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ABSTRACT

The present work describes the development of a multiple laser-sheet imaging technique for the study of turbulent, premixed flame surface
structures at high Karlovitz stretch factor values. Experiments were conducted using CH4 air mixtures at 365K and 0.5MPa and up to a root
mean square turbulence velocity of 1.5m/s. A high-speed Nd:YAG laser capable of pulsing up to 60 kHz in conjunction with a high-speed
camera and a rotating mirror was used to reconstruct time-resolved three-dimensional turbulent flames. This has, for the first time, enabled
the direct measurement of wrinkled flame surface areas, along with reaction progress variable and flame brush thickness. These are important
parameters for the characterization of turbulent burning rates and provide more insight into the dynamic nature of the flames and their struc-
tures. In addition, the current data aid toward direct comparison with results from combustion simulation studies.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0207937

NOMENCLATURE

A total flame surface area (mm2)
Am half the distance between RM parallel faces
ai geometric offset of each IL sheet from the cen-

terline of the CV
am, av mean flame area based on mass and volume

balancing
�c, �cRj reaction progress variable, reaction progress

variable at radius Rj

f focal length (mm), mass fraction of burned
gas

fL effective focal length (mm)
fIL imaging laser frequency
i independent variable

I1, R1, N1, R2, N2 incident ray, reflected ray, normal at time t0
and reflected ray, normal after RM rotation by
angle hm

K Karlovitz stretch factor
L integral length scale (mm)

Masr Markstein number for strain rate
Nf fan rotating speed (rpm)

nf number of RM faces
P pressure (MPa)
r radius of the flame kernel

rm, rv mean flame radius based on mass and volume
balancing

RL turbulent Reynolds number based on turbu-
lent integral length scale

Rr , Rt , Rj root, tip, and variable radius, respectively
T unburned gas temperature (K)
ts time between two sweeps

tsIL time between two IL successive sheets
t0 initial time
ut turbulent burning velocity (m/s)
u0 rms velocity (m/s)
u0k effective rms velocity (m/s)
ul laminar burning velocity (m/s)
V total volume of the 3D flame
vi volume of voxel with index i

Xm diagonal distance between the center of the
RM face before and after rotation by angle hm

Z distance between the rotating mirror face and
the start of plane of interest
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Greek

dl laminar flame thickness (mm)
fn angle made by the ith sheet with the centerline of the CV
hm angle rotated by RM
k wavelength of the laser light
� kinematic viscosity (m2/s)P

flame surface density
qb burned gas density (kg/m3)
qu unburned gas density (kg/m3)
/ equivalence ratio
x angular rotating frequency of the RM in radians/s

Abbreviations

CV combustion vessel
CT computed tomography

DNS direct numerical simulations
FBE fiber-based endoscope
IgL ignition laser
IL imaging laser

LES large eddy simulation
Nd:YAG neodymium-doped yttrium-aluminum garnet

PLIF planar laser-induced fluorescence
RM rotating mirror

VLIF volumetric laser-induced fluorescence

INTRODUCTION

Immediately following ignition, turbulent flames are only wrin-
kled by smaller length scales of turbulence, with larger length scales
merely convecting the flame; only when the flame grows large enough,
will it be susceptible to the bulk of the turbulent length scales available
(Abdel-Gayed et al., 1987). The burning rate of a turbulent flame is
strongly affected by its flame structure. This is expressed as the turbu-
lent burning velocity, ut , a term often used in engine combustion and
explosion studies. Wrinkling of a turbulent flame affects the total sur-
face area, A, available for reaction, which in turn contributes to ut
(Bradley et al., 2011; Lipatnikov and Chomiak, 2002). Parameters such
as reaction progress variable, �c (Bray et al., 2005), and flame surface
density,

P
(Halter et al., 2009), also quantify the effects of wrinkling

on the flame structure.
The evaluation of these parameters until recently was largely

confined to two-dimensional (2D) sheet imaging techniques in com-
bustion vessels of uniform turbulence. For example, experimental
measurements of ut ,

P
, and �c were made (Bagdanavicius et al.,

2015; Bradley et al., 2013; Bradley et al., 2009; Bradley et al., 2011;
Hult et al., 2007; and Lee et al., 2000) but largely limited to 2D laser-
sheet techniques. These studies relied on the assumption that the
flame surface detail witnessed in two dimensions was representative
of the overall three-dimensional (3D) flame structure. It is often
assumed that the average surface area per unit volume equals the
average flame perimeter per unit area in the laser sheet to determineP

(Filatyev et al., 2005). However, the limitation of this technique is
that the behavior of flames in the third dimension is not known.
Moreover, flames in the early stages of development, particularly lean
mixtures/slow laminar burning velocity mixtures, are displaced from
the center by larger length scales, thereby increasing the uncertainty

of slicing the flame through its center. As a result, the various flame
parameters using the 2D techniques could be either underestimated
or overestimated depending upon the position of the slicing through
the flame.

Modeling of turbulent flames using
P

and �c has also been car-
ried out extensively in both 2D and 3D by many researchers (Bray and
Peters, 1994; Lee et al., 2000; Mantzaras et al., 1988; Nivarti and Cant,
2017; Peters, 1999; and Pole and Cheng, 1988); however, limited exper-
imental data are available to assess the validity of the resulting models.
A summary of the 3D experimental work carried out so far is pre-
sented in Table I. Various researchers (Hult et al., 2002; Lawes et al.,
1998; Nygren et al., 2002; and Yip et al., 1987) have proposed multiple
simultaneous laser-sheet imaging to overcome the limitation posed by
2D techniques. Yip et al. (1987) used a multiple laser-sheet technique
incorporating a rotating mirror, RM, through an aerosol seeded gas jet,
to capture successive images of the jet. Mantzaras et al. (1988) used a
limited number of sheets, typically four, of different wavelengths for
instantaneous multiple sheet imaging. However, to create a pseudo-
instantaneous 3D flame structure at sufficiently high resolution to cap-
ture fine flame surface details, the laser sheets are required to traverse
at a very high frequency. Hult et al. (2002) applied a similar technique
employing a neodymium-doped yttrium-aluminum garnet (Nd:YAG)
laser to study flames stabilized on a burner, while Nygren et al. (2002)
investigated combustion in a homogeneous charge compression igni-
tion (HCCI) engine using a similar setup, with laser-induced fluores-
cence employed to reveal chemical species as an indicator of extent of
combustion. More recently, Upton et al. (2011) studied burner flames
using computed tomography (CT) with 12 individual detectors equi-
spaced around the flame.

Lawes et al. (1998) adopted the methodology of Yip et al. (1987)
to construct 3D turbulent flames at a faster laser frequency, while the
flames were only analyzed recently by Harker et al. (2011; 2012). Ng
and Zhang (2003) demonstrated stereoscopic imaging and reconstruc-
tion of turbulent impinging flames using one camera to capture a pair
of stereo images. However, their technique was limited to only lightly
wrinkled flames as well as to those flame surfaces visible from two dif-
ferent points (complex flames). The technique also had difficulty in
resolving transparent or semi-transparent flames and recommended
laser-based techniques to be used. Bheemul et al. (2005) developed an
optical instrumentation system for the measurement of 3D geometric
parameters of gaseous flames in real time using visual hull reconstruc-
tion. The visual hull is a geometric shape obtained using silhouettes of
flames as seen from a number of views. However, even with a large
number of views, the result would not give a real representation of
flames. Moreover, these authors’ method tends to be restricted to very
low-resolution reconstruction of ignition volume and ignition surface
areas only. Steinberg et al. (2008) used a cinema stereoscopic Particle
Image Velocimetry (PIV) technique to resolve the effect of 3D velocity
fields on flame wrinkling. These authors showed that the flame con-
tour from particle gradient (Mie-scattering) method corresponds well
to the true location of the maximum gas density gradient obtained
from CH-PLIF. However, this study indicated that the effect of eddies
on the flame wrinkling cannot be resolved using such techniques.
Tanahashi et al. (2008) reconstructed 3D turbulent premixed flames in
a noise-controlled, swirl-stabilized combustor by evaluating mean
reaction progress variable using 2D OH-PLIF images. However, the
2D images were averaged over 100 temporal images to evaluate the
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TABLE I. Some previous experimental studies of 3D imaging.

Authors Year Journal, Ref
Measurement
technique Equipment

Laser pulse
energy Voxel size Apparatus Ext info

Yip et al. 1987 Science (Yip et al.,
1987)

3D, Aerosol concentra-
tion measurements

Rotating mirror, 1
camera, thin multi-

ple laser sheet

0.3 lJ Jet nozzle 30 kHz

Mantzaras et al. 1988 SAE (Mantzaras
et al., 1988)

Mie-scattering
technique

Four laser sheet 150, 100,
40, 5 mJ

0.35mm SI engine

Nygren et al. 2002 Proc. Combust.
Inst. (Nygren et al.,

2002)

Planar laser-induced
fluorescence, PLIF,
multiple imaging

Scanning mirror 25–30 mJ HCCI engine 10Hz

Hult et al. 2002 Exp. Fluids (Hult
et al., 2002)

Laser-induced incan-
descence, LII

Scanning mirror 150 mJ Burner

Ng and Zhang 2003 Exp. Fluids (Ng and
Zhang, 2003)

Stereoscopic imaging 1 camera Impinging burner

Bheemul et al. 2005 IEEE Trans.
Intrum. Meas.
(Bheemul et al.,

2005)

3D digital imaging 3 monochromatic
CCD cameras

0.23mm
� 0.21mm

Burner Reported ign.
SA

Steinberg et al. 2008 Exp. Fluids
(Steinberg et al.,

2008)

Cinema stereoscopic
PIV, 3D velocity fields,

CH-PLIF

2 cameras 8 mJ 0.14mm Bunsen burner 1 kHz

Tanahashi et al. 2008 Exp. Fluids
(Tanahashi et al.,

2008)

3D flames using 2D
CH-OH-PLIF

þ stereoscopic PIV,
OH-PLIF

Multiple planes, 4
cameras

0.023mm,
0.05mm

Swirl burner

Mason et al. 2009 Fire Technol.
(Mason et al., 2009)

Minima reconstruction
technique, MRT

2 CCD cameras Burner

Upton et al. 2011 Exp. Fluids (Upton
et al., 2011)

3D, computed tomog-
raphy (CT)

6 cameras 0.25mm Burner

Harker et al. 2012 Combust. Sci.
Technol. (Harker

et al., 2011)

3D, Mie-scattering
technique

Rotating mirror, 1
camera, thin multi-

ple laser sheet

0.5 mJ 0.7mm Explosion flames 18 kHz

Kang et al. 2015 Proc. Combust.
Inst. (Kang et al.,

2015)

FBEs, CH�

chemiluminescence
1 camera No laser 0.1 � 0.1

� 0.2mm
Burner 1 kHz

Wellander et al. 2011,
2014

OPTICS EXPRESS,
Meas. Sci. Technol.,

Exp. Fluids
(Wellander et al.,
2011; Wellander
et al., 2011; 2014)

OH-PLIF, Mie
scattering

1–2 cameras Dense spray,
burner

1–2 kHz

Kristensson et al. 2011 Proc. Combust.
Inst. (Kristensson

et al., 2011)

Mie scattering 1 camera 512 � 512 pixels
in 6.2 �
6.2mm2

Dense spray 10Hz
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mean reaction progress variable at 25 different planes to reconstruct
the 3D flame, which was not instantaneous.

Kang et al. (2015) demonstrated the feasibility of instantaneous
3D flame measurements using fiber-based endoscopes (FBEs) to
gather projections from various orientations simultaneously. They
reported the practical advantages of FBEs for overcoming optical
access and reducing equipment cost; however, these authors’ technique
was limited by signal attenuation due to the coupling and transmission
losses in FBEs, leading to a degradation of the image quality. More
recently, from the same research group, Ma et al. (2017) demonstrated
the feasibility and accuracy of 3D turbulent flame diagnostics based on
volumetric laser-induced fluorescence, VLIF. The technique required
five cameras to simultaneously capture CH radicals in the flame to
reconstruct 3D flame surfaces. Wellander et al. (2011; 2014) and
Kristensson et al. (2011) used dual-mirror laser scanning technique
with Mie scattering and OH planar laser-induced fluorescence, PLIF,
for 3D reconstruction of dense sprays and low turbulence premixed
flames, respectively. They reported the advantages and limitations of
their technique with respect to spatial and temporal resolution. They
also concluded that this technique with high-frequency lasers and high
repetition rate cameras can be applied to highly turbulent flames.

Of pertinence to the present study, Harker et al. (2012) presented
a study of turbulent premixed, lean methane–air flames developing in
the Leeds fan-stirred combustion vessel, CV2, at low Karlovitz num-
bers, using a multiple laser-sheet imaging technique. An Oxford Lasers
LS20-50 copper vapor laser, pulsed at a frequency of 18 kHz, was used
to provide pulses of laser light, which were shaped into thin sheets
using a number of lenses. The resulting laser sheets were swept
through the CV by reflection off a rotating octagonal mirror. This
allowed a number of “sweeps” through a flame during its development.
However, due to the small sheet height of 50mm and the finite time
required within and between each sweep due to the low laser repetition
rate, only flames developing at low turbulence and in the early stages
of growth could be imaged. The resolution of 0.7mm per pixel in all
directions allowed structures of the integral and Taylor length scales of
turbulence (20 and 3mm, respectively) to be resolved, but not the
Kolmogorov scale (0.15mm).

Turbulent combustion is certainly a complex phenomenon and is
still only partially understood. The third dimension of turbulent flames
cannot be resolved by mere 2D flame imaging techniques. Therefore, it
is necessary to analyze turbulent flames in 3D due to their inherent
nature. Very limited 3D measurements have been carried so far, and
there is need for accurate 3D measurement data of important struc-
tural parameters for turbulent flames (Driscoll, 2008; Hult et al., 2007).
Because of the rapid development of computational techniques such as
large eddy simulation, LES, and direct numerical simulation, DNS, a
number of 3D numerical studies (Dave et al., 2018; Nivarti and Cant,
2017) have been carried out to investigate turbulent burning. However,
there is lack of 3D experimental data to validate these studies. Both
LES and DNS can only be applied to flows of low Reynolds numbers
even with the state-of-the-art computing technology and thus with
only lightly wrinkled flames. For the first time, the technique described
in the present study is able to provide the required data for such valida-
tion studies.

Although 2D measurement techniques are designed to slice
through the center plane of the flame, it is difficult to predict which
part/plane of the flame has been captured as flame development isTA
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inherently 3D. This is particularly problematic for flames at high root
mean square (RMS) turbulence intensity due to the developing flame
convecting away from the point of ignition/imaging. The current
swinging sheet technique allows the analysis of flames developing at
high u0 without the necessity of making assumptions about the rela-
tionship between 2D flame structure and the extension of this into the
third dimension. The technique described by Harker et al. (2012) has
been significantly developed in the present study. A Laser Lines Nd:
YAG laser was employed to generate thin laser sheets at a height of
approximately 100mm in the center of the vessel. The use of a rotating
mirror allowed a time interval between sweeps that successfully
enabled a fully temporally resolved 3D study of turbulent explosion
flame to obtain surface structure at engine-like turbulent conditions.
The experimental data were processed using algorithms developed in
the MATLAB programming environment to determine flame
parameters such as total surface area, A, mean surface area, a, and
reaction progress variable, �c. These were then compared with
simulated data from DNS studies.

EXPERIMENTAL METHOD
Combustion vessel

The Leeds MKII fan-stirred combustion vessel is described in
Lawes et al. (1998). It offers exceptional optical access by means of up
to three pairs of orthogonally opposed fused silica windows of 100mm
thickness and is capable of withstanding starting mixture temperatures
of up to 600K and initial pressures of up to 1.5MPa. Turbulence was
created by four, eight-bladed orthogonally opposed 8 kW fans. The
mean and RMS turbulent velocities, u0, and integral length scale, L,
were determined using laser Doppler velocimetry and particle image
velocimetry (Bradley et al., 1996). The turbulence was found to be uni-
form and isotropic (Nwagwe et al., 2000) within the central 150mm
region of the vessel, with an L, of 20mm and independent of the fan
speed between 1000 and 10 000 rpm, except at 500 rpm where it was
found to be 24 mm (Lawes et al., 2012).

The RMS turbulence velocity, u0, is given by the following relation
as determined by (Bradley et al., 2019):

u0
m
s

� �
¼ 0:00124Nf rpmð Þ; (1)

where Nf is the fan speed. A single, 2 kW electric heating coil provided
heating in the vessel.

Laser ignition system

During the course of the present experimental measurements, an
adapted version of the laser ignition system presented in Bradley et al.
(2004) was used in conjunction with the 3D swinging laser-sheet tech-
nique in order to avoid spark plug interference in both the turbulent
flow field and flame images captured by the camera. Figure 1 shows
the schematic top view of the laser ignition system employed in the
present work. A New Wave solo 120 Nd:YAG laser, IgL, at a wave-
length of 532 nm capable of a maximum pulse repetition rate of 15Hz
was used for ignition. The laser beam from the ignition laser head was
first expanded, using a 47mm plano-concave lens of focal length (ƒ)
�50mm on to a plano-convex lens of ƒ¼ 250mm and diameter of
145mm. This effected an initial contraction of the beam, before pass-
ing through a second plano–convex lens, with ƒ¼ 450mm and diame-
ter of 150mm. This in turn focused the laser beam at the center of the
vessel to a minimum waist diameter (df ) creating the spark for explo-
sions. By initially expanding the beam prior to contraction, a smaller
beam waist was afforded as indicated by the following relation (Steen,
1998):

df ¼ 4 � f L � k �M2

p � dbL ; (2)

where fL is the effective focal length of second plano–convex lens,
dbL is the laser beam diameter on the second plano–convex lens,
k is the wavelength of the laser light, and M2 is the beam quality
factor. Thus, the present laser ignition system also avoided any
unwanted sparks either side of the point of focus due to rapid
contraction of the beam. The spark diameters were measured in
the range 2–4mm.

FIG. 1. Top view of a laser ignition set up, all dimensions are in mm.
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3D swinging laser-sheet imaging technique

Schematic diagram of the 3D laser swinging sheet system is
shown in Fig. 2.

Laser-sheet optics

Shown in Fig. 2 are the details of 3D laser swinging sheet sys-
tem. A 532 nm Nd:YAG imaging laser, IL, with two internal cavities
each capable of repetition rates ranging from 5 kHz to 30 kHz, pro-
vided the pulsed light source with a pulse energy of 13–1.9 mJ,
respectively. Using dual cavity staggered pulsing, a maximum laser
frequency of 60 kHz could be achieved at the minimum pulse energy.
The beam from the IL head was first expanded through a plano–
concave lens of U¼ 50.8mm with focal length, ƒ, �100mm, on to a
plano–convex lens of ƒ¼ 250mm, and U¼ 50mm to focus at the
center of the vessel in order to achieve a minimum sheet thickness,
df of <0.6mm, over a large focal distance. Using a pair of plano–
convex cylindrical lenses with focal lengths ƒ¼ 38.1 and ƒ¼ 25mm,
respectively, before the 16-sided RM, a vertically expanded IL sheet
approximately 100mm in height was generated across the central
area of the vessel. The RM was driven by an 8-pole synchronous hys-
teresis motor. The rotational frequency of the mirror was set using a
control unit, supplied with the required frequency input by a
Thurlby Thandar Instruments TGP 110 pulse generator. As the mir-
ror motor was an eight-pole type, the input frequency to the motor
drive unit was required to be eight times that of the desired motor
shaft frequency.

As there was a finite time lag between the first flame image and
the last flame image (1.44ms) in one sweep of the IL sheet, it was
important to select flames with sufficiently slow burning to minimise
flame growth during the time of sweep. Consequently, only mixtures
having a low laminar burning velocity, ul , and at low turbulence levels,
u0, could be investigated. This still allowed flames with high Karlovitz
stretch factors, K, to be investigated as the low value of ul afforded high
K values at relatively low u0. Increasing the RM speed would reduce
the sweep time and the time between subsequent sweeps, however, at
the cost of spatial resolution. Thus, a compromise was sought between
the temporal and spatial resolution while minimizing the flame growth
error during each sweep. Furthermore, details of the optical system for
laser-sheet formation are presented in Ahmed (2019).

Laser-sheet geometry

Depending on the rotational speed of the RM, there existed an
angle between each sheet. Thus, for accurate reconstruction of the 2D
images into a 3D reconstruction, it was necessary to take this into
account. Shown in Fig. 3 are the details of the RM geometric offset and
divergence of successive IL laser sheets. The IL sheet passing through
the center of the CV makes an angle 0 and is designated as i ¼ 0,
where i is the number of the sheet from the center of the vessel. The
angle between all the other sheets with respect to the center of the CV
is given by the equation

fn ¼
360 � x
fIL

i; (3)

where fn is the angle made by the ith sheet with the centerline of the
CV, x is the angular rotating frequency of the RM in radians/s, and fIL
is the imaging laser frequency in Hz. In addition to IL sheet divergence,
the point of reflection on the RM causes a geometric offset, ai, of each
IL sheet from the centerline of the CV as illustrated in Fig. 3. It shows
RM at time t0; and after a time t0 þ x � dt, it rotates through an angle
hm � Am is half the distance between RM parallel faces. Xm is the diago-
nal distance between the center of the mirror face before and after
rotation by angle hm and is given by

Xm ¼ Am tan hm: (4)

The geometric offset, ai, is then calculated using the sine rule of a trian-
gle given by

ai
sin hm

¼ Xm

sin 45þ hmð Þ : (5)

The time between two successive sheets is given by

tsIL ¼ 1
fIL

: (6)

The time between two sweeps is given by

ts ¼ 1
x � nf ; (7)

where nf is the number of faces on the RM. In the present study, at
x¼ 12Hz and nf¼16, the time between two sweeps was 5.21ms.
However, the time for each sweep with IL pulsing was around 1.44ms.
When the RM rotated through an angle hm, the angle of incident, I1,
made by IL with RM, does not change, while the reflected ray R1 shifts
to R2 and the normal shifts from N1 to N2. The new angle made by the
I1 with the new normal N2 is thus

hN2 ¼ hN1 � hm: (8)

The new angle of reflection, R2,

f ¼ hN1 � hN2 � hm½ � ¼ 2hm: (9)

Therefore, for a given angle of rotation of hm for RM, the angle turned
by each laser sheet was 2hm. It is evident from this that increasing the
rotation rate of the RM increases the angle between successive sheets,
thus reducing the number of sheets in a sweep of fixed total angle.
However, the reduced time for a sweep increased the maximum possi-
ble number of sweeps before the flame grew to such a size that it was

FIG. 2. Schematic diagram of the 3D laser swinging sheet system, laser ignition
setup not shown.
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no longer contained within the field of view. For optimal image clarity,
a maximum number of sheets per sweep was required. However, this
would have limited the number of sweeps possible during flame
growth. Thus, a compromise was sought between these factors in the
present study.

Imaging system

Mie-scattered images were recorded using a high-speed phantom
digital camera (VR2012) placed orthogonal to the IL sheets using a
fixed Nikon macro objective lens of focal length 105mm. The camera
operated at a frame rate of 54 000 frames per second ( fps), with an
exposure time of 6 ls, at a resolution of 512� 512 pixels, correspond-
ing to 0.196mm for the central sheet. The chosen exposure time (6 ls)
yielded the best contrast between the burned gas (flame) and back-
ground. The IL, IgL, RM, and camera were all synchronized to obtain
fully time-resolved data of the flames. For the present work, IL and IgL
were pulsed at 54 kHz and 12Hz, respectively. Typically, 78 sheets
were recorded in each sweep of 1.44ms duration and at a fIL of
54 kHz.

As there existed a finite physical distance between the “first” and
“last” sheets in each sweep with respect to the camera, a large depth of
field, DOF, was used to strike the best compromise between individual
sheet image clarity and the overall clarity of each sheet image in the
sweep. A narrower DOF would have given very high image focus for
several of the middle sheets in each sweep, but poor focus for others

away from the center. A large DOF was not found to cause any signifi-
cant problems with the subsequent processing of the images obtained.
Nevertheless, the variation of pixel size, depending upon the position
of the image, was considered while reconstructing the 3D flames. This
was accounted for by measuring the pixel size at the three different
positions in the CV. One was at the closest position to the camera, one
at the center of the vessel, and the third at the farthest location from
the camera. The pixel size was found to vary in a linear fashion with
distance, and this was incorporated in the relevant calculations.

An olive oil droplet mixture in air was used as the seeding mate-
rial, with a typical diameter of 1.06lm and a density of 970 kg/m3

(Melling, 1997). The partial pressure of the seeding mixture was kept
to less than 4% of the total (fuel þ air) mixture for the present case
studied. Although a slight variation in the nominal equivalence ratio,
U, is expected, experiments with up to 8% of seeding mixture showed
no significant change in the turbulent burning rates.

DATA PROCESSING TECHNIQUE
Raw and binarized image data

Shown in Fig. 4(a) is a typical raw 2D Mie-scattered image
acquired during the process for a CH4/air explosion at /¼ 0.7,
P¼ 0.1MPa, T¼ 300K, and at low turbulence of u0 ¼ 0.3m/s.
(K¼ 0.027). Laser light intensity was found to be highest in the center
of the image than at the edges due to the inherently Gaussian nature of
laser beam intensity. Due to low level of applied turbulence and thus

FIG. 3. Mirror geometric offset and divergence of successive laser sheets.
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low value of K, the flame surface was mildly wrinkled, and as a result,
the flame edge was clearly defined. The height and width of each image
was approximately 100mm.

These raw flame images were binarized, as shown in Fig. 4(b)
before using them for 3D reconstruction. This was achieved using
built-in filter functions in MATLAB such as the log (Laplacian of
Gaussian) edge detection algorithm. The Laplacian filter detected the
flame edge based on a user-defined gradient, while the Gaussian filter
reduced the noise. This two-step process resulted in a good compro-
mise by successfully detecting the flame edges and minimizing the spu-
rious edge detection caused due to the intensity difference in the image
background. Once the flame edge had been detected, the enclosed area
in the binary image was filled using the built-in imfill function in
MATLAB. Care was taken to ascertain that small flame surface details,
particularly observed in high turbulence flames, were not accidentally
removed. Finally, the imcomplement function was used to invert the
pixel values, thereby leaving the final binarized image as shown in
Fig. 4(b). This was necessary for the subsequent procedures.

3D flame reconstruction/assembly

After binarizing the 2D images following successful flame edge
detection, the sheet images were assembled into a pre-allocated 3D
matrix of 512 � 512 � 512 size volume elements (voxels) of initial
value of unity, where the positions for insertion of the sheets into the
matrix were calculated according to the angle between successive

sheets hm and the geometric offset from the rotating mirror, ag . These
parameters were used to generate a straight line equation given by

y ¼ tan f � Z þ xð Þ þ ag : (10)

Z is the distance between the RM and the first point on the plane of
interest. Thus, for any x/y coordinate in the 2D image, the correspond-
ing z coordinate in the third dimension was calculated. The process
was then repeated for all the 2D sheets in a sweep to insert the values
of 2D pixels in the corresponding coordinates in the 3D matrix.
Because of the finite resolution in the array, the values of z coordinate
were rounded off to the nearest integer. This resulted in a slightly
stepped appearance of the inserted sheet as shown in the bottom right
of the Fig. 3 (circled grid) where the stepped appearance has been
exaggerated for clarity. The reconstructed volume size was approxi-
mately 100 � 100 � 104mm3. The resolution in the sweep direction
was 0.74mm.

Interpolation, surface mesh generation, and surface
mesh smoothing

Figure 5(a) shows a cross section, through the Y-axis, of the
assembled 2D sheets of a CH4/air flame at /¼ 0.7, P¼ 0.1MPa,
T¼ 300K and at low turbulence of u0 ¼ 0.3m/s (K¼ 0.027) into a 3D
matrix at 26.75ms after ignition. It was necessary to interpolate
between the sheets in order to generate a solid reconstruction and sub-
sequent mesh generation of 3D flames. In the present study, the small
spacing between successive sheets afforded the possibility of simply
thickening the sheets slightly using the imdilate function. This function
dilates the values based on the structuring neighborhood where typi-
cally single pixel/voxel spacing is present between the sheets. For cases
with larger sheet spacing and/or higher values of K, a more complex,
interpolative algorithm would have been required. The method
employed here resulted in “solid” 3D flame structures, where an exam-
ple of a cross section through the y-axis is shown in Fig. 5(b). This
clearly shows that the filled image in Fig. 5(b) is a good representation
of the original, unfilled version shown in Fig. 4(a).

Following this process, a triangulated surface mesh was generated
using isosurface and patch functions in MATLAB. The isosurface com-
mand generated coordinates corresponding to user-defined isovalue
positions, between 0 and 1, and in the present work, a value of 0.5 was
used. Using the list of isovalue coordinates, the patch function

FIG. 4. (a) Raw Mie-scattered image. (b) Binarized image.

FIG. 5. A view of the cross section
through Y-axis of (a) the assembled 2D
sheets into 3D matrix with finite sheet
spacing and (b) a solid 3D flame structure
after interpolation.
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generated a triangulated surface mesh, linked by vertices at the coordi-
nates returned by the isosurface function. Figure 6(a) shows an exam-
ple of the resulting surface mesh structure. The stepped and flat
surfaces, which are not a good representation of the flame with a con-
comitant high surface area, were eliminated in Meshlab using a
smoothing algorithm described in Taubin (1995), which minimized
shrinkage by incorporating an expansion term and retained the surface
features (such as flame curvatures) and volume of the reconstructed
flame. This algorithm operated by moving the vertices of the triangu-
lated surface without altering the connectivity of the faces. Therefore,
the operated surface contains exactly the same number of vertices and
faces as the original surface. Shown in Fig. 6 is an example of the
unsmoothed and smoothed flame reconstruction at u0 ¼ 0.3m/s for
CH4/air flame. Flat faces and steps can be seen in the unsmoothed
reconstruction, Fig. 6(a), while the smoothed version, Fig. 6(b), dis-
plays none of these leaving the surface features such as flame wrinkles
intact representing more closely the actual flame. Nevertheless,
smoothing reduced the total flame surface area by 25% for the largest
and highly turbulent reconstructed flame. Furthermore, details on
interpolation, surface mesh generation, and smoothing are presented
in (Thorne, 2017).

3D RECONSTRUCTED FLAME PARAMETER ANALYSIS

Various flame parameters such as total flame surface area, A,
mean flame surface area, av (based on balancing of burned and
unburned volume), and am (based on balancing of burned and
unburned masses), flame volume, and reaction progress variable, �c;
were obtained from the smoothed 3D reconstructions and evaluated.

Total flame surface area/wrinkled flame area, A

The total surface area, A, of the triangulated flame surface mesh
was now found by calculating the area of each triangle in the flame
mesh, using the cross product of the two vectors, which represent the
sides of each triangle and subsequently summing the areas of all trian-
gles constituting the surface mesh. If~a,~b represent the vectors of a tri-
angle, then the magnitude of the cross product of these two vectors, as
sides of the parallelogram, gives the area of the parallelogram made by
them. The area of the triangle formed by these vectors is then given by

AI ¼ 1
2
~a �~bj j: (11)

Now, the total sum of areas of all the triangles gives the total surface
area, A, of the turbulent flame as

A ¼
X

AI : (12)

Mean flame area, a

The triangulated surface meshes were converted into solid recon-
structions consisting of voxels representing burned gas using the “poly-
gon2voxel” algorithm presented by Kroon (2016). By calculating the
volume of each voxel, an estimation of the entire volume of each 3D
reconstruction was obtained.

The mean surface area, a, was calculated based on volume balanc-
ing, av , and also on mass balancing, am, of unburned and burned gases.
Figure 7 shows two different views of the same turbulent flame for
CH4/air at u0 ¼ 0.3m/s and /¼ 0.7, 300K, 0.1MPa. It shows the dis-
tribution of burned and unburned gas at t¼ 26.75ms after ignition. Rr

and Rt represent the root and tip radius of spheres drawn from the
centroid of the flame to �c ¼ 0 and �c ¼ 1, respectively. A general radius
Rj lies in between these two radii within which and outside Rr , mui,
and Vui are the total mass and total volume of unburned gas and mbi

and Vbi are the total mass and total volume of burned gas, respectively.
Outside Rj and within in Rt , muo; and Vuo are the total mass and total
volume of unburned gas and mbo and Vbo are the total mass and total
volume of burned gas, respectively. To calculate the mean area av
based on volume balancing, Rj was found such that the total volume of

FIG. 6. CH4/air at /¼ 0.7, 300 K, 0.1 MPa, u0 ¼ 0.3 m/s at t¼ 26.75 ms after ignition (a) unsmoothed and (b) smoothed.

FIG. 7. Two different views of the same CH4/air at u0¼0.3 m/s and /¼ 0.7, 300 K,
0.1 MPa.
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unburned gas, Vui, inside it is equal to the total volume of burned gas,
Vbo, outside it. Similarly, to calculate the mean area am based on mass
balancing, Rj was chosen such that the total mass of unburned gas,
mui, inside it is equal to the total mass of burned gas, mbo; outside it.
The two different views demonstrate how Rt could be miscalculated
from 2D imaging as Fig. 7(a) shows the sphere Rt slicing through the
flame while in fact it is passing through the farthest flame edge when
viewed through a different angle as shown in Fig. 7(b). Once the cen-
troid of all of the burned gas was found, starting from Rj ¼ Rr until
Rj ¼ Rt , the respective unburned and burned gas volumes outside and
inside were calculated and plotted against mean radius, varying
between Rt and Rr , an example of which is shown in Fig. 8(a). The
point at which the unburned and the burned gas volumes intersect is
taken as the mean Rj ¼ rv , using which av is calculated from Eq. (4).
Similarly, the respective unburned and burned gas masses outside and
inside Rj were calculated and plotted against mean radius varying
between Rt and Rr , an example of which is shown in Fig. 8(b). The
point at which the unburned and the burned gas masses intersect was
taken as the mean radius, Rj ¼ rm, using which am is again calculated
from Eq. (5).

Burned gas volume

The mean radius, av , was also found from the volume, V, of the
flame. Here, V was calculated by summing the volumes of all the vox-
els, which constituted the burned gas. The volume, vi, of each voxel is
determined based on camera resolution and, in the present case, is
0.0075mm3 and is thus known. Therefore, the total volume of the
flame is calculated using the equation below:

V ¼
X

n � vi; (13)

where n is the number of burned (black) voxels with a value of zero.
This volume, V, may be equated to the volume of a sphere using Eq.
(4), and hence, rv can be derived

V ¼ 4
3
pr3v: (14)

Using rv , the mean surface area av may be calculated as

av ¼ 4pr2v : (15)

The surface area ratio of the 3D reconstructed flame is then given by
A
av
. Similarly, values of am and the corresponding A

am
could also be

found.

Reaction progress variable (�c)

Each Cartesian coordinate was converted to polar coordinates
using the built-in 3D cart2pol function in MATLAB. Between Rr and
Rt , successive shells of user-defined size were created starting from Rr ,
until Rt , and the number of burned and unburned voxels in every suc-
cessive shell was determined. At each point, with the polar coordinates
known, the fraction of burned voxels out of the total number of burned
and unburned voxels combined at each of the radii between Rr and Rt

yielded �c, where�c at any given Rj is given by the equation

�cRj ¼ nb
nb þ nu

; (16)

where nb is the number of “burned” voxels and nu is the number of
“unburned” voxels. The full version of the scripts developed to post-
process the current data and the associated MATLAB functions are
presented in the Appendix of Ahmed (2019).

RESULTS

Experiments were conducted using a CH4/air mixture at an initial
temperature and pressure of 365K and 0.5MPa, respectively, at equiv-
alence ratio, /¼ 1.35. This mixture was chosen due to its low ul value
of 0.095m/s. For all experiments conducted, the residual gases were
kept as low as 0.06%. The burned gas density, qb, unburned gas den-
sity, qu, kinematic viscosity, #, of the mixture were 0.746, 4.492 kg/m3,

and 4.6 � 10�6 m2/s, respectively, as calculated using Gaseq (Morley,

FIG. 8. Burned and unburned gas (a) volume (b) mass, across Rj for increasing mean radius for the flame shown in Fig. 7. Symbol
� represents the point of burned/unburned

gas equality.
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2005). To study the effects of increasing rms turbulence velocity, u0; on
turbulent flame structure, discrete u0 values ranging from 0.3m/s to
1.5m/s were employed, see Table II. This led to Karlovitz stretch fac-
tor, K, values varying from between 0.046 and 0.79.

Shown in Fig. 9 are a set of 2D flame images obtained during a
sweep at 16.3ms after ignition. A total of 60 slices of a 3D flame were

captured at this instant out of which every fourth raw image is shown.
The resolution of each image, 512 � 512 pixels, was equivalent to
100.35 � 100.35mm at the center of the combustion vessel. The sheet
separation distance in the third dimension was approximately 0.5–
0.6mm. Looking at these individual images, it is difficult to predict the
overall shape of the flame and also its 3D surface structure. When the

TABLE II. Experimental conditions for the present study, units for the parameters: T ðKÞ, P ðMPaÞ, ul ðm=sÞ, dl ðmÞ ¼ #
ul
, u0 ðm=sÞ.

/ T P ul Masr dl u0 R�0:5
L u0=ul K

CH4 1.35 365 0.5 0.095 6 4.84 � 10�5 0.3 0.0277 3.158 0.069
0.5 0.0214 5.263 0.149
0.75 0.0175 7.895 0.273
1.0 0.0152 10.526 0.420
1.25 0.0136 13.158 0.587
1.5 0.0124 15.79 0.772

FIG. 9. Set of raw flame image data in one sweep at one instant. u0 ¼ 0.3 m/s and 16.3 ms after ignition.
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same flame is analyzed/imaged using Schlieren photography tech-
nique, this flame would appear almost spherical; however, the present
technique reveals a considerable structure. Apparently, frame 48 has
an island of flame detached from the main flame giving an appearance
of two separate flames; however, these are in fact found to be intercon-
nected with the main flame from frame 44. Thus, a 2D analysis with a
fixed sheet position would have incorrectly implied that the flame
existed in multiple, fragmented parts. In addition, frame 16 reveals a
pocket of unburned mixture within the main flame further complicat-
ing the study. Again, analysis of this single sheet would imply that this
region is isolated. However, analyzing the frames either side of this
flame image shows that this region is clearly part of a deep wrinkle in
the flame surface. In flames particularly at low turbulence, these appar-
ent islands and pockets are in fact fingers of burned and unburned
mixture interconnected to other gas regions on different planes
(Gillespie et al., 2000; Hicks et al., 1994; and Mantzaras et al., 1988).
Furthermore, it is important as to which slice of the flame is considered
for flame analysis while using 2D techniques as this would increase the
uncertainty, if the slice captured do not go through the center of the
flame. In particular, flames close to quench regimes of K tend to move
from the center of the vessel, thereby increasing the uncertainty of slic-
ing the flame through the center.

Figure 10 shows successive 3D reconstructions of a single CH4/
air flame with increasing time from ignition at u0 ¼ 0.3m/s. The image
at 16.3ms represents the reconstructed 3D flame using the 2D images
presented in Fig. 9. With increasing time from ignition, the flame
radius as well as flame surface wrinkling increased due to increasing
turbulent length scales. In the early stages of flame growth, the larger
length scales merely convect the flame (Abdel-Gayed et al., 1987). At
low turbulence of u0 ¼ 0.3m/s, as the flame grew, it retained its general
shape formed during the ignition event while the surface became more
wrinkled.

The flame shown in Fig. 11 at a higher value of u0 ¼ 1.5m/s did
not maintain its initial shape as it grew, with the surface being visibly
highly wrinkled. The reconstructions shown exhibit very highly wrin-
kled surfaces in the later stages of growth, which increased the area
ratio, A=a. However, higher u0 values led to flames rapidly extending
beyond the field of view, limiting the possible number of sweeps.

Any definition of turbulent burning velocity requires the associ-
ated radii and flame surface area to be characterized (Bradley et al.,
2011). Figure 12 shows the experimentally measured mean radii, rv
and rm, against time, respectively, for increasing values of u0. The two
different radii enable the associated burning velocity to be found. The
symbols show the average of three explosions at the same condition
and the error bar shows the variability. Solid/dashed lines are the best-
fit curves through the measured data. Flame radii increased with time
as well as u0. Even at identical initial conditions and near isotropic tur-
bulence, the flames were quite different in shape/structure and the var-
iance in the average flame diameter was of approximately 9% at lower
flame radius and up to 26% at higher flame radius. This gives a rough
measure of experimental variability in the very well controlled turbu-
lent environment of the Leeds MKII fan-stirred combustion vessel.

Shown in Fig. 13 is a comparison of rv and rm values at different
instances of flame development for u0 of 0.3 and 1.5m/s. Symbols are
the measured data and solid/dashed lines are the best-fit curves
through them. It has been shown in (Bradley et al., 2003) that rv can
be more conveniently obtained from schlieren measurements, without

the need for complex laser techniques, while rm is associated with mass
rate of burning and can be estimated from pressure measurements. It
is observed that, within the measured field of view, the values of rm are
always lower than rv . The difference increases with increase in time
from ignition. The maximum difference observed was 13%.

As discussed in the previous section ‘Experimental Method’, each
sweep through a developing flame takes a finite period of time of
1.44ms. Thus, the flames grew slightly during image capture. The
mean flame radius during each sweep grew approximately linearly
with time; therefore, the error in its estimation is proportional to the
sweep interval. With ul ¼ 0.095m/s, Masr ¼ 6, at max u0 ¼ 1.5m/s,
and for the largest 3D reconstructed CH4/air flame, the mean flame
radius during the sweep, increased up to 14%. This is within the vari-
ance (see Fig. 12) of the reconstructed flames. Increasing the mirror
rotation rate would have reduced the time between sweeps, with a con-
comitant reduction in 3D spatial resolution. The use of high-imaging
laser repetition rates allows good spatial resolution, while increase in
the RM facets with increased frequency would minimize intra-sweep
times simultaneously. However, the number of facets is limited by the
sweep area that is required to give a sufficiently broad sweep through
the region of interest.

Flame area ratio, A/a

Shown in Fig. 14 are the A=av and A=am values obtained for
developing flames against increasing radii rv and rm, respectively, for
increasing values of u0. Values of A were found using Eqs. (11) and
(12) as described in the method section. Values of av and am were
obtained using Eq. (14) using rv and rm, respectively. The symbols rep-
resent the average of three identical explosions, and the error bar
shows the variability. The solid lines are the best-fit curves through
these data. It is observed that both A=av and A=am increase with
increasing radius as well as u0. The surface area ratio increased with
radius, due to the range of turbulence length scales to which the flame
was exposed. This corresponds to an increase in the effective RMS tur-
bulent velocity, u0k (Abdel-Gayed et al., 1987). Higher u0 values typi-
cally lead to a sharper rise in A/a. Some of the A/a values are relatively
high immediately after ignition, where distortion of the flame shape
due to laser ignition is likely responsible. Moreover, it was found that
the values of A=av were lower than A=am.

Reaction progress variable, �c

Shown in Fig. 18 is the reaction progress variable, �c, plotted
against radius from the flame centroid at 11.12ms after ignition. This
figure shows the variability in �c for three identical explosions of the
CH4/air mixture at u0 ¼ 0.3m/s. The curve progresses asymptotically
to a value of unity, representing fully burned gas, at smaller radii
toward larger radii with a value of zero, representing unburned gas.
Values of radius at �c ¼ 1 and the maximum radius at �c > 0 give rr
and rt , respectively. It also shows the turbulent flame brush thickness,
dt , measured between �c¼ 0.1 and 0.9. The average radius for the data
presented in Fig. 15 is 16.5mm, while the horizontal bar showing the
variability measures approximately 5mm.

Figure 16 presents the mean variation of �c with flame radius at
different instances in time during an explosion under u0 ¼ 0.3 and
1.5m/s, respectively. The horizontal bar shows the variance from three
explosions. The variable rr was found to vary little while rt changed
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dramatically with increasing time after ignition. The gradients of these
curves are found to decrease with increasing time as the flame develops
indicating an increase in dt . It is interesting to note that the gradient in
�c for the curve in Fig. 16(a) at 21.5ms is similar in magnitude to that
of the curve in Fig. 16(b) after 11.1ms. This shows that the flames in
Fig. 16(a) were considerably slower growing than those analyzed in
Fig. 16(b).

Shown in Fig. 17 is the turbulent flame brush thickness, dt , with
increasing time at three different u0 values. As the flame grew, dt was

found to increase with both time and u0. This demonstrates that the
flame became increasingly wrinkled as it grew. This is because of the
increase in flame size, which leaves more surface area for the turbu-
lence to act on, leading to an increase in wrinkling. This explains the
rapid increase in dt at high u0 due to faster flame development.

Mean flame radius at a �c ¼ 0.5, r�c50:5, a particularly useful repre-
sentative flame radius described by Bradley et al. (2003), was also
obtained and are compared with the mean radius based on volume
balancing, rv , in Fig. 18. This figure shows the comparison of rv and

FIG. 10. 3D reconstructed CH4/air flames with increasing time during an explosion at u0 ¼ 0.3 m/s.
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r�c50:5 for three different u0 values with increasing time. The symbols
show the average of three explosions at the same condition. Open sym-
bols represent rv , and filled-in symbols represent r�c50:5. No significant
difference was observed between the two. The data presented in Fig. 18

can also be used to calculate turbulent flame speed, St , by calculating
the slope of the linear fit (not used in Fig. 18) through the data; how-
ever, this was not the objective of the current study, and therefore,
these were not explored in detail.

DISCUSSION

In the present study, flame surface areas and reaction progress
variable were measured directly, without the need for the assumptions
made when analyzing fixed laser-sheet position-derived 2D images.
The effect of sheet spacing on flame reconstruction was explored, and
it was found that reducing the sheet spacing reduces the flame surface
area (Thorne, 2017). From the present data, it has been calculated
based on linear behavior that the surface area of a theoretical recon-
struction with zero spacing would be 3.8% lower than that for the
actual case with a single pixel spacing. The effect of the sheet spacing
employed here is thus small. However, the reconstruction revealed that
removing the intermediate sheets leads to the generation of large flat
edges, which increases surface area.

To obtain generality, Fig. 19 shows a comparison between A=av
and A=am values for increasing values of u0=ul . Filled symbols and
solid lines are the experimental results and best-fit curves through the
data presented while open symbols and broken line show the DNS
data and the best fit through it DNS (Nivarti and Cant, 2017). These

FIG. 11. 3D reconstructed CH4/air flames with increasing time during an explosion at u0 ¼ 1.5 m/s.

FIG. 12. (a) rv against time and (b) rm against time for increasing values of u0.

FIG. 13. Comparison of rv and rm against time for u0 ¼ 0.3 and 1.5 m/s.
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were compared at a flame radius of 30mm where the
u0k
u0 value was

found to be 0.7.
This value was chosen as it was only slightly greater than the

maximum value typical of the largest reconstructions (thereby mini-
mizing the amount of extrapolation required) and was the minimum
value at which the flame experiences 70% of the turbulence. In cases
such as at u0 ¼ 0.75 and 1.0m/s where the maximum obtained mean
flame radii fell short of 30mm, as shown in Fig. 14, the A=av and
A=am values were obtained by slightly extrapolating the trends. Again,
the values of A=av are lower than A=am. Moreover, the discrepancy
between the two increases with increasing values of u0=ul . The maxi-
mum difference between the two was found to be approximately 28%

FIG. 14. (a) A=av against rv and (b) A=am against rm for increasing values of u0.

FIG. 15. Variation of �c against radius for flame at 11.12 ms after ignition for three
identical explosions of CH4/air mixture at u0 ¼ 0.3 m/s. Turbulent flame thickness
(dt ) measured between �c ¼ 0.1 and 0.9.

FIG. 16. Variation of �c against radius with increasing time during CH4/air explosion
(a) u0 ¼ 0.3 m/s and (b) u0 ¼ 1.5 m/s.
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at the highest K values reported in Fig. 19. The figure also shows the
A=a ratios obtained from DNS (Nivarti and Cant, 2017). The present
results are in close proximity with the results from DNS; however, a
difference of 13% was observed between the present experimental
results of A=am and the A=a obtained from DNS. This could be attrib-
uted to the different initial conditions employed for the DNS work.

Since �c is a dimensionless parameter, it is logical to present it
against a dimensionless number. Therefore, �c is plotted against nor-
malized radius in Fig. 20 at u0 ¼ 0.3m/s. This demonstrates a better
generalization, and interestingly, the gradient of �c against r=r�c¼0:5

appears to be at a maximum, close to �c ¼ 0:5. Similarly, generalities of
�c in terms of r=r�c¼0:5 for other u0 are also sought.

Shown in Fig. 21 is a plot of �c against normalized radius for
increasing u0 at 11.1ms after ignition. The gradients of the curves are
found to increase with increasing u0 indicating an increase in dt .

The spatial resolution of the present swinging sheet technique is
comparable to that of the VLIF techniques reported recently in Ma
et al. (2017) and requires only one camera compared to five cameras
for the latter with obvious savings afforded in experimental costs.
Important flame parameters such as

P
and flame curvatures can also

be determined from these 3D reconstructions. However, these were
beyond the scope of the present study. Finally, it is worth mentioning
that the technique applied in this paper is not necessarily restricted to
flame studies: it can be used for any 3D flow visualization purpose.

Limited by the camera resolution at high framing rates, the areas at
Kolmogorov length scales, i.e., less than 0.19mm in the current vessel
could not be evaluated. Therefore, it was not possible to report the
uncertainty in calculating the A=a at smaller length scales. Simultaneous
Mie-scattering and OH-PLIF imaging for flame edge and reaction zone
interrogation could shed more light on whether the edge detected by the
Mie-scattering technique follows the reaction zone or if there is any

FIG. 17. Variation of turbulent flame thickness, dt , with increasing time at three dif-
ferent u0 values.

FIG. 19. Comparison of A=av and A=am values for increasing values of K .

FIG. 20. �c against normalized radius r=r�c50:5 for increasing after ignition for at
u0 ¼ 1:0m=s.

FIG. 18. Comparison of rv and r�c50:5 with increasing time for three different u0 val-
ues, open symbols, rv , and closed symbols, r�c50:5.
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flame area left undetermined. Increasing the working frequency limits of
the camera, coupled with higher laser repetition rates, will aid in captur-
ing flames with faster burning rates and also at high turbulence levels,
which are relevant in many engine applications.

CONCLUSIONS

The present work describes the development of a multiple laser-
sheet, Mie-scattered imaging technique for the study of flames developing
at high Karlovitz stretch factor values. For the first time, this has allowed
the direct measurement of wrinkled flame surface areas and mean flame
surface area ratios without the need for the assumptions normally made
when analyzing fixed plane, single laser-sheet images. This also provides
data for direct comparison with simulation studies (e.g., DNS), where
suitable data were not previously available for validation purposes.
Algorithms were developed to reconstruct the 3D flame surface from 2D
sheet images and determine various flame parameters such as total sur-
face area, A, mean surface area, a, reaction progress variable,�c, and flame
brush thickness. This 3D representation of the flame data provides more
insight into the dynamic nature of the flame front topology such as tur-
bulence and chemical reaction interaction. It also allows a more accurate
representation of 3D flame structure, where seemingly separated areas of
flames observed in 2D images can be seen in the present study to be con-
nected to other parts of the flame. Furthermore, improvements in laser
and camera technology could allow the technique to extend down to the
Kolmogorov scale of turbulence and for a wider variety of fuels with
faster laminar and turbulent burning rates.
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