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Abstract

A gas turbine model combustor was equipped with an industrial Lean Premixed fuel
injection system operating with liquid commercial kerosene (Jet-Al) at atmospheric
pressure. Large optical accesses enable joint Particle Image Velocimetry (PIV) and OH
planar laser-induced fluorescence (PLIF) measurements at repetition rates up to 5 kHz
and 10 kHz respectively. Using these diagnostics, flame topologies and non-stationary
events were investigated in operating conditions representative of the ones
encountered in real aeronautic propulsion systems. The flame shape was analyzed in
terms of interactions between the different flame zones responsible for flame
stabilization in confined swirled flames. Data processing of the strain rate and vorticity
fields highlighted the existence of two shear layers that interfere differently with the
inlet air/fuel mixing jet. An inner shear layer (ISL) between the Inner Recirculation
Zone (IRZ) and the fresh inlet flow is located at the upper base of the fuel spray. An
Outer Shear Layer (OSL) is also identified between the Outer Recirculation Zone
(ORZ) and the fresh incoming flow. Spanwise-oriented vortices are produced from this
latter, with a growth rate function of the free stream speed ratio (fresh incoming
reactants and the flow circulating inside ORZ). The detailed analysis of the shear layers
gives new insight on the flame structures obtained from OH-PLIF data. Finally, high-
speed simultaneous measurements of flow velocity and OH distributions highlighted
unusual flame pinching mechanisms leading to the release of subsequent unburned

pockets propagating in the burned gases.



1 Introduction

Aero-engine emissions are becoming a global environmental issue as air traffic
continues to rise. Environmental concerns and legislative regulations laid down by
governing organizations are therefore driving aircraft combustor manufacturers to
meet more stringent emission standards on NOx, CO and soot while maintaining or
improving the efficiency and reliability of future aero-engine combustors. In the case
of small operating pressure range aero-engines such as helicopter combustors, the
concept of lean premixed (LP) combustion has been introduced as one of the best
solutions to significantly reduce NOx emissions [1-4]. The LP concept is based on the
action of two air flows, one devoted to the fuel atomisation and the second to mixing
and fuel evaporation. Their combination acts as a promoter for the stabilisation of the
flame in the combustion chamber. Too sharp a reduction in the emission of NOx can,
unfortunately, lead automatically to a decline in flame stability as well as a drastic
increase in CO and hydrocarbon (HC) emissions [5]. Generally, enhancement of the
flame stabilization is provided by means of swirl flows. Swirling flames are commonly
characterised by unsteady flow structures, including irregular highly turbulent motion
and dynamics of coherent flow structures which interact with the flame downstream
from the fuel injection system. Furthermore, the large expansion of the flow induced
by the heat release rate can produce recirculation zones that promote the
transportation of hot reaction products back to the flame base, thereby enhancing the
local ignition of fuel and thus the flame stability. Between the inflow and recirculation
zones, unsteady shear layers allow the mixing between fresh and hot gases. Finally,
typical dynamics related to vortex breakdown, such as helical structures or Precessing
Vortex Core (PVC) can be a source of flow and heat release rate unsteadiness which
may trigger instabilities such as thermo-acoustic oscillations [6,7]. Of course, all of
these physical processes may compete or interact together [8], which complicates their
modelling. Further detailed experimental studies are then required to conduct a better
comprehensive analysis of these interaction mechanisms in order to improve the

performances of future aero-engine combustors.

In recent years, strong efforts have been made experimentally to improve the
knowledge of the related phenomena and to explore ideas for circumventing flame
stability issues in LP combustors. Effects of swirl on the flame structure were initially

studied with laser diagnostics in GT model combustors powered by gaseous fuel



[9,10]. The role of PVC on the reaction zone under unstable conditions was also
investigated using high-speed laser diagnostics [11]. Local interactions between the
aerodynamic flowfield and the reaction zone in CHa/air flames [7,11-13], thermo-
acoustic oscillations/flow field interactions [9] and fuel-to-air mixing [14] were also
addressed. More recently, high-speed PIV and OH-PLIF laser diagnostics were
applied in a pressurized natural gas fuelled burner to study the flame/flow
interactions in pressures up to 5 bar [15,16]. Unfortunately, all of these studies were
only performed with gaseous fuels that are not realistic of operating conditions
relevant to real aero-engine combustors. To better understand the physical processes
that take place in relevant gas turbines, efforts were initiated by first investigating the
effects of spray fuel injection on the flame characteristics. As an example, an
experimental study on confined swirl flames fuelled by methane or kerosene fuels
showed similarities in the aerodynamic flow properties in both flames but significant
differences in the flame structures [17]. One explanation formulated by the authors
was related to the combustion of liquid fuel droplets that modifies the diffusion of fuel
vapour and oxidizer species and thus the reaction rates. The chemical properties of
liquid fuels and their associated fuel atomization are also scalar parameters that
change the characteristics of swirl combustion systems [18]. Indeed, the authors
observed different droplet size distributions and flame structures when comparing
biofuel (RME)/air and Jet-A1/air swirl spray flames. The lower viscosity and higher
volatility of Jet-A1 then promote the fuel atomization leading to faster evaporation and
better mixing while the velocity distributions in both flames are similar. The dynamics
of swirled flames was also investigated using high-speed PIV and/or OH-PLIF laser
diagnostics. For instance, various types of swirl-stabilized flames close to blow-off
limits were studied by high-speed OH-PLIF [19]. The results of this study showed that
spray swirl-stabilized flames are more sensitive to lift-off and local extinction than
gaseous premixed swirl-stabilized flames. The timescale of the blow-off event was also
shorter in spray flames than in premixed and non-premixed gaseous CHas/air swirl-
stabilized flames. Interaction between the fuel droplets and the aerodynamic
conditions is also a mechanism that significantly affects the overall characteristics of
swirl-stabilized spray flames [20]. The effect of pressure on swirled-stabilized spray
flames is another physical parameter which has an influence on the flame
characteristics. For instance, large interactions between the mean flame location and
the aerodynamic flow field were underlined in a GT model combustor equipped with

an LP injection system fuelled with kerosene at 4.5 bar [21]. Flame structure and



droplet distribution were also analysed at 3 bar by visualising the fuel and the OH
distribution with high-speed PLIF in a gas turbine fuelled with various fuels such as
Jet-A1l and biofuel [21]. Another work focused on the quantitative effect on the
unsteadiness produced in LPP injection systems operated at various pressures (1 to 4.5
bar) with Jet-Al fuel was investigated using PIV and PLIF diagnostics [8]. More
recently the interaction between fuel vapour and liquid, aerodynamics and flame was
investigated in a high pressure combustor up to 5 bar, using high-speed diagnostics
[22]. While these studies have provided considerable insight into the physical
mechanisms governing swirling spray combustion, the design, power and operating
conditions relative to the fuel injection system are generally far different from
industrial aeronautical combustion systems. It is therefore crucial to better understand
the underlying physical and chemical processes in order to optimize the architecture
of future aircraft fuel injection systems. This involves performing detailed experiments
on relevant swirl-stabilized spray flames so as to improve the industrial aircraft engine

performances.

The current paper deals with a detailed experimental study of an advanced helicopter
LP fuel injection system operating at atmospheric pressure in an optically accessible
GT model combustor. This injector is fuelled with commercial Jet-Al fuel and
preheated air. In a first step, various experiments using laser diagnostics were
performed. First of all, the aerodynamic conditions were investigated using high-
speed PIV and stereoscopic PIV laser diagnostics. Experiments on the characterization
of the flame structure were pursued with OH-PLIF operating at low frequency. Finally,
the dynamics of flame structure/flow field interactions were investigated thanks to
the combination of high-speed OH-PLIF and PIV techniques. From the analysis of the
velocity measurements, the distributions of the averaged 2D flow velocity as well as
information about the strain rate and vorticity distributions provided an overview of
the aerodynamic flow field. In particular, the results illustrated the mechanisms of
generation of the shear layers and their effects on the flame front. A specific tool was
developed in the current study to extract the accurate flame front position via the
analysis of the OH gradient. An analysis of the experimental high-speed velocity data
was then performed with a Proper Orthogonal Decomposition (POD) tool to obtain a
detailed description of the dynamics of the aerodynamic flow. Finally, a careful

analysis of high-speed flow velocity and POD analysis combined with OH



distributions was used to study the formation of unusual flame pinching mechanisms

and their effects on the transporting of unburned pockets into the burned gases.

2 Experimental set-up

2.1 Combustion facility and operating conditions

A visualization of the experimental facility is given in

Fig. 1. The mono-sector gas turbine combustor is composed of two parts, the
combustion chamber and the fuel injection system (Fig. 1a). The combustion chamber
is the same as the one described in [23]. It has a square cross-section of 100 mm x 100
mm and a height of 230 mm. It is equipped with three UV fused-silica windows that
guarantee large optical access (80 x 200 mm?). The exhaust opens directly on the
ambient air with a 56 mm diameter nozzle. The LP fuel injection system is located at
the bottom of the combustion chamber and fuelled with commercial liquid Jet A1 fuel.
Air is fully injected into the fuel injector and acts as a promoter to atomize the liquid
fuel. The LP injection system is based on a premixing of air with a liquid spray fuel
issued from a fuel nozzle and a thin liquid film produced along the wall of the injection
system. A schematic of the LP fuel injection is depicted in Fig. 1b. The injection system
includes two co-rotating swirlers and a hollow cone central fuel injector. The central
swirl air flow is radial while the one used for the outer annular air flow is axial. The
liquid fuel is injected via two channels. The main injection circuit consists of the radial
injection of kerosene to the radial swirl air through eight radial holes of diameter 1 mm
staggered in two rows. A hole drilled along the fuel nozzle with an internal diameter
of 1 mm, constitutes the pilot injection. This one is used to axially inject the remaining
kerosene in the air stream. The atomization of the liquid fuel injected through the main
injection system is similar to the one obtained from the injection of a liquid jet in a
cross-flow. Radial kerosene jets are destabilized by the axial swirl air stream, resulting
in jet breaks and droplet formations. According to the geometry of the injector, the
larger "inertial" fuel droplets also impact the wall of the external tube of the central
flow, thus forming a thin liquid film. This one is then atomized through the action of
the external swirl air flow which provides a shear force resulting from the interaction
of the free liquid surface with an airflow stream. This interaction forces the liquid film

to move towards the lip of the pre-filmer where the axial swirl air stream deforms its
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edge and leads to the disintegration of the liquid film in form of ligaments and then to
small droplets as schematically shown in Fig. 1b. Finally, the axial swirl air stream thus
makes it possible to homogenize the mixture between air and fuel at the outlet of the
injector. Finally, the pilot injection system enables to produce a rich zone in the center

of the flow to promote the stabilization of the flame at the outlet of the injector.

The exit plane of the fuel injector is located in the bottom plane of the combustion
chamber (z/D = 0). The operating condition investigated in the current study delivers
a thermal power of 65.6 kW, with a global equivalence ratio of ¢= 0.7, mgy;, =30 g/s
and My, = 1.417 g/s. In order to ensure operating conditions representative of those
encountered in industrial gas turbines, the air inlet at the entrance of the combustion
chamber is preheated to 473 K. The flame stability is controlled by the analysis of the
pressure fluctuations measured inside the combustion chamber with a pressure

transducer.

2.2 Laser diagnostics

Two regions of interest were considered in the current study (Fig. 2). The first one
allows measurements of velocity in a cross section of the reactive flow field (Fig. 2a)
while the second one was used to perform measurements of velocity and OH
distributions in the axial plane centred along the flow axis (Fig. 2b). These
measurements were performed with a variety of PLIF and PIV diagnostics. The size of
the regions investigated as well as the associated spatial resolution selected for PIV

and OH-PLIF measurements are reported in Table 1.

221 PIV systems
Two PIV systems were used to perform 2D axial (x-z plane) and radial (x-y plane)
measurements of velocity. For measurements in the radial plane, a stereoscopic PIV

system was used. A schematic representation of the experimental setup is given in

Fig. 2a. The PIV system consisted of a dual-cavity Q-switched Nd:YAG laser running
at 5 Hz and providing two 532 nm laser pulses with a pulse timing separation of 2 ps.
The laser beam was formed into a 70 mm tall planar light sheet using a cylindrical

telescope (f1 = - 20 mm, f> = 500 mm) and focused to a waist of 500 pm using a spherical



lens (f = 1000 mm). Mie scattering produced from the illumination of solid zirconium
oxide (ZrO») particles of several pm nominal diameter seeded into the flow and
kerosene droplets by the laser beam were detected and imaged using visible cameras
(Dantec Dynamics FlowSense 4M). To minimize the scattered light from kerosene
droplets, the laser sheet was located at a minimal distance of 25 mm downstream from
the exit of the injection system in which the sizes of ZrO; particles and fuel droplets
had typically the same order of magnitude. The cameras operated with a 2048 x 2048
pixel resolution. For each camera, a Nikkor f/1.2 50 mm lens was mounted with a
Scheimpflug mount tilted with an angle of 35°. A narrowband optical filter centred at
532 nm with a 10 nm spectral width was placed in front of the lens in order to suppress
the background flame luminosity. Calibration of cameras was performed to correct the
perspective distortion and images were then de-warped and cross-correlated to extract
velocity fields using the commercial, multi-pass adaptive window cross-correlation
software (Dynamics Studio) developed by Dantec. A final interrogation window size
of 64 x 64 pixels with a 50% overlap was obtained. The resulting horizontal plane
section analysed in the flow was a section of 60 x 70 mm? at 25 mm above the burner

exit. This corresponded to 177 x 149 vectors, and a vector spacing of 0.46 mm.

For velocity measurements in the stream-wise direction, high-speed PIV experiments
were conducted to study the flow dynamics. The laser system consisted of a double
cavity Nd:YLF laser, DarwinDual, Quantronix operating at 5 kHz, with pulse energies
of 6 mJ/pulse. The signal was collected with a CMOS high-speed camera (Photron
SA1.1) equipped with a Nikkor 80 mm lens (f/1.4) and an optical band-pass filter
centred at 532 nm. The camera was a 8-bit, 1024 x 1024 pixel imaging array (20 pm
square pixels) able to acquire images at a frame-rate up to 5400 fps in the full frame
mode. Operating at 5 kHz, the array size was optimized to 768 x 768 pixels and images
were post-processed with the commercial Dynamics Studio software. A multi-pass
adaptive window cross-correlation with a final interrogation window size of 16 x 16
pixels and a 50% overlap was used. No data filtering was performed on the PIV
measurements, only spurious vectors were suppressed. The field of view observed in
the flame extended from z/D=1 to z/ D=3 and was 76 mm large, with a vector spacing
of 0.63 mm.

2.2.2 OH-PLIF systems
Two OH-PLIF acquisition systems were used to characterize the flame structure. A

conventional OH-PLIF system delivering laser pulses with high energy was initially
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used to acquire OH fluorescence images at low frequency (3.33 Hz) with a large signal-
to-noise ratio. The region of the flame observed with the laser sheet was 60 mm from
the exit of the injection system and 80 mm along the cross-section of the combustion
chamber. A Nd-YAG laser operating at 532 nm was used to pump a tuneable dye laser
(Quantel TDL90) supplied with Rhodamine 590 dye. The thickness of the laser sheet
was about 150 pm and the resulting output pulse energy at the probe volume was fixed
to 20 mJ. The excitation wavelength was tuned to 282.75 nm corresponding to the
spectral location of the Qi(5) rotational transition of the A%X*(0,0) « X2I1(0,1)
electronic band. The detection system consisted of an Em-ICCD camera (PIMAX4)
mounted with a 100 mm, f/2.8 UV-objective (Cerco). A combination of optical filters
allowing the detection of fluorescence signals over a spectral band centred at 310 nm
with a 30 nm spectral width was used. This strategy enables a significant reduction of
possible crosstalk between OH fluorescence and mono- and di-aromatics fluorescence
contained in kerosene via the following combined effects: 1/ the use of an excitation
wavelength of 282.75 nm reduces significantly the fluorescence of mono-aromatics in
the spectral OH fluorescence collection domain [24, 25]; 2/ performing fluorescence
measurements on OH with a linear regime of fluorescence reduces the intensity of the
excitation laser beam. Therefore, the intensity of kerosene fluorescence can be largely
decreased while the optimization of the OH fluorescence is maintained; 3/the use of a
narrow band-pass filter for OH detection allows to record a small extent of the
broadband kerosene fluorescence. To ensure that the kerosene fluorescence
interference is negligible in our current study, an experiment was carried out by
slightly detuning the frequency of the excitation laser beam to guarantee no excitation
of an OH rotational transition while continuing to promote an excitation of kerosene.
Results showed that the kerosene fluorescence signal collected onto the camera was
comparable to the noise signal of the camera, demonstrating that the kerosene
fluorescence is negligible in our operating conditions when recording the OH-PLIF
images. Furthermore, elastic light scattered by particles and fuel droplets into the flow
was suppressed using a high transmission Schott WG295 filter coupled to a band-pass
Schott UGL1 filter. Laser sheet energy distribution was finally measured by filling the
combustion chamber with acetone vapour before the experiment and by recording an
averaged acetone fluorescence image obtained from the data processing of 1000 single-

shot acetone-PLIF images.



The shape and dynamics of the flame were analysed with a high-speed OH-PLIF

system. A schematic representation of the experimental setup is given in

Fig. 2b. The high-speed OH-PLIF system consisted of an Nd-YAG laser operating at
527 nm, generating laser pulses at a repetition rate of 10 kHz and delivering an average
power of 105 W. The resulting green laser pulses pumped a tuneable dye laser (Sirah
Credo with a mixing of Rhodamine 590 and ethanol) that produced at 10 kHz 0350
uJ/pulse with a 20 ns pulse duration. The laser wavelength was tuned to the Q1(5)
rotational line. This wavelength was controlled using OH fluorescence signals
recorded in a laminar CH4/air flame. The UV laser beam was superimposed with the
PIV laser beams, using a dichroic mirror and was expanded through a set of fused
silica lenses (f; = 1000 mm, f, = —20 mm, f3 = 500 mm) to form a 50 mm tall planar
light sheet. OH fluorescence signals were collected with an intensifier (High-Speed
IRO, LaVision) coupled with a high-frame rate CMOS camera (Fastcam SA5) operating
with a 896 x 848 pixel resolution. A 100 mm, £/2 UV objective lens (B. Halle NachfI.

GmbH) was mounted on a Scheimpflug mount to ensure a camera tilt angle of 27.5° (

Fig. 2b). The filters used in the high-speed OH-PLIF measurements were the same ones

used in the low repetition rate PLIF measurements.
2.3 Image Data Processing

2.3.1 OH-PLIF image filtering and flame front detection

Once the OH fluorescence images has been corrected from the distortion and spatial
energy distribution of the laser sheet, a filtering procedure was applied to detect the
flame front contour. In many studies, linear diffusion filtering using Gaussian routines
is applied to reduce noise before extracting the flame contour. However, this type of
filtering generally smoothes the noise but blurs important features such as the edges
and thus makes them harder to identify [26]. To limit these constraints, non-linear
diffusion filtering routines are used to improve the Signal to Noise Ratio (SNR) while
enhancing the contours in images [9,27,28]. This procedure offers the advantage of

locally modifying the diffusion coefficient according to the type of object observed on
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the images. Thus, a large diffusion coefficient can be used to smooth the noise while a
negligible one is applied when approaching to the object boundaries. As a result, flame
contours can be enhanced, gradients are sharpened and detection of the boundaries is
highlighted. The non-linear diffusion method used in the current study then solves the

following partial differential equation (PDE):

0

= = div(g(I7ul)7w) (1)
in which g is a diffusivity function and u(t, x, y) is the OH fluorescence signal on the
image. Considering that the edges of the object are detected by the gradient of u, |V'u|?,

a diffusivity function g(|Vu|?) can be introduced by using the formalism proposed by
Perona and Malik [29]:

g(Ivul?) =

14 (12l @

where 1 is defined as a contrast parameter. With this expression, only gradient
intensity values lower than A are diffused. To provide a better converging effect of
averaging the gradient within the diffusivity, the diffusivity function g(|Vul|?)
proposed by Perona and Malik was replaced by the expression g(|Vuy|?) with u, =
K;u and K, denoting a Gaussian function with a standard deviation 0. The numerical
implantation of this filtering method was achieved by discretizing the PDE equation
with an iterative process. The simplest procedure consisted in the use of an explicit
scheme, but for stability reasons, this method is severely restricted to very small time
steps, leading to a high time cost. A solution to circumvent this constraint was to use
the additive operator splitting (AOS) method proposed by [26]. Using a semi-implicit
scheme, the computational cost was then increased compared to the case of the explicit
scheme but time steps are no longer limited. Thus, the global computation time is
reduced. To illustrate the potential of this filtering method, the instantaneous profiles
of the OH signal intensity at z/D = 2 from the raw OH images and the filtered OH

images are plotted in

Fig. 3a. One can observe that the noise is smoothed by the filtering tool (green line)

while the sharp gradients of OH signals are well preserved. To isolate the sharp
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gradients, filtered OH images were converted into binary images with black regions
corresponding to fresh gas and gray to white zones denoting the burned gases. The
threshold limit adopted for this binary conversion was defined using Otsu’s method
[30]. The frontier separating both the two zones was then defined. The advantage of
this method is highlighted in

Fig. 3b in which the OH flame contours deduced from non-filtered and filtered
instantaneous OH fluorescence images are compared. It can be seen that the detection
contour based on the Otsu’s method on non-filtered OH images fails in regions with
low SNR (red lines at the top of Fig 3b). Indeed, the application of the Otsu’s method
on weak signals in which gradients are difficult to isolate does not significantly reduce
the blurring at edges. On the contrary, the filtered OH image enhances the contrast of
the OH signals, this enabling unambiguous detection of the contour between the

burned gases and fresh gases.

2.3.2 Proper Orthogonal Decomposition analysis

The Proper Orthogonal Decomposition (POD) is a statistical tool for identifying and
extracting coherent structures and energetic events in flows. POD consists in the
determination of a set of bases of linear functions, the so-called proper orthogonal
modes which contribute most of the energy of the flow. The approach selected in the
current study is based on the snapshots method introduced by [31]. POD
reconstruction is used as a low-pass filtering to remove small velocity fluctuations and
enable identification of the most energetic coherent structures that cannot be clearly
observed on the raw experimental velocity fields [32]. To illustrate the potentialities of
POD on realistic reactive flows, it was applied on the velocity field measured in a
focused region of interest (i.e. on the left side of the flow since the flame is assumed to
be symmetrical). 3750 instantaneous velocity fields recorded at 5 kHz were used. A

typical comparison of the POD reconstruction of the fluctuation energy (

Fig. 4b) with the experimental vorticity (
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Fig. 4a) is displayed. By using only 50 modes which accounts for 70% of the energy of
the fluctuations, the POD reconstruction enables the position and intensity of the

experimental vorticity to be captured.

3 Results and discussion

3.1  Averaged velocity field
A set of 3750 instantaneous velocity fields was used to compute time-averaged
statistics with a good convergence. The mean flow field was found to be axisymmetric.

To illustrate the main properties of the time-averaged flow pattern,

Fig. 5 displays a streamline plot superimposed on the mean velocity flow (Fig. 5a) and
the turbulence kinetic energy (TKE) fields (Fig. 5b). In the current study, TKE was
calculated as %Z juju;" in which u; is the fluctuation of the velocity component in the
directioni (x, y or z). Since only the axial and radial velocity components are measured,
the out of plane velocity fluctuations are assumed to be equal to the radial fluctuations
for the calculation of TKE.

The averaged flow velocity is typical of those observable in enclosed swirled flames
[9,33]. The air/fuel fresh mixture expands downstream from the injector along a
conical spatial distribution with a magnitude of axial velocity that may exceed 150
m/s. The geometry of this flow, in a time-averaged approach, consists of several main
regions: a large inner recirculation zone (IRZ) that is developed through the positive
axial pressure gradient associated with the vortex breakdown of the swirling flow, an
outer recirculation zone (ORZ), a toroidal recirculating region generated by the rapid
expansion of the nozzle in the combustor, an annular jet flow at elevated velocity that
separates these two regions and two annular shear layers that divide the ORZ and the
jet inner flow, and IRZ and inner flow, denoted here as the outer shear layer (OSL) and
the inner shear layer (ISL). Each shear layer originates from the existence of a large

velocity gradients between the inner flow and the recirculation flows, thus generating
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strong velocity fluctuations. Analysing the RMS of the velocity (Fig. 6), the highest
velocity fluctuation is produced in ISL for the axial component (Fig. 6b) and in OSL for
the radial component (Fig. 6a). It can be noted that the fluctuations associated with ISL
are two times larger than that of OSL. To complete the description of the turbulence of
the flow field, large turbulent scale structures are also observable on the instantaneous
2D flow velocity displayed in Fig 7. These ones are mainly located in the ISL and OSL
regions, zones in which mixing between fresh gases and hot products is highly

promoted.

Radial velocity flow components were also measured by using stereo-PIV in a cross-
section perpendicular to the flow axis. The streamlines of the averaged flow velocity,
coloured by the axial flow velocity and the associated TKE are presented in Fig. 8a.
Results were obtained from the data processing of 250 instantaneous 2D flow velocities
recorded at z/D= 1.1. As expected, results demonstrated that the averaged velocity
flow and TKE distributions are axisymmetric. The radial profiles (x/D= 0) of the
average and RMS values of the three velocity components are also reported in Fig. 8b.
Measurements show that the flow velocity field presents a high three-dimensional
feature since tangential and radial velocity components are of the same order of
magnitude. The tangential velocity uyin the ORZ is around 30% larger than the radial
velocity ux. On the contrary, the radial velocity component displays a larger value
compared to the tangential velocity in the inner flow, in which axial velocity is
maximal. This difference of behavior in IRZ and the inner flow highlights the large
velocity gradients in ISL.

Based on experimental knowledge of the three components of the velocity flow, the

aerodynamic Swirl number at z/D = 1.1 was calculated using the following relation:

fOR p.Ug. Uy 21r2. dr

S = - - (3)
Rinj [, p-(p +u2).2mr.dr

The pressure effect is usually neglected in experimental studies since it is difficult to
obtain. The quantities u, and uy stand for the axial and azimuthal velocities at the
outlet of the injection system. Pressure and density effects are neglected in the

calculation. A value of S = 0.62 was calculated assuming a characteristic length equal
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to the radius of the nozzle exit R;;,; and an integration domain ranging from x/D = 0
to 1.3. The existence of a high degree of swirl (larger than 0.62 at the exit of the fuel
injection system) confirms the experimental results, namely that an axial recirculation

bubble in the form of a central toroidal recirculation zone occurs in this type of flame.

3.2 Strain rate and vorticity

The 2D flow velocity distribution from PIV measurements was used for a direct
calculation of gradient-based quantities such as the strain tensor and vorticity. These
quantities provide a useful basis for the analysis of the non-linear coupling between
turbulence and chemical processes leading to a wrinkling and a straining of flames.

The strain tensor in the x-z plane was obtained from the following expression:

1 <6ux auz> @)

Sy = =
xz 262+6x

in which the quantity u; denotes the turbulent velocity in the direction xi. The out-of-

plane component of vorticity (w,) was computed using the curl of the velocity field.
For a planar 2D flow velocity field, the out-of-plane vorticity is computed as
ou, Ju,

_ Ou,  Ouy 5
Yy = ox 0z ©)

Fig.9a presents the mean strain rate component in the x-z (measurement) plane.
Maximum values of the strain rates (regardless of its sign) occur at the interfaces
between the inlet flow and each recirculation zone (ORZ and IRZ). More remarkably,

the thicknesses of the two shear layers differ among themselves.

In an open channel sudden expansion, the main stream separates from the corner of
the expansion and reattaches downstream. The separating streamline is thus defined
as the frontier between the main inlet stream issued from the injection system and the
ORZ. One specificity of the ORZ is its low velocity magnitude compared to the inlet
stream. Consequently, the separation streamline is representative of high turbulent
mixing layers with presence of large velocity gradients. The growth rate of the mixing
layer is then generally piloted by the Kelvin-Helmholtz instability mechanism [31].
Even for high Reynolds numbers (up to 200 000), Kelvin-Helmholtz instability
generates primarily two-dimensional, spanwise-oriented vortices (rollers) that are

transported downstream with a convective velocity function of the free stream speed
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ratio r=U/Ui. The velocity with the subscript “2” is associated with the low speed of
the positive stream-wise developed in the ORZ and the velocity with the subscript “1”
refers to the high-speed inlet stream. For incompressible mixing layers, the growth rate
of the shear layer driven by the Kelvin-Helmholtz mode can be then expressed as a
function of the velocity ratio (r) and the density ratio (s = p,/p;) by the following

expression [34]:

, (1 -7)(1++5)
(1+7Vs)

é

6 is the visual thickness of the shear layer and z is the downstream distance from the
corner of the outlet wall of the injector. In our case, assuming U1 = 120 m/s, U2 =30
m/s and a density ratio of 1/5 (ratio of temperature between the hot gases contained
in the recirculation zone and those of the inlet jet), the value of the thickness is
calculated for different heights above the burner and plotted on Fig. 9b. The evolution
of the theoretical thicknesses versus the height is then compared to the experimental
values measured in the shear layers. For instance, at z/D=1.1, the theoretical thickness
is about 4.1 mm which agrees well with the experimental value of 4.4 mm acquired in
the ORZ. By contrast, the thickness observed experimentally in the ISL is noticeably
larger, around 9 mm. This value is apparently too large to originate from the
development of the ISL by only Kelvin-Helmholtz instabilities. As IRZ is not attached
to the injection system (i.e. no existence of a bluff body at the center of the outlet
injection system), the ISL is no longer driven solely by Kelvin-Helmholtz instabilities
but is likely piloted by another mechanisms that also produce smaller-scale,
streamwise-oriented vortices lying along the outer edges of the spanwise rollers and
grouping in counter-rotating pairs. According to the literature [35], one possible
mechanism could be related to the sudden increase in three-dimensionality and the
accompanying increase in the amount of molecularly-mixed fluid associated with the
mixing transition. Therefore, the existence of highly turbulent motions inside the inlet
flow (see Fig. 5) are key parameters which enable the strain and the distortion of the
volume of hot exhaust gases circulating in IRZ, breaking then the interfacial zone
between the main flow and the reverse flow in the IRZ into smaller volumes and
accelerating an homogenization of the mixing layer in a larger section. Thus, the
mixing taking place along the interface between the inlet stream and the hot gases
circulating inside the IRZ is more efficient and provides a favorable zone for the

ignition of the incoming fresh gases and flame stabilization, compared to the OSL (see
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section 3.3). A second instability mechanism which could explain the thickness of the
ISL is the presence of a precessing vortex core (PVC). Indeed, formation of the IRZ may
be accompanied by the occurrence of a PVC which strongly impacts the flame stability
and may affect stretch and local quenching of the reactions zones [36]. However, no
evidence of remaining PVC structures in the flow regions investigated can be found in
PIV images and it is therefore difficult to assess the presence of PVC. Furthermore,
oscillations in the flow field arising from the PVC (if any) would decay rather rapidly
as the flow is propagating downstream from the injector [12,37]. Oscillation
amplitudes would significantly decrease at axial distances from the breakdown
corresponding to about one to two nozzle diameters. Considering an exit nozzle
diameter of D ~ 2 cm, the effect of PVC is expected to be negligible in the IRZ where

flame pinching effect is observed.

Positive and negative values of the shear strain rate observed in Fig. 9a also indicate
two opposing directions of the fluid angular deformation inside the flow. For the left
zone of the flowfield displayed in Fig. 9a, the positive values correspond to the OSL
delimiting the zone between ORZ and the inlet flow while the negative values are
representative of ISL. These opposite trends are easily explained by the orientation of
the vortex structures generated at the interface between the recirculation zones and

the inlet flow, which are counterclockwise for OSL and clockwise for ISL.

Fig. 10 displays the mean vorticity field w, calculated from the average of 3750
instantaneous vorticity fields. To locate the high vorticity regions in the velocity
flowfield, streamlines are added on vorticity maps. The vorticity field appears similar
to the corresponding strain rate, which suggests a dominance of the axial-velocity-
gradient term in Eqs. (4) and (5). Regions of positive and negative (red and blue)
vorticity properly identify the counter-clockwise and clockwise rotating flows on the
left hand side of the flowfield. A peak vorticity magnitude of more than 15 000 s is
observed in ISL and OSL. This high level of vorticity shows that intense mixing takes
place between the input reactants and hot products circulating in the ORZ and IRZ
and confirms the observations already observed on the strain rates. This intense
mixing also promotes the heat transfer between the hot gases and the fresh incoming
mixing required for the ignition and the burning of the fuel/air mixing penetrating

into the shear layers (see the next section for more information).
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3.3 Flame structure

Figure 11 shows the 2D distribution of the OH* chemiluminescence after an Abel
transform downstream from the injector as well as the streamlines of the averaged 2D
flow velocity. A false colormap directly correlated to the pixel signal intensity was
applied to provide a visual representation of the location of the highest OH* intensity
in the reaction zone, and thus indication of the localization of heat release. Therefore,
the time-averaged OH* distribution shows a rather V-shape flame with a central region
of heat release located between z/D =0.2and z/D = 2.7.

Typical instantaneous OH fluorescence images corrected from the energy distribution
of the laser sheet and the background noise are displayed in Fig. 12, enabling an overall
description of the flame topology. In general, the high level of velocity fluctuations in
such swirl spray flames causes an oscillation of the flame which surges back and forth
axially between two specific combustion regimes. The first one corresponds to the case
of the generation of an inner flame that is anchored to the fuel spray (i.e. a few mm
from the exit of the injection system) while the second combustion regime delivers a
flame that is lifted far away from the top of fuel spray (i.e. z/D = 1), spreading the
flame over large horizontal distances (Fig. 12a-b). Between these two combustion
regimes, the base of the inner flame oscillates between these two extreme positions
(Fig. 12c). A temporal analysis of successive OH-PLIF images reveals that the reactive
flow is prone to sporadic oscillations and not to periodic instabilities. Apart from the
temporal variations of the inner flame position, the flow/flame mechanisms
generating these flames deliver similar combustion performances whatever the regime

investigated.

In the first combustion mode, the instantaneous OH-PLIF image displayed in Fig. 13a
enables a detailed description of the flame topology that emanates from various
flame/flowfield interactions. The dark zone defined as (A) on the OH-PLIF image
corresponds to the entrainment under elevated velocity of the fresh air/fuel mixing
downstream from the injector. At the bottom of this region, the detection of strong Mie
scattering signals as well as intense kerosene fluorescence signals denotes the presence
of fuel droplets spreading along a hollow cone shape with an angle of 45° with respect
to the combustor inlet plane (zone B). Mixing of fuel droplets and fuel vapour with air

along the streamwise direction then promotes the generation of the inner flame located
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at the top of the fuel spray (zone C). The inner flame is quite straight over a distance
of z/ D= 1.3 before being suddenly expanding into the combustion chamber under the
action of the vortex breakdown bubble (zone D). In zone D, the OH radicals that are
produced in the flame front are transported away by convection and molecular
diffusion and are subsisting due to favourable elevated temperature conditions in IRZ.
At elevated temperatures, the lifetime of OH radicals is quite long (up to 3 ms), thus
enabling them to be transported along large distances (typically ~ 15 cm for a velocity
of ~50 m/s) [38]. Part of the combustion products circulating in IRZ is also transported
into the outer recirculation zone (ORZ) formed at the intersection of the inlet plane of
the burner and the walls (zone E). Furthermore, ORZ is fed with OH radicals issued
from OSL. These results are well supported from the OH* chemiluminescence
distribution displayed in Fig.11. It is thus confirmed that the heat release region, i.e.
the zone of OH* chemiluminescence is limited only up to a height of z/D= 2.0 (along
the flame axis), demonstrating that the OH fluorescence signals detected above this
value are produced from hot products of combustion and not from OH molecules

produced into the reaction zones.

As noted on both instantaneous OH-PLIF images, the edge zones delimiting the
interface between the fresh gases and the reverse flows (i.e. ORZ and IRZ) are highly
wrinkled. However, a careful examination of Fig. 13a shows that OSL and ISL display
reactive flow structures with different scales. The prevailing inner flame structures are
noticeably smaller than those observed in OSL. These apparent differences arise from
the reasons already mentioned to explain the existence of dissimilar shear layers. In
the case of the inner flame, the intense level of turbulence in ISL leads to an
enhancement of the transport of fresh air/fuel gaseous pockets within the flame front
by small size eddies that can easily penetrate into IRZ. As a result, the fresh gaseous
mixture contained in these eddies is preheated and mixed with radicals faster,
enhancing the reaction rates as shown by the large production of OH radicals in this
region (Fig. 13a). Returning to OSL, the structure of the interface delimiting ORZ and
the inner flow is also prone to similar physical mechanisms. However, the burning of
the fresh incoming reactants seems to be reduced. As observed in Fig. 13a, the
fluorescence intensity delivered by the OH radicals in ORZ is significantly lower than
the one issued from OH radicals in the inner flame. Furthermore, the structures of the
hot/fresh gas interface are now tightly rolled-up by large-scale eddies caused by the

Kelvin-Helmholtz instability developed at the outer corner of the injection system.
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These large-scale vortices result in curvature induced stretch flames which
unfortunately hamper the efficient mixing between fresh reactants and combustion
products. Furthermore, the heat transfer between the combustion products circulating
in ORZ and the combustor walls leads to large heat losses that significantly reduce the
local temperature of hot gas products, see for example the work of Mercier et al. on
this subject [39]. Under these conditions, the reactivity of the fresh mixture upstream
of the interface is then reduced to such a low level that the flame leading edge can
ultimately lead to flame extinction. The frontier observed experimentally may be only
characteristic of an interface between hot combustion products and fresh incoming
reactants and not that of a flame front. To support these assumptions, the progress rate
of combustion in the two shear layers was determined by extracting the gradient of
the OH fluorescence signals from instantaneous OH-PLIF images. A recent study
revealed that OH-gradients related to strong temperature gradients and/or presence
of OH in superequilibrium conditions can be a good marker of the flame front of swirl
flames [38]. In the current study, the intensity distributions of the OH-gradients in ISL
and OSL were deduced from the post-processing of instantaneous OH-PLIF images.
This post-processing consists of the detection of the OH-gradient using Sobel filtering
followed by thresholding the gradient and “cleaning” residual small structures by a
morphological operation [40]. The threshold limit was fixed at 15 % of the maximum

gradient intensity to remove weak values of OH-gradient signals in regions with weak
SNR.

The OH-gradient image shown in Fig. 13b and calculated from the instantaneous OH-
PLIF image plotted in Fig. 13a displays the distribution of the local reaction rates inside
the flame. Typically, the reaction rates produced in such flames are localized inside the
heat release region already observed in Fig. 11. An examination of both distributions
(see Fig. 11 and Fig. 13b) enables to find strong correlations between the frontiers
delimiting the reaction zones and the regions of hot combustion products. For instance,
the lower frontier observed on the OH* chemiluminescence distribution corresponds
to the reaction zone delimiting ORZ (E) and the fresh air/fuel mixing zone
downstream from the injector (A) while the upper frontier visualizes the reaction zone
existing between the luminous zone corresponding to the expansion zone of the flame
(IRZ) and the hot combustion products region (D). A careful observation of Fig. 13b
also highlighted the identification of other reaction zones that could not distinguish in

Fig.11. Indeed, it can be seen that the most intense reaction zone occurs at the edge
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between zones A and C, confirming the production of a thin flame front in ISL. On the
other hand, the OH-gradient intensities in the zone delimiting regions E and A are
significantly weaker. This result suggests that the modification of the flame stretch in
OSL, a combination effect of the net increase of the strain rate and flame curvature,
modifies the burning velocity and creates favourable conditions to reduce the reaction
rates which ultimately lead to local flame extinction. Therefore, the reactant mixture
that should have been consumed in OSL is then transported downstream, causing a
potential source of pollution by the release of unburned products into the exhaust
gases. To support this trend, an inspection of the red box referencing part of zone F in
Fig. 13a clearly confirms the presence of isolated pockets of unburned gases
downstream from the incoming jet flow (around x/D =-1.1 and z/D greater than 2.5).
An inspection of the literature shows that the propagation of unburned mixtures in the
exhaust products is a physical process already observed in academic turbulent
premixed flames classified in the corrugated-flamelet regime [41-46]. Their origin has
been attributed to the engulfment of coherent structures in the flame front due to high
levels of turbulence and their resulting sizes were estimated to be equal to or larger
than the integral length of turbulence [43]. Results from DNS simulations on a
turbulent premixed H-air flame also revealed that these isolated pockets are three-
dimensionally connected to the unburned zone by a flame structure called “handgrip”
[47]. This three-dimensional handgrip structure was confirmed experimentally in the
case of relatively high Reynolds number turbulent jet premixed flames [45]. The flow
structure and the occurrence of a pair of counter-rotating vortices from either side of
the incoming jet interacting with the flame front were responsible for the pinch-off of
the flame, leading to the generation of unburned pockets. It is worth noting that this
mechanism was numerically studied for academic gaseous premixed flame [48,49] and
spray flame configurations by [50]. It was demonstrated that vortices with sufficient
intensity can pass through the flame front and remove an oxidizer pocket on the spray

side.

However to the best of our knowledge, no detailed experimental data are available to
understand the flame-flow interactions leading to the penetration of such large-scale
unburned pockets into the exhaust gases. To overcome this lack of information, their
surface was initially estimated by the data processing tool already described and used
to determine the flame contour. Assuming that the unburned pockets are three-

dimensional, an average diameter of 9 mm with a standard deviation of 3.9 mm was
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estimated. This diameter is comparable to the integral length scale of 11 mm that was

obtained from the data processing of the instantaneous 2D velocity fields.

To gain deeper insight into the formation of unburned pockets in IRZ, the dynamics
of formation of these unburned pockets was then experimentally investigated by
performing time-evolving combined OH-PLIF and PIV measurements. All the results

of these experiments are now detailed in the next section.

3.4 Dynamics of flame/flow interactions

Experiments were focused in a region located between z/D=1 and z/D=2.5 in which
flame pinching phenomena with similar time evolutions are often observed. To
illustrate their mechanism of formation, Fig.14 displays successive instantaneous OH-
PLIF images recorded with a time interval of 0.1 ms. The OH-PLIF images presented
in Fig. 14a-d are superimposed with the streamlines obtained from high-speed PIV
measurements. Complementary to these data, Fig. 14e-f shows the vorticity fields
deduced from the POD filtering of the instantaneous flow velocity distributions
recorded at 5 kHz as well as their associated streamlines. The interface separating the
fresh gases from the burnt gases was calculated using the processing tool detailed in
section 2.3.1 and results are plotted on each image. Analysis of the time evolution of
the flame pinching starts at the reference time t = 0 ms (Fig. 14a). This physical process
is initiated when the fresh reactants transported at high velocity impact the lower part
of IRZ. As supported by the large OH signals detected in Fig. 14a, the reaction zone is
mainly located on the right side of the reactant jet and to a lesser extent on the upper
part of the incoming reactant jet. Furthermore, the vorticity map (Fig. 14e) calculated
from the velocity field displayed in Fig.14a highlights islands of large vorticity that
reveals the location of counter-rotating vortices between the reactants and the burnt
gases circulating in IRZ. These vortices shown schematically on Fig.14e contribute then
to the production of SL along the contours of the reaction jet. At t = 0.1 ms, both sides
of the reactant jet are slightly tightened by the stretching and the movement in
opposite directions of vortices. The reaction zone is still maintained on the right side
of the reactant jet (Fig. 14b). The velocity field recorded at t = 0.2 ms (Fig. 14c) and the
POD-reconstructed vorticity fields (Fig. 14f) indicates that the two vortices are
convected further downstream, rapidly pushing part of the reactants into the burnt
gas region. At the same time, a careful examination of the POD-reconstructed vorticity
tield image (Fig. 14f) also indicates the emergence of a second set of vortices on the left

and right edges of the reactant jet, thus deflecting the streamlines in the bottom part of
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the investigated region. At t=0.3 ms (Fig. 14d), these effects, combined with a stretch
generated by the vortices cause a separation of a large pocket of reactants from the
bulk of the fresh gases. This pocket is then convected and diluted at high velocity
through the burnt gases without burning. On the contrary, the reaction zone on the
right side continued and even intensified since the roll-up of the flame front induced
by vortices enables larger strain rates; the reaction rate is then intensified following the
convection and diffusion of the reactants through the flame front. This effect makes it
effective the penetration of the reactant flow through the braid of the vortex, offering
physical conditions similar to those encountered in the vicinity of a stagnation point.
In particular, as the velocity of the reactants is nearly equal to zero, the heat release
transferred to the reactants by hot gases through the roll-up in the vortex is then

significantly increased, giving rise to favourable conditions for their ignition [14].

This investigation of the flame splitting is partial, since the out of plane component of
velocity is unknown, making it impossible to accurately evaluate the gradient in the
third direction. However, as demonstrated in the current study, for most of the time-
series of measurements, it is possible to track the temporal evolution of the flame front
and an analysis of these data reveals in many occasions this sequence of flame

pinching, consolidating then this analysis.

4 Conclusions

A gas turbine model combustor equipped with an industrial lean premixed fuel
injection system and supplied by liquid kerosene was experimentally investigated.
Non-intrusive laser diagnostics were applied in operating conditions representative of
the ones encountered in real aeronautic propulsion systems, i.e. with a high swirl
number (larger than 0.62 in the current study) and elevated inlet fresh gas velocities (~
120 m/s). First, the interaction between the flame structure and the aerodynamic
conditions were studied by PIV and OH-PLIF. The mean velocity and the flame shape
distributions are typical of those encountered in confined swirled flames with the
production of intense outer recirculation zones located on the corners of the
combustion chamber and an inner recirculation zone located at the center of the
reactive flowfield. This inner zone contributes to stabilizing the flame by the
transporting hot products to the base of the fuel spray. Data processing of the strain
rate and vorticity fields highlighted the existence of two shear layers that interfere

differently with the inlet air/fuel mixing jet. The inner shear layer between IRZ and
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the fresh inlet flow that is not anchored to the injection system is developed at the
upper base of the fuel spray. The growth rate of the shear layer is then governed by
the high level of turbulence that promotes, over a large three-dimensional zone the
mixing of the fresh incoming products with hot products circulating in IRZ. The
existence of a good mixing with a high level of local temperature in ISL provide
favorable ignition conditions as well as the production of a flame front with an intense
chemical reaction as noted from the large OH-gradient signals measured. On the
contrary, the shear layer located between ORZ and the fresh incoming flow is mainly
governed by a Kelvin-Helmholtz instability mechanism. This shear layer, anchored on
the external corner of the injection system, develops spanwise-oriented vortices with
a growth rate as a function of the free stream speed ratio (fresh incoming reactants and
the flow circulating inside the ORZ). Data processing of the OH-PLIF images into OH-
gradient distributions shows that these structures result in curvature induced stretch
flames that reduce the mixing between the fresh reactants and combustion products.
Added to this, heat transfer between the combustion products circulating in ORZ and
the combustor walls also leads to significant heat losses that reduce the local
temperature and hence the burning of the fresh gases close to the ORZ frontier.
Consequently, the flame front developed in OSL is most commonly quenched. A
careful analysis of high-speed flow velocity and POD results combined with high-
speed OH distributions showed unusual flame pinching mechanisms leading to the

release of subsequent unburned pockets propagating in the burned gases.
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Fig. 11. Time averaged OH* chemiluminescence image after Abel transform
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Fig. 12. Typical instantaneous OH-PLIF images corrected from the laser energy

distribution.
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Acquisition Rate Resolution Magnification ratio ROI (L x H)

(Hz) (pixels) (mm/pixel) (mm x mm)
S-PIV 5 2048 x 2048 0.0364 60 x 70
OH-PLIF 3.33 1024 x 1024 0.0830 76 x 60
kHz OH-PLIF 10 000 896 x 848 0.0857 76 x 30
kHz PIV 5000 768 x 768 0.1100 76 x 50

Table 1: Experimental parameters.
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6 Supplementary Materials
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Time sequence of flame splitting event (Left row) OH-PLIF time-series images
superimposed with the velocity field coloured by the axial flow velocity. (Right row)
Streamlines of POD reconstructed velocity fields coloured by vorticity. Red lines

represent the contour of the flame.
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