated against the cold flow velocity profiles
in Appendix A.

The simulations were performed with the in-house solver AVBP“”) to solve the 3D com-
pressible reactive Navier-Stokes equations using the Large Eddy Simulation (LES) approach.
Lax-Wendroff scheme “®, 2nd order both in time and space is used to discretize the convec-
tion terms. A second-order finite element scheme is used for diffusion terms. The explicit
time integration relies on a single Runge-Kutta step. Subgrid flame-turbulence interactions
are accounted by the TFLES model coupled with the Charlette constant efficiency model *%.
A dynamic formulation is used, based on a flame sensor relying on the O2 consumption
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Figure 7: Transversal cut in the computational domain colored by the fluid residence time in
the chamber (computed through a transport equation ©»). White and black isolines correspond
to a heat release rate of 3¢7 W/m? and a liquid loading of 0.01 respectively. Magenta dashed
lines correspond to y = 25mm and x = z = 0 mm cuts.

source term®?, The TFLES model is activated only in the premixed zone identified with a
flame index ©. The NSCBC approach®¥ is used for the inlet and outlet boundary conditions.
Experimental temperature profiles are imposed at the walls ®%.

The droplets, considered as point particles, are tracked using a Lagrangian formalism. As-
suming a dilute spray regime, the mass evolution of the droplets can be computed from the iso-
lated droplet evaporation models. A multi-component extension of the Abramzon-Sirignano
model ®? is used. The FIM-UR approach is used to mimic the fuel injection and atomiza-
tion®?. In this procedure, a numerical Rosin-Rammler droplet-size distribution is imposed
(with d3; =37 um and q=2.6) to match the experimental diameter profiles obtained for Jet-
A% measured in the chamber for the stabilized operating conditions reported in Table 5. As
no experimental data are available for the spray when reducing the fuel flow rate and changing
the fuel, the parameters of the Rosin-Rammler function are kept the same in this study. The
sensitivity to this choice is discussed in Appendix B.

Four cases are compared to investigate the effect of fuel volatility and low-temperature
chemistry. The two surrogates are coupled with the two ARC mechanisms presented in
Section 1. The four cases are labeled: S1_ARC_HT, S2_ARC_HT, S1_ARC_HT_LT and
S2_ARC_HT_LT.

3.0 RESULTS

The results section is divided into two parts. First, the different fuel models are compared on
the stable lean operating point reported in Table 5. Then, an experimentally stable point near
LBO (¢=0.6) is studied.
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3.1 Stable flame condition

The stable flame condition has been thoroughly investigated experimentally for Jet A with
various diagnostics. However, there is a lack of data for HEFA. Therefore, a comparative
study of the numerical results is proposed in this section, while Jet A experimental results are
reported only for information. Simulation results are averaged for approximately 120ms for
each case after convergence to a steady state.

The flame shape is similar for all the cases as indicated by the time-averaged heat release
rate isolines in Fig. 8, exhibiting a typical M-shape. However, small differences can be
observed as the cases with low-temperature chemistry pathways (ARC_HT_LT) shows a more
intense heat release rate in the two branches of the M-flame. Moreover, the central part of
the M-flame is larger for the more volatile surrogate (S2), particularly for the ARC_HT cases.
These differences can also be observed through the integrated heat release rate profile along
the chamber axis in Fig. 9. Both ARC_HT_LT cases display a higher peak of heat release rate
near 40 mm along the axis, corresponding to the end of the intense zone. A small shift in the
heat released can be observed when comparing S1 and S2 results but the differences are small.

S1_ARC_HT_LT S2_ARC_HT_LT S1_ARC_HT S2_ARC_HT

0.020

0.015

uel

0.010

Yy

0.005

0.000

7 [mm]

Figure 8: Time-averaged field of gaseous fuel mass fraction in the central cut plane. Thick
and thin iso-lines correspond to a heat release rate of 3¢7 and 1e8 W/m? respectively
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Figure 9: Time-averaged normalized heat release profile along the axis of the chamber

From the temperature perspective, all the cases exhibit similar results, displayed in Fig.
10. Aty = 25mm, S2 cases show a slightly higher temperature in the center of the cham-
ber while S1 cases show higher temperature closer to the chamber walls from 10 mm for
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S1_ARC_HT_LT and from 30 mm for SI_ARC_HT. Along the chamber central axis (x = z =
Omm), the differences in temperature remain limited. The experimental data for Jet A provided
for indication show a similar behavior to the numerical results, even if higher differences are
observed. These discrepancies were also observed in previous work in the literature ?3? and
could not be clearly attributed to bias in the measurement or approximations from numerical
models.
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Figure 10: Time-averaged temperature profiles at y = 25mm (left) and x = z = Omm (right)
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Figure 8 also shows the field of gaseous fuel mass fraction with a higher proportion for the
S2 cases near the swirler exit. The gaseous fuel mass fraction is the result of the production
due to the vaporization of the liquid fuel and the chemical consumption. The profile of the
integrated vaporization rate is displayed in Fig. 11. Two main peaks can be observed: the first
peak is very close to the injection, corresponding to the vaporization before the creation of
the liquid film in the swirler , while the second peak is located around 12 mm in the chamber,
where the liquid spray sees an important increase in temperature as it starts interacting with the
flame. The differences in vaporization appear to be limited in the chamber, as it was the case
for the vaporization of isolated droplet at high temperature. A closer look at the vaporization
profile in the swirler (Fig. 11 - right) indicates a significant difference in the vaporization rate
where S2 cases exhibit a higher peak than S1 cases. The mass evaporated is also higher for
S2 at the exit of the swirler up to 2.5 mm in the chamber.

The chemical consumption of the surrogate fuel species, controlled by the chemical kinetics
scheme, is also dependent on the local amount of available fuel vapor, which is driven by the
mixing and the vaporization of the liquid fuel. This is illustrated in Fig. 12 where differences
can be attributed either to the fuel availability (highlighted by differences between S1 and S2
cases) or either to the rate of reaction (highlighted by the differences between the ARC_HT
and ARC_HT_LT cases). S2 cases show a higher peak of fuel consumption around y = 15
mm in the chamber, that can be attributed to the higher fuel mass fraction visible near the
swirler exit (Fig. 8) associated to the higher volatility of S2. The fuel consumption becomes
higher for S1 after approximately 30 mm in the chamber. The fuel consumption is also higher
for ARC_HT_LT than ARC_HT cases around 15 mm, while the shift in consumption occurs
around 30 mm where the consumption becomes higher for ARC_HT.

The differences between the four cases are further highlighted by investigating the fuel
chemical consumption by species, illustrated in Fig. 13. The higher consumption at 15 mm
for the ARC_HT_LT cases is associated to a faster consumption of all the fuel species but the
difference is particularly visible for i-C8H18 that shows a really fast consumption compared to
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Figure 11: Time-averaged evaporated mass profile along the axis of the chamber up to 80 mm
(left), zoomed from -10 to 5 mm (right)
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Figure 12: Time-averaged consumption profiles of all fuel species along the axis of the cham-
ber

the ARC_HT cases, which exhibit a late consumption peak towards 35 mm. The fuel volatility
difference is due to a different surrogate composition as seen by the i-C12H26 and i-C16H34
consumption profile. As i-C12H26 evaporates faster, it exhibits a consumption peak towards
12 mm, while the maximum consumption for i-C16H34 is reached around 16 mm. Moreover,
i-C16H34 consumption happens further in the chamber compared to i-C12H26, which explain
the differences in the total fuel consumption profile in Fig. 12.

The results on the stable operating conditions show that the different fuel models exhibit a
similar behavior in the simulations, showing a similar flame shape even if small differences
related to the fuel volatility or chemical reactivity are observed. This is expected as the dif-
ference in volatility is small and that the behavior for the stable point is mainly driven by the
flame propagation properties, which is similar for all the chemical kinetics scheme as depicted
in Fig. 3.
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Figure 13: Time-averaged fuel consumption displayed by species along the axis of the cham-
ber: (a) IC8H18, (b) NC12H26, (c) IC12H26 and (d) IC16H34

3.2 Near LBO behavior

Near blow-out behavior is expected to be more impacted by the variation of fuel properties
as the behavior of the flame may not be entirely driven by propagation as the flame speed
reduces importantly at very lean equivalence ratio. As in the experimental methodology, the
equivalence ratio is reduced from ¢ = 0.8 to ¢=0.6 in the simulations. The resulting time
evolution of the thermal power is displayed in Fig. 14. It can be observed that contrary to
experiment where the flame stays stable at ¢=0.6, the 2 ARC_HT cases exhibit a flame fading
up at 40ms to global extinction at 60-70ms. On the contrary, the 2 ARC_HT_LT cases show a
stable behavior. These differences in behavior between the fuel chemistry models are further
investigated in this section.

The evolution of the local equivalence ratio based on the chemical elements is displayed for
the 4 cases in Fig. 15. It can be observed that the evolutions of the local equivalence ratio in
the IRZ and in the ORZ are very slow. The local equivalence ratio in the ORZ remains higher
than 0.6 for approximately 45 ms while the IRZ has still an equivalence ratio of approximately
0.7 after 60 ms. These slow evolutions are the result of the longer flow residence times in these
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Figure 14: Evolution of the thermal power going from the stable point at ¢=0.8 to the experi-
mentally stable point near LBO (¢=0.6)

zones, shown in Fig. 7: the residence time is approximately 40 ms in the ORZ and around
50 ms in the IRZ. Interestingly, the flames for the ARC_HT start to fade once the equivalence
ratio is significantly reduced in the ORZ.

The temperature evolutions, presented in Fig. 16 for the 4 cases, are also marked by the
long residence times in the chamber. The IRZ remains at high temperature for all the cases. In
the ORZ however, differences appear: if both ARC_HT_LT cases sustain a high temperature,
both ARC_HT cases exhibit a continuous decreasing through time. This is further highlighted
by the time evolution of the mean temperature in the ORZ for the 4 cases in Fig. 17. The ORZ
is identified with the following criteria: a zone of burnt gases (Yp, < 0.13) with negligible
heat release rate (HRR < 1e7 W/m?) and located below y = 40 mm as indicated by the fluid
residence time in Fig. 7. As the temperature in the ORZ is the balance between the heat
provided the flame, the mixing with fresh gases before the flame foot and the wall heat losses,
the two branches of the M-flame in the ARC_HT cases do not burn sufficiently to provide
enough heat to balance the heat losses. On the other hand, a steady temperature seems to be
reached for the ARC_HT_LT cases after 60 ms for S1 and 70 ms for S2. This can be attributed
to a more intense heat release rate of the flame branches stabilized in the shear layer with the
ORZ, as it was the case for the stable operating condition (see Fig. 8). Therefore, the balance
between the flame and the heat losses for the ARC_HT_LT cases is sufficient to sustain a high
temperature in the ORZ which in turn help the flame stabilization.

CONCLUSION

In this work, fuel models for a Sustainable Aviation Fuel (SAF), called HEFA, have been de-
rived to investigate the sensitivity to fuel properties in Large Eddy Simulation (LES). Particu-
larly, the behavior near Lean Blow-Out (LBO) is investigated as it was shown experimentally
to be impacted by variations in fuel physical and chemical properties. To do so, both fuel
composition and fuel oxidation kinetics have been modeled, allowing to describe the real fuel
behavior in a combustion chamber. Multi-component surrogates and Analytically Reduced
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studied. Black iso-line corresponds to a heat release rate of 5¢7 W/m?

Chemistry (ARC) mechanisms are used for that purpose.

Four cases are investigated in this study combining a variation of volatility due to a different
composition and of the behavior at low temperature by the inclusion of the low-temperature
chemistry pathways in one of the ARC mechanisms. One surrogate (S2) has a higher volatility
than the other (S1). ARC_HT contains only high-temperature chemistry pathways whereas
ARC_HT_LT contains both low- and high-temperature pathways. The 4 cases are labeled:
S1_ARC_HT, S2_ARC_HT, S1_ ARC_HT_LT and S2_ARC_HT_LT.
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Figure 16: Time evolution of the temperature in the central cut plane for the 4 cases studied.
Black iso-line corresponds to a heat release rate of 5¢7 W/m?

On a stable operating condition, the fours cases behave similarly showing the same M-shape
flame. ARC_HT _LT cases exhibit slightly more intense flame branches near the ORZ while S2
cases shows a higher vaporization rate in the fresh gases leading to a higher gaseous fuel mass
fraction at the flame foot. However, differences are marginal. Near LBO, the behavior is quite
different as the ARC_HT cases see an extinction despite being at an experimentally stable
operating conditions, while the flame in the ARC_HT_LT cases is stable. As the surrogates’
volatility shows little influence on the results, the difference in behavior was attributed to the
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Figure 17: Evolution of the mean temperature in the ORZ from the stable point at ¢=0.8 to
the experimentally stable point near LBO (¢=0.6)

larger heat release rate in the flame branches near the ORZ that is sufficient to balance the heat
losses in the ORZ and sustain a high temperature, which, in turn, helps stabilize the flame.

If this work focuses on the fuel model impact on the LBO prediction, other models that
were not investigated here may impact the numerical results. Therefore, several other points
should be addressed to provide a quantitative estimation of the LBO limit, such as the fuel
injection and atomization models relying on a phenomenological approach in this work, or the
sensitivity to the mesh resolution that may modify the flame response to turbulence and strain,
especially when using the TFLES model. Nevertheless, even though this study provides qual-
itative results, a clear trend highlighting the importance of the inclusion of low-temperature
chemistry pathways in reduced chemistry mechanisms to capture the fuel behavior near LBO
is found.
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APPENDIX

A. Cold flow validation

The accuracy of the LES is first assessed by comparing the numerical time-averaged velocity
profiles to PIV measurements. Mean velocity profiles and RMS velocity profiles are presented
in Fig. 18 and Fig. 19,respectively. The LES profiles (lines) match very closely the mean
experimental velocity profiles. The main differences can be observed for the axial component
of the velocity (y-axis) at a height of y = 30 mm. The central recirculation zone is predicted
slightly larger compared to experiment. However, the overall agreement is really good. RMS
velocity profiles show more discrepancies, especially towards the central axis of the burner
where the levels predicted by the LES are significantly higher than the experimental results.
There is also a difference in the results obtained at H=30mm. The LES matches closely one
set of data (circle) whereas the other experimental set shows higher values (square). Even
if differences exist between numerical and experimental results, the mean and RMS velocity
profiles are globally well reproduced.

H = 5mm H=15mm H =30mm

x-velocity [m/s]
|
2

mean
Lol

e
A

7'3%

a5 |45
30 15 0 15 30 -30 -I5 0 15 30 -3 -5 0 15 3
Radius [mm]

mean y-velocity [m/s]
Lows
% é ég
— —
2o B E

mean z-velocity [m/s]
|

Figure 18: Time-averaged mean velocity profiles in the center plane for three heights in the
burner: LES (lines) and 2 experimental sets of data (square and circle)
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Figure 19: Time-averaged velocity fluctuations (RMS) profiles in the center plane for three
heights in the burner: LES (lines) and 2 experimental sets of data (square and circle)

B. SMD sensitivity to operating conditions

The fuel physical properties were identified as key properties for the LBO phenomenom. A
sensitivity analysis to the reduction of fuel mass flow rate and fuel property is carried out

in this section. The prefilming airblast atomizer was characterized experimentally by “®.
Grohmann et al.“® proposed the following parameters for a Lefebvre correlation ®™:
SMD o\ m o N7 (i
=0.1632| —Z—| (1 + =2 4 0.022| L 14 L (D
lc Pair Uﬁirdi Myir O-,Ofueldi Myir

During the LBO procedure, the air mass flow rate is kept constant while the fuel mass flow
rate is constant. Therefore, the evolution of the SMD throughout the LBO procedure can be
estimated if the behavior of the prefilming airblast atomizer is not degraded (i. e. the pressure
swirl spray still impacts the prefilming walls of the injection system). From the experimental
correlation, the variation from ¢ = 0.8 to ¢ o = 0.5 would induce the following variation
on the SMD:

=0.98 ()

From this analysis, it can be deduced that the variation of SMD during the LBO procedure
is limited and taking into account its variation should have a limited impact on the LBO
prediction. This holds as long as the behavior of the atomizer is not degraded.

As discussed in the manuscript, the numerical spray distribution was fitted for Jet A in a
previous work ®». When dealing with SAFs, one question arises: how is the spray distribution
affected? This is also studied relying on the fitted Lefebvre correlation from®>. Grohamnn
et al. #® have demonstrated that the correlation accurately describes the variation of SMD for
simple species based on their physical properties. The correlation is then used to investigate
the variation in SMD when changing the fuel.
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The correlation highlights the importance of three liquid properties: surface tension, vis-
cosity and density. Those three properties have been measured during the JETSCREEN cam-
paign for JET-A, ATJ and HEFA (with the exception of surface tension for HEFA). They are
reported in Table 5.

Table 6: Properties measured during the JETSCREEN campaign
Jet A ATJ HEFA
o [mN/m] at 20°C 2535 22.88
v|mm?/s|at-20°C 3379 5322 4.126

p|kg/m*|at15°C 7932 7618 752

The surface tension of HEFA must be estimated to perform the sensitivity analysis. Pires et
al.®® reported an extensive study on aviation fuel properties in which 3 conventional fuels, 1
ATJ and 2 HEFA samples are studied. The surface tensions measured are reported in Table 6.
The surface tension for then conventional fuels studied ranges between 24.6 and 26.7 mN/m
whereas the ATJ has a surface tension of 22.2 mN/m. Those values show the same trend as
the measurements from the JETSCREEN campaign even if the batches of fuel are different.
Therefore, the value for surface tension of HEFA reported in Pires et al.®® will be used to
estimate the surface tension of the HEFA in JETSCREEN: a value of 23.8 mN/m is chosen.

Table 7: Surface tension reported in Pires et al. %
JetAsl JetAs2 JetAs3 ATJ HEFAsl HEFAs2
o [mN/m] at 20°C 25.8 26.7 24.6 22.2 23.5 24

To estimate the SMD variation with the fuel properties, some parameters in the correlation
must be fixed. The air velocity is estimated from the maximum velocity observed in the
non-reactive simulations: U,;=60m/s. The characteristic length is chosen to be equal to the
prefilming diameter (8 mm). The air density is taken at the inlet condition: p,;;=1.167kg Jm3.
The mass flow rates are considered constant for each fuel and taken at the stabilized flame for
Jet A at ¢=0.8, reported in Table 4. Then, the SMD variation with the fuel can be estimated:

SMDyry SMDygra
— =0.972 and — =0.977 ...(3
SMDjpra SMDjpra

Then, the SMD variations associated to a change of fuel are expected to be small. There-
fore, the injected distribution is not modified in the simulation.

This sensitivity study is confirmed by a study of another combustor with a prefilming air-
blast injector. It is shown that the spray characteristics of these fuels have little correlation
between fuel physical properties and droplet sizes ®”). This is likely because the combination
of the airblast and air-assisted characteristic of the fuel nozzle result in droplet diameters that
are relatively independent of the fuel properties. Hence, the spray characteristics are similar
among fuels.



