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ARTICLE INFO ABSTRACT
Keywords: The cellular flame area continues to increase with the development of cells on the spherical flame surface, which
Hydrogen will greatly promote the flame burning rate and propagation speed. This work mainly focuses on a new three-
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Instability

Spherical flame

3D reconstruction
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dimensional (3D) reconstruction method of the cellular structure on the flame surface, attempting to quantita-
tively characterize the real flame area. Initially, the visualization investigation of hydrogen-air premixed
spherical flames within a constant volume vessel was conducted using the Schlieren optical technique under
room temperature and atmospheric pressure conditions. In parallel, the Cellpose 2.0 graphical user interface was
used for the preliminary training of the cell segmentation model. Subsequently, this pre-trained model was
applied in the image post-processing, enabling the quantitative characteristics extraction of the cellular structure,
such as the cells number, area, and the flame radius, etc. Additionally, a concept of peak height h on the flame
profile was proposed to characterize the fluctuation degree of flame profile. A new flame equivalent radius r, was
defined by the average value of valid distance from flame centroid to flame profile pixel by pixel. Based on the
comparison of cell equivalent radius r and average peak height h, an innovative 3D reconstruction concept was
proposed for the quantitative characterization of flame area. Finally, cellularity factor ¢ was introduced to
evaluate the cellularization degree on spherical flames surface. Results show that the appearance of secondary
cracks marks the formal onset of flame cellularization, accompanied by an increase in the h. In the later stages of
flame development, cellularization will eventually tend to a stable value of about 0.4, indicating the occurrence
of “saturated state”. After 3D reconstruction, the average cell area stable at around 26 mm? in this stage. The
results of this study provide data support for the construction of combustion models in the field of premixed
hydrogen-air combustion.

air flames within combustion chambers may be affected by the insta-
bility of cellular structures, resulting in a range of phenomena such as
combustion oscillations, flame acceleration, and potentially explosive
scenarios, which in turn affects the engine’s combustion rate, efficiency
and emissions [6,7]. Therefore, a study of flame acceleration propaga-
tion is of vital importance for the design, application, and risk assess-
ment of hydrogen-fueled engines, as well as other combustion
equipment.

In fact, the intrinsic instability of premixed flames, including thermal
diffusion instability, hydrodynamic instability, and buoyancy insta-
bility, play a crucial role in influencing the propagation and burning
speed of flames, and the cellular structure on the flame surface is a major
representation of such instabilities [8,9]. In the past, researchers are

1. Introduction

In the context of carbon neutrality, the development and application
of zero-carbon fuels become particularly critical. Especially, hydrogen,
with its zero-emission combustion properties, plays an important role in
promoting the transformation of the energy structure [1-3]. As we
know, challenges, such as low energy density, storage and trans-
portation issues, and safety risks associated with flammability and
explosiveness, remain significant barriers in the widespread application
of hydrogen energy [4]. In a variety of application scenarios, the po-
tential of hydrogen as a fuel for internal combustion engines (ICEs) is
gradually becoming apparent [5]. However, the behavior of hydrogen-
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Nomenclature

ICEs internal combustion engines
3D three-dimensional

DNS direct numerical simulations
2D two-dimensional

GUIL graphical user interface
CvvV constant volume vessel

ER equivalence ratios

LED light emitting diode
HSV high-speed video camera

T time after ignition

ROIs regions of interest

ry equivalent flame radius

0 flame centroid (origin)

Myin minimum wave trough position

Ruin distance from flame centroid O to wave trough M,
m peaks number

P,,P,,Pg,--+,P;,--- P, successive peaks position
R1,R2,R3,--,R;,---,Ryy distances from flame centroid O to peaks

position
hi,hy,hs, - h;,--- hy, peak height
h average peak height
r equivalent cell radius
n cells number

ry,ra,r3, i, -1, cells radius of cell from number 1 to n
r sample cell radius

Tlarge large-scale cell
Tsmall small-scale cell
S1 raw flame image plane

S perpendicular to the raw flame image plane

Ss3 tangential plane on spherical flame surface

01,0,,03,-+,0;,++,0, cells centroid of cell from number 1 to n

(0} sample cell centroid

(o}% O, projected onto sphere surface with radius Ry,

0, extend the line O — O;' by a distance h

A intersection point closer to O where the line O — O;’
intersects the equivalent circle of the sample cell

B intersection point farther to O where the line O — O,'
intersects the equivalent circle of the sample cell

Ay A; vertically projected onto sphere surface with radius Ryn

By B; vertically projected onto sphere surface with radius Rpn

0O, center of the projected spherical crown of the sample cell

D enclosed sample cell region

S actual cell area

Q (x, y, 2 a mapping point on sphere surface with radius Ry, + h

a angle formed where line O — O,' intersects with plane S;
(<90°)

B angle formed where line A; — O, intersects with plane S;
(<90°)

Y angle formed where line O — Q intersects with plane S;
(<90°)

dAp actual mapping area of the projection pixels in region D

dc projected pixels area

ra critical radius

Ac flame surface area obtained through image processing

Ag surface area of the laminar flame

& cellularity factor

attempting to extract the cellular structure information displayed on the
spherical flame surface through various experimental and simulation
methods, and then to analyze the flame propagation speed. Until now,
the spherical premixed combustion flame propagation of various fuels
and multi-component mixed gases has been extensively studied
[10-15]. Yang et al. have clearly identified three developmental stages
in the flame propagation process using normalized flame speed and
flame radius, including the cell smoothing expansion, transition, and
relative saturation stage. It can be seen that the flame surface area in-
creases rapidly with the number of cells during the transition stage,
leading to a rapidly acceleration of the flame [16]. Ranga Dinesh et al.
used three-dimensional (3D) direct numerical simulations (DNS) to
study the structure and propagation of lean premixed high hydrogen
content — carbon monoxide syngas flames under different initial tur-
bulence levels. The results showed that under high-pressure turbulent
conditions, the flame develops cellular burning structures and are
superimposed with flame wrinkles caused by turbulence. The highly
wrinkled cells formed on the surface of spherical flames increase their
area, thus increasing the global propagation speed under high pressure
[17]. Moreover, the quantitative characterization of the cellular struc-
ture on the flame surface cannot be separated from image processing
analysis. The cell segmentation model in the image processing program
is a crucial factor affecting the reliability of the analysis results [18,19].
Zuo et al. conducted a quantitative study on the cell instability and self-
acceleration characteristics of premixed C1-C3 alkane-air mixtures using
spherical expanding flames, proposing the concept of cell density to
characterize the degree of flame cellularization. The results showed that
under the strongest conditions of cell instability, the cell instability of
these three alkane-air mixtures increases with the increase in the num-
ber of carbon atoms in the fuel, but the cell density does not increase
indefinitely [20,21]. Recently, Yin et al. proposed a method for
approximating the segmentation radius to quantitatively analyze the

cellular structure of three high-component alkanes flames. To facilitate
computation, they made some assumptions about partial extraction in
the extraction of cell numbers [22]. In addition to the direct background
subtraction and adaptive thresholding for binarization, which are used
for cell segmentation and feature extraction, the recent application of
the watershed algorithm proposed by Xu et al. has also achieved good
results in cell segmentation [23,24]. However, the traditional image
processing techniques commonly used above face many challenges in
cell boundary extraction, such as sensitivity to noise and high impact on
subjective consciousness [25]. Research suggests that deep learning has
potential in handling the challenges of cell segmentation [26]. It is
noteworthy that Cellpose, a deep learning-based method, has been
introduced and is extensively used for cell segmentation in biology and
medicine [27-29]. Currently, the application of this algorithm is still at
the initial exploration stage in the field of combustion, particularly in
the context of cell segmentation and feature extraction on the surface of
spherical hydrogen-air flames. Furthermore, some studies have directly
utilized image processing techniques to quantitatively extract two-
dimensional (2D) cell sizes from schlieren images. Kim et al. quantita-
tively analyzed cell sizes in a local position of flame images, finding that
cells caused by thermal diffusion instability presented smaller sizes [30].
Wu et al. defined the 2D average cell area as a parameter for assessing
flame instability. It is noted that flame instability slightly decreases after
complete cellularization, and that increasing the proportion of hydrogen
in the mixture enhances the flame cellularization [31]. Similarly, Li et al.
also viewed the cell in 2D and used image processing technology to
quantitatively obtain the cells number and the average cells area on the
flame surface, which were then used to describe the instability of the
flame [32]. However, it is evident that the above studies overlook the
fact that the cell area obtained from 2D schlieren images is smaller than
the actual cell area.

In order to obtain more accurate quantitative information of the
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cellular structure on the spherical flames surface, the process of 3D
reconstruction of the cell structure is also crucial. The Future Engines
and Fuels Lab at the University of Birmingham was the first research
institute to propose the concept of quantitatively reconstructing the real
flame structure [33]. Subsequently, Huang et al. performed a 3D
reconstruction on the crack length, considering that the cell sizes in
cellularization flames are usually on the same level, they were simplified
to ideal circles with the same radius. Then a meaningful parameter was
derived, the average cell radius, from the total crack length, but its
definition formula overlooked the cells number, and both the cell area
and perimeter were projected onto the surface of a smooth fitted sphere
with the equivalent flame radius [34,35]. Later on, Li et al. utilized the
concept of projection to achieve the 3D reconstruction of cell areas. They
carried out a series of quantitative extractions of cellular features such as
crack length, cell number, and average cell area for ethyl acetate pre-
mixed flames [36]. Following this, they utilized this method to conduct a
series of studies on the spherical flame propagation of different
component alternative fuels [37,38]. However, the direct projection and
mapping relationships involved in this 3D reconstruction make it diffi-
cult to fully reproduce the real characteristics of the cell structure
because of differences in cell size, leaving considerable space for
improvement in this field of research.

From the above literature review, it is clear that more accurate
quantitative 3D reconstruction of the flame surface area is worth further
study. Therefore, this paper proposes an innovative concept of 3D cell
area reconstruction for analyzing the cellular structure on the surface of
spherical premixed hydrogen-air flames. The structure of this study is
organized in the following: Initially, the Cellpose 2.0 graphical user
interface (GUI), based on the deep learning algorithms, is utilized for the
training of the cell segmentation model in our work. Following this, the
pre-trained model is applied to analyze the cellular structure present on
the flame surface. This analysis yields vital data regarding the cellular
structure, encompassing the number and average size of cells. Subse-
quently, a new definition for the equivalent flame radius considering
flame buoyancy and the average peak height of the flame front was
proposed. Based on the comparison of equivalent cell radius and average
peak height, the core concept of 3D cell area reconstruction is intro-
duced. Finally, the cellularity factor is further derived using the
improved cell area computational model, which can be used in an
optimized model to characterize flame propagation speed. The quanti-
tative 3D reconstruction method of cellular flame area proposed in this
study are expected to contribute to flame propagation speed prediction,
which can promote further development in the field of efficient and safe
hydrogen engine design.

2. Experimental equipment and method
2.1. Optical system arrangement and experimental conditions

As shown in the Fig. 1, the premixed combustion experiments were

Optical window =

LED
light source Pin-hole Convex lens
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conducted inside a spherical constant-volume vessel (CVV). High-speed
schlieren optical arrangement were employed during these experiments
to capture the spherical hydrogen-air flame. Further details regarding
the experimental setup are elaborated in the earlier work [39]. It is
mainly focused on the innovative concept of 3D reconstruction of
cellular flame areas in this work. Therefore, the experimental parame-
ters remained consistent, including the initial conditions like room
temperature, atmospheric ambient pressure, and a fuel-air equivalence
ratio (ER) of 0.8, to ensure comprehensive observation of the full flame
cellularization process. Meanwhile, three tests were conducted under
the same conditions, and the average value was taken as the final result
to ensure the reliability of the results of this work.

Fig. 2 presents a detailed visualization of the morphological evolu-
tion of hydrogen-air premixed flames at ER0.8. Here presents four
distinct moments. Specifically, the occurrence of secondary cracks is
identified at 1.9 ms, while 2.6 ms is considered the moment corre-
sponding to the critical radius r,; because the flame imagery gradually
exhibits a uniform distribution of numerous cellular structures post this
timeframe. The emergence of these abundant cells can be attributed to
the interplay of thermal diffusion and hydrodynamic instabilities.
Generally, due to the constraints of spatial scale, with buoyancy insta-
bility being of negligible impact in this scenario due to spatial scale
limitations [16]. More quantitative cellular flame information obtaining
on the flame surface requires further image processing below.

2.2. Image processing process

Cellpose, a publicly available code hosted on Github, has emerged as
a pivotal instrument in the realm of image analysis, which is particularly
influential in areas necessitating intricate analysis of cellular structures
[40]. Within combustion science, the adoption of Cellpose represents an
innovative approach to flame image analysis, which cannot be found in
any publications by other institutes until to now. The utilization of al-
gorithms grounded in deep learning within Cellpose is anticipated to
enhance the accuracy of cellular segmentation in these studies, marking
a significant advancement in the relevant field.

Fig. 3 illustrates the utilization of the Cellpose 2.0 GUI for the
development of customized models, fundamentally based on the concept
of an ’interactive machine learning loop’ that synergizes human
expertise with algorithmic processing [41]. The integration of human
input in this loop unfolds as follows: (1) Start with a selected initial
model from “model zoo” and setting an assumed cell diameter for the
training; (2) Import a raw premixed spherical flame image into the
system; (3) Begin the training and initial outcomes may require
improvement because poor result segmentation first time, prompting
manual corrections such as adding the regions of interest (ROIs) corre-
sponding to presumed cell locations; (4) Subsequent to these adjust-
ments, the model undergoes further training based on prior inputs to
develop a customized model; (5) As the number of training cycles in-
creases, the number of manual ROIs added in each cycle gradually

& Heater

Convex lens Knife edge

Fig. 1. Schlieren arrangement for the premixed combustion of hydrogen-air.
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T=1.9 ms T=2.6 ms

T=3.3ms T=4ms

Fig. 2. Morphology evolution of hydrogen-air premixed flame [300 K/0.1 MPa/ERO0.8].
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-
I Database
“model zoo"

I Automatic 1

Manual

segmentation | correction ! i ROI=0 |

Fig. 3. Cell segmentation model pretraining process using Cellpose 2.0 GUIL

decreases even to zero, the customized model will reach a stage where it
is adept at identifying and segmenting cellular structures within flame
images.

Based on the principle of identifying the maximum cell number,
extensive testing has ultimately confirmed that “CPx” is the initial model
with the best performance in the “model zoo”. Generally, the average
precision (AP) can be used to assess the level of cell segmentation,
serving as a crucial parameter for validation. Therefore, a program for
the calculation of AP was developed in our previous work [41]. Results
show that the final AP reached 0.625, which meets the high standards
for cell segmentation in the field of biology [42]. This also indicates that
the cell identification accuracy of our developed deep-learning cell
segmentation model is high. Future work can directly utilize this pre-
trained cell segmentation model from this study to train on other
spherical cell flame images, thereby significantly enhancing the training
efficiency in the field of combustion.

As illustrated in Fig. 4, the diagram showcases a comprehensive
process for image processing, including the import of a pre-trained cell
segmentation model. The process begins with a series of preprocessing
operations applied to the original flame images, primarily involving
background reduction, contrast and brightness enhancement, and noise
reduction. Moreover, the Otsu method is utilized for the automatic
thresholding of the flame images, converting them into binary format.
Additionally, morphological closing is applied to these binary images to
mitigate the impact of the ignition device on the extraction of flame
contours. Finally, the extracted flame contours are superimposed onto
the original image using green contour lines for easy visualization.

After the above image processing, information about cells and flames
can be obtained, such as the labeling of the cell centroid, the cells
number, equivalent radius and average area, flame equivalent radius
and outline information, etc., which provides the sufficient data support
for the subsequent 3D reconstruction of the spherical flame area. It is
noted that the region obscured by the ignition device, indicated by the
angle between the two orange color lines (the 36° angle of device vi-
cinity from 120° to 156°, accounting for 10 % of the total), is excluded
from post-processing considerations for avoiding the influence of the

ignition device.
2.3. Three-dimensional reconstruction process for spherical flame

The 2D flame images captured using the schlieren technique lack the
depth information of the 3D flame structure. To address this, a novel 3D
reconstruction idea is proposed for that more accurate and quantitative
3D reconstructed spherical flame area as below.

2.3.1. Definitions of feature parameters: Average peak height (h),
equivalent flame radius (r,), and cell scale

Before the introduce of the novel 3D reconstruction idea, some
crucial parameters will be proposed and defined firstly. Fig. 5 (a) lays
out the evolution of flame profiles, while Fig. 5 (b) defines the crucial
parameters, the average peak heights (h), for analyzing flame topog-
raphy. The process begins by identifying the flame centroid O of the
cellularized flame front at a given timing, which is then designated as
the coordinate origin. Starting from the centroid O, the nearest distance
to the flame profile is determined as Ryin, marking the intersection point
with flame profile as Mp,;; (minimum wave trough position). Subse-
quently, all the successive peaks point (P1, Py, P3, -+, P;, ---, Pp) on the
flame profile are also clockwise identified from M, and their respec-
tive distances from the centroid O to each peak are labeled as R;,R2,R3,
.-+ Rj,*++,Rp. Here, m is the peaks number on the flame profile. Unlike the
previous definitions of flame radius, the flame radius proposed in this
work considers the effect of slight flame buoyancy [43]. Specifically, the
equivalent flame radius () is defined as the average distance from the
flame centroid O to all pixel points along the flame profile, starting at the
point My, and moving clockwise pixel by pixel. By subtracting the
minimum distance R, from each distance to a peak, the height of each
peak can be obtained as hy , hy, hs, -+, h;, -+, hy, The average peak height h
is therefore expressed as Equation (1) below. Additionally, in order to
distinguish different planes in the following definitions, the plane where
the 2D schlieren flame image is designated as S;.
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Fig. 4. Image processing process based pre-trained model using Cellpose 2.0 GUL

h=(+h+hy++h+- +hy)/m
= ((Rl - Rmm) + (RZ _Rmin) + (R3 _Rmin) + -+ (Rl - Rmin) +
+ (Rm — Rmin)) /m

@
Fig. 6 illustrates the definition and differences of cell scales. As
shown in this figure, the cell equivalent radius (r) is the radius of a circle
with the same pixels number as the cells segmented by the image process
program. Based on the average peak height i and the identified cell
equivalent radius r proposed, the concept of cell scale was proposed as
well. When the cell equivalent radius r is greater than or equal to the
average crest height E(rlarge > h), the cell is named as a large-scale cell

with a larger equivalent radius ri,,.; when the cell equivalent radius r is
less than the average peak height A (rgnar < h), the cell is named as a

small-scale cell with a smaller equivalent radius rgq.

2.3.2. 3D reconstruction of cell area based on the scale difference
According to the classification of different cell scales in Fig. 6, the
novelty 3D cell area reconstruction ideas of large-scale cells and small-
scale cells will be introduced in detail in this section. Before that,
limited by the current Schlieren optical diagnostic setup captures
spherical hydrogen-air flame imagery from a fixed direction, a hypoth-
esis should be mentioned that flame images captured from various di-
rections will exhibit similar flame profiles as shown in Fig. 5 (a),
characterized by uniform average peak heights as defined in Fig. 5 (b) in
different directions. Simultaneously, we hypothesize that each cell on
the flame surface represents a spherical cap of a sphere with different
radius, which means a flatter cell corresponds to a sphere with a larger
radius. As depicted in Fig. 7 (a), the spherical cap area calculation
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min

(b) Average peak height h

Fig. 5. (a) Evolution of flame profiles and (b) definitions of average peak height (ﬁ).
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Fig. 6. Definition of cell equivalent radius (r) and the difference of cell scales.

formula is employed to resolve large scale cells (rigrg > h), and the
sphere radius for all projections is Ry, at this case. In contrast, Fig. 7 (b)
demonstrates that smaller cells (rgmq < h) are directly projected onto
the tangential plane of the sphere representing the flame with the flame
radius Ry, +h and be calculated through the idea of integrals.

From the initial image processing described in Section 2.2, all 2D
cells number, location, perimeter, area and average area can be ascer-
tained. A moving coordinate system wherein the y-axis invariably in-
tersects the centroid of any cell scale, regardless of its position, are
established. And then the centroid coordinates for all cells are deter-
mined (noting that x and z are invariably zero) and labeled as O;, 02,03,
---, On, while also calculating the equivalent radius of their respective
circles as ry, ro, 13, ---,1,. Here, n is the recognized cells number on the
flame surface.

Taking a small cell with radius r; as a sample cell, it is easy to find the
point A; (closer to the center O) and the point B; (farther away from the
center O) at both ends of the sample cell equivalent circle where the
straight line intersects the O; of the cell centroid and the coordinate
origin O. The subsequent key step is the dimensionality reduction via
projection. A plane S, perpendicular to the flame surface S; is con-
structed passing through the coordinate origin O and the sample cell
centroid O;. The projection then bifurcates into two scenarios as below:

(1) As depicted in Fig. 7 (a), for r; > h, which can be called large-
scale cell, the cell centroid O; and the endpoints A; and B; are
vertically projected onto the circular boundary with center O and
radius Ry, on vertical plane S,, yielding projected points O/, Aa,
and B,. Extending the line from the coordinate origin O through
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Fig. 7. Three-dimensional reconstruction of cell area for various cell scale.

Fuel 375 (2024) 132504



G. Zhang et al.

the projected centroid O;’ by a distance h reaches point 0,’,
determining its coordinate and the angle « (less than 90°) with
the horizontal plane S;. With known coordinates of points A,, By,
and O,", and then the coordinates of the projected cell center O,
and its radius r;’ can be deduced. The line connecting A, to O,
and its extension defines the angle $ (less than 90°) with plane S; .
For this case, the cell area after 3D reconstruction can be
expressed as Equation (2).

S = 2ary/* /(1 — sin((a + ) — 90°)) 2)

(2) As depicted in Fig. 7 (b), forr, < h, which can be called small-
scale cell, assuming the Q (x, y, 2) denotes a point on the 3D
sphere surface characterized by an equivalent flame radius Rpmin +
h, which also represents the mapping of a point within an
enclosed cell region D onto the spherical surface. The coordinates
of the mapping point Q (x, y, z) on the 3D spherical surface for
any point within the enclosed cell region D can be ascertained
using Equation (3).

2 =r2—x*—y* 3)

Furthermore, the cosine of the angle (90" —y) between the tangent
plane S; at mapping point Q (x, y, z) and the projection plane S; can be
calculated using Equation (4) [36]:

. 1
cos(90 —y) = ——— @
1+ (@)P + (2

When the pixels in the enclosed cell region D are small enough, d¢ =
dApcos (90" —y). dAp is the actual mapping area of the projection pixels
in the region D and d( is the projected pixels area, respectively. Thus, the
actual cell area S corresponding to the enclosed cell region D can be
calculated as Equation (5):

_ 0z 2 0z 2
S=Y /1 +(5) +(0—y) dc 5)

Similar procedures are applied to all other cells based on their
equivalent radius r, and then the novel 3D reconstruction cell area can
be obtained in this work.

2.4. Uncertainty statement

The uncertainty analysis in this work regarding the wrinkled flame
area mainly involves two main aspects: the inaccuracy of cell informa-
tion extraction after segmentation, including the accuracy of the trained
cell segmentation model and the uncertainty in the number of cells
during image processing, which has been analyzed in our previous work
[41]. The second aspect is the inherent inaccuracies in the proposed 3D
reconstruction of cell areas due to assumptions made during this pro-
cess. These assumptions include: (1) the distribution probability of cells
on the flame surface is the same from different viewing angles; (2) all
cells have a certain height; and (3) the subjective setting of average peak
height as the criterion for distinguishing between small and large scale
of cells. Additionally, uncertainties arise from optical measurement er-
rors and the random propagation caused by flame instability. All these
factors contribute to the overall uncertainty in the final calculation of
the wrinkled flame area. To minimize experimental uncertainties, we
conducted the experiments three times under the same conditions to
obtain an average value.
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3. Results and discussion

3.1. Valid distance from flame centroid to profile and equivalent flame
radius (ry)

Fig. 8 (a) depicts the evolution of valid distances at four distinct
timing, tracking from the minimum distance Rp;, from the flame
centroid O to its profile, and following pixel by pixel along the flame
profile. The valid distance here means within the valid angle range
excluding the ignition device region (120°-156°) mentioned in the
Section 2.2. As the flame develops, an increase in valid distance is
observed along the y axis, indicating the flame radius is expanding over
time. Horizontally, there is a gradual increase in the number of profile
pixels, suggesting a growing flame perimeter over time. Additionally,
the evolution curves of the valid distances highlight the magnification of
the flame fractal characteristics, revealing more pronounced fluctua-
tions. Interestingly, despite some fluctuations, the results show that the
valid distance first increases and then decreases with the change of
position on the flame profile. This suggests that one side of the flame
profile is farther from the flame centroid while the opposite side is
closer. Additionally, the image processing program detected that the
position of the minimum distance M,,;, occurs at the lower side of the
flame image, which implies that the observed phenomenon above may
be due to a slight buoyancy effect during the flame propagation.

By averaging all valid distances at the same timing, as defined in the
Section 2.3.1, the results of flame radius are obtained in Fig. 8 (b). The
flame radius exhibits a generally linear growth, with the final radius
constrained to approximately 62 mm due to the limitations of the CVV
optical window. Moreover, raw flame images at key timing are anno-
tated in the figure as well. Initial cracks appear at T = 0.8 ms, secondary
cracks at T = 1.9 ms, and the critical radius of the flame is reached at T =
2.6 ms.

3.2. Valid peaks number (m) and the average peak height )

Fig. 9 depicts the trajectory of average peak heights h and valid peaks
number (m) over time on the left and right axis, respectively. The
number of valid peaks here refers to the peaks that fall within the valid
angle range (outside the range of 120° to 156°). Meanwhile, a filter
condition is applied, requiring that the pixels difference between the two
consecutive peaks should greater than 4 (approximately 1 mm). In the
initial stages of ignition, energy fluctuations induce quite a degree of
flame deformation (the position movement of centroids), which is a
manifestation of the combustion system’s transient response to the
sudden influx of energy and the consequent establishment of a thermal
gradient, resulting in a larger average peak height [44]. With the
appearance of secondary cracks, when the flame radius reaches 29.55
mm, the flame centroid stabilizes with no further movement, and the
average peak height shows a slight increased tendency, a result of
continuous flame cellularization. The number of valid peaks also ex-
hibits a marked increase in the later stages of flame development, which
is also corroborated by Fig. 8 (a). This may be attributed to increased
pulsations as the flame approaches the CVV walls [45,46].

3.3. Cells number (n) and the average cell area

Fig. 10 (a) presents the temporal record of the cells number identified
through image processing proposed in this study, already corrected for
the influence of the ignition device (increased by 10 %). At the begin-
ning, the number of identified cells is quite small due to the incomplete
formation of the cells. With the flame propagations, there is a continuous
increase in the number of cells with two distinct surges. The first surge
occurs after the appearance of secondary cracks, that is, when the flame
radius reaches 29.55 mm at T = 1.9 ms. The second, more rapid, increase
in cells number follows the flame radius exceeding the critical radius of
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39.08 mm at T = 2.6 ms. The emergence of numerous cells after this
timing enhances flame instability, which in turn promotes further di-
vision of cells. Fig. 10 (b) contrasts the evolution of the average cell area
in 2D and 3D reconstructions as the flame development. Notably, the
average cell area observed increases after 3D reconstruction compared
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to the 2D results. As the spherical flame grows beyond the critical radius,
a significant reduction in average cell area in both 2D and 3D re-
constructions is observed, likely due to the substantial increase in the
number of cells on the flame surface. Eventually, the average cell area
approaches a relatively constant value, indicating that the cellulariza-
tion of the flame has reached a dynamic equilibrium. It is noteworthy
that the 2D cell area stabilizes at around 14 mm?, equivalent to an
average 2D cell diameter of approximately 4.22 mm. In contrast, the
estimated stable value for the average area of 3D cells gradually settles
at around 26 mm?,

3.4. Evaluation of spherical flame cellularization

The cellularity factor & proposed by Askari et al. can be used to
evaluate the effect of cell formation on flame surface area and burning
speed, which can be calculated using Equation (6) below [47]:

A

=1

&= A ©

where A, is the total area of irregular cells, which is the flame surface
area obtained through our own image processing code developed in this
work. Ay is the surface area of the laminar flame.

Fig. 11 (a) illustrates the difference between the laminar flame area
and the wrinkled flame area after cellularization. Typically, the wrin-
kled flame area is larger than that of the laminar flame. However, the
result shows that the wrinkled flame area is smaller in the early stages of
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Fig. 10. Variations of cells number and average 2D & 3D cell area.
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flame propagation. This is because not all the cells have fully formed at
this stage, resulting in a smaller identified cells number and thus a
smaller 3D reconstructed wrinkled flame area. Once secondary cracks
occur, when the flame radius reaches 29.55 mm at T = 1.9 ms, a rapid
increase in the wrinkled flame area can be clearly observed, surpassing
the area of the laminar flame.

Fig. 11 (b) presents an analytical perspective on the temporal trends
of the cellularity factor . Yang et al. proposed that the development of
flames will go through three stages: smooth expansion, transition and
saturated state [16]. In fact, it is noted that the cellularization factor ¢
essentially undergoes four stages based on the results of this study
because of the transition stage can also be divided into an ascending
stage and a descending stage. In the beginning, the spherical flame is
marked by susceptibility to ignition disturbances, meanwhile, as
mentioned above, it should be considered that not all the cells can be
identified in the initial “smooth expansion stage”, leading the cellularity
factor ¢ smaller than 0, which can be considered negligible and is
covered by the light blue region in the graph. When the cell factor is
greater than 0, it is deemed effective. It can be seen that the wrinkled
flame area exceeds that of the laminar flame following the appearance of
secondary cracks, at which point the cellularity factor ¢ undergoes a
jump in growth. As the flame expands and the flame is destabilized in the
“transition stage”, the cellularity factor ¢ steadily climbs. After the flame
develops beyond the critical radius for a certain period, the cellularity
factor & experiences a slight decline, which can be contributed to the
cellular structure on the flame surface gradually becomes saturated.
Finally, the cellularity factor ¢ approximately stabilizes at a constant
average value of 0.4. This period correlates with a stabilization in the
average cell area, suggesting a “saturated state” of cellularization,
indicative of a state of dynamic equilibrium for the flame.

4. Conclusions

The quantitative 3D reconstruction of the cell area on the spherical
flame surface contributes to the development of flame propagation
speed model. In this work, an innovative 3D reconstruction method of
cell area was proposed based on the cell scale difference and used for
quantitative cellularization analysis of spherical hydrogen-air flames.
Meanwhile, it should be mentioned that the Cellpose 2.0 GUI employed
in our work is benefit for cell segmentation on the flame surface. The
detailed results obtained are as follows.

(1) The valid distances from the flame centroid to the boundary
contours demonstrates that the extent of flame spread upwards is
broader than downwards, which may be caused by the effect of
slight buoyancy on the flame propagation. Meanwhile, the flame
equivalent radius obtained based on the average value of all valid

10

distances shows an almost linear growth with time, and the final
reach to 62 mm due to the limitation of optical window.

(2) After the emergence of secondary cracks at T = 1.9 ms, there is a
slight upward trend in average peak height, which is a result of
the flame continual cellularization. Additionally, the number of
valid peaks shows a significant increase in the later stages, which
may be attributed to the increased pulsations as the flame ap-
proaches the CVV walls.

(3) When the equivalent flame radius exceeds the critical radius of
39.08 mm at T = 2.6 ms, the rate of flame cellularization accel-
erates, leading to a rapid increase in the cells number and a swift
decrease in the average cell area. Eventually, as the flame reaches
a dynamic equilibrium state, the average area of the cells remains
constant despite the continual increase in the cells number. Based
on the 3D reconstructions, the average cell area increases and
eventually stabilizing at around 26 mm?.
The cellularization factor ¢ essentially undergoes three stages
based on the flame propagation. In the initial “smooth expansion
stage”, cells are not yet fully formed, resulting in a negative value.
Continuous cellularization occurs following the emergence of
secondary cracks at T = 1.9 ms in the “transition stage”, and the
wrinkled flame area keeps increasing, causing a rapid rise in the
£. But in the later stages of flame development, cellularity factor &
shows a decrease after exceeding the critical radius some while
and eventually stabilizes at an average value of 0.4, which can be
attributed to the “saturated state” of flame cellularization.

@

Based on the new 3D reconstruct idea proposed in this work, future
research will focus on conducting comparative analyses of the cellular
structure evolution during the self-acceleration phase of spherical pre-
mixed hydrogen-air flames under a range of experimental conditions,
including the variations in initial pressures, temperatures, and equiva-
lence ratios, etc.
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