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ABSTRACT

Increasingly stringent regulations of pollutant emissions from aviation require rapid implementation of
novel combustion technologies. Promising concepts based on moderate or intense low-oxygen dilution
(MILD) combustion have been investigated in academia and industry. This MILD regime can be obtained
from the recirculation of the hot vitiated combustion products to raise the temperature of the reactants,
resulting in distributed reaction regions and lower flame temperatures. In the present work, we consider
the air-blast atomization of a kerosene spray in crossflow, which enables efficient mixing between fuel
and oxidizer. We investigate experimentally and numerically the effect of the spray air-to-liquid mass-
flow ratio (ALR) variation on the reaction front and flame topology of a kerosene spray flame. The spray
is injected transversely into a turbulent vitiated crossflow composed of the products of a lean CH4-H,
flame. The spray flame thermal power is varied between 2.5 and 5 kW, along with the atomizer ALR
between 2 and 6. The experimental characterization of the reaction zone is performed using OH* chemi-
luminescence and OH and fuel planar laser-induced fluorescence (PLIF). The Large Eddy Simulations (LES)
of the multiphase reactive flow provide good agreement with the experimental observations. Experiments
and simulations show that the ALR governs mixing, resulting in different flame stabilization mechanisms
and combustion regimes. Low ALR results in a relatively small jet-to-crossflow momentum ratio and a
large spray Sauter mean diameter (SMD). A thick windward reaction region is formed due to inefficient
shear layer mixing between the fuel spray and the crossflow. Meanwhile, the correspondingly large spray
SMD leads to isolated penetration and localized combustion of fuel clusters. At high ALR, the higher pen-
etration and the faster droplet evaporation due to the lower spray SMD result in an efficient entrainment-
induced mixing between the two streams, forming more distributed reaction regions.

© 2023 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

noise emissions for gaseous fuel operations [4,5], and in-furnace
applications [6,7]. The MILD combustion regime is based on pre-

The steady growth of air traffic in recent years has raised reg-
ulatory attention aiming at curbing the impact of aviation on cli-
mate change by 2050 [1]. This objective demands the rapid devel-
opment of novel aeroengines combustion technologies capable of
reducing CO, and non-CO, emissions while ensuring safe flight op-
eration [2]. In this context, one of the most attractive combustion
concepts is the ‘Moderate or Intense Low-oxygen Dilution’ (MILD)
[3], as it has shown promising results of low NOx, CO, soot, and
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heating reactants above their autoignition temperature through
efficient mixing with products [8], resulting in a relatively low-
temperature increase during the combustion process [9]. Burners
operated under this regime have shown emissions reduction and
possible applicability to gas turbines. Galletti et al. [10] operated
an industrial furnace under MILD combustion conditions through
internal recirculation of exhaust gases. They modeled it numeri-
cally and validated the simulations against experimental measure-
ments of species concentrations and temperature. A significant re-
duction of NO emissions and a more uniform temperature distri-
bution on the outer surfaces of the burner were reported for MILD
conditions compared to the standard operation. Sorrentino et al.
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[11] observed the onset of the MILD regime in the cyclonic burner,
designed to achieve efficient turbulent mixing between reactants
and a long residence time for combustion. They varied preheating
temperature and the diluent composition between N, and CO,, re-
porting low flame luminosity and uniform temperature distribu-
tion in the chamber in MILD operation. Szeg6 et al. [12] investi-
gated a parallel jet MILD furnace, reporting weak dependency of
NO formation on the overall low temperature in the burner. They
concluded that the formation of NO through the thermal path-
way is substantially reduced for MILD combustion, comparable to
prompt-NO and/or N,O-intermediate ones. lavarone et al. [13] have
compared different models to predict computationally NOx forma-
tion to the exhaust of a gaseous MILD burner. The reported low
NO emissions are modelled with chemical pathways normally neg-
ligible compared to thermal NO in conventional combustion sys-
tems. The low combustion temperature and dilution at MILD con-
ditions increases the residence time necessary for thermal NO for-
mation [14]. El Helou et al. [15] investigated the behavior of a non-
premixed methane-air Lean Azimuthal Flame (LEAF) burner. The
burner’s concept is based on a jet in hot crossflow configuration,
where air from the top of the burner entrains fuel and combustion
products into a vitiated toroidal flow. The strong recirculation of
high-temperature products increases the temperature of the reac-
tants that subsequently burn in the MILD combustion regime, lead-
ing to low NO, UHC, and CO emissions. The burner operation was
later extended to kerosene injected from pressure-swirl atomizers
by de Oliveira et al. [16]. Miniero et al. [17] investigated a new
dual-fuel version of the LEAF burner presented in Oliveira et al.
[16], featuring several geometrical modifications and an air-assisted
mode of atomization, operated with hydrogen and kerosene. They
related the topology of the LEAF reaction region and the soot for-
mation in the combustion chamber to the dual effect of the atom-
izer air-to-liquid mass-flow ratio (ALR) on the spray-to-crossflow
momentum ratio and the spray Sauter Mean Diameter (SMD). A
constant mass flow of hydrogen was injected into the burner to ex-
tend the operating range of the toroidal LEAF flame towards lower
ALR conditions. In a separate work, Pandey et al. [18] studied the
topological transition of the LEAF toroidal flame to a tubular flame
at low ALRs without hydrogen injection. The phenomenon was ex-
plained using a basic phenomenological model incorporating spray
evaporation and the convective flow timescales of each operating
condition.

The promising results of emissions reduction in gaseous MILD
burners, combined with the growing availability and technologi-
cal maturity of liquid sustainable aviation fuels (SAF) [19], have
increased the research interest in MILD combustion of liquid fu-
els. However, there are still many fundamental questions regarding
spray combustion in vitiated environments [20]. The complexities
associated with multiphase reacting flows require an in-depth un-
derstanding of the evaporation rate, ignition dynamics, and flame
stabilization mechanism [21]. Recent studies have focused on dif-
ferent academic configurations to achieve efficient mixing, such as
sprays in co-flows, and crossflows, to analyze these phenomena.

Williams et al. [22] analyzed the characteristics of the autoigni-
tion kernels of a Jet A spray in a vitiated co-flow as a function
of its temperature. They observed that for lower co-flow tempera-
tures, the autoignition is initiated randomly in small kernels that
increase their dimension and equivalence ratio while being con-
vected downstream. On the contrary, when the co-flow tempera-
ture is increased, the autoignition happens in larger rich kernels,
which do not vary their equivalence ratio as they move down-
stream. Rodrigues et al. [23] observed changes in the local flame
type and the heat release rate in a pressure-swirl ethanol spray
flame by varying the co-flow from ambient to hot-diluted air. The
effect of a lower oxygen concentration and the higher temperature
was reflected in an increase in the evaporation rate and larger en-
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trainment of the co-flow, leading to a reduction of the peak tem-
peratures in the flame region. The same test case was later numer-
ically investigated by Ma and Roekaerts [24] and Gallot-Lavallée
et al. [25]. The former found a transition in the flame structure
from a ‘double flame’ to a ‘single flame’ when changing the co-
flow conditions from ambient to hot-diluted air. The latter showed
that the droplet size distribution is a key parameter affecting the
flame stabilization mechanism.

The jet in crossflow has been extensively studied due to its
applicability to many engineering fields [26]. The complex vorti-
cal structure of this configuration has been proven to provide a
better mixing between the two streams when compared to free
jets [27]. In particular, the application of a reactive gaseous jet
in vitiated crossflow to gas turbines with sequential combustion
[28] has sparked research interest both for premixed [29-31] and
non-premixed jets [32-34]. In the case of the premixed air ethy-
lene jet in hot vitiated crossflow experimentally investigated in
Wagner et al. [30], it was demonstrated in the numerical inves-
tigation presented in Schulz et al. [35] that an autoignition cas-
cade develops along the windward side of the jet: the heat re-
lease peak occurs for very lean mixtures at the root of the jet,
and it drifts towards stoichiometric mixture along the windward
shear layer due to heat diffusion. The self-ignition process of this
configuration was also unraveled and investigated in Solana-Pérez
et al. [36]. In [34], the behavior of a transverse methane jet in a
vitiated turbulent crossflow burning in MILD conditions was in-
vestigated. The oxygen concentration in the crossflow affected the
shape of the reaction region without significantly contributing to
the intensity of the OH* chemiluminescence signal. Moreover, the
MILD region was formed of thin flame fronts for all the investi-
gated operating conditions. The injection of partially atomized fuel
into a crossflow has not received significant attention, despite its
advantages in terms of mixing length reduction compared to lig-
uid jets, which is beneficial for the onset of MILD combustion. Two
well-established efficient methods to achieve fuel atomizations are
pressure-swirl and air-blast atomizers. The latter has several ad-
vantages over the former atomization mode for gas turbine appli-
cations. It requires lower fuel-delivery pressures and provides pre-
mixing of the liquid fuel with a small amount of air before mixing
with the main oxidizer stream [37]. Furthermore, the flexibility in
terms of spray penetration, droplet size, and dispersion of air-blast
atomizers enables optimization of their performance at different
operating conditions. Leong et al. [38] extensively studied a Jet A-1
air-blast spray injected into a crossflow of air at ambient condi-
tions. They observed an increase in the spray penetration and de-
gree of atomization by increasing the air-blast pressure drop. Sinha
et al. [39] reported that the spray trajectory of an air-blast atom-
izer in an air crossflow at ambient conditions depends primarily
on the ALR of the atomizer and the liquid surface tension. While
the first parameter holds information on the air-blast velocity, the
second affects the droplets’ drag force in the crossflow. Therefore,
this configuration has to be described by accounting for the char-
acteristics of both the gaseous atomization air jet and the droplet
behavior in a turbulent crossflow.

The application of MILD combustion to liquid fuels for aero-
engine applications calls for fundamental studies of reactive sprays
in vitiated crossflow. Unlike gaseous jets with long-standing lit-
erature, studies focused on reactive liquid sprays in the vitiated
environments remain scarce to date, despite their potential for
low-emissions combustion concepts. In such a configuration, the
multi-phase physics of liquid spray combined with spatio-temporal
scales of reacting fields presents inherently and intrinsically com-
plex problems [17,40].

The present study aims at characterizing the flame topology,
mixing characteristics, and reaction fronts, of a kerosene spray in a
hot vitiated crossflow as a function of the air-to-liquid ratio of an
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Fig. 1. Sketches of the test rig depicting (a) the side-view (x — z plane) of the first-stage flame and the spray flame, and (b) the top-view (x — y plane) of the first-stage flame
and the spray flame along with the location of the laser sheet employed for the PLIF measurements.

air-blast atomizer. The fundamental analysis of this configuration
provides a stepping stone for understanding spray combustion in
the vitiated environment. Insights into the complexity of the mul-
tiphase turbulent reactive flow physics are obtained at different
positions along the jet trajectory employing both experiments and
Large Eddy Simulations (LES). The experiments include OH* chemi-
luminescence and OH planar laser-induced fluorescence (PLIF) on
different planes. The experimental results are complemented with
time-resolved, three-dimensional numerical data to provide addi-
tional insights into the velocity field and spray characteristics. This
data is acquired by applying an in-house LES code with Eulerian-
Lagrangian formulation and a transported probability density func-
tion combustion model, extending the work previously carried out
by Fredrich et al. [40].

The paper is organized as follows. Section 2 describes the ex-
perimental set-up, and Section 3 introduces the numerical method
employed in the study. The experiments are presented in Section 4,
and complemented in Section 5 with the analysis of the Large Eddy
Simulations results. Final remarks conclude the paper.

2. Experimental set-up
2.1. Test rig

The experiments are conducted using a generic modular staged
combustor with a square cross-section of 62 x 62 mm?, operated
at atmospheric pressure. A 4 x 4 array of lean turbulent CHy-
H,-Air technically-premixed flames composes the first stage. The
equivalence ratio and thermal power of the first stage are kept
constant at 0.7 and 50 kW, respectively, with a 5% H, enrichment
in mass. A Jet A-1 kerosene spray is injected 348 mm downstream
of the first stage flame through an internal-mixing air-blast atom-
izer (Delavan: SN type-30610-1) which is encased in an aluminum
jacket and water-cooled to 353 K (temperature measured with a
K-type thermocouple). Kerosene is injected through a liquid ori-
fice with a diameter of djj; = 0.6 mm and atomised by shear by an
air stream coming from a torus concentric to the liquid orifice and
with inner and outer diameter of d;; = 1.1 mm and doy; = 1.8 mm.
Further details on the atomiser and its geometry are included in
Fig. 1 of [41]. The operating conditions and the corresponding val-
ues of the global equivalence ratio ¢, jet-to-crossflow momentum

Table 1

Operating conditions.
oc Py ALR ¢ J SMD
# [kW] [-1 (-] [-1] [nm]
1 2.5 2 0.12 18 53.9
2 2.5 6 0.12 162 20.8
3 5 2 0.22 61 33.8
4 5 6 0.21 547 13.5

ratio (J), and spray Sauter Mean Diameter (SMD) are summarised
in Table 1. The average density and species composition of the
crossflow is calculated with a CANTERA 0D equilibrium calcula-
tion of the first stage flame [42]. It is important to underline that
the variation of the atomizer ALR does not substantially affect the
global equivalence ratio of the flow ¢ at constant thermal power,
which remains lean for all the operating conditions (~ 4.5% of ¢).
The jet-to-crossflow momentum ratio J for an air-blast atomizer is
calculated by the relation introduced using Leong et al. [38]:
_ (pkuﬁAk + pabuaszab)/As

IOCfUCZf 7
where p, U and A indicate the density, velocity, and cross-sectional
area of the atomizer relative to kerosene (k), air-blast air (ab), and
vitiated crossflow (cf), respectively. The area As is the sum of Ay
and A,,. The previous experimental results of Chong et al. [41] and
Kumar et al. [43] show that the spray Sauter Mean Diameter (SMD)
of the atomizer used in the present work closely follows the em-
pirical correlation presented by Rizk and Lefevbre [44] for a plain

jet air-blast atomizer. The spray SMDs are calculated using this cor-
relation for all operating conditions for the presented work.

J (1)

2.2. Experimental diagnostics

The high-speed OH* chemiluminescence imaging of the spray
flame is done using a LaVision Highspeed camera coupled with
an IRO intensifier oriented along the y-direction of Fig. 1. A UV
lens (Cerco 100 mm f2.8) together with a bandpass filter (Chroma,
T > 70% at 310 nm, FWHM 10 nm) is mounted to the intensifier.
The OH* flame images are acquired at 5 kHz and up to 1000 im-
ages (0.2 s of acquisition time). The IRO gain and gate are kept
constant for all the operating conditions. The experimental setup
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for the OH PLIF imaging consists of a frequency-doubled dye laser
(Quantel TDL 90 pumped with YG981, 20 m] per pulse, 0.08 cm-
1 FWHM) tuned to the Q1(8) transition of the OH(A-X) (V' =1,
v” =0) band near 283.55 nm. The laser beam is expanded into
a 44 mm wide sheet using a combination of cylindrical lenses
and aligned in the x —y plane (see Fig. 1(b)). The excited OH-
fluorescence signals are captured with an ICCD camera (PCO Dicam
Pro), oriented along the z axis (depicted in Fig. 1(a)). The camera
is equipped with a UV lens (Cerco 100 mm f2.8) together with a
bandpass filter (Chroma, T > 70% at 310 nm, FWHM 10 nm). 200
OH PLIF images (20 s acquisition time) are recorded at a sampling
rate of 10 Hz with a spatial resolution of 136 jwm/pixel. The laser
sheet profiles are measured by sampling part of the laser light
onto cuvettes filled with rhodamine 6G dye solution before (exci-
tation profile) and after (absorption profile) the test section. These
profiles are recorded with two CCD cameras (PCO Pixelfly with
Schneider-Kreuznach 25 mm f/1.95 lens). The above-mentioned
optical elements and the imaging setup are mounted on an electric
traverse system (Isel Gantry Flatbed Cartesian Robot) to move the
configuration along the z-direction in 5 mm steps.

Additionally, to provide a mid-section across the entire span of
the jet in crossflow, the lateral quartz window was replaced with
the water-cooled aluminum plate housing the atomizer, and the
OH PLIF light sheet was aligned with the injector tip. In this con-
figuration, the laser sheet is blocked by the anodized plate, and the
absorption profile cannot be measured, which precludes OH con-
centration measurement and only allow qualitative OH PLIF imag-
ing in this configuration.

Note that the window frame (see the orange area, Fig. 1(a))
constitutes an optical obstacle of 5 mm from the chamber wall so
that, e.g., the point of injection is not visible.

2.3. Kerosene fluorescence and OH concentration/temperature
measurements

The PLIF instrumentation is used for two purposes: (1) to iden-
tify the fuel spray in the unburnt region of the jet in vitiated cross-
flow and (2) to determine the absolute OH concentration, con-
verted into temperature fields in the burnt zones when certain cri-
teria are met. To achieve the first, the laser wavelength detuned
from the absorption line (off-resonance-case). The acquired cam-
era intensities then represent the remainder of flame chemilumi-
nescence in the burnt and the kerosene fluorescence in the un-
burnt flow region, which is mainly related to the kerosene’s aro-
matic content when excited at 283 nm [45]. To accomplish the sec-
ond, the laser wavelength is tuned back to the absorption line (on-
resonance-case) and the simultaneous measurement of OH PLIF
and OH laser absorption is used to determine the local OH con-
centration from a single laser pulse [46,47]. The mean intensity
of the off-resonance images is subtracted from the on-resonance
cases to scale them to the OH LIF intensity. Furthermore, both the
conditions are scaled with the ratio between the incoming (exci-
tation) and the outgoing (absorption) laser profiles, and corrected
for the flame chemiluminescence and camera background. The lo-
cal LIF intensity generated by the laser sheet tuned the OH absorp-
tion line is related to the absolute OH concentration in two steps.
First, the LIF signal is scaled with the local laser intensity and the
local spectral overlap between the laser and the absorption line. In
the second step, local absorption is approximated as a function of
the local normalised LIF intensity, as each absorbed photon will re-
sult in a LIF signal with a probability described by the fluorescence
quantum yield. Finally, the measured absorption is expressed as a
measure of number density, i.e.,, the OH concentration [48]. The
method can be extended to temperature measurements when the
OH density is nearly independent of ¢, i.e.,, under the assumptions
of chemical equilibrium and a globally lean mixture (¢ < 0.9). In
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Fig. 2. Reconstructed temperature distribution of the combustor cross section (y — z
plane) obtained by means of planar OH thermometry, where [0;0] corresponds to
the atomizer location.

this case, the OH concentration can be considered dependent on
temperature only. Therefore, CANTERA [42] equilibrium calcula-
tions of the reactants at different temperatures are employed to
relate the measured OH concentrations to temperature values. The
technique has a lower temperature detection limit of 1300 K and
an uncertainty below 5% in the 1600-2100 K range [47]. It has
been recently applied to a similar setup by Weilenmann et al. [49],
and at higher pressure conditions by Doll et al. [50]. The above-
mentioned assumptions are applicable downstream of the first-
stage flame without the spray injection for the presented experi-
ments. Hence, the crossflow temperature field without the spray is
obtained at different z positions from the OH density maps.

Figure 2 presents the average temperature field for the combus-
tor cross section (y — z plane in Fig. 1). It is obtained by averaging
the temperature distribution on x —y planes along the x axis at
different z heights and reconstructing the temperature field for the
y — z plane. The average temperature is used as one of the bound-
ary conditions for the LES set-up.

As discussed above, the module employed for the spray injec-
tion is composed of three air-cooled quartz windows and a water-
cooled bottom plate mounted with the spray atomizer and main-
tained at 353 K. The difference in the boundaries is reflected in a
lower temperature close to the bottom wall.

3. Numerical method

All simulations are performed with the LES code BOFFIN [51].
The code is based on a second-order accurate finite volume
method and uses a pressure-based, low-Mach number, variable
density formulation. Sub-grid scale turbulence-chemistry interac-
tions are closed via a transported probability density function ap-
proach solved by the Eulerian stochastic fields method. A compre-
hensive reaction mechanism with 57 species (based on Ref. [52]) is
applied, where dodecane is used as a single-component fuel surro-
gate to represent kerosene (Jet A-1)-air combustion. An Eulerian-
Lagrangian framework accounts for the two-way coupling between
the continuous and dispersed phases of the flow. The droplet evap-
oration rates are computed with the rapid mixing model [53],
while secondary breakup is neglected (dilute spray regime). A
stochastic dispersion model is included following the work of Bini
and Jones [54], and drag is assumed to be the only force acting on
the droplets.

The square duct domain is discretized by a mesh consisting
of approximately 8 x 10 cells [40] extending 70 mm upstream
and 180 mm downstream of the fuel atomizer. A vertical tempera-
ture profile based on the experimental thermometry results is pre-
scribed at the crossflow inlet, along with a fully-developed turbu-
lent velocity profile. The vitiated flow conditions in the crossflow
are taken from the aforementioned equilibrium calculation of the
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Fig. 3. The normalized time-averaged OH* chemiluminescence at (a) OC1, (b) OC2, (c) OC3, and (d) OC4. The intensities are normalized by the maximum values among all
the operating conditions. The black iso-contour highlights the 25% boundary of the maximum intensity for each case. The x symbols indicate the position of the centroid of

the area delimited by the isocontour.

first-stage flame. The wall heat transfer is treated through the ap-
plication of isothermal wall temperatures as per the experimental
measurements. The fuel spray is injected from a point source using
a Rosin-Rammler droplet size distribution based on the estimated
SMD for each ALR (see Table 1) and a dispersion parameter equal
to 4. The inflow velocities of the fuel droplets and the surround-
ing kerosene jet are computed from the respective mass flow rates
and injection diameters using an inlet temperature of 300 K for
both streams. More details on the computational setup can also be
found in Fredrich et al. [40].

4. Experimental results
4.1. Global spray flame characteristics

The OH* chemiluminescence signature is widely regarded as
the heat release marker for laminar and lean premixed flames [55].
However, several studies have highlighted the inadequacy of OH*
signals to accurately estimate the heat release rate of turbulent
flames, where the chemiluminescence intensities are substantially
affected by turbulent flow structures, and local variations of the
equivalence ratios [56,57]. Additionally, the line-of-sight intensity
integration of the chemiluminescence images limits the spatial res-
olution to global flame heat release regions without detailing the
small-scale intricacies [58]. In the current work, the kerosene spray
combustion in a turbulent vitiated environment attributes to a
highly three-dimensional and non-premixed phenomenon. Hence,
the spray flame OH* chemiluminescence images are solely utilized
to present and describe the global flame shape features [59].

Figure 3 reports the normalized and time-averaged OH* chemi-
luminescence results for the four operating conditions of Table 1.
First, the remnants of first stage OH* intensities are removed from
the acquired spray flame images through background subtraction.
Afterward, these images are used to evaluate average OH* intensity
fields and are normalized by the maximum intensity value among

the operating conditions. The black iso-contour highlights the 25%
boundary of the maximum intensity for each case, drawn to iden-
tify the location of highly reacting regions. The position of the cen-
troid of this area provides an indication for the analysis of the re-
action characteristics accounting for the variation of the flame pen-
etration at different ALRs in the remainder of the paper. A similar
approach has been employed in premixed and non-premixed hy-
drogen jets in crossflow in Solana-Pérez et al. [29] to study the jet
flame morphology and penetration and to identify the flame shape
and center of gravity in the second stage of a RQL setup in Renner
et al. [60].

Interestingly, the global flame characteristics of the two
kerosene thermal power conditions exhibit similar observations
with the ALR variations, including the relocation of intense reac-
tion regions, as depicted by the black iso-contours in Fig. 3.

The high-intensity flame regions are located predominantly up-
stream of the spray flame and close to the injection point for ALR 2
(Fig. 3(a) and (c)). However, by increasing the ALR to 6 (b and d),
these intense regions are moved further downstream. The higher
spray penetration results in a lifted flame from the injection point
such that the centroid of the high-intensity region is shifted from
z~ 15 mm to ~ 25 mm above the injection.

In the following, OH and fuel PLIF measurements are performed
to further comment on the spray flame features and the associated
controlling parameters. The corresponding results are described in
the next sections, focusing on the higher power cases (OC3 and
0C4).

4.2. Flame topology and fuel distribution

Figure 4 reports the average OH PLIF and the maximum fuel
PLIF intensity of each pixel on the central (y = 0) x — z plane at ALR
2 and 6. At ALR 2 (Fig. 4(a)), a high OH LIF signal is observed on
the windward side of a strongly bent non-reacting jet with lower
jet penetration than for ALR 6. Furthermore, the fuel PLIF (Fig. 4(b))
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horizontal dotted lines represent the position of the laser sheet for the PLIF measurements on the x —y planes at different z locations.
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Fig. 5. Experimental time-averaged OH density fields at OC3 (5 kW of thermal power and ALR 2) on the x —y planes at (a) z= 15 mm, (b) z= 25 mm, (c¢) z = 35 mm, and
(d) z= 45 mm, above the spray injection location. Maximum kerosene PLIF intensity of each pixel for OC3 (5 kW of thermal power and ALR 2) on the x — y planes at (e)

z=15 mm, (f) z= 25 mm, (g) z= 35 mm, and (h) z= 45 mm.

shows a sporadic distribution of kerosene clusters. The OH PLIF sig-
nal at ALR 6 (Fig. 4(c)) confirms the relocation of the high OH in-
tensity area to the leeward side, as previously observed from the
OH* chemiluminescence images. In this case, fuel PLIF intensities
are primarily concentrated in the vicinity of the spray injection
point, as shown in Fig. 4(d).

Figures 5 and 6 show average OH planar density distributions
(a-d) in the x —y plane and the maximum intensity of each pixel
over the whole set of acquired images of the fuel PLIF (e-h) at
different z locations for OC3 and OC4. At ALR 2, at z= 15 mm

(Fig. 5(a)), high OH density regions enclose the non-reacting jet
(areas with minimal OH densities). The formation of these regions
can be attributed to the shear-dominated mixing process between
the fuel and the vitiated crossflow [61]. The plane z= 25 mm
(b) exhibits a similar distribution of OH density, with an extended
windward region of high OH concentration. Additionally, due to the
small jet penetration in the crossflow, the regions pertaining to the
non-reacting jet do not extend beyond z > 35 mm (Fig. 5(c)). In-
stead, a well-distributed area of high OH densities is observed that
corresponds to the products of the windward reaction zone on the
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Fig. 6. Experimental time-averaged OH density fields at OC4 (5 kW of thermal power and ALR 6) on the x —y planes at (a) z= 15 mm, (b) z= 25 mm, (c) z = 35 mm, and
(d) z= 45 mm, above the spray injection location. Maximum kerosene PLIF intensity of each pixel for OC4 (5 kW of thermal power and ALR 6) on the x —y planes at (e)

z=15 mm, (f) z= 25 mm, (g) z= 35 mm, and (h) z = 45 mm.

lower planes. On average, no significant OH density areas are de-
tected at z = 45 mm (Fig. 5(d)).

Large fuel PLIF x — y signals are measured close to the injection
position (z < 25, Fig. 5(e) and (f)), in the form of localized clus-
ters distributed around a circular shape. The low penetration of the
air-assisted spray in the crossflow due to smaller J inhibits cross-
flow entrainment, resulting in a weak mixing on the leeward side.
At the same time, bigger droplets tend to penetrate the crossflow
without following the atomization air due to their large inertia. At
higher x — y planes, no significant fuel clusters are detected.

At ALR 6, regions of high OH concentration are stabilized down-
stream of the stiff kerosene jet for z < 45 mm (Fig. 6(a)-(c)). They
gradually increase their area due to the contribution of mixing and
reaction at lower planes. The high-velocity jet penetrates the cross-
flow, increasing the entrainment-induced mixing between the two
streams on the leeward side. As a result, a transition from the non-
reacting jet to the high OH density area is observed along the jet
trajectory (at z=45 mm Fig. 6(d)). The fuel PLIF signals are rel-
atively uniform and locally confined to regions where lower OH
densities are observed (Fig. 6(e) and (f)). At z =35 and 45 mm, no
significant fuel clusters are detected. This further suggests that at
ALR 6, entrainment-induced mixing and subsequent formation of
the combustible mixture occur in the non-reacting regions.

4.3. Reaction fronts with ALR variations

Figure 7 reports the instantaneous OH density in the x—y
planes at multiple z locations for OC3 (a-d) and OC4 (e-h).

Close to the injection point (z < 25, Fig. 7(a) and (b)), the wind-
ward high OH density region is formed by a thick layer enclos-
ing the non-reactive jet. In this area, the jet mixes with the viti-
ated crossflow, and it reacts. At higher planes, localized high OH
density clusters are identified in the reaction region (z > 15 mm,
Fig. 7(b)-(d)). These correspond to individual reacting fuel clusters

generated by droplets that do not follow the atomization air jet
and penetrate individually in the crossflow.

At ALR 6, substantial changes compared to ALR 2 in the shape
of the instantaneous OH maps are observed (Fig. 7(e-h)). The sharp
localized gradient of OH concentration on the leeward side of the
jet highlights that the reaction region is now locally predominantly
formed by distinct corrugated thin flame fronts at all the planes.
As discussed before, the high ALR case features a strong mixing
between fuel and the hot vitiated oxidizer, enhanced by the rapid
evaporation of the droplets. The observation of thin flame fronts
was related in literature to the onset of MILD combustion regime
in gaseous conditions both experimentally [34] and numerically
[62]. The present work reports results that point towards a simi-
lar trend for liquid fuel combustion in the MILD regime.

5. Numerical results

In the following sections, the LES results provide further in-
sights on the intricate dependence of the reaction zone formation
and fuel distribution on the mixing and spray characteristics.

5.1. Mixing mechanism

Figure 8 shows instantaneous snapshots of OH and dodecane
mass fractions on the x —z plane at y = 0 for the LES of OC3 and
0C4. The black iso-contours represent 10% of the maximum heat
release rate (HRR) for the respective operating conditions.

Figure 8 confirms the relocation of the regions with high OH
mass fractions from the windward to the leeward side with ALR
variation from ALR 2 (Fig. 8(a)) to ALR 6 (c). These results are in
good agreement with experimental observations of the previous
sections, as shown in Fig. 4. At ALR 2, reaction fronts are concen-
trated on the windward side of the jet, superposed to the high OH
density area, as highlighted by the heat release rate isocontour in
Fig. 8(a). A significant OH concentration is detected on the far field,
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Fig. 9. Time-averaged z vorticity field obtained from LES at (a) OC3 (5 kW of ther-
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lines on the respective planes.

following the reaction region along the upper stretch of the jet. The
poor mixing between the fuel and oxidizer results in a high dode-
cane mass fraction on the leeward side of the jet (b).

The reaction region at ALR 6 is formed along the jet trajectory,
resulting in high OH concentration on the leeward side (Fig. 8(c)).
The absence of fuel-rich clusters (Fig. 8(d)) confirms the formation
of a combustible mixture in the non-reactive jet, induced by the
efficient entrainment-induced mixing with the crossflow.

The atomization air velocity influences the penetration of a
transverse kerosene spray in a crossflow, as described by the two-
phase momentum ratio J given in Eq. (1) from [38]. Previous
studies [27,63] have shown that higher jet penetration results in
a stronger entrainment-induced mixing between the two streams.
Therefore, in the current configuration, the ALR variation is linked
to the formation of the reaction regions as it controls the mixing
between the fuel spray and the oxidizer-rich crossflow.

Figure 9 reports the out-of-plane z vorticity field, superimposed
to the x — y velocity streamlines at ALR 2 at z =15 mm (a) and ALR
6 at z = 25 mm (b). The vortical structures are analyzed at the z lo-
cation of the centroid of the OH* chemiluminescence signal iden-
tified in Section 4.1, employed to identify the different penetration
of the reaction region induced by the ALR variation. The vorticity
maps refer to the experimental Region of Interest (ROI), as simu-
lations confirmed that the largest share of HRR is concentrated in
this area.

At ALR 2 (Fig. 9(a)), a weak vortical region is formed on the
windward side of the jet due to its small penetration resulting in
poor entrainment-induced mixing between the two streams. On
the other hand, at ALR 6 (Fig. 9(b), the high magnitudes of the
z vorticity highlight the presence of significant entrainment of the
crossflow by the jet, which aids efficient mixing between the fuel
and the oxidizer streams.

The comparison of the average z vorticity at different ALRs has
highlighted pronounced differences in the average vorticity field
induced by the jet penetration variation. The change of flow field
structures significantly influences the mixing characteristics. The
analysis of individual vortices is used to quantify the extent and
location of turbulent mixing between the two conditions. Regions
of strong rotation in the flow field are identified using the swirling
strength (A), defined as the complex eigenvalue of the velocity gra-
dient tensor V. This criterion, introduced by Zhou et al. [64], is
not biased by flow dilatation, therefore, applicable to reactive flow
fields, as reported by Kolar et al. [65]. Vortices are commonly de-
tected as regions where A < ¢, a threshold value accounting for the
turbulent nature of the flow field. Since identifying a global thresh-
old value inextricably associates the extension and strength of the
vortices, Bremer et al. [66] proposed the application of topological
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segmentation to find local thresholds. Vortices are identified uti-
lizing relevance, a metric that computes local threshold values as
the relative difference in swirling strength with respect to a local
maximum. This variable provides a measure of the local strength
of a vortex compared to its surrounding, being 1 at the local maxi-
mum and O at the global minimum in the domain. The application
of this method reduces the presence of small noise-induced struc-
tures as the identified vortices can be further filtered based on
their strength magnitude. Nair et al. [67] employed this approach
to describe the shear layer vortices characteristics in a reactive jet
in crossflow configuration.

Figure 10 shows the result of the application of the vortex iden-
tification algorithm to the x —z midplane y = 0 at ALR 2 (a) and 6
(b) superimposed on the normalized out-of-plane vorticity wy. The
black isocontours correspond to 25% of the maximum relevance.
They are overlayed to the y vorticity field, normalized by the at-
omizer diameter daom and the air blast jet velocity Ujet. The black
dashed line represents the x —z velocity streamline starting from
the atomizer position [0,0]. The location of a vortex in the x —z
plane is identified by its coordinates (Xyor, Zvor). It is classified as a
windward vortex if Xvor < Xstrmin (Z = Zsgrmin)- Vice versa, it is a lee-
ward vortex. Quantitative information on the mixing characteristics
is computed using the vortex circulation I', calculated in a discrete
form on the x — z plane as:

I' = Z Wyi 8A,‘, (2)

ieVortex

where i refers to a pixel belonging to an identified vortex, w; is
the y vorticity and §A; the pixel area.

Vortex structures are identified on the x —z plane for y =0
from 10 simulation snapshots, sampled at a time interval of 30 ps
at ALR 2 and 10 ps at ALR 6. The identified vortices are binned
in 5 mm wide bins as a function of their distance on the z di-
rection from the injection point Azaom, between 0 and 60 mm.
Figure 10 reports the total circulation (I't,¢) on each bin, i.e., the
sum of the circulation of all the vortices on the windward (c) and
leeward (d) side. The reported value is normalized by daom and
Uer-

Two main differences in terms of the number and distribution
of the vortices become apparent from the comparison of (a) and
(b) of Fig. 10. At ALR 2, vortical structures are mostly identified on
the windward side of the jet, corresponding to the shear mixing
structure identified by the y vorticity field. In contrast, a signifi-
cantly larger number of vortices is formed at ALR 6, approximately
equally distributed between the leeward and windward sides.

The ALR variation results in substantially different mixing char-
acteristics, described by the vortex circulation distribution between
the leeward and windward sides of the jet, which are visualized
in Fig. 10(c) and (d). At ALR 2, relatively high circulation is re-
ported on the windward side of the jet in the vicinity of the injec-
tion point (Azatom < 20 mm), rapidly decaying along the z direc-
tion. The lower cumulative circulation on the leeward side results
from the weak crossflow entrainment. These results confirm that
the windward shear layer is the dominant mixing mechanism be-
tween the two streams at this condition. At ALR 6, the magnitude
of the total circulation is comparable along the z direction and on
both sides of the jet. Furthermore, the windward shear layer re-
sults in the formation of vortices on low Aziom planes. However,
the higher jet penetration favors a homogeneous distribution of
the vortical structures on the windward and leeward sides along
the injection direction. Consequently, the efficient mixing between
the two streams results in a flame relocation along the jet trajec-
tory, as shown by the HRR isocontour in Fig. 8(c) and (d).

The investigation of the vorticity fields and the vortex circula-
tion distribution at the two ALR conditions has provided insights
into the dominant mixing locations and mechanisms. However, the
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Fig. 10. Instantaneous y vorticity field at ALR 2 (a) OC3 (5 kW of thermal power and ALR 2) and (b) OC4 (5 kW of thermal power and ALR 6). The black isocontours highlight
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from the injection point [0,0] employed to distinguish between leeward and windward vortices. The total circulation on the windward and leeward side of the jet binned at
different positions above the injection (Azom) point is reported in (c) and (d), respectively. The vorticity and circulations are normalized by the atomizer diameter (datom)

and the airblast jet mean velocity (Uje[).

complexity of the turbulent multiphase spray in crossflow configu-
ration requires an understanding of the behavior of the droplets to
provide conclusive insight into the fuel distribution in the domain
observed in Fig. 8.

5.2. Droplet distribution

The kerosene spray characteristics are inextricably linked to the
ALR variation of the atomizer. In the current section, the spray is
investigated by means of the droplet velocity and an analysis of
the different timescales governing the system.

The droplets are sampled using the same simulation snapshots
described in the previous section. Figure 11 shows the spatial dis-
tribution of the droplets on the x — z midplane (y = £5 pm) at ALR
2 (a-b) and 6 (c-d). The colormaps report the droplets’ x velocity
normalized by the bulk crossflow velocity U (a-c) and the z ve-
locity by the atomization air injection velocities at different ALR
conditions (b-d).

The visualization of the droplets on the midplane displays sub-
stantial differences in spray dispersion between the two operat-
ing conditions. At ALR 2 (Fig. 11(a) and (b)), the midplane droplets
distribution exhibits a relatively large spray angle, a small pene-
tration in the crossflow, and the presence of isolated droplets de-
tached from the jet trajectory. The strong spray penetration at ALR
6 (c and d) is associated with a narrow distribution around the
jet streamline. The balance between x and z velocity is an indica-
tion of the effect of the jet and the crossflow drag on the droplets.
Close to the injection point, the high-momentum atomization air
jet is responsible for the vertical acceleration of the droplets. Far-
ther away, they are gradually subject to the crossflow drag, which
results in an increase of Uy and a simultaneous decrease of U,. The
results of Fig. 11 shows different spray dispersion characteristics as
a result of the velocity contributions between the two conditions.

At ALR 2, droplets are monotonically accelerated in the x di-
rection from their injection point, reaching the crossflow velocity

10

(U =35 m/s) close to their maximum vertical penetration at z ~
25 mm (a). Due to their large inertia at injection, they are accel-
erated vertically up to only 20% of the kerosene velocity @ Their
limited tendency to follow the jet trajectory results in a large spray
angle and scattered localized fuel clusters as apparent in the fuel
PLIF results in Fig. 5.

The horizontal droplet velocity Uy distribution at ALR 6 shows a
monotonic acceleration, similar to lower ALR (Fig. 11(c)). However,
while Uy and U; have similar magnitude at ALR 2, there is a clear
predominance of the z velocity component at higher ALR, resulting
in a larger maximum vertical penetration (z ~ 40 mm). The smaller
droplets are rapidly accelerated and have a higher tendency to fol-
low the air-blast airflow due to their smaller inertia (see Fig. 11(d)).

To further analyze the dominant mixing mechanisms related
to the droplet size, the global spray evaporation timescales of
0OCs 3 and 4 are compared to the respective crossflow convective
timescales and the penetration timescales. The global spray evapo-
ration timescale is computed according to the d-squared law con-
sidering the spray SMD values at the two different ALR conditions:

d%MD
5 (3)

In Eq. (3) K is the mass burning rate of a droplet in a convective
environment [68]:
4k,Nuln (1 + B)
PiCpg
where kg is the mean thermal conductivity, B the Spalding mass

transfer number, p; the kerosene density and cpg the specific heat
capacity. The Nusselt number is calculated as in Turns et al. [68]:

0.555 Re'/? prl/3 (5)
[1+41.232/(Re Pr*/3)]1/2’

Re is the Reynolds number of the droplets, and Pr is the Prandtl
number. The values are calculated at T, defined as the average of

tevap =

K

Nu=2+
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Fig. 11. Scatter plot of the droplet location at the central y = 0+5 pm x — z plane. (a) The normalized x velocity of droplets for OC3 (5 kW of thermal power and ALR 2),
(b) the normalized z velocity of droplets for OC3, (c) the normalized x velocity of droplets for OC4 (5 kW of thermal power and ALR 6), and (d) the normalized z velocity
of droplets for OC4. The droplets’ x velocity is normalized by the average crossflow velocity U, (35 m/s), and the z velocity is normalized by the atomization air injection
velocity Ujﬁ (115 m/s and 345 m/s at ALR 2 and 6, respectively). The dashed lines are the average x — z velocity streamline starting from the injection point [0,0].

the kerosene boiling point Ty,; and the mean crossflow tempera-
ture Tes: (Tpoit + Ter)/2. The larger SMD at ALR 2 results in a longer
evaporation timescale than ALR 6.

The crossflow convective timescale is computed as:

LY 6)

of
where Iy = 25 mm is the axial length of the experimental ROI after
the atomizer and U = 35 m/s is the average crossflow velocity.

Finally, the z penetration timescale is computed as:

t; = li,

U,

where [, = 62 mm is the cross-sectional length of the module and
U, the average droplet vertical velocity computed from the distri-
bution of Fig. 11.

The ratio between evaporation and convective timescale
(tevap/tconv) provides insights into the effect of the crossflow on
the spray distribution in the domain. At ALR 2, this value is larger
than 1, underlining that the spray is transported over a distance
longer than the experimental ROI before complete evaporation. The
ratio (fevap/tconv) becomes < 1 at ALR 6, denoting that in this con-
dition, the spray is fully evaporated within the horizontal exten-
sion of the experimental ROI The spray transport in the x direc-
tion, prior to its evaporation, is a significant factor at low ALR due
to the longer evaporation timescale.

The situation is reverted in the 2z direction, where
(tevap/tz)alr2 < (fevap/tz)are- At ALR 2, the large inertia of the
droplets results in an overall lower vertical acceleration and pen-
etration (Fig. 11). On the contrary, the smaller droplets at ALR 6
are more subject to the drag induced by the high-velocity jet, re-
sulting in a higher overall U,. Therefore, droplets tend to penetrate
vertically in the crossflow, following the air jet, as visualized in
Fig. 11(d).

The timescale analysis reveals a different interplay between
evaporation and either crossflow convection or vertical penetration
of the droplets. The larger SMD at ALR 2 results in a comparably
slower evaporation timescale and a larger own inertia compared
to higher ALR. In this case, the crossflow drag has a larger impact
on the spray distribution than the vertical transport, resulting in

teonv =

(7)

1

the fuel clustering on the leeward side, observed in Fig. 8(b). The
reaction region is therefore localized on the windward side shear
layer, where the fuel-rich leeward area and the oxidizer-rich cross-
flow mix, as highlighted by the vortex identification of Fig. 10.

The combination of the higher momentum atomization air jet
and smaller droplet size distribution at ALR 6 results in the op-
posite trend. The shorter droplet evaporation time reduces the ef-
fect of the crossflow drag on the spray compared to the one of
the high-velocity vertical jet. At the same time, the strong jet pen-
etration favors an efficient entrainment-induced mixing with the
crossflow on the leeward side, resulting in the formation of a ho-
mogeneous mixture prior to the reaction (Fig. 8(d)).

6. Conclusions

This study presents an experimental and numerical investiga-
tion of a reactive spray in vitiated crossflow configuration. The
change in reaction front location and morphology induced by the
variation of the air-to-liquid mass flow ratio (ALR) is tracked down
to the interplay between the mixing and spray characteristics.

A low ALR is associated with a low J, related to a small air jet
penetration and a weak entrainment-induced mixing between the
two streams. The droplets timescale analysis highlights the pre-
dominance of crossflow convection over vertical penetration within
their evaporation time, favoring fuel clustering on the leeward side
of the jet. The shear layer between the two perpendicular streams
results in comparatively high vorticity on the windward side of the
jet in the vicinity of the injection point. The main reaction is there-
fore concentrated in a thick layer on the windward side of the jet,
where shear induces an inefficient mixing between the fuel-rich jet
and the oxidizer-rich crossflow. At the same time, the larger spray
SMD results in individual droplets or droplet clusters penetrating
the vitiated crossflow, where they evaporate and burn locally.

On the other hand, high ALR is associated with comparably high
jet penetration and small spray SMD. The high penetration induces
strong entrainment of the vitiated crossflow. The smaller droplets
have a higher tendency to follow the transverse atomization air jet
while evaporating and mixing with the crossflow, resulting in the
absence of fuel clusters. The reaction forms a distributed high-OH-
intensity area on the leeward side of the jet, composed of individ-
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ual sharp gradients related in literature to the formation of thin
reaction regions in the gaseous MILD combustion regime. The re-
sults of this paper provide insights into the behavior of air-assisted
sprays in the vitiated environment. These constitute a stepping
stone for developing low-emissions liquid fuel combustion regimes
for gas turbine applications.
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