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Abstract

Sustainability of future aviation platforms is heavily dependent on the lower emission capabilities of aeroengines
which can be addressed by means of utilizing jet fuels of biological origin. Thus, an extensive experimental and
numerical investigation campaign utilizing the Triple Annular Research Swirler (TARS) burner is started to
understand the thermochemical properties and combustion characteristics of these fuels. The experiments are
performed in atmospheric conditions with the TARS burner operated under various configurations of fuel
injection, swirler combination and boundary conditions using methane and ethanol for gaseous and liquid fuel
sources respectively. Preliminary results of the commissioning campaign for the liquid fuel operation of TARS
burner integrated to atmospheric combustion rig are provided via chemiluminescence images. Moreover, the
numerical investigations are conducted via Large Eddy Simulations in which kerosene-based (Jet A) and bio-
grade (ATJ C1) jet fuels are used. The simulation results performed using operating conditions which will be
targeted at the later stages of the experiments are analyzed to serve as a precursor to future measurements.

Keywords: Sustainable aviation, biofuels, jet engine, swirl-stabilized combustion, TARS

1. Introduction

Increasing requirements on emission regulations for a sustainable and cleaner future aviation platform
demand new fuels and advanced combustion technologies for sustainable aeroengines. In this
regard, the recent advancements in hydrogen utilization technology revealed a possible path for lower
emissions and higher efficiency of propulsion systems. Nonetheless, the use of hydrogen requires
substantial changes to the conceptual design of the aeroengines, structural components of the
airframes, and a significant modification of infrastructure to accommodate the widespread use [1]. As
an alternative solution, the use and production of bio-jet fuels has proven to be an effective solution.
The wide variety of feedstock utilization, various pathways for production, similar storage behavior to
kerosene-based jet fuels, and the minimal requirements for modifications to actively employed
aeroengines increased the popularity of using sustainable aviation fuels with a biological origin [2].
However, the differences in injection, combustion and emission characteristics demand proper
characterization of fuels for understanding the necessary design changes as well as the short- and
long-term consequences of utilizing each fuel composition [3, 4].

In this regard, a swirl burner that mimics the combustors of aeroengines, referred to as the Triple
Annular Research Swirler (TARS) burner, is utilized for the characterization of flame interactions with
turbulent swirling flows for various swirl configurations, fuels, injection strategies and operating
conditions. The TARS burner has been employed previously to investigate both non-reactive and
reactive flow dynamics in open and confined combustion chamber conditions [5]. These studies
include vortex breakdown and positioning in non-reactive flow scenarios [6], stability of swirling flame
via proper orthogonal decomposition [7], characterization of fuel injection with varying multi-swirler
arrangements [8], breakdown of vortical structures in the swirling flow [9], dynamics of lean blow out
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[10], and lean direct-injection [11] mechanisms, which are especially relevant for reducing flame
temperatures and emissions. Whilst most of the aforementioned work is performed experimentally,
there are numerical studies as well performed on the TARS geometry. Grinstein et al. [12] performed
Large Eddy Simulations (LES) with a hybrid approach using the data from Reynolds-averaged Navier-
Stokes (RANS) simulations and experimental campaigns for the setting of boundary conditions while
the LES enabled detailed characterization of the unsteady non-reactive swirling flow downstream of
the burner. Fureby et al. [13] analyzed the dynamical interactions between the turbulent flow and
flames on TARS, which in combination with the experimental campaigns provided a detailed
description of the lean direct fuel injection (LDI) process in multi-swirl gas turbine combustors. Finally,
ludiciani et al. [14] investigated the flow behavior inside the burner by means of LES, for which the
flow inside the burner is not accessible in the case of experiments.

In line with the previous work utilizing the burner arrangement for studying relevant flow structures
and flame behavior in aero engine combustors, the current work aims to characterize the swirl-
stabilized flame behavior and commission the TARS burner for investigation of direct lean fuel
injection, flow and flame interaction, and combustion characteristics of the various bio jet fuels. While
the gaseous fuel operation is utilized as a precursor in unconfined conditions, liquid fuel tests with
ethanol allow the characterization of burner behavior under LDI for both unconfined and confined
combustion analysis. Numerical simulations based on Finite Rate Chemistry LES (FRC-LES) will be
used in parallel to experimental investigations to characterize the TARS burner, and in particular, how
different bio-jet fuels behaves compared to classical fossil jet fuels such as Jet A and JP5.

2. Methodology
2.1 Triple Annular Research Swirler (TARS)

The TARS fuel injector was developed by Delavan Gas Turbine Products, a division of Goodrich
Corporation, in collaboration with General Electric Aircraft Engines. The TARS is equipped with three
concentric swirlers with various vane angles: the two inner ones are axial while the outer is a radial
swirler, see Fig.1. The outer diameter of the radial swirler is D =5.08 mm, which is used in the following
as a reference for non-dimensional coordinates.

3 CCW (30°, 45°, 55°) and 3 CW (30°,
450, 55°) outer swirlers

2 CCW (309, 45°) and 1 neutral
intermediate swirlers

& B %} E 1 CCW (45°) and 2 CW (30°, 45°)

inner swirlers

Figure 1 — Triple Annular Research Swirler (TARS) burner with three swirlers: inner(A),
intermediate(B) and outer(C).

TARS burner has an inventory of large number of swirlers with various intensities and flow directions
throughout the three swirling channels. This, in combination with the modular structure of the burner,
allows for a detailed investigation of interactions between swirling turbulent flows and non-premixed
flames. The burner has fuel outlets in both outer and intermediate swirl channels with 8 holes (referred
to as the main fuel outlet) and 4 holes (referred to as the pilot fuel outlet) respectively. The burner
has two plenums separately for the pilot and main fuel supply which are connected to individual supply
lines. This enables different configurations in terms of pilot and main fuel selection to be performed.
Accordingly, for the liquid operation the pilot injection is fed with methane while liquid fuel is supplied
to the main injection holes.
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2.2 The Experimental Setup

The experiments were performed in an atmospheric combustion rig, consisting of an inlet flange, a
flow conditioning chamber (0.61 m, long) and a plenum chamber (0.36 m, long). The TARS is centered
on a mounting plate at the end of the plenum chamber. Upstream the swirlers, the flow passes through
two turbulence grids. The outer swirler is flush mounted on the upper surface of the plate. The flow
downstream of the burner is confined within a purpose-built combustion chamber. The 400 mm long
chamber has a quadratic 140x140mm cross-section and 4-way optical access through quartz
windows to allow non-intrusive diagnostics to be conducted. The chamber is followed by an exhaust
placed ~1 m downstream of the burner to avoid exhaust gases being dispersed in the laboratory. The
atmospheric rig is equipped with optical diagnosis techniques for the determination of flow/flame
characteristics. These include CH* and C, chemiluminescence (visible spectrum) imaging utilized in
the current investigations for which Basler Ace acA1920-40gm and Photron FASTCAM SA-Z high-
speed cameras are used.

Figure 2 — Atmospheric combustion rig of Lund University, Division of Combustion Physics and
integrated TARS burner.

2.3 The Numerical Setup

The unsteady reactive flow simulations are carried out using the open-source OpenFOAM® C++
library [15], and the simulation set-up is described in the following section. Figure 3 shows the
configuration of the TARS burner, the computational domain, and the associated mesh grid used to
perform the reactive Large Eddy Simulations. The geometry used for the numerical investigations
implies the co-rotating configuration with both outer and intermediate swirlers assembled with 8 vanes
each at an angle of 45° in a counterclockwise orientation. The inner swirler is composed of 4 vanes
at 55°, also in CCW orientation. Upstream of the TARS burner, the settling chamber is modeled by a
cylindrical plenum whose diameter is dgienum=134 mm. It is assumed in the current study that the
turbulent flow structures, developed upstream in the settling chamber, mainly break when the flow
reaches the swirler entries, which affects the downstream flow field. The uniform inlet velocity is
determined by specifying the ambient air mass flow rate, equal to 34 g/s for the operated design
conditions. With such mass flow rates, at room temperature of 20°C and atmospheric pressure, the
Reynolds number at the TARS nozzle is estimated to be Rep=50,000. As in the experimental setup,
the nozzle of the TARS burner is flush mounted within the quadratic confinement chamber, 400 mm
long, with a section of 140 mm x 140 mm. The convergent quadratic-to-circular pipe at the outlet of
the domain is also considered for the simulations. At this point, the outlet patch is handled using a
wave-transmissive pressure condition [16] to avoid pressure reflections. A no-slip condition is applied
to all walls in the domain. For the plenum upstream of the burner and for TARS itself, the thermal
condition is assumed to be adiabatic. For the bottom wall (dome) surrounding the TARS nozzle, a
fixed temperature of 800 K is applied, as of estimation prior to experiments. For the rest of the
confinement chamber, different patches are defined in the setup to differentiate the quartz windows
from the steel walls and apply different thermal conductivity coefficients using the
“externalWallHeatFluxTemperature” boundary condition in OpenFOAM. Regarding the global fuel-to-
air ratio, the preliminary study is focused on the stoichiometric conditions: global equivalence ratio
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¢=1, for both Jet A and an Alcohol to Jet (ATJ) fuel referred to as C1 [17]. The computational setup
employs an unstructured grid composed of 12 million tetrahedral cells. For all simulations, the Courant
number is kept below 0.8.
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Figure 3 — CAD model of the TARS burner components (top left), clip of the assembled TARS burner
with velocity streamlines (bottom left), glyph of the Lagrangian spray cloud obtained for Jet A
coloured with temperature (bottom middle), CFD model of the TARS mounted in the confinement
chamber, along with the spray cloud, evaporated fuel and a 3D rendering of the heat release, and the
computational mesh grid (right).

The reactive LES model uses spatially filtered, unsteady, compressible flow transport equations for
mass, momentum, energy, and chemical species mass fractions. The governing equations are closed
using the thermal state equation for an ideal gas, with Fourier heat conduction and Fickian diffusion
[18]. The Prandtl and Schmidt numbers are assumed to be constant, and the Localized Dynamic k-
equation Model [19] is used to solve the sub-grid scale interactions. Arrhenius rate laws allow
computing the chemical reaction rates, giving out net production rates for each individual species
according to the law of mass-action. To compute the reaction rate and model the interaction with the
turbulent flow, the Partially Stirred Reactor Reactor (PaSR) model is used [20], assuming that real
flames are much thinner than any computational cell. Thus, reaction occurs in a localized thin structure
immersed in a non-reacting zone, and the division of the computational cell is based on the
comparison between the chemical and turbulent time scales. For simplicity it is assumed that the fuel
is fully atomized at its injection from the eight holes in the outer swirler channel, where the Lagrangian
particles are injected (each particle representing a group of fuel droplets). The present study targets
category A jet fuel: A2, representing Jet A, whose average formula is C11H22, and a category C fuel,
C1, whose average formula is Ci3H2s. The alternative fuel C1 is a neat alcohol-to-jet biofuel and is
notable for its very low aromatics content and Cetane Number (CN) compared to conventional jet
fuels. For both Jet A and ATJ C1, the recently developed “Z79” class of reduced reaction mechanisms
is used [21], consisting of 31 species and 79 reactions.

3. Results

3.1 Experimental Results

The experimental campaign performed to commission the TARS burner and investigate the

combustion behavior of non-premixed liquid fuels is initiated with unconfined conditions. This provides

the first set of analysis which is aimed to match the operating and boundary conditions previously

employed by Gutmark et al. [5]. For the current investigation, two swirler configurations are utilized:;
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no inner, CCW 45° intermediate, CCW 45° outer and CW 30° inner, CCW 45° intermediate, CCW 45°
outer. These configurations are determined in accordance with operability tests performed prior to the
commissioning campaign. Throughout the preliminary tests, the burner assembly and the atmospheric
rig have undergone a series of modifications to improve cold flow uniformity, fuel injection distribution
and fuel/air mixing quality. In this regard, the burner assembly is cleaned via multiple stages of
ultrasound bathing to ensure the liquid fuel supply plenum and injection holes are free of residual
particles (i.e., flow and/or fuel tracers). The burner settling chamber is fitted with a honeycomb flow
conditioner to reduce transverse motion and corner flow effects within the settling chamber. The fuel
supply system of the atmospheric rig is reconfigured to streamline the combined operation with a
simultaneous supply of gaseous and liquid fuels. Finally, the mass flow meters that measure the air
mass flow rate supplied by the blower are calibrated to validate the accurate control of operating
conditions.

3.1.1 Non-reactive flow behavior

Prior to the reactive flow experiments, cold flow characterization is performed by means of
temperature measurements using a thermocouple and a cross-axis transverse system (Fig.4, left).
First, a cross-axis measurement along two perpendicular coplanar lines over the transverse plane
located 1.5mm downstream of the TARS burner exit is performed Accordingly the results provided in
Fig.4 (middle) confirmed the flow uniformity along the azimuthal axis over the burner exit in terms of
temperature. Moreover, a second measurement is performed to map the spatial temperature
distribution over a quadrant of the transverse plane at the same longitudinal location. The
corresponding temperature map illustrated in Fig.4 (right) clearly shows excellent flow uniformity along
a larger portion of the azimuthal coordinate system.
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Figure 4 — Cross-axis transverse system with thermocouple for temperature mapping (left).
Temperature distribution over the exit plane of the burner at z=1.5mm (middle and right).

3.1.2 Unconfined gaseous fuel operation

The first set of reactive flow experiments is performed using methane (CH4) as the gaseous fuel
source injected from the main fuel injection holes. During the tests, the fuel/air ratio is adjusted to
keep the mixture at stochiometric conditions (¢=1). For the gaseous fuel tests, the swirler configuration
with no inner swirler was selected due to prior tests denoting pure radial exit flow behavior is at high
mass flow rates of air. This prevented the desired operating conditions at higher Re, values and
thermal load settings to be achieved. The results provided in Fig.5 demonstrate instantaneous and
time-averaged chemiluminescence imaging within the visible spectrum. Hence, the signal intensity
captured mainly represents the luminosity received from the CH+ and C, signal intensity which is
heavily correlated with the local heat release. For the measurements, a range of Re, between 7x10°
<Rep<16x10%is investigated. Thus, maintaining the stochiometric conditions, higher Re are achieved
by simultaneously increasing the air and fuel mass flow rates which also means that the thermal load
varies within a range of 15 kW to 25 kW.

Overall, a symmetric flame behavior can be observed over the range of testing conditions. With the

increasing thermal load and Reynolds number, the flame lifts off from the burner nozzle and the total

volume of the reaction zone increases (Fig.5, 3™ and 4" columns). Due to the absence of an inner
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swirler, a large ratio of the air mass flow rate is directed toward the inner channel of the burner which
results in a strong core flow with high axial momentum. This yields a low MFR delivered to the outer
radial swirler, which in turn reduces the azimuthal momentum and intensity of the swirl and prevents
the occurrence of a vortex breakdown. Thus, the absence of vortex breakdown prevents the
generation of a swirl-stabilized flame. As the thermal load increases, the axial momentum of the
airflow exiting the TARS burner also increases which reduces the influence of the radial swirler leading
to an increasingly skewed flame (Fig.5, 4™ column).

Intensity [-]
0 0.5 1
BT .

Rep=7k

Figure 5 — Instantaneous (top) and time-averaged (bottom) chemiluminescence images for
methane/air combustion at various Reynolds numbers; Re, =7x10% (1% column), Re, =10x10° (2™
column), Rep =13x102 (3™ column) and Rep =16x10° (4" column).

3.1.3 Unconfined liquid fuel operation

Commissioning of the liquid fuel operation of the TARS burner is underway, with the initial fuel
investigated being ethanol, which will also serve to set a reference case. Testing is initiated with the
same swirler configuration that was utilized for the methane cases shown in Fig.5; thus, no inner
swirler is mounted in the burner at the beginning. The corresponding flame behavior was observed to
be heavily affected by the insufficient air entrainment into the radial swirler channel where the main
(liquid) fuel injection holes are located. This leads to multiple issues with liquid fuel operation. First of
all, due to the low speed and momentum of the airflow inside the outer swirler channel, the liquid flow
injected into the crossflow is not atomized properly. Hence, the droplet breakdown is not strong,
keeping the size of the droplets large, which hinders the evaporation process. Moreover, due to the
low momentum of air inside the channel, the drag force exerted on the particles is also small, leading
to a significant amount of fuel not being carried to the reaction zone. Therefore, when combined with
the absence of a strong swirling flow, the improper evaporation and insufficient mixing intensity, a
uniform distribution of fuel/air mixture within the reaction zone could not be reached (Fig.6, A).
Thereafter, in order to improve flow uniformity and flame symmetry, the mass flow rate ratio is aimed
to favor the outer swirler, which would increase the swirl intensity and azimuthal momentum of the air
exiting the TARS burner. To do so, a counter-rotating (CW) low-intensity (30°) inner swirler is mounted
in the burner assembly.

Owing to the increased MFR ratio to the outer radial swirler, the azimuthal momentum is amplified
substantially promoting vortex breakdown and leading to the swirl stabilized flame. Moreover, the
alleviated axial momentum due to the low mass flow rate ratio entrained into the inner channel,
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increases the residence time of the fuel/air mixture in proximity to the reaction zone, which contributes
to considerably enhanced mixing characteristics. As a result, a significantly improved flame symmetry
is confirmed with chemiluminescence imaging acquired from multiple phase angles over the line of
sight perpendicular to the burner longitudinal axis for air mass flow rates higher than 20g/s (Re ,~30Kk).
(Fig.6, B and Fig.7).

Figure 6 — Chemiluminescence photos of ethanol/air combustion with pilot methane support for no
inner swirler (A) and 30° CW inner swirler (B).

During the liquid fuel tests with a 30° CW inner swirler, the operating conditions at Rep~40k and
~70kW are reached while a global equivalence ratio of ¢=1 is aimed to be maintained. However, due
to the tests being performed without a combustion chamber (unconfined), significant air entrainment
and fuel spillage are observed to cause leaner burning conditions compared to stoichiometry.
Furthermore, in order to ensure operability at elevated Reynolds numbers and improve the lean blow-
off limits, the air temperature is increased to 420 K at the settling chamber, increasing the temperature
at the exit of the burner. Since the mass flow rate of air is aimed to be maintained, the axial velocity
is required to be increased in order to match the reduction in density of air. Thus, the axial momentum
of the air leaving the burner increased, which reduces the residence time of the fuel/air mixture.
Moreover, a reduction of air temperature at a constant mass flow rate results in a decreasing Reynolds
number due to the higher viscosity of air at elevated temperatures. This indicates a lower mixing
intensity of heated air and injected fuel. Therefore, a significant part of the evaporated fuel gets ejected
before it can be completely mixed and reacted. On the contrary, the increase in axial velocity affects
the Weber number, leading to an amplified break-up of liquid droplets. The increased surface area to
volume ratio enhances heat transfer between the heated air and liquid droplets, promoting earlier
evaporation of fuel. Thus, the corresponding residence time of fuel in the gaseous phase in proximity
to the reaction zone increases, which would contribute to improved mixing of fuel with the air prior to
combustion. The balance between these two processes will be investigated during confined
measurements utilizing a combustion chamber.

Intensity [-]
0 0.5 1
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Figure 7 — Instantaneous (1% to 3" columns) and time-averaged (4™ column) chemiluminescence
images of unconfined ethanol/air combustion at Re, =22x10% and ¢=1 with pilot methane support
using a 30° CW inner swirler.

3.1.4 Confined liquid fuel operation

Following the unconfined experiments with liquid fuel operation, tests with optical confinement are
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initiated. The procedure for the confined tests starts with an ignition using only the pilot methane flame
to generate a small-scale, non-premixed flame. Then, the optical confinement is placed, and liquid
fuel injection is started. During the confined experiments, the air temperature at the settling chamber
was set to 450 K to maximize liquid fuel evaporation upon injection and to prevent flame attachment
to the optical confinement walls.

Intensity [-]
0 0.5 1
[ T
< ¢
Y y »
. . & -
! hay O >

H

Figure 8 — Instantaneous (1 to 3" columns) and time-averaged (4" column) chemiluminescence
images of confined ethanol/air combustion at Re, =17x10% and ¢=0.9 with pilot methane support
using a 30° CW inner swirler.

As the thermal load and Reynolds number are increased by increasing the air and ethanol mass flow
rates, a relatively constant equivalence ratio (¢=0.9) is aimed, and the pilot methane support is kept
at a constant mass flow rate. This process is referred to as the “ramp-up,” during which the flame
dynamics vary significantly. These variations result in multiple mode changes in flame anchoring and
reaction zone orientation, revealing substantial asymmetries over the burner transverse plane. Fig. 8
demonstrates an intermediate stage during the “ramp-up” phase. Both instantaneous and time-
averaged chemiluminescence images extracted at Rep =17x10% and ¢=0.9 indicate a heavy bias in
heat release towards the right-hand side of the burner axis. As this is a transition stage where vortex
breakdown has not been established yet, the flame is not swirl stabilized, but a jet flame partially
skewed by the azimuthal momentum provided by the radial (outer swirler).

Intensity [-]
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o

Figure 9 — Instantaneous (1 to 3" columns) and time-averaged (4" column) chemiluminescence
images of confined ethanol/air combustion at Re, =22x10% and ¢=0.84 with pilot methane support
using a 30° CW inner swirler.
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Once air mass flow rate values above 18 g/s are reached, vortex breakdown is confirmed, and swirl
stabilization fully controls the flame dynamics. Hence, to ensure stable conditions after the final mode
change of the flame shape, the air mass flow rate is set to 20 g/s, which corresponds to Re ,=22x103
for the given air temperature. After reaching the aimed operating condition, the pilot methane support
is deemed down to zero to stabilize the flame purely on ethanol fuel supply. At these conditions, the
vortex breakdown results in a V-shaped flame with the reaction zone closely located to the burner
exit. Stronger axial velocity at an increased air mass flow rate also causes the outer recirculation
zones (ORZ) to increase the apex angle of the swirl cone, aiding the flame anchoring closer to the
burner exit. Although the fuel mass flow rate is also increased at higher air mass flow rates, the
elevated azimuthal momentum induced by the radial swirler promotes better break-up fuel droplets.
The increased thermal load contributes to the facilitated evaporation of liquid fuel upon injection, and
the elevated Reynolds number enhances the mixing of fuel with air. These factors combined a
confined reaction zone in proximity to the burner compared to lower Re number operation and
significantly improved the azimuthal symmetry of the flame (Fig.9).

3.2 Numerical Results

Fig. 7 presents instantaneous snapshots taken from the LES for Jet A. The circumferential velocity
contours show the strong swirl motion induced by the TARS in such a co-rotating configuration, which
develops along the whole domain towards the outlet. The basic feature of the turbulent flow structures
is captured, with large to medium scales of vortices and even smaller ones depicted early within the
inner swirler. The fuel mass fraction indicates where the fuel evaporates, is transported in the swirling
turbulent flow, and is consumed due to reaction. Once the liquid fuels were injected within the outer
swirler channel, small fuel droplets evaporate quickly forming gaseous fuels. The fuel stream is
transported towards the sidewall due to swirling flow motion and chemical reactions take place once
the fuel gas is mixed with ambient air, forming a diffusion flame. The reaction zone of this diffusion
flame can be associated with the zones of high heat release rates. A relatively thin and thickened M-
structured flame is predicted in the simulations. The presence of the fuel along the outer shear layer
and the absence of air cooling from the bottom plate prevents quenching the outer part of the flame,
leading to a flame attachment to the TARS nozzle. This flame structure was also observed in the
same burner under unconfined flame experiments operated with ethanol, Fig. 7. The more usual and
expected V-shaped flame is predicted on the inner side, which sits under the CRZ, strongly dominating
the outer recirculation zones in the flame front within the inner channel. bottom corners of the
confinement chamber. Consequently, the temperature distribution shows how the strong swirl opens
the flame cone and how the hot gases recirculate in the CRZ and slightly penetrate within the inner
swirler channel. The negative axial velocity is significant here, coupled with the turbulent structures
generated by the inner swirler vanes, which results in an axial translation in the time of the flame front
within the inner channel.
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Figure 10 — Instantaneous reactive LES snapshots: azimuthal velocity, fuel mass fraction, heat
release rate and temperature distribution obtained for Jet A (from left to right).
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Fig. 8 shows time-averaged contours of the LES results obtained for Jet A and ATJ C1. Even though
the global behavior is very similar in both cases where the gaseous fuel is distributed along the outer
swirl flow, it is found that Jet A is oxidized slightly faster than ATJ C1 after evaporation. One of the
potential factors is the liquid penetration length of the fuels. ATJ C1 penetrates slightly further than
Jet A, as indicated in LES. As a result, the kerosene-grade Jet A burns more intensely and closer to
the TARS nozzle compared to ATJ C1, which shows a more diffuse and less intense heat release
distribution along the M-shaped flame.
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Figure 11 — Time-averaged reactive LES results: fuel mass fractions with contour line for Yeye =

0.015 (left), heat release rates with contour line for HRR = 60 MW/m3 (middle) and temperature

distributions with contour line for T = 1150 K (right) obtained for Jet A and ATJ C1 using the Z79
class of mechanisms.

4. Conclusions

Stringent requirements for achieving lower global emission levels in aviation demand alternative fuels
to be developed for improved sustainability, for which jet fuels of biological origin are accepted as a
feasible solution. This necessitates the characterization of thermochemical properties and combustion
characteristics before their utilization can be made widespread. Accordingly, the Triple Annular
Research Swirler (TARS) burner, which simulates aeroengines combustors, is employed for
experimental and numerical investigations of non-reactive and reactive flow dynamics in atmospheric
combustion chamber conditions.

Experimental investigations were comprised of two fuel injection schemes (gaseous and liquid), two
swirler combination configurations (no inner swirler and 30° CW inner swirler) and two boundary
conditions (unconfined and confined). The gaseous fuel tests were conducted utilizing methane (CH.)
as the fuel source and a maximum of Re, =16x10% is reached in unconfined combustion conditions
for which no inner swirler is mounted in the burner. Although an axisymmetric flame behavior is
observed within the range of operating conditions tested, the mass flow limitations through the fuel
injection holes restricted gaseous fuel operation to lower thermal loads. Proceeding the gaseous fuel
tests, liquid fuel tests are started with ethanol (C2HsO) as the fuel source. With the addition of a counter
rotating (30° CW) inner swirler into the burner assembly, swirl stabilized non-premixed combustion is
established using lean direct injection (LDI) of ethanol. Both for unconfined and confined
configurations, it is shown that a sufficiently large mass flow rate of air and a corresponding large
thermal load is required for establishing vortex breakdown. Under confined conditions, the operational
boundary for symmetric swirl-stabilized combustion is confirmed to be shifted towards lower Reynolds
numbers and thermal loads with the combined contribution of outer recirculation zones, prevention of
air entrainment and spillage of fuel.

The numerical simulation campaign performed with Large Eddy Simulations focused on investigations
at higher Reynolds numbers and thermal loads in comparison to the measurements using Jet A and
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ATJ C1. Since the simulations are utilized as a preliminary assessment tool for the combustion
characteristics, conditions that are not tested experimentally are investigated. Accordingly, not only
fuel type and operating conditions differ from the experimental settings, but also the effects of a co-
rotating inner swirler (30° CCW inner swirler) are analyzed. Despite the different fuel type, operating
range and swirler configuration are different than the ones used in the experiments (ethanol), the
flame behavior is captured with significantly good agreement with the experimental data provided in
terms of chemiluminescence images. This is further utilized in the design of experiment studies to
identify the realizable testing range and the targeted operating conditions for kerosene-based jet fuel
tests.

5. Future Work

The commissioning campaign of the TARS burner for investigation of alternative jet fuels is still
ongoing. The milestones presented in this paper are being followed by an extensive exploration of the
operational envelope of the burner using liquid fuels. In this regard, the combined experimental and
numerical campaigns will serve as a unique database for understanding the interactions between flow
physics and thermochemical processes that take place for swirl-stabilized flames. The experimental
data acquired throughout the measurement campaign will be used as a reference for validation and
comparison purposes, to investigate the influence of various numerical schemes and modelling
approaches employed for the simulation campaigns. Accordingly, the TARS burner will be utilized to
characterize fuel injection, flow and flame interaction, and combustion characteristics of various bio
grade jet fuels. The kerosene-based jet fuel Jet-A, and alcohol-to-jet biofuel, C1, are to be used as
baseline cases for the identification of characteristic differences between different fuels.
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