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Abstract

Drop-in sustainable aviation fuels (SAFs) injected at the 50-70 bar combustor
pressure of next-generation aero-engines lie deep into the transcritical regime, where
pseudo-boiling alters mixing, ignition, and flame stabilization. Real-fluid flamelet
formulations have so far targeted cryogenic propellants and oxygenated e-fuels; no
comparable framework exists for aviation fuel surrogates at aero-engine-relevant
transcritical conditions. We extend a diffuse-interface LES solver recently validated
for non-reacting transcritical SAF mixing to reacting flow via a real-fluid Unsteady
Flamelet/Progress Variable (UFPV) library built with the Redlich—-Kwong—Peng—
Robinson (RK-PR) equation of state. After screening five A2 and four C1 candidate
mechanisms (41 to 492 species) against shock-tube ignition delays, fuel-specific
HyChem skeletal mechanisms (41-48 species, 1-100 bar) are retained as the best
species-cost/pressure-validity trade-off for two BayeSAF surrogates: Jet A-2 (POSF-
10325) and C-1 At] (POSF-11498). Operating conditions replicate typical aero-
engine take-off conditions and mirror the non-reacting baseline of our previous work.
The present abstract reports the manifold construction and chemical characterization
of the two SAFs and lays the methodological foundation for the comparative reacting
LES under way.

Introduction

Commercial aviation contributes ~2.5-3% of global anthropogenic greenhouse gas
emissions [9], and 2050 net-zero targets [10] identify sustainable aviation fuels
(SAFs) and increasing overall pressure ratios as central enablers. Next-generation
aero-engines target combustor pressures of 50-70 bar [11], well above the critical
pressure of typical jet-fuel components (p. ~ 15-25 bar), placing the operating point
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deep into the transcritical regime, where pseudo-boiling [12, 13] alters the underlying
mixing and combustion phenomena and spray atomization gives way to diffuse-
interface dynamics [11]. Transcritical injection has so far been studied for single-
component or simple fuels (cryogenic propellants [14, 17] and the ECN Spray A
n-dodecane benchmark [7]); its extension to the complex hydrocarbon mixtures of
aviation fuels is largely unexplored. We recently [2] addressed the non-reacting side,
showing that BayeSAF [3] compositional differences govern transcritical mixing
through fuel-specific isobaric specific heat. The present work extends that solver
to reacting flow via a real-fluid UFPV [5, 6] library built with the RK-PR EoS and
HyChem skeletal kinetics [8] for Jet A-2 and C-1 AtJ.

Methodology

Extending our previous non-reacting framework [2]: Favre-filtered compressible
mass and momentum equations are solved by a PIMPLE algorithm and coupled to
transport for the UFPV controlling scalars; the thermodynamic state is closed by
manifold look-up rather than by a transported enthalpy equation. SGS stresses use
a WALE model and SGS scalar fluxes a gradient closure (Pr; =Sc, =0.7). Real-
fluid thermodynamics relies on the Peng—Robinson EoS in departure-function form,
with the friction-theory [15, 16] models for high-pressure viscosity and thermal
conductivity, evaluated in OpenFOAM via Cantera; the same EoS also resolves the
local vapour-liquid equilibrium through a vapour-fraction field g € [0, 1].

Combustion is closed by an Unsteady Flamelet/Progress Variable (UFPV)
library [4, 5]: in mixture-fraction space the unsteady flamelet equation p d;¢ =
%p X 822(]) + @y governs any species mass fraction or temperature ¢, with y the scalar
dissipation rate. A progress variable C=Yco, +Yn,0+Yco+Y4, is introduced and the
manifold is tabulated as ¢ = ¢(Z,C, xs). To account for the LES sub-grid scale
effect, the library is then convoluted with the standard presumed-PDF closure of
Ref. [6], yielding the look-up ¢ = ¢(Z,Z"2,C, Zs).-

The multi-component BayeSAF surrogates [3] of the non-reacting baseline are
adopted: a five-component n-/iso-/cyclo-paraffin + alkylbenzene mixture for Jet A-
2 (POSF-10325) and a two-component iso-paraffin mixture for C-1 At] (POSF-
11498). In particular, the detailed composition is used to refine the effective real-
gas thermophysical and transport properties (critical parameters and friction-theory
coefficients combined component-wise via standard mixing rules) with respect to a
single representative pseudo-molecule. Each surrogate is then transported on the LES
side as a single lumped pseudo-species carrying these refined effective properties;
chemistry is described by the corresponding HyChem mechanism [8], which couples
a lumped pyrolysis step to a foundational small-hydrocarbon kinetic core. The target
jet preserves the geometry and operating point of the non-reacting baseline at typical
aero-engine take-off conditions (p =60 bar, Tj,; =322 K).



Results and discussion

The mechanism selection for the take-off envelope (p =50-70 bar) is governed by
three competing requirements: agreement with both the detailed kinetic reference
and the shock-tube ignition-delay database of Richter et al. [1], nominal pressure
validity up to €(60) bar, and a species count low enough to be tractable in coupled
LES. Five A2 and four C1 candidate mechanisms (41-492 species) are compared in
Fig. 1. The detailed POLIMI-HT+LT mechanism (492 species, RMSElog,, Tig <
0.25) is unaffordable for transcritical LES, while mechanisms validated only at
moderate pressures (2153, Xing—POLIMI, Xing-LLNL) lose validity above ~20 bar;
the HyChem skeletal high-T variants [8] (4142 species, 1-100 bar) match the
experimental and detailed-mechanism references within <0.4 RMSE-decade for
T >1000 K and are therefore retained for the manifold construction.
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Figure 1. Homogeneous-reactor ignition delays, candidate mechs (legend: name (species
count, P-validity range in bar)). Top: P~ 16 bar, ¢ = 1, vs. Richter et al. 2022. Bottom:
P=60bar, ¢ = 1.

Real-fluid UFPV libraries are then built with the selected HyChem high-T
mechanisms for the two surrogates and their 50/50 A-2/C-1 blend (molar basis) at p=
60 bar (oxidiser anchor Tox = 1200 K), and are summarized in Fig. 2. The steady S-
curve obtained by Cantera-native strain-rate continuation (panel a) yields quenching
strain rates x,~ 2092, 1804, 1430 s ranking Jet A-2 > A-2/C-1 blend > C-1 At
in extinction resilience and confirming HyChem additivity. The cold-to-hot ignition
transients at 5= 1.85 s~! (panel b, coloured by log; ¢, dashed line = steady) display
sub-ms ignition and &'(10) ms relaxation onto the burning branch, populating the
third UFPV axis x alongside (Z,C).

A first, representative reacting LES of the C-1 AtJ jet has been launched on this
manifold; the mid-plane snapshot (Fig. 3) shows the dense transcritical core in p (d),
the two-phase VLE band correctly captured by the RK-PR EoS in f (b), ignition
kernels at ©/(2000-2400 K) anchored at the shear layer (a), and high-mixing pockets



C1A2 blend 50/50 C1 (POSF11498, AT]) A2 (POSF10325, Jet-A)
T T T [T T T

_ - T v T T 3000
Z 2800 @ C1(POSF11498, AT]) y, - 14305 |4
= A A2 (POSF10325, Jet-A) x,=2092s " !
5 2700F O ClA2blend 50/50 = 1801 s q 2500 1.0
© =
5 2600 1 2000 E
£ M 05 &
2 2500 = =
g & 1500 2
8 2400f 24 | 0.0 oS
E 2300 1000
£ 2300 Ex
| 2200 —0.5
< 2200 500 \
6x10% 10° 2x10 1 1 1 1 1 1 1 L L
16T o fbT 1o 16 0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0

Scalar dissipation rate x, [s '] Z (Bilger) 7 (Bilger) Z (Bilger)
Figure 2. Real-fluid UFPV manifold at p = 60 bar. (a) Tiax VS. Xst on the burning branch

(inset: turning region). (b) T(Z) during the cold-to-hot transient at )y = 1.85 s~!; dashed =
steady reference.

(C>01n panel c) that nonetheless remain at 7' < 1500 K. This coexistence of burning
and locally extinguished branches at the same mixing intensity is the regime the
UFPV yg axis is designed to track. Comparative reacting LES of Jet A-2 and C-
1 AtJ are under way.
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Figure 3. Mid-plane snapshot, preliminary reacting LES of C-1 At] at p = 60 bar.
Top to bottom: (a) T [K], (b) vapour-fraction B (RK-PR VLE), (c) progress variable C,
(d) p [kg/m?].
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