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ARTICLE INFO ABSTRACT
Article type In the present study, RGB image processing was applied as a low-cost and non-intrusive approach
Research Article for quantitative re-analysis of methane—oxygen premixed flame images obtained in a cylindrical
— meso-scale reactor with a 5 mm inner diameter. The analysis focused on stable asymmetric and
Article history repetitive extinction and re-ignition (RERI) regimes at oxygen flow rates of 0.5, 0.75, and 1.0
Recelved 2026.02.16 SLM and nitrogen dilution levels of0, 37.5, and 50%. For each RERI condition, th ti
Received in revised form 2026.03.20 { nitrogen dilution levels of0,37.5, an o. For eac condition, three consecutive
Accepted 2026.03.25 images with adequate flame visibility were processed independently and averaged. Mean red,
Available online 2026.03.27 green, and blue intensities, composite Gray intensity, the blue-to-green ratio (B/G), and pixel-
wise color distributions were evaluated. The results showed that the mean B/G ratio was higher
Keywords in RERI than in the Stable regime under all investigated conditions, although its dependence on
RGB image processing equivalence ratio was non-monotonic and partial overlap occurred in some cases. R, G, and Gray
Meso-scale combustion consistently decreased from the last Stable condition to the first RERI condition, whereas B
E?;l\zle;g:‘;fio showed stronger dependence on operating conditions. Pixel-wise R-G and B-G distributions also
RERI regime changed between the two regimes. Previous optical and spectroscopic studies were used only to

interpret qualitative co-trends with visible-light intensity and spectral features associated with
CH™ and C,", since Lux, CH", and C," were not independently and simultaneously measured in
the present dataset. Overall, combined RGB descriptors provide a practical framework for
monitoring flame-regime changes, while broader validation is required for automatic
classification or combustion control.

Introduction

Micro- and mesoscale combustion systems have attracted considerable attention for compact energy-
conversion applications because of the high energy density of hydrocarbon fuels and the potential for heat
recirculation [1-3]. At reduced scales, however, increased wall heat loss, flame—wall interaction, residence-time
limitations, and transport effects strongly influence flame stability and extinction. Previous studies have
demonstrated multiple flame regimes in narrow channels, including stable, oscillatory, and repetitive extinction
and re-ignition (RERI) behaviors [4-7]. In particular, Sarrafan Sadeghi et al. experimentally identified Blow-off,
Blow-out, stable asymmetric, RERI, and Flashback regimes in a 5 mm methane—oxygen meso-scale reactor [7].
Heat-recirculating and Swiss-roll configurations have also been widely investigated as approaches for extending
combustion stability at small scales [8—11].

Optical diagnostics based on OH", CH", and C,* chemiluminescence provide useful information on flame
structure and reaction-zone behavior [12,13], but generally require dedicated optical equipment and calibration.
Digital RGB imaging offers a simpler and lower-cost approach for extracting flame color, luminosity, and
morphological descriptors [14—17]. Previous studies have shown that RGB responses can reflect changes in flame
radiation and combustion conditions, while recent investigations have compared image-derived parameters with
independent optical and spectroscopic measurements [19-21]. These relationships, however, are configuration
dependent and do not imply that broadband RGB channels directly measure individual chemical species or
photometric quantities.

The present study quantitatively re-analyzes the flame images reported in [7] to investigate the transition
between stable asymmetric and RERI regimes. Mean RGB intensities, Gray intensity, the blue-to-green ratio
(B/G), and pixel-level color distributions are evaluated under different oxygen-flow and nitrogen-dilution
conditions. The objective is to assess their applicability as complementary low-cost image-based indicators of
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flame-regime changes without treating them as direct substitutes for spectroscopy or independent optical
measurements.

Methodology

The experimental images and regime boundaries were obtained from the methane—oxygen combustion
experiments reported in [7]. The experiments employed a transparent cylindrical quartz reactor with a 5 mm inner
diameter. Methane and oxygen of 99.99% and 99.95% purity, respectively, were premixed before entering the
reactor at 300 K. Gas flow rates and pressures were monitored using digital flowmeters and manometers. Flame
images were recorded using digital cameras at 25 fps. The present analysis focuses on the stable asymmetric and
RERI regimes under oxygen flow rates of 0.5, 0.75, and 1.0 SLM and nitrogen dilution levels of 0, 37.5, and 50%.

For each RERI operating condition, three consecutive images with adequate flame visibility and image quality
were processed independently, and the resulting parameters were averaged. The selected images were not
synchronized with a particular phase of the RERI cycle; therefore, the reported RERI values represent averages of
three selected images rather than time- or phase-resolved averages over a complete oscillation cycle.

Images recorded by the Nikon V1 were processed in Python using OpenCV, NumPy, and Matplotlib, following
established digital flame-image processing approaches [14—18]. Mean red, green, and blue intensities were
calculated as R,yg, Gayg, and B,yg. The color ratio was defined as:

B/G = % €]
Gavg
Pixel-wise R—G and B—G distributions were also examined to retain information on color dispersion that is not
represented by channel means. Gray intensity was calculated using the OpenCV grayscale conversion:
Gray = 0.299R + 0.587G + 0.114B 2
Its mean value was determined for each analyzed image. The physical interpretation of the RGB features was
based on previous spectroscopic and imaging studies [12—17,19-21]. The blue and green camera responses overlap
spectral regions containing contributions from CH" and C,*, while previous calibrated measurements have also
related red-channel variations to changes in visible flame luminosity. However, Lux, CH", and C,* were not
independently and simultaneously measured in the present dataset. Consequently, RGB quantities are treated as
image-derived descriptors, and previous optical relationships are used only for qualitative interpretation.

Results and Discussion

The B/G ratio exhibited a condition-dependent and generally non-monotonic response to equivalence ratio.
Nevertheless, its mean value was higher in the RERI regime than in the Stable regime for all six investigated
operating conditions, and the ranges of the two regimes were separated in four cases. The degree of separation
depended on oxygen flow rate and nitrogen dilution, with clearer regime differentiation generally observed under
diluted conditions. B/G therefore provides a useful complementary indicator of regime transition, but does not
support a universal threshold. Because the camera channels are broadband, B/G should not be interpreted as a
direct measurement of the CH"/C,* chemiluminescence ratio [12-15,19-21].

The individual R, G, B, and Gray descriptors also responded differently to regime transition. Their variations
with equivalence ratio were not fully monotonic, reflecting the combined effects of flame morphology, emitting
area, position, radiation distribution, and camera spectral response [14—16]. Across the transition from the last
Stable condition to the first RERI condition, R,yg, Gavg, and Gray decreased in all six operating cases, whereas
B,vgshowed a condition-dependent response. Thus, the Stable-RERI transition is better described as a
redistribution of image-derived color features than as a uniform increase or decrease of all channels.

The red-channel response showed the largest relative decrease at the regime boundary. Previous calibrated
studies [19-21] provide a basis for interpreting this behavior as qualitatively related to changes in visible flame
luminosity. The decrease is also consistent with the structural changes accompanying RERI, including flame
displacement, weakening, extinction, and re-ignition [7]. Since visible-light intensity was not independently
measured in the present dataset, however, R,ygis used only as a relative image-based optical indicator and not as a
direct Lux measurement.

The green and blue channels also exhibited distinct responses. Previous spectroscopic and imaging studies
show that their broadband responses overlap spectral regions containing C,* and CH" emission [12-15,19-21]. In
the present data, G generally decreased across the Stable—RERI transition, while B could either decrease or increase
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depending on operating conditions. These results indicate a regime-dependent redistribution of the recorded
spectral-color response, but G and B are not considered direct measurements of C,* or CH".

Pixel-wise R—G and B-G scatter distributions provided additional information beyond mean intensities.
Differences in the location, extent, and organization of the pixel clouds were observed between Stable and RERI
images, indicating changes in spatial-color structure across the transition. This dispersion represents pixel-level
color variability rather than temporal oscillation amplitude. Because only three selected consecutive images were
analyzed for each RERI condition, quantitative time-resolved characterization would require substantially longer
synchronized image sequences.

Overall, the results support a multi-feature interpretation in which mean channel intensities, B/G, Gray, and
pixel-distribution characteristics are considered jointly. R, G, and Gray showed the most consistent directional
response across the regime boundary, B was more condition dependent, and B/G provided useful but non-universal
regime sensitivity. Previous optical and spectroscopic studies [12—21] provide physical context for these trends but
are not treated as independent validation of the present image data.

Conclusions

RGB images of methane—oxygen premixed flames in a 5 mm meso-scale reactor were quantitatively re-
analyzed to investigate stable asymmetric and RERI regimes. The Stable—RERI transition produced different
responses among the image-derived descriptors. B/G generally increased in RERI and provided useful regime
sensitivity, although its behavior was non-monotonic and overlap occurred under some conditions. R, G, and Gray
showed more consistent directional decreases across the regime boundary, whereas B was more dependent on
operating conditions.

Pixel-wise R—G and B-G distributions also changed between the two regimes, demonstrating that useful
information is retained in the spatial-color distribution beyond mean channel values. These distributions, however,
do not represent the temporal oscillation amplitude of RERI.

The combined use of RGB intensities, color ratios, Gray intensity, and pixel-level descriptors therefore
provides a low-cost and non-intrusive framework for monitoring flame-regime changes. Since Lux, CH", and C,*
were not independently measured in the present dataset, previous optical relationships are used only for qualitative
interpretation. Further simultaneous RGB—spectroscopy—Lux measurements, extended time-resolved imaging, and
validation under additional geometries and operating conditions are required before these indicators can be
generalized to automatic regime classification or closed-loop combustion control.
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Figure 1- Overall view and ﬂowdiaram of the test bench equipment used.
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Figure 2- Variations in flame regime boundaries and flame states as a function of equivalence ratio and dilution ratio.
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Figure 5- Variations in the mean red (R), green (G), blue (B), and Gray intensities as a function of equivalence ratio (¢) at SLM

0,=0.75 without nitrogen dilution. Symbols: e Stable regime; A RERI regime.
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Figure 6- Variations of mean red-channel intensity (R,,g) as a function of equivalence ratio (¢) under different oxygen-flow and
nitrogen-dilution conditions. Symbols: e Stable regime; A RERI regime.

Silw@ady 9 (35S (20 cilizo byl pd 53 (@) (655l Commd w31 (Rayg) 70,8 JUI tawgio @ods Ol puii -F JS&
RERI v35; A $)lasly 05, @ :oolod .y 59 s

o1 IS e (Jopll 0,05 55 e Cams b o lgxSS s LI}JI w5y 22 JF1 0 Rayg a5 aiws oo lias lacsls
S5 oo odnlie ol sy Lul e o je,8 JUIS fuly 3 satiine jmalS RERI Lylpb cuinss 4 Stable Lul 5
o 20l LRERT & 58 a8 amo oo Las i, ol ol aely (s 5boisd, o 5 (iemS] o0 & (2005 ol ol
sl ol ot 50,8 JUK Fruly 00gaome 0 eabind il Coal

winnds o gl (w3, ol o DA el 85l oy20 Sldlas LRERT o35, 5 alads o sl &l pmis b ag, ol
bog 0adiad )5 Dad 4 )0 g 00ld i |) 0atiS JouS 4ol @558 g b Sl oo alad Suzme (aB g, 9 (SBgel>
D2 oS ) 0

—YV] Wlos S 5)l55 1 alads ol s g bl oss 4 (S, U ol camlas 35 pgas (5515, Slalhe
ool ol ST IYe XY= ] i gl IS Slalllas jo oad 3155 lids, ks, by, i slbiwlyen oopl plu [YQ
oS b LuX meter i 203550 (sloe 4 aoeis (pl (Jlocpll oS oo Slasiiy (6595 (oo o> li SO lgaeay JUIS
sl Wlgi el Sldes Lyl i g brawais des 4 Coll oS dla)l) S



‘YT

e 3981y 50 o 5mnST (Lo bgldo oy glaalad (Soalys HLS; (b))

el b gl S b T bLI)l g ol 3 jw L JUL ol

Bang JUIS 5 Ca" i3 &l ysis b Wilgs oo Gapg JUIS &l pis a5 wlosls lis cpuion pygas (3518 5 oimiinls lalllas
5 olepen solitul b s [¥OXY—] o ldlas jo bLs,) cpl [YA=YO] sl bl yen CHY o5 &lss b

Olses Bayg 9 Gavg Syt pol (gl 5o cinlpl a8 5 )18 ) 9550 (559 loaris s RGB sla i,

5503l Jolae Lo JUIS (l aSGT gy ckigd o s alads el Jsles ood Ol 4y Lolos (6 ol sloasLs

70

60

50

40

30

20

Average Green channel (a.u.)

10 -

35

30

25

20

15

10

Average Blue channel (a.u.)

5

0

gl 55 i 33 CH' 5 € o

1T --e - 02=0.5sLM, D=0.0%
1| --e - 02=0.75 SLM, D=0.0% o A
o - 02=1.0 SLM, D=0.0% ,
{1 | --e - 02=0.5SLM, D=37.5% )
- - - 02=0.75 SLM, D=37.5% oo /
] o - 02=0.5 SLM, D=50.0% © E
O 1
-1 ]
a0 O /
4 // /.‘ \‘\ ‘\ o /A ’
o c® (@) O,/ Q .// \. \A/ y
O -0 0 ¢ ‘.-.~ o
1/4 1/5 1/6 1/7 1/8 19 2 2/1
Equivalence Ratio (¢)
1T =-o - 02=0.5sLM, D=0.0%
1| --e - 02=0.75 SLM, D=0.0% -<4
- -@- - 02=1.0 SLM, D=0.0% /,
. - - — = 00 1
-0 - 02=0.5 SLM, D=37.5% o9 )
o - 02=0.75 SLM, D=37.5% ° [9) \ !
1| --e - 02=0.5SLM, D=50.0% (@) y
° , O (?. o Q@ /
\ /
1 - .‘ ~ .— —Q:O $ O - ,/A\ \./, /.
®-o0--0 o- 00 @A Ao
1/4 1/5 1/6 1/7 1/8 1/9 2 2/1

Equivalence Ratio (¢)

Figure 7- Variations of mean green-channel (G ,,4) and blue-channel (B,,,) intensities as a function of equivalence ratio (¢)
under the investigated oxygen-flow and nitrogen-dilution conditions. Symbols: e Stable regime; A RERI regime.
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Figure 8- Pixel-wise scatter distributions of the red (R) and blue (B) components relative to the green (G) component for images
corresponding to the Stable and RERI regimes at different nitrogen-dilution levels. Each point represents the corresponding
channel intensities of an image pixel.
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Table 1- Quantitative analysis of the response of visual indicators in the transition from Stable to RERI.

Image Response across Median relative change across .
s . " Interpretation
indicator Stable — RERI six Stable—RERI transitions
. Relatively high sensitivity to regime transition; qualitative
Ravg Decrease in 6/6 cases -38% y g y g -4

luminosity-related interpretation based on [31-33]
Consistent directional response; qualitative spectral

G D in 6/6 —13% . .
e cerease m cases ’ interpretation based on [25-28]
B Condition dependent; 2 5% Stronger dependence on operating conditions; not suitable
e decreases / 4 increases ‘ as a standalone indicator
Gray Decrease in 6/6 cases -19% Weighted grayscale conversion of the RGB image
B/G Condition dependent . Complementary color-ratio indicator; no universal

threshold
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Table 2- Summary of RGB indicators, type of evidence, and scope of interpretation in the present study.
RGB indicator Main finding in the present study Basis of interpretation Appropriate scope
R Consistent directional response Present RGB data + previous Relative image-based optical-
across Stable—RERI transition luminosity calibrations [31-33] intensity indicator
G Consistent decrease at the regime Present data + spectral background Complementary color descrintor
boundary [25-28,31-33] P Y P
.. Present data + spectral background Complementary feature; not a
B Condition-d dent o
oncrtion-cependent response [25-28,31-33] standalone indicator
. L. . . . . . C 1 t ime-ch
B/G Regime-sensitive but non-monotonic ~ Direct ratio of image-derived features omp emerll ar.y regume-change
indicator
Gra Consistent decrease across the Arithmetic mean of R,yg, Gayg, and Complementary composite RGB-
Y transition Bavg intensity descriptor

Changes in distribution shape and

Feature extraction for future

Pixel scatter Pixel-wise image data + [27-30]

extent classification studies
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