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Abstract: This paper presents the flow and flame characteristics of a highly turbulent reactive flow
over a backward-facing step inside a windowed combustor. Flow and combustion experiments
were performed at Re = 15,000 and Re = 30,000 using high-resolution 10 kHz PIV and 10 kHz PLIF
diagnostic techniques. Grid turbulators (Grid) with two different hole diameters (HD of 1.5 mm
and 3 mm) and blockage ratios (BR of 46%, 48%, 62%, and 63%) were considered for the turbulence
study. Grids introduced different turbulent length scales (LT) in the flow, causing the small eddies
and turbulence intensity to increase downstream. The backward-facing step increased the turbulence
level in the recirculation zone. This helped to anchor the flame in that zone. The small HD grids
(Grids 1 and 3) produced continuous fluid structures (small-scale), whereas the larger HD grids
(Grids 2 and 4) produced large-scale fluid structures. Consequently, the velocity fluctuation was
lower (~25.6 m/s) under small HD grids and higher (~27.7 m/s) under large HD grids. The flame
study was performed at Φ = 0.8, 1.0, and 1.2 using C-X CH PLIF. An Adaptive MATLAB-based
flame imaging scheme has been developed for turbulent reacting flows. Grids 1 and 3 induced more
wrinkles in the flame due to higher thermal instabilities, pressure fluctuation, and diffusion under
those grids. The flamelet breakdown and burnout events were higher under Grids 2 and 4 due to
higher thermal diffusivity and a slower diffusion rate. It was observed that the flame wrinkling
and flame stretching are higher at Re = 30,000 compared to Re = 15,000. The Borghi–Peters diagram
showed that the flames were within the thin reaction zone except for Grid 1 at Re = 15,000, where
flames fell in the corrugated zone. It was observed from PIV and PLIF analyses that Re and LT mostly
controlled the flame and flow characteristics.

Keywords: premixed combustion; closed flame system; extreme turbulence; PIV; C-X CH PLIF

1. Introduction

The design and development of next-generation high-speed engine combustors such as
scramjets, ramjets, and diesel engines require an in-depth understanding of high-intensity
turbulent combustion [1,2]. The study of turbulent premixed combustion is always difficult,
especially when it comes to stabilizing the combustion and detecting the flames, or finding
whether is it the instability or the turbulence that controls the flame. Instabilities such as
the Darrieus–Landau instability, flame wrinkling, flame straining pattern (tangential and
normal), stretching rate and duration, turbulence and vorticity levels, and heat release-
induced pressure gradients play an important role in turbulent flame behavior [3–6].

To better understand turbulent flame behavior, researchers developed highly accurate
non-intrusive flame measurement techniques with high repetition rates in the last two
decades. Among those techniques, particle image velocimetry (PIV) and planar laser-
induced fluorescence (PLIF) have been widely used [3–6]. In the following discussion,
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the authors aim to present the advancements made with PIV and PLIF techniques, the
limitations of this research work, and the rationale behind their selection of C-X CH PLIF
for the flame study.

G. Troiani [7] used the PIV system to study the wrinkling of flame fronts caused by
the Darrieus–Landau (DL) instability and its interaction with turbulence across various
Reynolds numbers (Re) in a Bunsen setup. The instability was induced by adjusting the
mixture ratio (MR) in laminar conditions and by varying the Bunsen nozzle diameter (DN)
in turbulent conditions. They compared stable and unstable Bunsen flames by analyzing
the vorticity generation, total flame strain, and the straining pattern of a single DL cusp. The
results indicated that unstable flames with wrinkling displayed statistical characteristics
typically seen in stable flames under high turbulence levels, suggesting a unified regime
with some remaining distinctions. This study demonstrates that there is a correlation
between flame-front instability with flame wrinkling, flame straining, vorticity level, etc.
Lapenna et al. [8] have examined the impact of DL instability on turbulent propane–air
premixed flames. The theoretical analysis identifies two regimes: one dominated by
instability and the other by turbulence. In the turbulence-dominated regime (also known
as the unified regime), the presence of turbulence hinders the formation of large-scale
cusp-like structures in the flame front caused by the DL instability, resulting in reduced
effects on turbulent flame propagation and front curvature statistics. As a result, the
characteristics of stable and unstable flame configurations become indistinguishable across
laminar to turbulent conditions. Similarly, Chaudhuri et al. [9] utilized a high-speed PIV
system to examine how flames interact with turbulence in expanding premixed flames
using a CH4–air mixture. The study presents information on mean flow velocity, fluctuating
flow velocity, stretch rate contributions, and the movement of flame edge points. Their
findings indicate non-Gaussian tails in normal straining and near-Gaussian behavior in
tangential straining. Lipatnikov et al. [10] demonstrated that the pressure gradients from
the heat release in surrounding flamelets can generate unburned mixture fingers that
penetrate deeply into the combustion products, eventually increasing the flame surface
area, flame velocity, and mean flame brush thickness. This mechanism is distinct from
the DL instability and made the flame fronts move towards the leading edge of the flame
brush. Chaudhuri [11] utilized the DNS to examine the finite lifetime of flame particles
residing on iso-temperature surfaces of statistically planar H2–air flames interacting with
near-isotropic turbulence. The particles encounter increasing tangential straining rate (Kt)
and negative curvature (κ) and the flame surface mostly shifted because of the tangential
strain rate. Zhou et al. [12] investigated the flow fields of premixed and stratified CH4–air
flames under turbulent conditions using laser Doppler anemometry (LDA) and PIV. Their
study revealed significant changes in flow behavior with varying levels of swirl and
stratification, incorporating axial, radial, and tangential velocities to derive key turbulence
parameters. Fan et al. [13] investigated the impact of water droplets on strained methane–
air laminar flames using PIV and measured the flame speed and motion of the liquid phase
simultaneously. They found that the addition of water droplets significantly reduces the
flame speed and is more effective in flame suppression. These studies clearly show that
turbulent flow characterization and flame detection mechanisms are very complex and
demand more fundamental studies.

PLIF system has been extensively used for turbulent reacting flow combustion stud-
ies. PLIF involves the use of laser-induced fluorescence to visualize and quantify various
properties, such as temperature, species concentration, and flow velocity. The PLIF system
typically consists of a laser source, optics for shaping the laser beam, a fluorescent dye for
tagging the fluid, and a high-resolution imaging system. When the laser beam interacts
with the tagged fluid, the fluorescent molecules emit light, which is captured by the imaging
system and converted into meaningful data [14]. PLIF targets the species present in the
flame, such as hydroxyl (OH), CH2O, and methylidyne (CH). Among these radicals, OH
PLIF is widely used in the lab [15]. The concentration gradient of OH radicals in flames
is high [16]. Additionally, OH radicals are present near the flame fronts and combustion
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products [17]. OH also sustains for a long time in the flame. Because of these characteristics,
OH radicals are suitable for tracing down the flame fronts in a highly turbulent environ-
ment. For the same reasons, OH radicals have also been used in high-repetition-rate PLIF
diagnostics [18,19]. While these advantages seem prevailing, there are a few questions
about the use of OH as a flame front tracer [20]. For instance, OH is slowly removed away
from the flame by three-body collision reactions [21–23] making it difficult to trace the
primary fuel reaction zone. Additionally, OH is a tracer of the radical-recombination zone,
not necessarily a marker of flame front tracing [24].

The alternative way of tracing flames is to use methylidyne (CH) PLIF. Generally, CH
is a suitable marker for flame front tracing. CH radicals are formed during the initial fuel
decomposition. Additionally, CH is removed away by rapid two-body collision reactions.
Thus, the CH radicals are present during the main course of combustion. There are three
bands of CH radicals as reported by Carter’s group [25,26]: A-X (A2Σ+-X2Π (0,0)), B-X
(BΣ—XΠ), and C-X (C2Σ+-X2Π (0,0)). Carter’s group stated that the C-X CH band is better
than the other two bands. The reason for this is that the C-X band is effective in detecting
the flame during the main phase of combustion. It provides a clear visualization of the
flame’s central region, outer boundaries, and the way it extends in turbulent reacting
flows. The C-X CH radical could be easily excited using the frequency-doubler dye laser
commonly used for OH detection [22,27,28]. Therefore, a laser power system comprised of
a dye laser and a pump laser (main power laser) can be used for C-X CH excitation. The
excitation and emission spectrum of C-X CH is normally held at ≥314 nm [9].

Acosta-Zamora [28] studied the highly turbulent reacting flow over a backward-facing
step. This study examined the flow and flame interaction at low to moderate Re conditions
using both PIV and OH PLIF. Although the researcher was able to excite and detect the
OH signal, the study experienced several issues in flame imaging. For example, the flame
profiles were diffuse, and the flame core was not thin. This is because there was a presence of
some foreign quantity, which was named the “ghost mixture quantity”. This ghost quantity
gets infused into the flame core and makes the core diffuse rather than a thin, flamelet-like
structure. It was very difficult to differentiate the flame reaction zone from the overall
flame profile. In addition, at higher turbulence conditions, OH PLIF does not give sharp
flame-front structures. It was also hard to investigate how the turbulent eddies infused into
the flame core. To better detect the flame profile at turbulent premixed combustion, the
study recommended using CH PLIF. Acosta et al. [28] conducted a preliminary study but
were not able to implement CH PLIF because of the system’s limitation and lack of time to
do the iterations. Similar recommendations have been reported in [22,27,29]. The authors
in this study made changes to the laser diagnostics system described by Acosta-Zamora at
The University of Texas at El Paso (UTEP) Aerospace Center. They then implemented CH
PLIF for the turbulent premixed combustion study.

Based on the literature review [22,25,27,29], it is observed that CH PLIF has the
potential to accurately detect flame profiles in turbulent conditions. Furthermore, most
researchers, including Carter’s group, use PLIF for open flame systems. Based on a
statistical analysis of 100 random papers [30], it is seen that 95% of the papers talk about
open flame systems (Bunsen burners, flat plate burners, flat swirl burners, etc.) [18,25,26],
and only 5% of papers talk about closed flame systems [3,28]. This clearly shows the
importance of researching closed flame systems. Hossain [30] also stated that out of these
100 papers, 68% considered OH PLIF, 22% considered CH PLIF and 10% addressed other
types of PLIF systems. Out of the 22 papers on CH PLIF, 5 papers used C-X CH PLIF,
11 papers used A-X CH PLIF, and 6 papers used B-X CH PLIF. This indicates that more
research should be carried out using C-X CH PLIF. In addition, experimental resources on
flame–flow interaction at higher-order turbulence (higher Re) remain sparse [4,29], and [31].
More study needs to be carried out under low to moderate Re or Mach conditions.

Motivated by the above-mentioned issues and limitations, the present effort aimed to
demonstrate experimental methodology and post-processing techniques for imaging CH
in a high-intensity turbulent flow field within a windowed combustor. A high repetition
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rate PLIF (10 kHz) and PIV (10 kHZ) were used to study the flame and flow characteristics.
Grid turbulators (Grids) or perforated plates were used to investigate the effect of turbulent
length scale (LT) on flame growth. Different Reynold numbers (Re = 15,000 and 30,000)
and equivalence ratios (Φ = 0.8, 1.0, and 1.2) were considered to study the effect of mixture
inlet velocities and fuel loading on flame propagation. Two Matlab-based programs were
developed for flame post-processing: one for flame profile detection and another for flame
edge detection. The ultimate goal of this research is to see the compatibility of the present
laser system for high-speed combustion.

2. Experimental Setup and Methodology
2.1. Experimental Setup

A 304 stainless steel (SS) combustor was used to study high-speed combustion. The
combustor has optical access through quartz windows located on the top and both lateral
sides. These windows were designed with a factor of safety (FOS) of 3.5. The maximum
chamber operating pressure is 6 bar (90 psi), and the maximum temperature is 500 ◦K
(440 ◦F). The maximum thermal firing input of this combustor is 250 kW. Methane and air
are premixed in a mixing chamber before entering the combustor. Air enters the mixing
chamber axially, while methane enters radially in a cross-mixing arrangement. The circular
flow path inside the mixing chamber is converted to a square at the mixing chamber outlet
via a converter flange attached to the combustor inlet. Once inside the combustor, the
mixture moves over the backward-facing step. This step offers a sudden expansion in the
flow path area. Consequently, a high number of small eddies form in the recirculation zones.
The eddies help to mix the burned gases with the fresh mixtures, stabilizing the flame in
this area. The methane–air mixture ignition point is located at the recirculation zone. A
pilot flame subsystem operating with a hydrogen–air flame is used to ignite the flammable
mixture inside the combustor. After ignition, the exhaust combustion products are routed
through the exhaust cooling tower and finally to the laboratory exhaust. Figure 1 shows an
exploded view of the small-scale windowed combustor with the backward-facing step.

Aerospace 2023, 10, 620 4 of 41 
 

 

CH in a high-intensity turbulent flow field within a windowed combustor. A high repeti-

tion rate PLIF (10 kHz) and PIV (10 kHZ) were used to study the flame and flow charac-

teristics. Grid turbulators (Grids) or perforated plates were used to investigate the effect 

of turbulent length scale (LT) on flame growth. Different Reynold numbers (Re = 15,000 

and 30,000) and equivalence ratios (Φ = 0.8, 1.0, and 1.2) were considered to study the 

effect of mixture inlet velocities and fuel loading on flame propagation. Two Matlab-based 

programs were developed for flame post-processing: one for flame profile detection and 

another for flame edge detection. The ultimate goal of this research is to see the compati-

bility of the present laser system for high-speed combustion.  

2. Experimental Setup and Methodology 

2.1. Experimental Setup 

A 304 stainless steel (SS) combustor was used to study high-speed combustion. The 

combustor has optical access through quartz windows located on the top and both lateral 

sides. These windows were designed with a factor of safety (FOS) of 3.5. The maximum 

chamber operating pressure is 6 bar (90 psi), and the maximum temperature is 500 °K (440 

°F). The maximum thermal firing input of this combustor is 250 kW. Methane and air are 

premixed in a mixing chamber before entering the combustor. Air enters the mixing cham-

ber axially, while methane enters radially in a cross-mixing arrangement. The circular 

flow path inside the mixing chamber is converted to a square at the mixing chamber outlet 

via a converter flange attached to the combustor inlet. Once inside the combustor, the 

mixture moves over the backward-facing step. This step offers a sudden expansion in the 

flow path area. Consequently, a high number of small eddies form in the recirculation 

zones. The eddies help to mix the burned gases with the fresh mixtures, stabilizing the 

flame in this area. The methane–air mixture ignition point is located at the recirculation 

zone. A pilot flame subsystem operating with a hydrogen–air flame is used to ignite the 

flammable mixture inside the combustor. After ignition, the exhaust combustion products 

are routed through the exhaust cooling tower and finally to the laboratory exhaust. Figure 

1 shows an exploded view of the small-scale windowed combustor with the backward-

facing step.  

 

Figure 1. The exploded 3D view of the combustor system and its components. Adapted with per-

mission from Ref. [32]. 
Figure 1. The exploded 3D view of the combustor system and its components. Adapted with permission
from Ref. [32].



Aerospace 2023, 10, 620 5 of 38

At the combustor inlet, perforated SS plates called grids (or grid turbulators) induce
isotropic homogeneous turbulence inside the combustor. Grids also produce different turbu-
lent length scale levels in the flow. Figure 2 shows the grid and the pilot flame subsystem.
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2.2. PLIF Methodology

The planar laser-induced fluorescence (PLIF) system consists of three main compo-
nents: a Q-switched DPSS laser (neodymium-doped yttrium aluminum garnet (Nd-YAG)
Edgewave IS series), a frequency-doubled dye laser (Radiant Dyes NarrowScan HighRep
Dye Laser), and an intensified high frame rate CCD camera (Speed sense 9070 with Hama-
matsu C10880-01C). The pump laser produces a 532 nm beam through the tunable dye laser.
The Nd-YAG pump laser has a pulse energy of 5.6 mJ/pulse (28 W) at 5 kHz and 2 mJ/pulse
(20 W) at 10 kHz. The dye laser uses different dyes, oscillators, and a BBO crystal assem-
bly to tune the laser to the desired wavelength. DCM in ethanol with a concentration of
0.55 g/L is used for CH radical excitation. The dye laser produces energy of approximately
0.25 mJ/pulse at 5 kHz. The fluorescence is detected using an intensifier equipped with
a Cerco 100 mm f/2.8 lens coupled with a 3 kHz high-speed camera. The camera has a
resolution of 640 × 480 pixels at 10 kHz, providing a resolution of 105.48 um/pixel. A
UG-5 colored glass filter was placed on the camera lens to block visible light but allow
UV fluorescence to pass through. The intensifier gate was set to 15 ns. A wavelength
scan identified the 314.415 nm wavelength to be optimum for tracing flame front with C-X
CH PLIF. At this wavelength, the excitation and emission coefficients of CH radicals are
high. Figure 3 shows the complete schematic of the PLIF. For a complete overview of the
high-speed combustion test facility and the laser diagnostic systems, readers are referred to
the authors’ previous articles [28,32–35].

Several challenges were encountered during the experimentation and post-processing
stages of this study. The greatest challenge was to focus the laser sheet onto the interrogation
area with optimum accuracy. It was also hard to get the right excitation wavelength for the
CH C-X band. In this present work, the authors have excited CH using wavelengths from
314 nm to 320 nm. The CH signals are collected at 314.415 nm as it gives better flame profiles.
The authors are aware that there is a chance of having resonance in the CH PLIF system;
similar issues are reported in [18,26]. In addition to the above-mentioned challenges, it
was particularly difficult to detect and extract the CH signal as it tends to overlap with
OH. The OH signal was reduced by optimizing cameras and intensifier parameters. The
optimization of both camera and intensifier parameters depends on the flow turbulence.
Dantec Dynamics studio was used to acquire the data.
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from Ref. [28].

The acquired data were post-processed using in-house MATLAB image processing
codes. The raw images contained unwanted laser reflections, background noise, and soot.
In addition, the post-processing of the raw images can also contribute to scaling errors. A
MATLAB image processing code was developed to address these challenges. First, the
MATLAB code was adjusted to the flame image pixel matrix to mitigate unwanted laser
reflections and background noises. This adjustment protects the target area from external
influence. Next, a separate MATLAB code was implemented to improve the visibility of the
flame profile. The base images (without flame) were subtracted from the raw images (with
flame) to improve visibility. After that, the images were converted to grayscale and webinar
scale. Colormap was then implemented on both grayscale and webinar-scale images. The
flame profile generated by the grayscale colormap shows higher resolution and almost
no background noises. For this reason, the grayscale-induced HSV colormap is reported
in this paper. Additionally, the flame profiles were magnified to observe the flame edge
events. A magnification factor of two to four was used in this research. Although it makes
the flame core slightly dense, this does not obstruct or influence the flame structures.

The flame edges provide a better representation of flame evolution. For this, a separate
MATLAB code was established. This code flipped the HSV colormap contours. Then,
the flipped images were converted to grayscale images. After that, binarization and edge
detection commands were implemented in the images. For simplicity, flame edges detected
by the Canny command are presented in this research. Finally, the MATLAB complement
command gives a final flame edge profile. The flow chart of MATLAB image processing
codes is shown in Figure 4.
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2.3. PIV Methodology

A 15–1000 dual-power neodymium-doped yttrium lithium fluoride (Nd-YLF) laser
with a pulse energy of 15 mJ was used for flow characterization. A series of optical mirrors
guided the laser from the laser head to the combustor interrogation area. A compressed air-
driven fine alumina particle (1 micron) was used as a seeding particle for flow visualization.
The seeding particles were introduced at the mixing chamber to mix with the air–fuel
mixture and then introduced to the combustor. Nd-YLF is a double-pulse laser. The
camera records two instances when the particles travel a fixed distance. The software cross-
correlates to the interrogation area and generates the velocity fields. Statistical analysis
and adaptive PIV tools generate other flow characteristics such as turbulent intensity and
vorticity. A complete overview of the PIV laser system, synchronization parameters, and
PIV post-processing can be found elsewhere [33–35].

The main challenge in the PIV system was to redirect the laser beam to the laser optics
sheet by 45◦. The target was to create a laser plane area of 1 mm × 52 mm × 25 mm. Another
challenge was to send the tracer particles to the combustor without flow interruption. The
pressure on the seeding flow has to be higher than the bulk flow pressure for seeding particle
introduction. The camera must also be calibrated accurately to obtain the flow field events.

Dynamic Studio was used to process the acquired images from PIV experiments.
Dynamic Studio implements the image balance map to all raw images to address non-
uniformities in the images. This generated light-balanced images with high contrast for easy
distinguishment of the location of the particles. Dynamic Studio also utilizes a masking tool
to minimize background noise in the processed images. A wall windowing function was
used to resolve the wall bias. This function provides a symmetrical uniform distribution of
the seeding particle within the interrogation area. An adaptive PIV function was used to
adapt the interrogation area to the local seeding densities and flow gradients. The adaptive
PIV was also used for frequency filtering and universal outliners detection.

2.4. Operating Conditions

The operating conditions were calculated based on the Reynolds numbers (Re), equiv-
alence ratios (Φ), and mixture flow rates. The following two equations are used to calculate
the Reynolds number and mixture viscosity:

Re =
Vmixture × L
νmixture

(1)

logνmixture = xairlogνair + xCH4 logνCH4 (2)

where Vmixture is bulk mixture velocity, x is the mole fractions, νmixture is the bulk mixture
viscosity, and L is a characteristics dimension of the combustor inlet. The operating
conditions are presented in Tables 1 and 2. The pump laser, camera, and intensifier unit are
synchronized so that the right flow and flame sequence was captured. The synchronization
parameters are presented in Table 3.
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Table 1. Overview of the flow and associated mixture flow rates.

Re
Bulk Mixture Flow Rate

LPM CFM

15,000 353.7 12

30,000 707.31 25

Table 2. The test operating conditions.

Equivalence Ratios (Φ)
Re = 15,000 Re = 30,000

Qmethane (LPM) Qair (CFM) Qmethane (LPM) Qair (CFM)

0.8 27.4 11.5 54.8 23.0

1.0 33.6 11.3 67.2 22.6

1.2 39.6 11.1 79.2 22.2

Table 3. Synchronization parameters of the pump laser, camera, and intensifier unit.

Controlling Parameters Magnitudes with Units

Pump Laser Capacity and Pulse Energy 532 nm and 2 mJ/pulse

Dye Laser Maximum Output and Pulse Energy 355 nm and 0.2 mJ/pulse

Camera Exposure Time 70 µs

Intensifier Parameters: Gain, Gate Delay Time, Gate
Pulse Width 700–750, 10 ns, and 15 ns–100 ns

Excitation Wavelength for CH-CX Band 314.415 nm

PIV analysis generates the velocity vector contours, turbulent intensity, and vorticity
contours. It also allows observing the flow characteristics at the interrogation line. The
equations used to measure the flow characteristics at the interrogation line are presented in
Table 4. For detailed PIV analysis, refer to articles previously published by the authors of
this paper, [28,32–35].

Table 4. List of equations used for flow characteristics measurement.

Turbulence Properties Formulas Equations Numbers

RMS of u velocity uRMS =

√
( u−u)2

N
(3)

RMS of v velocity vRMS =

√
( v−v)2

N
(4)

Velocity Fluctuation u′ =
√

u2
RMS+2v2

RMS
3

(5)

Turbulent intensity I = u′
U

(6)

Vorticity

ω = rot
(
U
)
= curl

(
U
)
= ∇×U =(

∂w
∂y −

∂v
∂z

)
i +
(

∂u
∂z −

∂w
∂x

)
j +
(

∂v
∂x −

∂u
∂y

)
k (7)

ωz =
(

∂v
∂x −

∂u
∂y

)
(8)

Karlovitz Number Ka = Chemical Time Scale
Kolmogorov Time Scale = ( LT

δL

)− 1
2
( u′

SL

) 3
2 (9)

Damkohler Number Da = Reaction Rate
Diffusion Rate = Chemical Time Scale

Turbulent Time Scale = LTSL
u′δL

(10)

Turbulent Reynolds Number ReT = u′LT
SLδL

(11)
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3. Results and Discussion

This section reports the fundamental study of high-speed combustion under different
grids (see Table 5 below) at various mixture inlet velocities (10 m/s (Re = 15,000) and 20 m/s
(Re = 30,000)) and equivalence ratio of Φ = 0.8, 1.0, and 1.2. The PIV results at Re = 15,000
and Re = 30,000 are used to understand the flow dynamics better. The effect of turbulent
length scale (LT) on flame–flow interaction and flame regime boundaries and scale factors
on reaction zone are reported in this section.

Table 5. Characteristics of grids used to induce turbulence inside the combustor.

Grid # Blockage Ratio (BR) Hole Diameter (HD) Mixture Velocity, m/s

1 48% 1.5 mm

10, 20
2 46% 3.0 mm

3 63% 1.5 mm

4 62% 3.0 mm

3.1. Flow Field Characteristics Analysis

In this part, the authors aim to present the observed flow field characteristics obtained
through experiments conducted with four grids at Re = 15,000 and 30,000. The velocity
vector field was plotted to observe the flow events due to the backward-facing step. Figure 5
shows a dark background that was used to create a more impactful flow area and improve
image contrast, resulting in clearer visualization of the flow. The grid at the combustor inlet
induces homogenous turbulence in the flow because of interactions between wakes and
jets behind the grid. This usually needs a significant distance downstream for the flow to
become well-mixed and uniform. The authors optimized the combustor design by testing
for the distance downstream that produced the best mixture. A detailed understanding of
these inquiries can be found in [2,28,32]. The flow accelerated once it passed the backward-
facing step, as seen in Figure 5. This happens because of the thermal dilation effects
that the flow encountered downstream. The velocity contours showed the presence of a
mixing or shear layer between the recirculation zone and the main flow. This layer was
composed of vortices that were shed downstream from the edge of the backward-facing
step. This low-speed recirculation zone helped to anchor the flame. Grids 3 and 4 had
higher blockage ratios (BR), as expected flows showed fewer interacting vortices in the
wake and jets of the grids, especially in the recirculation zone. At Re = 15,000 and 30,000,
the occurrence of vortex shedding downstream of the sharp corner of the step was observed
consistently, regardless of the presence of grids or perforated plates. The flow experienced
more fluctuations at Re = 30,000 compared to Re = 15,000 due to the higher turbulence
present at Re = 30,000.

In this article, the authors extracted the local velocities, vorticities, and other turbulent
characteristics from the interrogation line and points distributed across the flow domain, as
illustrated in Figure 5. (For a detailed understanding of the PIV data extraction, acquisition,
and post-processing methods, the readers are referred to [32].) The velocities (U) and
velocity fluctuations (u′) were then calculated using Equations (3)–(5) and are presented
in Figure 6. The maximum velocities of 15 m/s and 25 m/s are measured at Re = 15,000
and Re = 30,000, respectively. This indicates an increase of 5 m/s in flow velocity at both Re
conditions. The maximum velocity fluctuations of 0.5 m/s and 0.25 m/s were observed
for the u and v components, respectively. As expected, the perforated plate installed at the
inlet of the combustor helped increase the flow velocity and flow fluctuation.
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contours). Color print required.
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Figure 6. Average velocity acquired at the interrogation line for Re = 15,000 (first two rows) and
Re = 30,000 (last two rows). Color print required.

Turbulent intensity contour maps are instrumental in improving comprehension of
the structure of combusting flows by visually depicting the turbulent intensity distribution
throughout the combustion system. These maps are used to identify and analyze significant
flow structure features, including flame stabilization mechanisms, flame front propagation,
and flame extinction. By investigating variations in turbulent intensity, one can gain a
deeper understanding of the intricate interactions between turbulence and combustion,
ultimately facilitating enhanced efficiency, reduced emissions, and safer operation through
improved design and optimization of combustion systems. With that in mind, the authors
generated the turbulent intensity contour map in Figure 7. These maps show how the
recirculation zone behaves at different Re and unveil how turbulence is distributed in the
fluid domain. Figure 7 also helps to locate the areas of lower turbulence (reduced mixing or
recirculation) and higher turbulence (higher mixing or recirculation). Figure 7 shows that
when the blockage ratio is increased, the turbulent intensity increases too. Such outcomes
indicate the increased amount of induced eddies in the recirculation zone at the foot of the
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step. In addition, when the hole diameter of the grid is increased, the turbulent intensity
also changes; in both cases, increasing the hole diameter decreases the intensity. This is
important because the pilot flame used to ignite the premixed methane–air mixture is
located near the foot of the backward-facing step. Figure 7 shows that turbulence can
influence flame anchoring or stability. It has been observed that the increase in turbulence
has both pros and cons in the flame anchoring regime. While at a lower Re of 15,000, the
higher turbulence has shown an improvement in flame anchoring, which is due to the better
mixing of the pilot flame charge. However, when the Re is increased, a lower BR tends to
help anchor the flame better compared to a higher BR. This is due to the infusion of too
many eddies, which partly break up the pilot flame and causes instability. Consequently, it
ultimately leads to flame blowout due to pilot flame extinction.

Grids 1 and 2 experienced less flow restriction (low BR) and thus have diffused
turbulence at the recirculation zones. This aids in stabilizing the flame in the recirculation
zone. On the other hand, Grids 3 and 4 exhibit concentrated turbulence. The higher
flow restriction governs this behavior (high BR). Consequently, flame stabilization under
Grids 3 and 4 would be challenging. The turbulence level (I) is high at the edge of the
backward-facing step (refer to Equation (6), Table 4) and in the recirculation zone. Figure 7
also indicates how the flow fluctuation varies within the flow domain. The vortices in
the shear layer (mixing layer) control the flow fluctuation at the lower part of the fluid
domain. However, the overall flow fluctuation is controlled by grids and the Reynolds
number. Grids 3 and 4 show more turbulent intensities compared to Grids 1 and 2 in the
recirculation zone. This is again due to the higher blockage ratio of Grids 3 and 4.

The vorticities at the edge of the step are calculated using Equations (7) and (8).
Figure 8 presents the vorticity profiles. The vorticity profiles show the areas of lower
and higher vorticity fluctuations. The vorticity fluctuation is very high between the 10
mm to 20 mm (the first peak) and 30 mm to 40 mm (the second peak) line distance from
the reference/datum point. This is due to the significant change in velocity gradient and
angular momentum in those areas, which reveals that the areas close to the step and upper
part of the flow domain are susceptible to higher vorticity fluctuation. The turbulence level
was found to be higher at the shear layer and is expected to have a higher vorticity value.
In addition, maximum vorticity of 4100 rad/s and 50,000 rad/s was observed at Re = 15,000
and Re = 30,000, respectively. As expected, the vorticity level was high under Grids 2 and 4
(large HD), whereas it was low under Grids 1 and 3 (low HD). The PIV-derived vorticity
contour maps are shown in Figure 9. These maps show how the flow was detached from the
backward-facing step. Once the flow was detached, it formed low-speed recirculation zones
downstream. The vorticity contours were successful in resolving the vortex pairs. The high
vorticity level at the shear layers indicates that the system is designed and tested with high
standards. As expected, the vorticity maps also show that the vorticity in the recirculation
zone is higher under Grids 2 and 4. This is again due to the velocity gradients that are
steep along the flow path under Grids 2 and 4. The y-velocity component dominated the
axial component, which increased the rotation of the velocity vector. The opposite was true
under Grids 1 and 3. In the colormap scales, the positive and negative values of vorticity
are seen indicating the presence of both counterclockwise and clockwise vortices in the
flow. Furthermore, the vorticity scale was six times higher at Re = 30,000 compared to
Re = 15,000. The vortex pairs look like a straight line at Re = 30,000, whereas it looks like a
spotted dot at Re =15,000. In general, the authors found that the vorticity orientation and
magnitude in the contour maps were mostly controlled by velocity gradients and rotation
or angular momentum within the fluid elements. The vorticities were induced through the
interaction of different flow components such as shear layers, boundary layers, or swirling
flows, which created regions with intense vorticity where fluid elements rotate or circulate.
The presence, strength, and spatial distribution of vortices in the vorticity maps helps
understand the flow dynamics under turbulent environments and guide optimization of
the design of the combustor.
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Figure 7. Turbulent intensity contour plot at Re = 15,000 (first four contours) and Re =30,000 (last 
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Figure 9. Vorticity contour plot at Re = 15,000 (first four contours) and Re = 30,000 (last four con-
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Figure 9. Vorticity contour plot at Re = 15,000 (first four contours) and Re = 30,000 (last four contours).
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The PIV results showed how the flow concentration was uniformly distributed inside
the combustion chamber. The flow homogeneity was achieved using the different grids at
the combustor inlet. The sharp velocity gradients were seen at the backward-facing step,
which aids in accelerating flame growth. The bottom wall close to the step was densely
populated by small eddies. These eddies controlled the flame anchoring mechanism inside
the combustor. The PIV gave a detailed statistical explanation of the flow behavior, which
Table 6 lists below. However, to understand the relation of flow behavior with flame
dynamics, a PLIF study was carried out.

Table 6. The flow characteristics for all grids at Stoichiometric conditions.

Grid Re Φ Ubulk (m/s) UPIV (m/s) u′ (m/s) Da Ka ReT u′/SL LT LT/δL

1
15,000

1.0

10 13 1.1 21.3 0.8 147.5 3.0 0.0173 49.4

30,000 20 25 3.5 18.8 7.0 458.4 9.3 0.0173 49.4

2
15,000 10 11 1.7 34.2 1.7 234.2 4.4 0.0186 33.2

30,000 20 26 9.8 2.2 18.2 1364.7 25.7 0.0186 33.2

3
15,000 10 14 5.5 5.1 10.3 604.5 14.5 0.0146 41.8

30,000 20 26 7.5 4.3 16.8 824.0 19.7 0.0146 41.8

4
15,000 10 17 2.5 13.9 3.4 300.5 6.6 0.0160 45.6

30,000 20 27 11.0 1.8 24.6 1315.9 28.9 0.0160 45.6

3.2. Flame Characteristics Analysis

A flame study was conducted at Re = 15,000 (10 m/s) and Re = 30,000 (20 m/s) using
the 10-kHz rate PLIF. The base image (without the flame) and the raw image (with the flame)
were post-processed using the MATLAB image processing tools described previously in
Figure 4. Figure 10i–iv below shows how a typical flame profile and flame edge were
generated using those image processing tools.

The base image without the flame is shown in Figure 10i. This is when the igniter was
off and there was no active combustion in the system. Figure 10ii is the raw image with
flame when combustion occurred in the system. Figure 10iii shows the flame profiles that
were generated using the MatLab-based image processing procedures listed in Figure 4.
Flame profiles locate the reaction zones, show the thickness of the flame core, help to
understand the flame expansion and stretching, etc. Figure 10iv shows the flame edges.
The flame edges revealed the location, shape and size of flame wrinkling, and the presence
of vortices, and showed how vortices infused the flame core and made the flame thin
and stretch.

The flame progression is shown in Figure 10v. Images (a) to (e) show the progression
of the flame growth from ignition initiation through blowout. Image (a) indicates the
initial combustion stage; (b) shows the initiation of wrinkles; (c) reveals the formation of
more wrinkles; (d) shows the breakdown of the flamelets; and (e) shows the burnout of
the flamelets.

The presence of an unburned air–fuel mixture inside the burned gases and vice versa
are observed in Figure 10(va). Eventually, combustion completely burns all the air–fuel
mixture. The authors studied the recess length and made sure that the mixing, residence
time and air–fuel ratio were adequate for the complete combustion of methane air. There
were different levels of turbulence in the flame. Additionally, the flame profiles show
irregularly shaped wrinkles (handgrip-like structures), see Figure 10(vb). The wrinkles
continued to form as the flame progressed downstream as shown in Figure 10(vc). The
flow fluctuation, thermal instabilities caused by buoyancy and expansion, and local flame
viscosity controlled the flame wrinkling. The turbulent and velocity scales—for example,
velocity fluctuation (u’) and turbulent length-scale (LT)—generated high compressive forces
in the flame, leading to accelerated flame–flame interactions. This interaction enhanced the
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reactant-product pocket formation rate [36], causing many finger-shaped wrinkles to form
in the flame. It also causes to change in flame thickness, (δL) and flame expansion.
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Figure 10. A typical flame profile and flame edge images generated using C-X CH PLIF at Re = 15,000
and Φ = 0.8 (i) base image (without flame); (ii) raw image (with flame); (iii) flame profile with HSV
color map; (iv) flame edge; and (v) flame progression overview.

After the flame wrinkling, the next event is called the breakdown of the flamelet or
pinch-off event Figure 10(vd). The large-scale fluid structures caused the reaction zone to
shatter, leading to flamelet detachment from the edges. Local velocity fluctuations and
thermal diffusion further accelerated pinch-off events. Near the bottom wall, at a distance
downstream, the breakdown (pinch-off) event accelerated. This was due to the infusion
of small eddies into the flamelet regime. These small-scale, semi-detached, burned gases
sometimes reach self-ignition temperature and start to burn out or disappear. This is
commonly known as a burned-out event Figure 10(ve). The pinch-off and burnout events
occurred spontaneously and were controlled by parameters such as pressure, turbulent
length scale, and velocity fluctuation. Flame profiles observed in this research work are
very thin (thin reaction zone); therefore, all the images presented below are intensified and
zoomed in for better interpretation and visualization.
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The authors conducted a qualitative analysis of flame behavior in this article. Therefore,
the authors combined all the images together and present them here so that an overall
understanding of how flame propagates and interacts under different grids and Reynolds
numbers could be made. First, thin fluctuating flame profiles are seen in Figures 11–13.
Additionally, the flame width increased as it moved downstream. This is referred to as
flame broadening. The local flame diffusivity increased due to the enhanced heat and mass
transfer imparted to the reaction zone by the turbulent eddies. This caused the flame’s core
structure (width) to increase. As reported in [37,38], these large-scale eddies and wrinkles
should enhance the reactant burning rate, flame burning area, and flame propagation
speed. As the velocity increased downstream, high-energy fluid structures formed. This
increased the turbulent eddy diffusivity and suppressed the strain rate effect, influencing
flame stretching. Broadened flame structures were observed under all grids.
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Figure 11. Flame profiles at Φ = 0.8 and Re = 15,000. Here, (a) = initial combustion stage; (b) = initiation
of wrinkles; (c) = formation of more wrinkles; (d) = breakdown (pinch-off) of the flamelets; and
(e) = burnout of the flamelets. The HSV colormap shows flame intensity between 0 and 1. [Flame
profiles are zoomed in for better visualization].
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Figure 12. Flame profiles at Φ = 1.0 and Re = 15,000. Here, (a) = initial combustion stage; (b) = initiation
of wrinkles; (c) = formation of more wrinkles; (d) = breakdown (pinch-off) of the flamelets; and
(e) = burnout of the flamelets. [Flame profiles are zoomed in for better visualization].

The effect of grids on flame characteristics has been studied (see Figures 11–13). The
flame profiles under Grids 1 and 3 had more wrinkle growths. This was due to the higher
change in thermal diffusion and viscosity of the flame under those grids, as also reported
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in [5]. However, there is less presence of large-scale wrinkles in the flames under those
grids. Thus, flame stretching and flame width are less under Grids 1 and 3. The opposite is
true for the flame under Grids 2 and 4 (see Figures 11–13).
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Figure 13. Flame profiles at Φ = 1.2 and Re = 15,000. Here, (a) = initial combustion stage; (b) = initia-

tion of wrinkles; (c) = formation of more wrinkles; (d) = breakdown (pinch-off) of the flamelets; and 

(e) = burnout of the flamelets. [Flame profiles are zoomed in for better visualization]. 

The effect of grids on flame characteristics has been studied (see Figures 11–13). The 

flame profiles under Grids 1 and 3 had more wrinkle growths. This was due to the higher 

change in thermal diffusion and viscosity of the flame under those grids, as also reported 

in [5]. However, there is less presence of large-scale wrinkles in the flames under those 

grids. Thus, flame stretching and flame width are less under Grids 1 and 3. The opposite 

is true for the flame under Grids 2 and 4 (see Figures 11–13).  

The effect of two different Reynold’s numbers on flame evolution has been studied. 

The flame expansion was faster at Re = 30,000 (20 m/s) (Figures 14–16) compared to Re = 

15,000 (10 m/s) (Figures 11–13). The local flame strain rate increased with the increase in 

Figure 13. Flame profiles at Φ = 1.2 and Re = 15,000. Here, (a) = initial combustion stage; (b) = initiation
of wrinkles; (c) = formation of more wrinkles; (d) = breakdown (pinch-off) of the flamelets; and
(e) = burnout of the flamelets. [Flame profiles are zoomed in for better visualization].

The effect of two different Reynold’s numbers on flame evolution has been stud-
ied. The flame expansion was faster at Re = 30,000 (20 m/s) (Figures 14–16) compared
to Re = 15,000 (10 m/s) (Figures 11–13). The local flame strain rate increased with the
increase in flow velocity. This strain tries to suppress flame growth. However, higher-order
turbulence at higher Re aided in overcoming this challenge. Similar research on flame
expansion rate is reported in [39]. Additionally, at Re = 30,000, the flow mixture velocity
(20 m/s) dominated over turbulent eddy viscosity ( u′lo or u′η), see Table 6. Therefore, the
flame front broadened in both axial and radial directions and allowed the small eddies to
infuse into the flame core (see Figures 14–16).
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Figure 14. Flame profiles at Φ = 0.8 and Re = 30,000. Here, (a) = initial combustion stage; (b) = initiation
of wrinkles; (c) = formation of more wrinkles; (d) = breakdown (pinch-off) of the flamelets; and
(e) = burnout of the flamelets. [Flame profiles are zoomed in for better visualization].
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Figure 15. Flame profiles at Φ = 1.0 and Re = 30,000. Here, (a) = initial combustion stage; (b) = initiation
of wrinkles; (c) = formation of more wrinkles; (d) = breakdown (pinch-off) of the flamelets; and
(e) = burnout of the flamelets. [Flame profiles are zoomed in for better visualization].
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Figure 16. Flame profiles at Φ = 1.2 and Re = 30,000. Here, (a) = initial combustion stage; (b) = initiation
of wrinkles; (c) = formation of more wrinkles; (d) = breakdown (pinch-off) of the flamelets; and
(e) = burnout of the flamelets. [Flame profiles are zoomed in for better visualization].

The flame wrinkling (irregularly shaped edges) was higher at Re = 30,000 compared
to Re = 15,000. This was because a large number of small-scale eddies and higher flame
instabilities (mostly the flame fluctuation) were present at Re = 30,000 (see Figures 14–16).

The effect of the equivalence ratio (Φ) on flame propagation was also investigated.
The reactant-product pocket formation rate increased with fuel loading as Φ increased.
Therefore, at Re = 30,000 and Φ > 1, the flame wrinkling rate is maximum. Additionally,
the pinch-off and burnout rates were higher at Re = 30,000 (Figures 14, 15 and 16d,e). The
same finding is also reported in [40]. In addition, the flame stretching rate was found to be
higher at Re = 30,000. This was due to the large-scale wrinkles that interacted with each
other and formed new wrinkles along the flame edges. As a result, the flame stretched
across those wrinkles. The opposite is true for Re = 15,000.

The flame profiles alone do not offer a comprehensive understanding of flame behavior.
To gain more detailed insights into crucial flame characteristics such as flame boundaries
and wrinkles, the authors utilized MATLAB image processing tools with in-house coding
(see Figure 4) and generated corresponding flame edges (See Figure 17).
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Figure 17. Typical flame edge profiles.

Figure 17 shows how the wrinkle initiated and grew with time. It also shows how the
wrinkles changed their shape and size from ignition through the blowout. The wrinkles have
an irregular shape with handgrip-like structures. Wrinkle shape does not change, but wrinkle
size changes throughout the flame evolution (ignition to burnout). The flame edges show the
presence of many small eddies in the recirculation zone. The same behavior is noticed in the
PIV analysis. This validates the role of the backward-facing step in flame anchoring.

The flame had more fluctuation downstream (see flame edges under Figures 18–23).
Flame growth was mostly controlled by flame wrinkling and turbulence. The flame was
continuous and had no flame extinction for the Re conditions considered in this paper.
Wrinkle formation (Figures 18, 19, 20, 21, 22 and 23b) was adequate to maintain a continuous
flame and not too extreme. The flame edges also showed how the small eddies infused into
the flame core and the flamelet (small-scale flame eddies) detached and reattached to the
flame core. These events were more common at Re = 30,000 (see Figures 21, 22 and 23b–d)
due to the increase in flame displacement rate. In other words, vorticity-strain rate effects
were higher at Re = 30,000.
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Figure 18. Flame edges at Φ = 0.8 and Re = 15,000. Here, (a) = initial combustion stage; (b) = initiation 

of wrinkles; (c) = formation of more wrinkles; (d) = breakdown (pinch-off) of the flamelets; and (e) 

= burnout of the flamelets. [Flame edges are zoomed in for better visualization]. 

 

Figure 19. Flame edges at Φ = 1.0 and Re = 15,000. Here, (a) = initial combustion stage; (b) = initiation 
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Figure 18. Flame edges at Φ = 0.8 and Re = 15,000. Here, (a) = initial combustion stage; (b) = initiation
of wrinkles; (c) = formation of more wrinkles; (d) = breakdown (pinch-off) of the flamelets; and
(e) = burnout of the flamelets. [Flame edges are zoomed in for better visualization].
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Figure 19. Flame edges at Φ = 1.0 and Re = 15,000. Here, (a) = initial combustion stage; (b) = initiation
of wrinkles; (c) = formation of more wrinkles; (d) = breakdown (pinch-off) of the flamelets; and
(e) = burnout of the flamelets. [Flame edges are zoomed in for better visualization].

The flame was thinner at Re = 30,000 and wider at Re = 15,000 (see Figures 18–23).
This could be justified by the PIV-derived data presented before. The velocity contours
(previously presented in Figure 5) show that the local flow velocity was high and residence
time was low across the shear layer at Re = 30,000. Consequently, the flame did not have
enough time to expand laterally and became thinner. The opposite is true at Re = 15,000.
The flame edges also show that the flame wrinkling rate is higher under Grids 1 and 3,
whereas pinch-off and burnout rates are higher under Grids 2 and 4. The same behavior
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is noticed in the flame profiles reported earlier in Figures 11–16. A similar observation is
reported in [41,42].
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Figure 21. Flame edges at Φ = 0.8 and Re = 30,000. Here, (a) = initial combustion stage; (b) = initiation 

of wrinkles; (c) = formation of more wrinkles; (d) = breakdown (pinch-off) of the flamelets; and (e) 
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Figure 20. Flame edges at Φ = 1.2 and Re = 15,000. Here, (a) = initial combustion stage; (b) = initiation
of wrinkles; (c) = formation of more wrinkles; (d) = breakdown (pinch-off) of the flamelets; and
(e) = burnout of the flamelets. [Flame edges are zoomed in for better visualization].
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Figure 21. Flame edges at Φ = 0.8 and Re = 30,000. Here, (a) = initial combustion stage; (b) = initiation
of wrinkles; (c) = formation of more wrinkles; (d) = breakdown (pinch-off) of the flamelets; and
(e) = burnout of the flamelets. [Flame edges are zoomed in for better visualization].

The flame profiles (Figures 11–16) and flame edges (Figures 18–23) presented above
show that the CH layer (reaction zone layer) is thinner at both Re conditions. However, the
CH layer thickness increased slightly downstream. This happens because the turbulence
dominated over the strain rate downstream. The CH layer resembled both flamelet-like
and diffuse-like structures. The authors believe that the flame signal detected by the
C-X CH PLIF was not entirely the CH signal: there might be a presence of some CH *
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chemiluminescence. This is why in some cases the flame profiles looked diffuse. The
authors completed some preliminary iterations on methane–air premixed reacting flames
using the CH PLIF. The authors believe that there are still many questions and issues
that need to be addressed in future research iterations. For example, the CH filter and
the operating parameters of the camera intensifier units such as gate pulse width and
gate exposure/opening time need to be re-tuned according to the higher test operating
conditions. Additionally, the wavelength tuning for the C-X band of CH PLIF should be
further examined. The flame edges showed that the CH signal decreased with the increase
in Re. The authors will also consider this in the next research iteration. The authors are
recommending preheating the reactants at elevated temperatures for higher Re combustion
tests. The incorporation of higher-order alkaline into the reactants might resolve this issue.
However, a series of experimental tests and more theoretical research must be conducted
before making any conclusion on this issue.
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Figure 22. Flame edges at Φ = 1.0 and Re = 30,000. Here, (a) = initial combustion stage; (b) = initiation
of wrinkles; (c) = formation of more wrinkles; (d) = breakdown (pinch-off) of the flamelets; and
(e) = burnout of the flamelets. [Flame edges are zoomed in for better visualization].
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Figure 23. Flame edges at Φ = 1.2 and Re = 30,000. Here, (a) = initial combustion stage; (b) = initiation
of wrinkles; (c) = formation of more wrinkles; (d) = breakdown (pinch-off) of the flamelets; and
(e) = burnout of the flamelets. [Flame edges are zoomed in for better visualization].



Aerospace 2023, 10, 620 34 of 38

The effect of equivalence ratios (Φ) on flame evolution was investigated using the
flame profiles and edges reported above. Data from the temperature sensors (k-type)
indicate that the chamber heat release rate increased with the increase in fuel loading, Φ.
This is because the combustion radical fraction and their reaction rates increase with Φ.
The same behavior is reported in [1,5,43]. The authors used a series of temperature sensors
(non-intrusive) on the combustor walls. The temperature sensors sensed the wall face
temperature during the combustion. After that, the LabView tool generated the associated
heat release rate from the combustor walls, exhaust chamber, and cooling chamber. This
information has already been published by two of the co-authors of this paper, [28,32].

The flame reaches the maximum static temperature (~2200 K) at Φ =1.2. Therefore,
according to the literature [6], the flame surface consumption rate, flame surface area, and
flame length should increase at Φ > 1. Additionally, the flame surface area directly relates to
the flame burning velocity and flame front curvature. Thus, at higher Φ, the flame burning
area and flame front curvature should increase [3,31,43]. The flame fluctuation (less radical
kinetics) is less for the lean mixture (Φ = 0.8). A moderate level of flame fluctuation is seen
at Φ = 1.2 (see Figures 18–23). However, this small fluctuation does not affect the flame
stability studied in this paper, as also reported in [4]. The authors believe that more tests at
variable Φ need to be conducted to conclude these predictions.

3.3. Flame Regime Plot

The laminar flame characteristics such as laminar flame speed and laminar flame
thickness used in this paper are extracted from the papers published by two of the co-
authors of this article, [28,32]. Information regarding the laminar flame characteristics is
also well-reported in the literature [44,45]. The flow characteristics were extracted using
the PIV results reported in this paper. All this information was used to locate the flame on
the Borghi–Peters diagram (see Figure 24). The PIV results and flame characteristics used
to locate the flame regime boundaries are summarized in Tables 6 and 7.
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Figure 24. The flame regime location at Re = 15,000 and Re = 30,000 for all grids.

The thickened flame (thin reaction zone) was observed at all flow conditions except the
flame under Grid 1 at Re = 15,000 (Figure 24). At this specific condition, the flame falls in the
corrugated flamelet regime. This happened because of the velocity fluctuation relative to
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laminar flame speed ( u′
SL

) was low under this specific condition. The thickness of small-scale
eddies (Kolmogorov scales, η) was less than the flame thickness (δ). The small-scale eddies
were infused into the flame and made the reaction zone thinner. Therefore, the reaction
zone was much thinner at Re = 30,000 than Re = 15,000. The flame did not fall in the broken
reaction zone so there was no flame break up. It is hypothesized that the flame wrinkling
was not severe and flame stabilized at both flow conditions.

Table 7. Borghi–Peters diagram parameters.

Flow Rate (CFM)
Grid 1 Grid 2 Grid 3 Grid 4

LT/δL u′/SL LT/δL u′/SL LT/δL u′/SL LT/δL u′/SL

12 (10 m/s, Re = 15,000) 49.371 2.987 33.171 4.405 41.77 14.471 45.57 6.594

25 (20 m/s, Re = 30,000) 49.371 9.285 33.171 25.665 41.77 19.727 45.57 28.875

The flame location on the Borghi–Peter diagram gives some insight into the flame
behavior at different turbulence levels. The flame lies on the top of the thin reaction zone
under Grids 2 and 4 (see Figure 24). This means that the Kolmogorov time scale is less than
the chemical time scale (higher Ka value) and more flamelet breakdown should be expected
under Grids 2 and 4. On the other hand, the flame fell at the core of the thin reaction zone
under Grids 1 and 3. Therefore, the reaction rate dominated over the diffusion rate (lower
Da value) and more flame wrinkling should be seen under Grids 1 and 3. This is exactly
what the authors noticed from the flame profile and flame edges reported previously in
this paper.

4. Conclusions

The current study reports the flow and flame characteristics in extreme turbulence
environments using 10 kHz PIV and 10 kHz PLIF. The premixed methane–air flow inside a
small-scale windowed combustor was considered for this study. Different flow conditions
(Re = 15,000 (10 m/s), Re = 30,000 (20 m/s)), fuel concentrations (Φ = 0.8, 1.0, and 1.2)
and grid turbulators (grids) (BR = 46%, 48%, 62% and 63%) were used for flow and flame
study. PIV results show that the flow turbulence increased downstream due to the drastic
change in the flow passage after the backward-facing step. The turbulence was higher
in the shear layer. Perforated stainless steel (SS) plates, namely grid turbulators (grids),
created isotropic homogeneous turbulence inside the combustor. The backward-facing
step helped in small eddy formation, flow acceleration, and flame stabilization. The small
HD grids (Grids 1 and 3) produced continuous fluid structures and comparatively less
turbulence in the flow. On the other hand, large HD grids (Grids 2 and 4) created large-scale
fluid structures and higher velocity fluctuation (u′) in the flow. The flame front study was
carried out using C-X CH PLIF at a wavelength of 314.415 nm. The higher laser absorption
and emission coefficients gave outstanding flame profiles at this wavelength. The reaction
rate was faster than the diffusion rate under Grids 1 and 3 (lower Da value). This was due
to the presence of high-pressure fluctuations and thermal instabilities in the flame. Thus,
the flame wrinkling was higher under Grids 1 and 3. The turbulence intensities (I) and
flame thermal diffusivity are higher under Grids 2 and 4 (higher Ka value). Accordingly,
the pinch-off and burnout rates are higher under these grids. The PIV and PLIF study
revealed that the Re, turbulent length scales (LT), and wrinkling mostly controlled flame
evolution. The flame growth rate was faster at Re = 30,000 compared to Re = 15,000 due to
the higher velocity fluctuations and thermal instabilities at Re = 30,000. The flame edges
showed that the flame had both flamelet and diffuse-like structures. Further, the flame
had irregularly shaped wrinkles and the size of those wrinkles decreased with time as
the flame progressed downstream. Flame edges justified the infusion of small eddies into
the flame core; this eventually helped in flame anchoring. Flame expansion and flame
stretching are higher at Re = 30,000 compared to Re = 15,000. The flame mainly fell in
the thin reaction zone (thickened flame regime) except for one that fell in the corrugated



Aerospace 2023, 10, 620 36 of 38

flame regime. However, the flame was close to the broken reaction zone. For this, the
authors are recommending taking extra precautions in future high-speed combustion tests.
Additionally, the authors are aware that the flame signal detected by the C-X CH PLIF was
not entirely the CH radical signal. Some CH * chemiluminescence might be present in the
flame. This is a preliminary study where the authors implemented the CH PLIF in the
high-pressure turbulent reacting premixed combustion environment. The authors want to
conduct more studies to see how the C-X CH filter and camera intensifier properties such
as gate pulse width and gate exposure/opening time play a role in flame image detection.
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Nomenclature
PLIF lanar laser-induced fluorescence
PIV Particle image velocimetry
HD Hole diameter
BR Blockage ratio
CCD Charged couple device
Φ Equivalence ratio
x Mole fraction
ω Vorticity, curl of mean velocity
ωz Vorticity in the z-direction, computed from the velocity gradients
∂U
∂y X-velocity gradient in the Y direction

u′ Velocity fluctuation
I Turbulent intensity
Da Damkohler number
Ka Karlovitz number
SL Laminar flame speed
δL Laminar flame thickness
Re Reynolds number
ReT Turbulent Reynolds number
LT Turbulent length scale
uRMS RMS of u velocity, computed from the velocity variance
vRMS RMS of v velocity, computed from the velocity variance
FOS Factor of safety
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